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Abstract 
This paper discussed the role of technology in library by establishing a relationship between ‘library’ 

and ‘technology’. Over the years, libraries had supported education through information and reference 

services. It provides programs to meet the needs of the people in search for educational skill. Library 

resources are distributed to the institution, including prisoners, hospitals, rehabilitation programs as 

well as disabled and elderly people's homes. Now library acquires technology to provide services to the 

remote users. Libraries are using the Information Technology in general and to automate a wide range 

of administrative and technical process, build databases, networks and provide better services to their 

users. The use of IT has become imperative for the efficient management of modern libraries. Library 

Automation is one of the major applications of IT in libraries. It is helped to change the libraries In-

house activities (Acquisition, Cataloguing, Indexing, Serial control, Circulation etc.) from manual 

system to automation (Venkataraman, 1998). The current study highlights the areas where ICT can be 

applied. Basically, the paper explains different technologies and their use in the library operation. 
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1. Introduction 

Technology makes our life easier than ever. It gives a digital platform for today’s generation 

and has become part of our lives. There are so many devices available in the market from 

which anyone can acquire knowledge and enhance skills by reading them. Also library has 

been considered as a great source of information rather we can say it’s a most authentic 

source of information. Few years back library had seemed to be neglected due to the lack of 

updated information. But the scenario has become different now. Librarians play the major 

role in supporting library with the help of technology. Today libraries continue to serve as 

points for the public’s first exposure to new technologies. The very nature of a librarian's 

service role within the academic sector and community, helping students learn in any and all 

subjects, and using the best tools for the job, makes them the perfect person to ask about 

what tools are the most efficient, as they can provide training and guidance. This not only 

helps students, but could help administrators and planners in the process of acquiring new 

technology, and in selecting the best software. 

 

2. How library helps in teaching and learning 

Libraries are considered to be one of the more efficient teaching components. A good library 

is a must for the intellectual, moral and spiritual progress and growth of a community's 

peoples. People acquire education through institution like schools, colleges, agencies and 

organizations and library is the most outstanding of such institution. A library is 

fundamentally an organized set of resources, which include human services as well as the 

entire spectrum of media (e.g., text, video, hypermedia). However, to realize fully the 

benefits of technology in our education system and provide authentic learning experiences, 

educators need to use technology effectively in their practice. Libraries serve social and 

intellectual roles in bringing together people and ideas also. 

Libraries also played an important role in any nation. If the nation is to build up and attain an 

assess potential of growth per capita income, the large percentage should be educated. 

Libraries can also inspire education to every individual of all ages. They teach skills and 

strategies individuals need to learn and achieve. Libraries is like a storehouse of knowledge 

as most of the topics including history, geography, economics, politics and science related 

topics are all available. Without a library, any educational institution will not be complete. 

These types of libraries are present in many colleges and universities. Libraries played an 

important role in the modern society for education and research. 
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In other words, it is an important tool for the development 

of the society by enhancing the cause of education and 

academic research. The library provides information to 

thousands of peoples who need them. With the development 

in Science and Technology, there is an explosion in 

information. In order to meet the growing needs of users, 

many steps are taken to upgrade the existing ones and 

building of new ones. Information is power as well as access 

to data is essential for the development of individuals and 

companies. 

 

3. Impact of technologies in library services 

The growth of information and the dependency on it have 

paved the way for the information society and subsequently 

the knowledge society. Information has always been prime 

factor for the development of society and is often regarded 

as a vital national resource. Information services try to meet 

this objective. Information has become important part of our 

lives and should be available when needed. Information 

services are generated using new tools and techniques to 

facilitate the right users to the right information (Khodeh 

and Dhar, 2002) [4]. The implementation of information 

technology in the libraries has demanded new forms of 

library services to get more user satisfaction. Digital library 

service has evolved after the implementation of IT in the 

library and information centers. Information technology has 

had a significant impact and has successfully changed the 

characteristics of information services being generated in 

libraries. The past two decades have seen great changes in 

library due to information technology. The technological 

advancement has made significant impact on the growth of 

knowledge and unlocking of human potential. In library, the 

impact is clearly visible on information resources, services, 

and people (Manjunatha, 2007) [7]. 

Another impact is remote access of variety of commercial 

and noncommercial information sources i.e. online full text 

databases, e-journals, e-books, library catalogue (OPAC) 

etc. The present-day information seekers can access the 

worldwide information through internet on their desktop 

without any time limitation. 

 

4. Benefits of technologies in library 

ICT has changed the nature of Libraries. A variety of terms 

such as hybrid, digital and virtual library are used to refer to 

the academic library. A digital library can be defined as a 

“Managed collection of information with associated services 

where the information is stored in digital format and 

accessible over a network”. The virtual library has been 

defined as “Remote access to the content and services of 

libraries and other information resources, combining an on-

site collection of current heavily used materials both print 

and in electronic form with an electronic network which 

provides access to and delivers from the external worldwide 

library and commercial information and knowledge sources. 

Hybrid libraries are libraries that provide access to both 

electronic resources and paper-based resources”. From the 

definitions, it is clear that most of today’s Libraries fall in 

the hybrid category. The internet has made information 

access and retrieval both simple and complex. Information 

retrieval systems are being designed to suit the need of end 

users and therefore try to simplify the process. 

 

5. ICT based services available in library 

The emergence of the information revolution as championed 

by information and communication technology (ICT) has 

enabled libraries to devise viable strategies for improved 

service delivery (Igwe, 2010) [3]. Library uses various 

technologies to provide information to its users. Followings 

are the some of the ICT tools which are basically used for 

different communication purposes. Libraries are also 

providing various ICT-based services to their users, 

including the following. 

 

5.1 RFID Technology 

New technology has changed the way of library transaction 

(check-in and check-out). Libraries are providing ICT-based 

library services to increase the possible ways of fast and 

user-friendly services. One of the best invention of 

technology for library is the ‘Radio Frequency 

Identification’ (RFID). Nowadays, libraries are adopting 

RFID technology to provide enriched and efficient library 

services. This technology achieves the fourth law of library 

science, (i.e. ‘save the time of the users’) by providing quick 

and effective services (Ranganathan, 1931) [9].  

 

5.2 Closed-Circuit Television (CCTV) 

CCTV stands for Closed Circuit Television and also known 

as video surveillance (Kumar & Svensson, 2015) [6]. This 

technology plays an important role in the library 

management. Through the help of CCTV librarian can 

supervise the whole activities of libraries. It helps to look 

after the staffs as well as the users. 

 

5.3 Social Media 

Social media like Facebook, Twitter, Blogs, etc. have 

become the central focus for quickest information 

dissemination. Most of the libraries are using these social 

media for the promotion or marketing of their e-resources. 

Basically, Blogs are used to disseminate short 

communication of library, whereas Facebook has become 

most useful ICT tool for every kind of information 

dissemination. Now, Facebook live plays a very significant 

role for telecast the current ongoing programme. 

 

5.4 Resource Sharing 

ICT can be used for resource sharing among libraries and 

information centers. It provides a great prospect for sharing 

both the human and material resources of a library with 

others library. The role of technology is very much 

significant for cooperative acquisition, cooperative 

processing (cataloguing and classification), exchange of 

information materials (e-resources), joint publication, 

networking, joint training of personnel, interchange of staff 

for seminars, and workshops (Igwe, 2010) [3]. 

 

5.5 Use of Library Automation Software 

Library automation is the excellent way of reducing the 

human involvement for library services. The aims of the 

current automation technology is to provide maximum 

services in minimum time and lowest cost. Library 

automation is the application of ICTs to library operations 

and services. Many library automation software’s are 

available for library operation such as Libsys, Koha, 

SLIM21, etc. 

 

5.6 Web-based Online Public Access Catalogues (Web-

OPAC): It is the computer form of library catalogue to 

access information materials in the library. It is an online 
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database of materials held by a library or group of libraries. 

It is a computerized library catalogue made available to the 

public. Most OPACs are accessible over the internet to users 

all over the world (Mishra and Mishra, 2014) [8]. 

 

5.7 Digital Library Service 

Digital library provides a variety of digital information 

sources. It reduces the physical space; the user can access to 

information remotely and it also provides access to 

distributed information resources. Its advantage is that it has 

the ability to handle multilingual content. 

 

5.8 Electronic Document Delivery Service 

The libraries are implementing ICT-based Inter-Library 

Lending (ILL) using networks to deliver copies of journal 

articles and other documents in digital format like PDF 

(Portable Document Format) to the users’ desktops. It helps 

the users to access information which is not available in 

their respective libraries. 

 

5.9 Institutional Repository Service 

Institutional Repository (IR) is a set of services that a 

university offers to the members of its community for the 

management and distribution of digital materials by the 

institution and its community members.  

Librarians bring skills and standards required to manage 

digital information resources and work towards continued 

preservation of and access to digital resources. 

 

5.10 Current Awareness Service- CAS 

Current Awareness Services has been an important means 

for keeping the users up to date in their areas of interest. A 

current awareness service may be as simple as a copy of the 

table of contents or a bulletin containing bibliographic 

records, of articles selected from the current issues of 

journals and other material, and usually organized by 

subjects. 

 

5.11 Audio-Visual Services 

Many libraries particularly media libraries and large 

academic and public libraries hold audiovisual material such 

as music, films, pictures, and photographs etc. The new 

multimedia of an audio CD, Video CD (VCD), and Digital 

Video Disks (DVD) have the advantage of higher storage 

capacity, random access and longer life than audio and 

video tapes and cassettes. Many libraries allow their 

members to borrow these. Multimedia documents can now 

be played on standard PCs, stand-alone or networked. 

 

5.12 Electronic theses and dissertations (ETDs) 

Related to institutional repositories, especially in university 

libraries, is the provision of access to full-text copies of 

Electronic Theses and Dissertations (ETD). Without ICTs it 

has been impossible to access full-text copies of theses and 

dissertations from a remote location. 

 

5.13 Electronic Books Service 

Electronic books (e-Books) are one way to enhance the 

digital library with global 24X7 accesses to authoritative 

information, and they enable users to quickly retrieve and 

access specific research material easily, quickly, and 

effectively. 

 

5.14 Electronic Journals: Many publishers who offer 

subscriptions to print journals, sometimes also offer a 

subscription to the electronic version of the journal free of 

charge. Some of the publishers who are providing e-journals 

include Emerald, Elsevier, Sage, Springer, EBSCO, J-Gate, 

John Wiley, etc. 

 

5.15 Electronic Mail (E-mail) Service 

This is the most widely used resource of the internet. It is 

used for sending and receiving of messages otherwise 

known as mails. The messages are communicated through 

electronic device. E-mail enables faster and cheaper 

organizational communication. 

 

5.16 Internet Service 

This ICT resources is a means to speedy flow of 

information. It is a network of computers, communicating 

with others, often via telephone line. The internet provides a 

worldwide platform for information sharing among 

individuals, institutions and organizations. The use of 

internet enables the provision of current and useful 

information to enhance productivity and good governance. 

 

5.17 Document Scanning Services 

Scanner is important equipment in the modernization of 

library. It is useful for scanning text, image and content 

pages of books and providing great help for establishing a 

digital and virtual library. 

 

5.18 Reprographic Service 

Reprographic technology is used for the reproduction of the 

documents. Using technology, the photocopy and the 

reproduction of the documents has become very easy and 

accessible. In this technology, printed documents are 

converted into digital form, then photocopy is prepared. For 

the same, computer scanner and software is required. This 

service is provided to library users for photocopy of some 

pages of books, journal articles or other materials. 

 

5.19 Library Network Service 

The important function of the network is to interconnect 

computers and other communication devices so that data 

can be transferred from one location to another instantly. 

Networks allow many users to share a common pathway and 

communicate with each other. 

 

6. Conclusion 

The internet has thus integrated nearly all aspects of the 

library activities, the librarians can now use the Internet for 

exploiting the catalogue of the other institutions, ordering 

books and journals online, participate in ILL, use e-mail, 

and discuss through list serves, support reference service 

through remote databases. Effective application of 

information technology in library transmits users’ 

satisfaction. The present scenario demands the updated 

technology for the faster and approachable library services. 

Gradually, new technologies are developed, consequently 

there is the need to develop our skills and capacity to 

provide enhanced library services. Library resources must 

be used at a large amount. The successfulness of a library 

and the library professional always depends on the quality 

of the service. The government has also launched support 

programs to improve the quality and standards of higher 

education in India. The technology that enables library 

services has improved the teaching-learning scenario in an 
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efficient way to reach the target users. 
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Ethnobotanicals used for the Treatment of Skin Diseases with 
Special Emphasis on Carbuncle Disease from Purulia District of 
West Bengal in India
Ghanashyam Mahato1, Bangamoti Hansda2, Nilanjana Banerjee3,*

INTRODUCTION
In ancient India plants were widely used for the 
treatment of skin disorders. In many countries till 
today, medicinal plants contribute significantly 
in the primary health care system of the rural 
population.1-4 One of the most important skin 
ailments, mostly found in the tribal population 
of Purulia is carbuncle disease which is caused 
by the bacteria Staphylococcus aureus. However, 
the presence of carbuncle is actually the sign of 
active system to resist other skin infections.5 The 
infection is contagious and may spread to other 
areas of the body. Each year, around 500,000 
patients in hospitals of the United States are 
attacked by Staphylococcal infection, chiefly by S. 
aureus.6 Since discovery S. aureus is experimentally 
resistant to a lot of antibiotics for example penicillin 
group (methicillin, oxacillin and cloxacillin),7,8 
amino glycosides, macrolides, tetracycline, 
chloramphenicol and lincosamides. Vancomycin-
resistant S. aureus (VRSA) is a strain of S. aureus 
that usually resistant to the glycopeptides. The first 
case of vancomycin-intermediate S. aureus (VISA) 
was reported in Japan in 1996.9

Since last two decades development of drug 
resistance as well as the appearance of undesirable 

side effects of certain antibiotics lead us to search 
for new chemical structures having antimicrobial 
property from plant extracts.10 Although the 
people of Purulia traditionally used various herbal 
plants for preparing drugs and medicines to treat 
carbuncle and some skin diseases no such detail 
documentation has been done earlier. Hence, 
the primary objective of the present study is to 
investigate the folkloric wisdom practiced by the 
aboriginals residing in the Purulia district, one of 
the poorest district in India, against skin diseases 
with special emphasis on carbuncle.

MATERIALS AND METHODS

Study area
The study area is located in the western most 
part of West Bengal, India (Figure 1). This area is 
situated between 22⁰6' to 23⁰5' N latitude and 85⁰7' 
to 86⁰6' E longitude and has an area of 6259 km2. 
Purulia district covers subtropical ecology with 
deciduous forest mainly with luxurious population 
of Sal, Palash, Piyal, Mohul etc. having high diurnal 
temperature during summer (upto 52oC) and with 
average rainfall 1300 mm. It is situated under 
Chotonagpur plateau having undulated topography 
and lateritic soil.

ABSTRACT
Background: From time immemorial ethnic people of Purulia district of West Bengal are 
well acquainted with different plant resources for the treatment of various skin diseases 
including 'carbuncle' and others skin diseases. Carbuncle, caused by the methicillin resistant 
Staphylococcus aureus is of major concern in this part of India, mostly dominated by tribes 
like Majhi, Munda, Santal, Birhor, Ho and Rajwar etc. Hot climate, overcrowded households, 
improper sanitation, very poor economic background and frequent burn accidents are of major 
issues for spreading of these bacterial infections. Objective: Present authors are trying to 
summarize these ethno-medicinal knowledge of the local, conservative traditional healers by 
using structured questionnaires given to them and are trying to analyze these information from 
scientific perspective. Materials and Methods: Plant samples were collected from March 
2014 to May 2016, mostly during their flowering stage and a total of 62 people, both male 
(84%) and female (16%) were interviewed. Informant consensus factor, fidelity level and use 
value were calculated. Results: Fifty-nine herbal plants belongs to 35 families were recorded 
for the cure of various skin diseases, among which 10 plants are used individually during 
medication whereas 9 polyherbal formulations were used in various combinations during 
treatment. Five species of the families Moraceae and Asteraceae was found to be the most 
common medicinal plants, among which 44.89% are herbaceous in habit. Leaves (55.55%) 
are the most common plant part for their use. Conclusion: Therefore, the present paper has 
been written to document this rapidly vanishing huge knowledge of folklore which should be 
digitally conserved for futuristic approach on medicinal plants in India.
Key words: Ethnobotany, Carbuncle, Purulia, Use value, Informant consensus factor, Fidelity 
level.
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Ethnobiological data collection and analyses
The survey was carried out from 20 field session based on ethno-
biological explorations from 2014 to 2016. Main emphasis was given 
to the Maoist hot parts of the district. As GM, first author, knows some 
of the native languages of the tribes, semi structured questionnaire 
were placed to the informants following a standard ethno botanical 
method in local vernacular or in Bengali.11,12 Herbarium specimens of 
these medicinal plants mostly in their flowering stage were collected 
for future references. The medicinal plant specimens were identified 
with the help of authentic herbarium specimens of Botanical survey 
of India, books, floras and revisions13-16 and preserved, recorded and 
documented in the herbarium of Department of Botany, A. M. College, 
Jhalda. 

Descriptive statistics was applied to compute the number and percentage 
of species, genera and families of ethnomedicinal plants, proportions 
of plant parts harvested, plant percentage from various sources, plant 
distribution among different families, life forms, nature of habitat and 
plant percentage in curing various ailments. Key informants are mostly 
more than fifty years old and are respectable person of that locality 
(Figure 3). The collected data was analyzed with three quantitative 
tools viz. the informant consensus factor (Fic), fidelity level (FL) 
and use value (UV). To test the level of homogeneity of information 
provided by different informants, Informants’ Consensus Factor (Fic) 
was calculated.17 Fic =Nur-Nt/ (Nur-1) (where,Nur= number of use 
reports in each disease category; Nt=number of times species used). 
The value ranges from 0 to 1. High Fic value (close to1) means there 
exist well-defined selection for the species on account of a specific 
disease category whereas low Fic values (close to 0) indicates there 
is lack of consensus amongst the informants related to the medicinal 
uses of the species. Fidelity level (FL) index18 was used to determine the 
relative healing potential of each reported medicinal plant used against 
various ailments. Fidelity level (FL%) = (Np /N x 100) (where Np = the 
number of informants who independently indicated the use of a species 
for treating a particular disease and N = total number of informants 
who reported the plant for any given disease). The use value (UV)19 was 

also calculated using the formula: UV = (ΣU/n), where UV is the use 
value of species, ‘U’ is the total number of use reports per species and 
‘n’ represents the total number of informants interviewed for a given 
plant. Values ranges from near1 to 0. High UV means there are many 
use reports for a specific plant and that plant is marked important for 
treatment.

RESULTS

Ethnomedicinal plant diversity and uses reported by the 
informants
Medicinal plants was enlisted with scientific name and author citation, 
followed by local name, family, habit, plant part (s) used and ailment 
(s) against each disease (Table 1). A total number of 10 monoherbal 
formulations (MF) were recorded which were used singly for 
medication during treatment and 9 polyherbal formulations (PF) were 
used in combination by different ethnic groups of this area (Table 2). 
The highest number of medicinal plants were recorded in four families 
viz. Moraceae (5 species), Asteraceae (5 species), Amaranthaceae (4 
species), Euphorbiaceae (3 species), Fabaceae (3 species) and Malvaceae 
(3 species), followed by families Amaryllidaceae, Asclepiadaceae, 
Solanaceae and Myrtaceae. Each of these families comprises two 
species.

The distribution of plant habit types, plant part (s) used and method of 
preparations are illustrated in Figures 2-4 respectively. Out of 59 species 
44.89% herbaceous plants are mostly used for medication followed by 
36.73% trees, 14.28% shrubs and 2.04% climbers (Figure 2). Leaves 
(55.55%) were found to be the most favored plant parts followed by 
roots (11.11%), whole plant (5.55%) and barks (5.55%) (Figure 3). 
Quantitative ethno botanical analyses revealed high UV for Curculigo 
orchioides Gaertn. (0.81), Hibiscus rosa-sinsnsis L. (0.79), Urginea indica 
(Roxb). Kunth (0.77), Glossocardia bidens (Retz) Veldkamp (0.88), 
Smilax zeylanica L. (0.82), Elephantopus scaber L. (0.72) etc. Highest Fic 
value was represented by chicken pox (1), carbuncle (0.91) and ulcer 
(0.87) whereas lowest Fic value was exhibited mouth ulcer (0) and nail 

Figure 1: Map of study area. (not in scale).
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Figure 2: Percentage of habit types of the total studied plant specimens used 
for the treatment of carbuncle.

Figure 3: Percentage of plant parts used for medication.

Figure 4: Percentage of species used for the treatment of a particular disease.
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Sl. No. Latin name Local Name Family Plant parts used Ailments other than 
Carbuncle UV value Habit

1 Achyranthes aspera L. Chitchiti Amaranthaceae Roots Boi and Ulc 0.4 Herb
2 Achyranthes bidentata Blume Chitni Amaranthaceae Roots Mea 0.24 Herb
3 Aerva sanguinolenta(L.) Blume Chaldhuya Amaranthaceae Aerial parts Mea and Cut 0.42 Herb
4 Ageratum conyzoides L. Bhabri Asteraceae Leaves Cut,Boi 0.24 Herb
5 Allium sativum L. Piyaj Amaryllidaceae Bulbs Boi and Ulc 0.33 Herb

6 Aloe vera L. Ghritakumari Xanthorrhoeaceae Leaves Ulc,Cut,Acne and nail 
infection 0.54 Herb

7 Amaranthus spinosus L. kata nate Amaranthaceae Leaves Boi,Acne 0.22 Herb

8 Andrographis paniculta (Burm.f.) Wal.
ex. Nes. Kalmegh Acanthaceae Leaves Ulc 0.43 Herb

9 Annona squamosa L. Atapata Annonaceae Leaves Boi and Pim 0.29 Tree
10 Argemone mexicana Linn Siyalkata Papaveraceae Roots Cut 0.21 Herb

11 Artocarpus heterophyllus Lam. Kathal Moraceae Inflorescence 
axis(IA) Boi and Leo 0.39 Tree

12 Averrhoa carambola L. Kamranga Oxalidaceae Roots Ulc 0.19 Tree

13 Azadirachta indica A. Juss. Nim Meliaceae Leaves Mea, Chick pox, Ulc 
and Boi 0.75 Tree

14 Barleria lupulinaLindl. Bialyakaran Acanthaceae Leaves Bur 0.26 Shrub
15 Bauhinia purpurea L. kanchan Leguminosae Leaves Boi and Bur 0.22 Shrub
16 Boerhavia diffusa L. Kathasak Nyctaginaceae Leaves Cut 0.39 Herb
17 Bombax ceiba L. Bakul Bombacaceae Leaves Mouulc 0.21 Tree
18 Bryophyllum pinnatum (Lam)Oken Patharkuchi Crassulaceae Leaves Boi 0.26 Herb
19 Calotropis gigantea (Linn.) R. Br.ex.Ait. Akuni Asclepidaceae Leaves and Latex Bur 0.37 Shrub
20 Calotropis Procera (Aiton) R. Br. Akanda Asclepidaceae Leaves Bur 0.26 Shrub
21 Cannabis sativa L. Ganja Cannabaceae Leaves Cut 0.12 Shrub

22 Cotula anthemoides L. Tar dingla Asteraceae Whole plant Ulc,Boi,Acne,Leo and 
Pim 0.88 Herb

23 Crinum asiaticum Linn. Baniyaj Amaryllidaceae Bulbs Boi 0.48 Herb
24 Curculigo orchioides Gaertn. Talmuli Hypoxidaceae Roots Boi,Bur,Leo and cut 0.81 Herb
25 Curcuma longa L. Halud Zingiberaceae Rhizomes Ulc ,Cut and Acne 0.52 Herb
26 Cuscuta reflexa Roxb. Sarnalata Convolvulaceae Whole plant Boi 0.47 Climber
27 Cyperus rotundus L. Mutha Cyperaceae Whole plant Ulc 0.47 Herb
28 Datura metel L. Dhutra Solanaceae Leaves Nail inf 0.15 Shrub
29 Datura stramonium L., Dhutrajhuri Solanaceae Leaves Nail inf 0.09 Shrub
30 Elephantopus scaber L. Mayurjhuti Asteraceae Roots Boi,Bur and Ulc 0.42 Herb
31 Euphorbia hirta L., Lalpata Euphorbiaceae Aerial parts Mea and Cut 0.42 Herb
32 Euphorbia milii var. longifolia D. Moul. Latjhakha Euphorbiaceae Leaves Bur 0.16 Herb
33 Ficus benghalensis L. Asasta Moraceae Leaves and Bark Pim 0.1 Tree
34 Ficus hispida L. f. Dumur Moraceae Leaves and Latex Boi and Bur 0.27 Tree
35 Ficus racemosa L. Pagadumur Moraceae Leaves and Latex Boi and Bur 0.39 Tree
36 Ficus religiosa L. Jar Moraceae Leaves Nail inf 0.03 Tree
37 Gloriosa superba Linn. Barphuli Colchicaceae Leaves Leo 0.22 Herb

38 Glossocardia bidens (Retz) Veldkamp Pisainandi Asteraceae Whole plant Ulc,Boi,Acne,Leo and 
Pim 0.88 Herb

39 Gmelina arborea Roxb. ex Sm. Gamer Lamiaceae Barks Wou and cut 0.24 Tree
40 Hemidesmus indicus (L.) R.Br. Anantamuli Apocynaceae Aerial parts Ecz and Ulc 0.47 Herb
41 Hibiscus rosa-sinensis L. Jaba Malvaceae Leaves Boi and Acne 0.79 Shrub
42 Lawsonia inermis L. Natur Lythraceae Leaves Cut 0.21 Shrub

43 Lippia alba (Mill.)N.E.Br.ex Britton and 
P.Wilson laltia Verbenaceae Aerial parts Ecz 0.47 Herb

44 Madhuca longifolia (Konig) J.F.Macbr. Mahua Sapotaceae Flower Boi, Ulc and Bur 0.58 Tree
45 Magnifera indica L. Aam Anacardiaceae Leaves Ecz and wou 0.4 Tree
46 Piper betle L. Pan Piperaceae Leaves Boi 0.5 Vine

47 Polygala crotalarioides Buch.-Ham.
ex Dc. Nilkantha Polygalaceae Root Boi 0.45 Herb

48 Psidium guajava L. Peyara Myrtaceae Leaves Ecz and Nail inf 0.19 Tree
49 Pterocarpus santalinus L.f. Set chandan Fabaceae Barks Boi,Ecz and Wou 0.64 Tree
50 Ricinus communis L. Jara Euphorbiaceae Leaves Boi and cut 0.4 Tree
51 Shorea robusta Gaertn. Sal Dipterocarpaceae Leaves Boi,Ecz and Wou 0.42 Tree

Table 1: Ethnobotanicals used for carbuncle and some other skin diseases treatment.
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Sl. No. Latin name Local Name Family Plant parts used Ailments other than 
Carbuncle UV value Habit

52 Sidacordata (Burm. f.) Borss. Waalk. Laltoa Malvaceae Leaves Ecz 0.32 Herb
53 Sida cordifolia L. Chalpata Malvaceae Leaves Boi and cut 0.48 Herb
54 Smilax zeylanica L. Ramdatun Smilacaceae Roots Boi,Ecz and Wou 0.42 Shrub
55 Syzygium cumini (L) Skeels Jam Myrtaceae Leaves Wou and cut 0.63 Tree
56 Tagetes patula L. Gandha Asteraceae Leaves Cut and Ecz 0.6 Herb
57 Tamarindus indica L. Tetul Leguminosae Leaves and Fruits Boi and Ulc 0.73 Tree
58 Urginea indica (Roxb.)Kunth Banpiyaj Liliaceae Bulbs Boi,Leo, Cut and Ulc 0.77 Herb
59 Vitex negundo L. Buyan Verbenaceae Leaves Cut and Boi 0.61 Shrub

Wou = wound; Boi = Boil; Cut = Cut; Ulc = Ulcer; Leo = Leukoderma; Ecz = Eczema; Nail inf = Nail infection; Pim = Pimple; Mea = measles; Moulc = Mouth ulcer; 
Chick pox = Chicken pox; Bur = Burn; Acn = Acne;Car = Carbuncle.

Formulations Plant species used 
singly / combinations Parts used Additives Method of preparation Mode of 

administration

MF1 A vera L Water Paste Apply on 
Carbuncle

MF2 A indica L Water Form small pea sized pills Once a day 
before breakfast

MF3 C gigantea L + LA NR Burn to form ash Apply on mouth 
of Carbuncle

MF4 D metel L NR Burn to form ash Apply on mouth 
of Carbuncle

MF5 D stramonium L Milk; Rhizome of kanchahalud/turmaric Paste Apply on 
Carbuncle

MF6 V negundo L Jira/Cumin seeds Paste Apply at starting 
time

MF7 C anthemoides WH Honey Form small sized pills Three times in a 
day before meal

MF8 C viviparum BU Milk from sheep paste Apply on mouth 
for seven days

MF9 C orchioides RH Water Form small pea sized pills
Two times 

before to take 
meal

MF 10 G bidens WH Water Paste

Applied on the 
affected parts 

twice a day for 
five days

PF1

A aspera +
A sativum +
A paniculta+
A squamosa+

A heterophyllus +
A indica+

C viviparum+G bidens+
A sanguinolenta

R+BU+L+L+IA 
+L+BU+A+A Talmichri made from palm tree; Honey Grinding all the items, small pea-

sized pills are made from a paste
Once in a day 
for five days

PF2

A carambola+
C Procera+
C longa +
E scaber +

R communis +
A vera +

C anthemoides+
A indica+L alba

R+L+Rh +R +L 
+L+WH+L+L Kalajira; Mirchi After grinding all the ingredients 

pills are prepared from a paste Thrice a day

PF3

F recemosa+
H rosa-sinsnsis

+P guajava
+S cordata

+S cumini +
C anthemoides+S 

zeylanica+A conyzoides

L+L+L+L +L 
+WH+RT+L

Clarified butter(Ghee) of Cow 
milk;honey

Alltheingredientsaregrindedtoforma 
paste whichismixed well with Ghee.

One teaspoonful 
of mixture is 
taken before 

breakfast for 4 
to 5 days.

Table 2: Details of formulations for medication.
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Formulations Plant species used 
singly / combinations Parts used Additives Method of preparation Mode of 

administration

PF4

A bidentata +
A Mexicana +

B diffusa +
B ceiba +

B pinnatum+
C viviparum+

C orchioides+B lupulina

R+R+L +L 
+L+BU+RH+L

Kalojira(Seeds ofNigellasativaL.; 
Ranunculaceae); Rabing(FruitsofPiper 
nigrumL.; Piperaceae); Michri(Sugar 

candy)

Paste Apply on the 
affected part

PF5

C anthemoides
+ C reflexa +

E scaber +
F hispida+

G arborea+A spinosus

WH+
WH+R+L+B+A

Blackpepper/Rabing(FruitsofPiper 
nigrumL.; Piperaceae); Cummin/

Jira(Seeds of CuminumcyminumL.; 
Apiaceae); Milk

A decoction is prepared in boiled 
water

Consumed with 
ginger.

PF6

M longifolia +
P santalinus+
S cordifolia +

U indica+
C anthemoides+

A indica +
C orchioides+G bidens+B 

purpurea

FR+B+L+BU 
+WH+L+Rh+

WH+L
Rice washed water

All the materials are mixed together 
to make a dough. Cakes/ pies are 

prepared from the dough

Cakes/pies are 
consumed in 
hot or warm 

condition

PF7

C viviparum +
C orchioides+
C rotundus+

E hirta +
A paniculata+S 

zeylanica+P crotalaroides

BU +R+
WH+A +L+RT+RT

Ada/Ginger 
(RhizomeofZingiberofficinaleRoscoe; 

Zingiberaceae): adequate 
amount; Honey, equalto the 

amountofGinger;Ricewashedwater

All ingredients are grinded to a 
paste with the help of a mortar and 
pestle. Peas-like pills are made from 

this paste

Two pills are 
taken each 

day in empty 
stomach for 21 

days

PF8

H indicus +
C viviparum+

F bengaalensis +G 
superba

+L inermis +
C orchioides

A+BU+L+L+L+RH
Bark ofmango/Aamtree 

(MangiferaindicaL.; Anacardiaceae); 
Chun

Paste
Apply on 

Carbuncle for 
7 days

PF9

M indica
+P betle

+S robusta
+T patula

+T indica+
C anthemoides

L+L+L+L+FR+ RH Cow urine Mixed all to form paste Apply on the 
affected part

L = Leaves; BU = Bulb; FR = Flower; RH = Rhizome; A = Aerial part; WH = Whole plant; B = Bark; R = Root; IA = Inflorescence axis; LA = Latex; NR =  Not required.

infection (0.6) (Table 3). High FL designates a plant's ethno-medicinal 
usage agreed upon by a number of informants.

FL of the plants
Plants were classified according to specific disease concern and FL 
value.

Boil÷
Achyranthes aspera L. (24%), Allium sativum L. (28.57%), Annona 
squamosa L. (33.33%), Artocarpus heterophyllus Lam. (25%), 
Azadirachta indica A. Juss. (34.04%), Bryophyllum pinnatum (18.75%), 
Cotula anthemoides L. (27.77%), Crinum latifolium Linn. (46.66%), 
Curculigo orchioides Gaertn. (12%), Cuscuta reflexa Roxb. (48.27%), 
Elephantopus scaber L. (23.07%), Ficus hispida L.f. (23.52%), Ficus 
racemosa L. (16.66%), Hibiscus rosa-sinsnsis L. (28.57%), Madhuca 
longifolia (Konig) J.F.Macbr. (16.66%), Piper betle L. (51.61%), 
Pterocarpus santalinus L.f. (15%), Ricinus communis L., (24%), Shorea 
robusta Gaertn., (23.07%), Sida cordifolia L. (33.33%), Tamarindus 
indica L., (40%), Urginea indica (Roxb.) Kunth (29.16%), Vitex negundo 
L. (36.84%).

Ulcer÷
Achyranthes aspera L. (28%), Allium sativum L. (14.28%), Andrographis 
paniculta (Burm.f.) Wal.ex. Nes. (59.25%), Averrhoa carambola L. 
(33.33%), Azadirachta indica A. Juss. (19.14%), Cotula anthemoides L. 
(25.92%), Curcuma longa L. (18.75%), Cyperus rotundus L. (55.17%), 
Elephantopus scaber L. (15.38), Hemidesmus indicus (L.) R.Br. (20.68%), 
Madhuca longifolia (Konig) J.F.Macbr. (13.88%), Urginea indica (Roxb.) 
Kunth (18.75%), Aloe vera L. (17.64).

Measles÷
Achyranthes bidentata Blume (26.66%), Azadirachta indica A. Juss. 
(6.38%), Euphorbia hirta L. (23.07%).

Cut

Aloe veraL. (8.8%), Argemone mexicana Linn (38.46%), Boerhavia 
diffusa L. (45.83%), Curculigo orchioides Gaertn. (18%), Curcuma longa 
L. (15.62%), Euphorbia hirta L. (19.23%), Hemidesmus indicus (L.) R.Br. 
(6.66%), Lawsonia inermis L. (15.38%), Ricinus communis L. (28%), Sida 
cordifolia L. (20%), Syzygium cumini (L) Skeels (33.33), Tagetes patula L. 
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(45.94%), Tamarindus indica L. (28.88%), Urginea indica (Roxb.) Kunth 
(12.5%), Vitex negundo L. (26.31%).

Acne÷
Aloe vera L. (11.76%), Cotula anthemoides L. (11.11%), Curcuma longa 
L. (21.87%), Hibiscus rosa-sinsnsis L. (30.61%).

Nail infection÷
Aloe vera L. (5.8%), Datura metel L. (23.33), Datura stramonium L. 
(66.66%), Ficus religiosa L. (50%), Psidium guajava L. (8.33%).

Pimple÷
Annona squamosa L. (16.66%), Cotula anthemoides L. (9.2%), Ficus 
benghalensis L. (66.66).

Chicken pox÷
Azadirachta indica A. Juss. (10.63%)

Mouth ulcer÷
Bombax ceiba L. (7.6%)

Burn÷
Calotropis gigantea (Linn.) R. Br.ex. Ait. (47.82%), Calotropis procera 
(Aiton) R. Br. (25%), Curculigoorchioides Gaertn. (16%), Elephantopus 
scaber L. (19.23%), Euphorbia milii var. longifolia D. Moul. (40%), 
Ficushispida L.f. (11.76%), Ficus racemosa L. (37.5%), Madhucalongifolia 
(Konig) J.F.Macbr. (27.77).

Leukoderma
Artocarpus heterophyllus Lam. (25%), Curculigo orchioides Gaertn. 
(14%), Gloriosa superba Linn. (7.1%), Urginea indica (Roxb.) Kunth 
(10.41%).

Wound÷
Gmelina arborea Roxb. Ex Sm. (13.33%), Mangifera indica L. (20%), 
Pterocarpus santalinus L.f. (15%), Shorearobusta Gaertn. (19.23%), 
Syzygium cumini (L) Skeels (35.89%).

Eczema÷
Hemidesmus indicus (L.) R.Br. (37.93%), Mangifera indica L. (24%), 
Pterocarpus santalinus L.f. (15%), Shorea robusta Gaertn. (19.23%), 
Syzygium cumini (L) Skeels (35.89%), Tagetes patula L. (16.21%), Sida 
cordata (Burm. f.) Borss. Waalk. (30%).

Carbancle÷

Achyranthes aspera L. (48%), Achyranthes bidentata Blume (73.33%), 
Allium sativum L. (66.66%), Aloe vera L. (55.88%), Andrographis 
paniculta (Burm.f.) Wal.ex.Nes. (40.74%), Annona squamosa L. (50%), 
Argemone mexicana Linn (61.53%), Artocarpus heterophyllus Lam. 
(50%), Averrhoa carambola L. (66.66%), Azadirachta indica A. Juss. 
(29.78%), Boerhavia diffusa L. (54.16%), Bombax ceiba L. (92.30%), 
Bryophyllum pinnatum (Lam) Oken (81.25%), Calotropis gigantea 
(Linn.) R.Br.ex.Ait. (52.17%), Calotropis procera (Aiton) R. Br. (75%), 
Cotula anthemoides L. (25.92%), Crinum viviparum (Lam) R. Ansari & 
V.J. Nair, Curculigo orchioides Gaertn. (40%), Curcuma longa L. (43.75%), 
Cuscuta reflexa Roxb. (51.72%), Cyperus rotundus L. (44.82%), Datura 
metel L. (66.66%), Datura stramonium L. (33.33), Elephantopus scaber 
L. (42.30), Euphorbia hirta L. (61.53%), Euphorbia milii var. longifolia D. 
Moul. (60%), Ficus benghalensis L. (33.33%), Ficus hispida L.f. (64.70%), 
Ficus racemose L. (45.83%), Ficus religiosa L. (50%), Gloriosa superba 
Linn. (92.85%), Gmelina arborea Roxb. ex Sm. (80%), Hemidesmus 
indicus (L.) R.Br. (41.37%), Hibiscusrosa-sinsnsis L. (40.81%), Lawsoniai 
nermis L. (84.61%), Madhucalongifolia (Konig) J.F.Macbr. (41.66%), 
Mangifera indica L. (56%), Piper betle L. (48.38%), Psidium guajava 
L. (58.33%), Pterocarpus santalinus L.f. (52.5%), Ricinus communis L. 
(48%), Shorea robusta Gaertn. (42.30%), Sida cordata (Burm. f.) Borss. 
Waalk. (70%), Sida cordifolia L. (46.66%), Syzygium cumini (L)Skeels 
(30.76%), Tagetes patula L. (37.83%), Tamarindus indica L. (31.11%), 
Urginea indica (Roxb.) Kunth (29.16%), Vitex negundo L. (36.84%).

DISCUSSION AND CONCLUSION
We report a total of 59 plant species belonging to 35 different families 
which are used directly or with some additives (Table 2) for the 
treatment of carbuncle. Herbal formulations are usually made with dry 
dehydrated form rather than fresh form of plant parts. Dried plant parts 
are stored at homes throughout the year so that these can be used for 
treatment during off-season, especially in winter when leafy species 
become scarce. Usually, healers follow their own traditional knowledge 
for drug formulation and do not want to disclose it to the patients. In 
most of the cases they prefer leafy parts of different herbs. UV represents 
the relative importance of plants in that locality for drug formulation 
(Table 1). High Fic designates the use of a particular species reported 
by a large fraction of the interviewed informants for a particular disease 
and low Fic denotes the disparity amongst the informants in using a 
specific species against a specific disease. In many cases, medication 
was preferred in a composite mixtures from different plants/plant parts 
with the understanding that synergistic effect of phytochemicals of 

Category of ailments Number of taxa % of all taxa Number of use reports % all use reports Informants’ consensus 
factor (Fic)

Acne 6 3.57 32 2.56 0.84
Boil 28 16.66 214 17.12 0.87
Burn 10 5.95 53 4.24 0.83

Carbuncle 58 34.52 597 47.76 0.91
Cut 17 10.11 113 9.04 0.86

Chicken pox 1 0.59 5 0.4 1
Eczema 9 5.35 44 3.52 0.81

Leukoderma 5 2.97 19 1.52 0.77
Measles 4 2.38 13 1.04 0.75

Mouth ulcer 1 0.59 1 0.08 0
Nail infection 5 2.98 11 0.88 0.6

Pimple 4 2.38 12 0.96 0.73
Ulcer 14 8.33 104 8.32 0.87

Wound 6 3.57 32 2.56 0.84

Table 3: Data analyses for Informants’ consensus factor for specific disease category.



752Pharmacognosy Journal, Vol 11, Issue 4, Jul-Aug, 2019

Mahato, et al.: Ethnobotanicles used for the Treatment of Skin Diseases

different plants species may improve the rate of healing.20 This classical 
knowledge, inherited by these local tribal healers from their ancestors is 
rapidly vanishing due to degradation of forest covers, uprooting of tribal 
population due to fast urbanization and industrialization and above all 
indifferent attitude of younger generation, although still maintaining 
the skeletal structure of primary healthcare system of Purulia district. 
Therefore, the present documentation is a preliminary attempt to pave 
the path for developing digitized database in future. A proper planning 
and management is the need of the age for their sustainable exploitation 
and conservation.
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GRAPHICAL ABSTRACT SUMMARY

Fifty-nine herbal plants belongs to 35 families were used in 
various combinations during treatment. Most of the species 
belongs to Moraceae and Asteraceae families in comparison 
to other families. Herbaceous plants are most commonly 
used and leaves are the most common part for preparing 
formulations.
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ABSTRACT: Ethnic peoples from Purulia district of West Bengal in India use a lot 
of plants for their primary health care without studying phytochemical analysis and 
biological activities in detail. Main objectives of the present study are to evaluate the 
antibacterial and antioxidant activities of the whole plant extract of Curculigo 
orchioides using polar and nonpolar solvents. Total phenol content (TPC) was 
determined by Folin-Ciocalteu assay using Gallic acid (GA) as standard and total 
flavonoid content (TFC) by AlCl3 method using quercetin as standard. The 
antibacterial screening was carried out by agar well diffusion method. Methanol 
extracts exhibit higher phenol (82.93 ± 2.74 mg of GA E/gm of the sample), 
flavonoid (48.41 ± 1.94 mg of QE/gm of the sample) and alkaloid (5.56 ± 1.56%) 
content in comparison to other solvents. Similarly, methanol extracts show higher 
free radicals scavenging property and there was a positive correlation between IC50 
values with total phenol and flavonoid content. A positive correlation exists in total 
phenol and flavonoid with antioxidant activities. The plant contains high phenolic 
and flavonoid content and exhibits antibacterial and antioxidant activities support the 
ethnomedicinal value of the plant. 

INTRODUCTION: Plants have been used 
medicinally since prehistoric times. Although, after 
the discovery of the synthetic drug, the use of 
natural medicines has decreased drastically. 
However, synthetic drugs have some side effects 1, 
allergic reactions 2. So, humans seek some 
alternative source of medicine. Tribals from a rural 
area of Purulia district are mainly dependent on 
medicinal plants for their primary health care. One 
such traditionally used plant is Curculigo 
orchioides Gaertn. (Hypoxidaceae) commonly 
known as kalimusli, known in Purulia it as talmuli, 
is an important endangered medicinal plant used by 
the tribal people from all over the district for the 
treatment of carbuncle and cancer.  
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The plant is a small annual herb characterized by 
the yellowish flower, blackish tuberous primary 
root with dense lateral roots, aerial part possessing 
numerous linear leaves arranged in rosettes. 
According to WHO 80% world population relies on 
traditional medicines for the treatment of common 
illness 3. At present, phytochemicals are more in 
demand in comparison to synthetic drugs due to its 
fewer side effects, lesser immuno-suppressive 
activity and wide use for the treatment of several 
diseases 4. The rhizome of C. orchioides possesses 
immune stimulant potential 5, hepatoprotective 6, 
antioxidant 7, and platelet regeneration effect 8. The 
present study emphasizes on antibacterial activity 
against three strains of bacteria, antioxidant 
activity, total phenol and flavonoid content of the 
whole plant of Curculigo orchioides. 

MATERIALS AND METHODS: 
Plant Materials: Plant Fig. 1 is obtained from the 
forest area of Bandwan in Purulia district, West 
Bengal, India and is identified with the help of 
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books and literature, authenticated by Dr. Basanta 
Kumar Sing, Botanical Survey of India, Kolkata. A 
voucher specimen (AMC123) was documented in 
the herbarium of A.M. College, Jhalda. 

 
FIG. 1: CURCULIGO ORCHIOIDES 

Extract Preparation for Total Phenol, 
Flavonoid, Alkaloid, Antioxidant and 
Antibacterial Activities: Freshly collected whole 
plant of Curculigo orchioides (1800 grams) was 
washed with running tap water and then shade 
dried for eleven days. Dried plants crushed to form 
a powder (780 grams) and extracted successively 
with soxhlet extractor at 60 ºC by using methanol, 
ethyl acetate, n-hexane and water for 24 h. After 
that solvent extracts are removed, filtered and 
concentrated by using a rotary evaporator at 60 ºC 
under reduced pressure and 14 gm, 9 gm, 5 gm and 
10 gm of the extract obtained respectively which 
were kept in a refrigerator at 4 ºC for further study. 

Determination of Total Phenol Content: Total 
phenol content was determined using Gallic acid as 
standard. Plant powder obtained from respective 
solvent extracts taken for Folin-ciocalteu assay 
with a slight modification of standard method 9. 
The total phenol content was expressed as Gallic 
acid equivalents (mg of GAE/g sample) through the 
calibration curve of Gallic acid. Linearity in 
calibration curve was 10 to 100 μg/ml (r = 0.99). 

Determination of Total Flavonoid Content: Total 
flavonoid content was determined by AlCl3 method 
using quercetin as standard 10. A mixture of 10% of 
100 µl of AlCl3, 100 µl NaNO3(5%), 670 µl of 1 
mM NaOH and 100 µl of the sample was vortexed 
and incubated in the dark at room temperature for 
25 min. The O.D. value was measured at 510 nm. 
The experiment was repeated thrice.  

Estimation of Alkaloid Content: Alkaloid content 
was determined by using a suitable method with 
slight modification 11. Five grams of the powdered 
methanol and aqueous plant extracts dissolved in 
20 ml of 20% acetic acid prepared in methanol 
(v/v), then filtered after four hours. The filtrates 
were kept in a water bath for 30 min at boiling 
temperature. Ammonium hydroxide was poured 
into the extract, dropwise and produced some 
precipitation (ppt). The collected ppt was washed 
with dilute ammonium hydroxide and filtered. The 
residues obtained in the filter paper, dried and 
weighed.     

                                        Weight of residues     

                            Weight of sample 

Antioxidant Activities: 
DPPH Antioxidant Activity: DPPH antioxidant 
activity was carried out by procedure Zhu et al., 12 

with slight modification. By using respective 
solvents prepare a stock solution, from the stock 
solution make various concentrations (50-400 
µg/ml). DPPH mixed with different concentrations, 
after 30 min incubation O.D. value at 517 nm taken 
by jasco V-630, USA. Ascorbic acid was measured 
in the same procedure. Antioxidant scavenging 
capacity was estimated by calculating IC50 values. 

ABTS•+ Antioxidant Activity: For ABTS•+ 

antioxidant assay, the method of Re et al., 13 was 
followed with slight modification. The ABTS•+ 

radical cation was prepared by mixing an equal 
volume of 7 mM of ABTS•+ stock solution with 
2.45 mM of potassium persulfate and incubated in 
dark condition for 12-16 h at room temperature. 
Before experimental processing, the ABTS•+ 
radical reaction mixture was diluted with ethanol to 
an absorbance of 0.700 ± 0.05 at 734 nm. The 
requisite amount of plant extract (50-400 µg/ml) 
was mixed with 2 ml of ABTS•+ radical reaction 
mixture and incubated in the dark for 6 min. After 
that absorbance at 734 was recorded by UV-Vis 
spectrophotometer and percent free radical 
scavenging activity was determined by the 
following formula  
                                                               Ablank - Asample  

                                                                   Asample  

Where Asample and A blanks are the respective 
absorbance’s of tested samples and ABTS

•+ 
reaction mixture. 

% of alkaloid = × 100 % 

× 100 % free radical scavenging activity = 
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Hydrogen Peroxide Scavenging Activity: 
Hydrogen peroxide scavenging activity was 
determined by using a method of Harborne 14 with 
modifications. Aliquots of 0.1 ml from different 
concentrations of extracts were taken into the test 
tubes and make the volume up to 0.4 ml by adding 
with 50 mM phosphate buffer (pH 7.4) then add 0.6 
ml of hydrogen peroxide solution, vortexes the 
mixtures and absorbance measured at 230 nm after 
10 min, against a blank. Hydrogen peroxide 
scavenging abilities were calculated using the 
following equation: 

Hydrogen peroxide scavenging activity = (1- absorbance of 
sample/absorbance of the mixture) × 100 

In-vitro Antibacterial Assay: 
Bacterial Strain and Culture Conditions: 
Authentic, pure cultures of pathogenic bacteria like 
Escherichia coli (E. coli MTCC 443), 
Staphylococcus aureus (S. aureus MTCC 3160) 
were provided by the microbiological laboratory 
and clinical detection center Paschim Medinipur 
and Bacillus subtilis from Vidyasagar University 
Microbiology Department Paschim Medinipur, 
India. They were cultured in tryptone soy broth or 
agar (TSB or TSA) in aerobic condition at 37 °C. 

Well Diffusion Method: The good diffusion 
method was used to study the antibacterial activity 
as described by Bauer et al. 15 Lawn bacterial 
cultures were spread on the Muller Hinton agar 
using a spreader. The wells were cut on the agar 
plates using a cork borer; plant extracts were 
poured into the well using sterile micropipette 16. 
The plates were incubated at 37 ºC for 24 h. After 
incubation, the diameter of the zone of inhibition 
was measured by using a scale. 

Statistical Analysis: Statistical analysis was 
performed using Microsoft Excel-2010 software. 
Data are expressed as mean ± SD from three 
replicates. EC50 values were calculated by 
regression analysis. A probability of P<0.05 was 
considered significant. 

RESULTS: 
Total Phenol Content: Due to the presence of 
hydroxyl groups phenolic compounds are very 
important in plants as they can scavenge free 
radicals. TPC of C. orchioides was solvent 
dependent and expressed as milligrams of GA 

equivalent. Fig. 2 summarize the TPC and ranging 
from 35.7 ± 3.32 to 82.93 ± 2.74. The methanol 
extract exhibited the highest total phenol content in 
comparison to other solvent extracts.   

Total Flavonoid Content: Total flavonoid content 
also depend upon the solvent types as shown in 
Fig. 2 varied from 12.46 ± 2.08 to 48.47 ± 1.94 mg 
of quercetin equivalent/gm of extract. The 
methanol extract showed the highest amount of 
flavonoid content Fig. 2 followed by aqueous, ethyl 
acetate and n-hexane. 

 
FIG. 2: TOTAL FLAVONOID CONTENT (TFC) AND 
TOTAL PHENOL CONTENT (TPC) IN VARIOUS 
SOLVENT EXTRACTS. Each value is represented as the 
mean ± standard deviation (n=3) 

Estimation of Alkaloid Content: Alkaloid content 
shows higher in methanol extract (5.56 ± 1.56%) in 
compare with water extract (2.25 ± 1.4%) Fig. 3. 

 
FIG. 3: ALKALOID CONTENT (AC) IN METHANOL 
AND AQUEOUS EXTRACT 

In-vitro Antioxidant Activities: 
DPPH Radical Scavenging Activity: Antioxidants 
present in the plant extracts decrease the 
absorbance of DPPH radical at 517 nm because of 
the reaction between antioxidants and radicals. It is 
noticeable by seeing the color changes from purple 
to yellow. 
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The scavenging effects of various solvent extract 
on DPPH radical Fig. 4 shown in the following 
order: methanol > aqueous > ethyl acetate > n-
hexane. The IC50 value was shown in Table 1. 
Though the capability of scavenging the free 
radicals is very low in comparison with vit - C but 
plants have the potentiality to scavenge the free 
radicals and may be used as natural antioxidants. 

 
FIG. 4: DPPH ANTIOXIDANT ACTIVITY OF FOUR 
SOLVENT EXTRACTS. Each value is represented as the 
mean ± standard deviation (n=3) 

ABTS Radical Scavenging Activity: Fig. 5 shows 
the antioxidant capacity of various solvent extracts 
decrease in this order, methanol > aqueous > ethyl 
acetate > n-hexane. The IC50 value of methanol 
extract was most pronounced in compare with other 
solvent extracts Table 1. 

 
FIG. 5: ABTS•+ ANTIOXIDANT ACTIVITY OF FOUR 
SOLVENT EXTRACTS. Each value is represented as the 
mean ± standard deviation (n=3) 

Hydrogen Peroxide Radical Scavenging 
Activity: The effect of different solvent extracts on 
hydrogen peroxide radical was concentration 
dependent (50-500 µg/ml) as shown in Fig. 6. In 
this study, results showed that various solvent 
extracts had strong potential in eradicating hydrogen 
peroxide at all concentrations. The IC50 value of 
different solvent extracts shows in Table 1. 

 
FIG. 6: HYDROGEN PEROXIDE RADICAL 
SCAVENGING ACTIVITY OF FOUR SOLVENT 
EXTRACTS. Each value is represented as the mean ± 
standard deviation (n=3) 

IC50 Value: Inhibitory concentration (IC50) 
parameter was used for the interpretation of the 
results of antioxidant activities. The discoloration 
of the sample was plotted against sample 
concentration to determine the IC50 value. Its value 
in four solvents extracts shown in Table 1 by using 
three different assay techniques.  

TABLE 1: IC50 VALUES (μg/ml) FOR RADICAL 

SCAVENGING 
Solvent 
extracts 

DPPH 
radical 

Hydrogen 
peroxide 

ABTS 
radical 

Ethyl acetate 247.321 277.43 260.98 
Methanol 173.761 182.74 190.17 
Aqueous 204.264 220.83 208.06 
n-Hexane 252.22 289.58 289.14 

Correlation (R) Between IC50 Values of 
Antioxidant Activities with Total Phenol and 
Flavonoid Contents: There was a positive 
correlation (R) between IC50 values of antioxidant 
activities with total phenol and flavonoid contents 
as shown in Table 2. R values from total phenolic 
with IC50 vary from 0.737 to 0.795 and in case of 
flavonoids are 0.823 to 0.844.  

TABLE 2: CORRELATION BETWEEN IC50 VALUES 
WITH TOTAL PHENOL AND FLAVONOID CONTENT 

IC50 Total phenolics Total flavonoid 
DPPH 0.785 0.823 
H2O2 0.795 0.844 
ABTS 0.737 0.839 

Antibacterial Activity: Methanol extract shown 
highest inhibition zone Table 3 in comparison with 
other solvent extracts. Activity index measured to 
show the suitable solvents chosen to increase the 
biological activity. 
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TABLE 3: ANTIBACTERIAL ACTIVITY (ZONE OF INHIBITION, mm) OF VARIOUS SOLVENT EXTRACTS OF 
C. ORCHIOIDES 

Bacteria  Methanol Ethyl acetate Aqueous n-Hexane Standard 
S. aureus IZ 13.12 ± 0.12 9.28 ± 0.42 11.32 ± 0.46 7.14 ± 0.32 25.56 

AI 0.51 0.36 0.44 0.27  
E. coli IZ 18.32 ± 0.16 8.62 ± 0.26 13.67 ± 0.76 7.54 ± 0.21 24.89 

AI 0.73 0.34 0.54 0.30  
B. subtilis IZ 14.54 ± 0.14 8.75 ± 0.24 12.46 ± 0.48 7.32 ± 0.12 21.52 

AI 0.67 0.40 0.57 0.34  
IZ = inhibition zone (mm) includes the diameter of disc (6 mm); AI = activity index = IZ of test sample/ IZ of standard; 
Standard: Ampicillin (1 mg/disc). Values are mean of triplicate replicates (mean ± S.D.) 

DISCUSSION: Studies have revealed that 
medicinal plants are very good sources of 
antioxidant and play a significant role in the 
treatment of several diseases globally 17. The plant 
C. orchioides contains a higher amount of phenolic 
compounds in the methanolic extract in comparison 
to other solvent extracts. Due to the presence of 
phenolic compounds plant exhibit antioxidant 
properties and methanolic extract shows more 
potential on free radical scavenging properties 18. 
There was a positive correlation between phenolic 
compounds and IC50 values; this study corroborates 
the findings of previous authors 19, 20. The phenolics 
and polyphenols are the largest groups of 
secondary metabolites to have antimicrobial and 
antioxidant properties 21, 22.  

Naturally occurring plant flavonoids possess 
antimicrobial activities 23, 24. The variation in the 
antibacterial activity of flavonoids and phenolics is 
due to the number and positions of methoxy and 
phenolic groups within their structures 25, 26. The 
alkaloid extracts obtained from medicinal plant 
species have a multiplicity of host-mediated 
biological activities, including antimalarial, anti-
microbial, antihyperglycemic, anti-inflammatory, 
and pharmacological effects 27, 28. With respect to 
different liver marker enzymes, such as aspartate 
aminotransferase (AST), alanine aminotransferase 
(ALT) and alkaline phosphatase (ALP) methanol 
extract of C. orchioides exhibit hepatoprotective 
properties. Nagesh and Shanthamme 29 reported the 
antibacterial property of rhizome extract against 
pathogenic bacteria. Mehta et al., 30   identified 
some fatty acid from the root of C orchioides. 
Anticancer phenolic compound curculigoside 
identified by Kubo et al., 31 from the rhizome of the 
plant. Whole plant extract and uses of different 
solvents vary the biological activities as reported 
by previous authors.  

Further study on phytochemical analysis and 
isolation of bioactive components urgently needed 
for the development of natural medicine. 

CONCLUSION: Due to the presence of secondary 
metabolites (Phenolic and flavonoid compounds) 
the studied plant exhibits antioxidant and 
antibacterial properties. Out of the four solvents 
used methanol has the more potential to extract the 
bioactive components from plant powder. This 
study supports the ethnomedicinal uses of the plant 
in Purulia district. Further research on 
phytochemical analysis and isolation of bioactive 
components urgently needed for the development 
of natural medicine. 
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Abstract

Aims: A novel approach was employed to study the growth of three

cyanobacterial strains namely Oscillatoria sp. (AP17), Leptolyngbya sp. (AP3b)

and Chroococcus sp. (AP3U). Furthermore, their broad metabolite profile,

production of pigments, exopolysaccharide (EPS) and antimicrobial activity

were evaluated in response to contrasting cultivation modes: biofilm or

planktonic.

Methods and Results: The biofilm culture mode was carried out in the

patented conico-cylindrical flask (CCF) and the planktonic culture mode was

carried out in an Erlenmeyer flask (EF). The amount of polysaccharide that

was released and that remained capsular/bound was higher in CCF compared

to EF cultivation. Amount of chlorophyll a produced by Oscillatoria (AP17)

was higher in the CCF compared to the EF cultivation. Highest antimicrobial

activities were exhibited by Leptolyngbya (AP3b) biofilm than other biofilms as

well as planktonic biomass. Metabolite profiles of Cyanobacteria were revealed

by various chromatographic techniques and showed clear differences among

the two contrasting modes of cultivation.

Conclusions: The results showed clear differences in the mode of growth for

achieving maximum chlorophyll a, EPS and bioactive metabolite production of

the Cyanobacteria.

Significance and Impact of the Study: The present study augmented the

information which can enhance wider exploration of the biofilm mode of

cultivation of Cyanobacteria.

Introduction

Cyanobacteria (blue-green algae) possess unique struc-

tural and functional features and are commonly perceived

as a prolific renewable resource for the production of an

array of biologically potent secondary metabolites (Raja

et al. 2016). In nature, allelopathy (inhibition or stimula-

tion of growth) or metabolite production is critical and

governs some of the pivotal ecological functions of an

organism such as survivability and defence against preda-

tors or grazers. Production of defensive chemicals is

inherent to Cyanobacteria and those produced metabo-

lites display strong resistance against grazers including

urchins, amphipods and herbivorous crabs (Mohamed

2013; Mazard et al. 2016). The information pertaining to

biofilm-forming Cyanobacteria of the intertidal zone is

limited and more research is desired. In this unique habi-

tat, organisms are adapted to a wide range of climatic

fluctuations (temperature, salinity, desiccation and wave

action) as well as to the herbivorous grazers leading to

the elevated stress in the epilithic biofilms (Dugan et al.

2013). Thus, biofilm-forming Cyanobacteria in particular

could be harnessed for exploiting novel low volume yet

high value specialized chemicals of immense industrial

applications especially pharmaceuticals, nutraceutical and

cosmeceuticals. Pramanik et al. (2011) reported the
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antimicrobial activity of the extracts of Cyanobacteria iso-

lated from the intertidal soil of Sundarbans mangrove

forest, which showed positive results against Bacillus sub-

tilis and multiple drug-resistant clinical isolates.

Cyanobacterial strains isolated from microbial mats

developed on the soil surface and mangrove pneu-

matophores were reported to produce toxins (micro-

cystins and saxitoxins) and exhibited toxicity to brine

shrimp (Mohamed and Al-Shehri 2015). The biofilm-

forming Cyanobacteria are global primary producers in

intertidal waters having high nutritional profile, which

could be utilized in emerging functional food market as

well (Nagarkar et al. 2004).

Benthos of estuarine Cyanobacteria growing in the tran-

sitional ecosystems has been identified as one of the most

potential groups of organisms for biotechnological appli-

cations. Some of these are cyanobacterial metabolites with

allelopathic and stimulating or inhibiting growth of plank-

tonic microalgae (Lopes and Vasconcelos 2011). For the

production of the pigments such as chlorophyll a, carote-

noids and phycocyanins, Nostoc spp. were allowed to form

biofilms in stones with different nutrient conditions and

light intensity in batch cultivation method (Sanmart�ın

et al. 2010). Artificially, biofilm growth of Acaryochloris

marina induced in alginate beads (mimics the natural con-

dition) demonstrated maximal cell-specific growth rates

and population doubling times under both visible and

near-infrared radiation irradiance (Behrendt et al. 2012).

Gismondi et al. (2016) demonstrated that heterocytous

Cyanobacteria of Anabaena augstumalis VRUC163, Calo-

thrix sp. VRUC166 and Nostoc sp. VRUC167 strains effi-

ciently removed phosphorus from the wastewater through

a biofilm-based growth approach. Exopolymeric sub-

stances (EPSs) produced by cyanobacterial biofilm under

natural conditions play important ecological roles such as

structurally stable, hydrated microenvironment, chemical/

physical protection against biotic and abiotic stress.

Matrix of hydrated EPSs favours the formation of

cyanobacterial biofilm on desert soils, lithic and exposed

substrates (Rossi and De Philippis 2015).

Cyanobacterial culture conditions play a vital role for

inducing the production of cell mass, primary metabolites

(merocyclophane C and tolytoxin) and maximum chemi-

cal diversity (Crnkovic et al. 2018). Lipopeptide clusters

were frequently found in biofilms of Cyanobacteria

exhibiting antimicrobial, antifungal bioactivities, haemoly-

tic activity and cytotoxic effects on human cells (Galica

et al. 2017). The production of second messenger cyclic

dimeric GMP (cyclic di-GMP or c-di-GMP) and biofilm

formation were induced in Synechocystis and Fremyella

diplosiphon through increasing the expression of diguany-

late cylase and phosphodiesterase genes (Agostoni et al.

2016). However, studies on biofilm-based cultivation

methods for Cyanobacteria remain limited. No studies

have been done to establish differences in metabolite pro-

files of Cyanobacteria growing in planktonic and biofilm

modes of growth. Previously, Mitra et al. (2012, 2015)

applied the patented (US 8,945,917 B2, Sarkar et al. 2015)

enhanced surface area conico-cylindrical flask (ES-CCF)

which provides an additional surface area for biofilm

mode of growth of intertidal micro-organisms and com-

pared the production of cellulase by Chaetomium crispa-

tum, xylanase by Gliocladium viride, melanin by

Shewanella colwelliana, riboflavin by Candida famata in

the planktonic and biofilm modes of growth. The applica-

tion of the ES-CCF was extended in the present study to

compare the metabolite profiles of three intertidal

Cyanobacteria grown in the planktonic state in the com-

mon 500-ml Erlenmeyer flask and the biofilm mode in

the ES-CCF. The analysis of the metabolites has been car-

ried out using three levels of analytical techniques from

the basic TLC to advanced HPLC followed by LC-MS.

Next, the difference in the EPS production, pigments

accumulation and growth has also been analysed, followed

by measuring the antimicrobial activities of the three

Cyanobacteria cultivated in the two contrasting modes of

growth. To the best of our knowledge this is the first

detailed analysis which could provide basis for enhancing

the scope for developing eco-designs for large-scale pro-

ductions of value added compounds from Cyanobacteria.

Materials and methods

Cultivation of Cyanobacteria

Out of eight cyanobacterial strains isolated from the Sun-

darbans (India) by Pramanik et al. (2011), three morpho-

logically distinct strains belonging to different orders

were selected during the present investigation. These

strains were deposited in National Facility for Marine

Cyanobacteria, Tiruchirappalli, Tamil Nadu, India. Acces-

sion numbers are BDU D004, BDU D005 and BDU D006

for Oscillatoria sp. (AP17), Leptolyngbya sp. (AP3b) and

Chroococcus sp. (AP3U) respectively. The three cyanobac-

terial strains Leptolyngbya sp. (AP3b), Oscillatoria sp.

(AP17) and Chroococcus sp. (AP3U) were isolated from

Lothian Island (21°3901″N 88°19037″E), taxonomically

characterized using the available literature and main-

tained in ASN-III medium at 27�2°C with a light inten-

sity of 36�45 lmol photons m�2 s�1 in a light/dark (14/

10 h) cycle and routinely subcultured at every 15-day

interval. The late log-phase cells were harvested by cen-

trifugation at 10 000 g (Eppendorf model 5810R, rotor

F-34-6-38) for 10 min, blotted using the sterile filter

paper for removing the excess water content and used as

the mother inoculum for further experiments.
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Hydrophobicity test in the biphasic system

The cyanobacterial cultures were taken in the early sta-

tionary phase (after 7–10 days of growth) and washed

with ASN-III medium twice. Three millilitres of

cyanobacterial suspension was taken and an equal volume

of n-hexadecane was added. The mixture was vigorously

shaken manually for 1 min, allowed to stand for 5 min,

and then gently vortexed for 10 s. The tubes were again

allowed to stand for 5 min to allow complete separation

of the phases. The cyanobacterial cell surface property

was measured by adherence to the biphasic (aqueous-

hydrocarbon) system following Fattom and Shilo (1984).

Flask configurations, operating and culture conditions

The conico-cylindrical flask (CCF) (500 ml) was made up

of hydrophobic polymethyl methacrylate (PMMA). More-

over, PMMA has the advantage of possessing a high level

of clarity (92% light transmission), thereby almost compa-

rable optical properties with glass. For sterilization, disas-

sembled CCF components were immersed in 50% (v/v)

benzalkonium chloride for 5 h, washed thoroughly in

sterile water and dried at 60°C. After that, all the compo-

nents of the CCF were surface-sterilized under UV light

(TUV15W/G15T8, Philips, The Netherlands) in a laminar

airflow bench for 30 min. To each Erlenmeyer flask or

PMMA-CCF, 150 ml of ASN-III medium was added

along with equal inoculum (0�18 mg ml�1 dry weight).

Measurement of planktonic and biofilm biomass

Late log-phase culture (planktonic biomass) was har-

vested by centrifugation at 10 000 g for 10 min. The bio-

films were scrapped off from the surface of the slides by

sharp scalpel at the end of the experiment. Biomass were

washed thrice with sterile distilled water for removing the

salts and further dried at 50°C. Finally, the constant dry

weight of biomass was determined on an analytical bal-

ance (Sartorius AG, Germany model GD103).

Extraction and analysis of EPS

In order to obtain capsular/bound polysaccharides (CPS),

dried cyanobacterial pellet was incubated with

0�1 mol l�1 sulphuric acid at 95°C for 1 h. After the

incubation, samples were centrifuged (4000 g, 5 min;

Eppendorf model 5810R, rotor F-34-6-38) and the result-

ing supernatant was separated from the pellet. Similarly,

released polysaccharide (RPS) was extracted from the

cell-free culture liquids (Gacheva et al. 2013). Both super-

natants were precipitated with ethanol in a ratio 1 : 3

(v/v) (supernatant: 99% ethanol) and polysaccharides

were pelletized at 10 000 g for 10 min. The pellets were

washed thrice with 65% ethanol to remove any contami-

nants if left and dried at 37°C (Di Pippo et al. 2013).

Total carbohydrate in the RPS and CPS were determined

by the Anthrone method (Schneegurt et al. 1994).

Determination of chlorophyll a and phycobiliprotein

concentration

The cyanobacterial pellet was treated with a 90% metha-

nol for complete extraction of chlorophyll a. After cen-

trifugation at 10,000 g for 10 min at 4°C, chlorophyll a
(C) was spectrophotometrically quantified at 665 nm.

Phycobiliproteins (PBP) were extracted from the freshly

harvested biomass by the method of freeze thawing in

0�05 mol l�1 phosphate buffer (pH 6�8). The biomass was

frozen at �20°C for 48 h and then thawed at 5°C by add-

ing phosphate buffer. It was followed by centrifugation at

10 000 g for 10 min at 4°C. The amounts of phycoery-

thrin (PE), phycocyanin (PC) and allophycocyanin (APC)

in the supernatant fraction were calculated by measuring

the optical densities at 565, 620 and 650 nm (Tandeau de

Marsac and Houmard 1988). Pigment concentration was

calculated based on the following equations

Cðlg g�1Þ ¼ ðOD665 nm � 13 � 9Þ;PCðmg g�1Þ
¼ ðOD620 nm � 0 � 7�OD650nmÞ=7 � 38

ðAPCðmg g�1Þ ¼ ðOD650nm � 0 � 19�OD620nmÞÞ=5 � 65

PEðmg g�1Þ ¼ ðOD565 nm � 2 � 8½PC� � 1 � 34½APC�Þ=12 � 7

Preparation of extracts

Cyanobacterial extracts (CBE) were obtained by homoge-

nization of 1 g of dry biomass with 10 ml of 1 : 1 chlo-

roform (CHCl3) : methanol (MeOH). Furthermore, the

homogenate was filtered using Whatman no. 1 filter

paper. The filtrate was evaporated to dryness and stored

at �20°C.

Analysis of metabolite profiles

Thin layer chromatography

Each crude extract (25 mg ml�1) was dissolved in

CHCl3–MeOH (1 : 1, v/v) and applied (10 ll) to form a

single spot in a corner of an aluminium-backed silica gel

TLC sheet. The TLC sheets were developed in acetoni-

trile : heptane : chloroform (1 : 4�5 : 4�5 v/v/v), dried

and sprayed by anisaldehyde sulphuric acid reagent. The

plates were heated at 105°C and the spots were visualized

to detect lichen constituents (depside—acid residues

linked by ester group, depsidones—additional ether bond
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between aromatic rings) (violet) (Roullier et al. 2011),

phenols (blue), terpenes (red), sugars (grey) and steroids

(green). Finally, the rf (distance travelled by solute/dis-

tance travelled by solvent) value was measured.

High performance liquid chromatography

Twenty microlitres of CBE (25 lg ll�1) was subjected to

analytical high performance liquid chromatography

(HPLC) for metabolite profile analyses. HPLC (Model:

Shimadzu, SPD-M20A, Japan) was performed using a

reverse phase column (Merck, Lichrospher-100, RP-18,

end-capped, 250 9 4�6 mm, particle size 5 lm) and

operated at 25°C. The solvent was degassed for at least

30 min before use. The isocratic chromatographic separa-

tion parameters were—detection: PDA 254 nm; mobile

phase: mixture of acetonitrile 60%, water 40%, flow rate

of 1 ml min�1. The total run time was 45 min (Challouf

et al. 2011; Afreen et al. 2017).

Liquid chromatography–electrospray ionization-MS

Crude organic extract of Cyanobacteria amounting to

100 ng ml�1 was dissolved in 1 : 1 acetonitrile : water.

Chromatographic separation was achieved using Phenom-

enex Kinetex 5l C18 100A 50 9 3 mm column. The

mobile phase (0�1% formic acid in Milli Q water and

mixed with 10 mmol l�1 ammonium acetate and 0�1%
formic acid in acetonitrile) was used at the rate of

0�2 ml min�1. Triple Quadrupole LC-MS Mass Spec-

trometer (API 2000, AB Sciex Instruments, Applied Bio-

systems, MDS Sciex, Toronto, Canada) within built LC-

20AD pump and PDA coupled with triple quadrapole

tandem mass spectrometer was used. ESI-MS conditions

and parameters were operated by Analyst 1.5 software

(Applied Biosystems, MDS Sciex, Toronto, Canada). The

high-intensity m/z peaks were picked by using the soft-

ware (seeMS, ProteoWizard 3.0.10827). The molecular

structure was predicted for high-intensity m/z by using

the Mass Database (http://www.massbank.jp/en/database.

html). Finally, from the literature, the possible biological

activities were assigned for the molecular structure (Hast-

ings et al. 2013; Download Free Scientific Publications,

http://freefullpdf.com/#gsc.tab=0).

Antimicrobial assay

Antimicrobial properties of marine Cyanobacteria extracts

were tested against the bacterial strains Staphylococcus aur-

eus MTCC 2940, B. subtilis MTCC 441 and fungus Can-

dida albicans MTCC 227. The bacterial and fungal

cultures were cultivated in Muller–Hinton Broth (MHB)

and incubated overnight at 37°C. After 12–18 h, the

microbial cultures were harvested and the turbidity

adjusted to 106 CFU per ml. CBE were initially solubilized

in 10% methanol (MeOH) at 10 mg ml�1 (Jerez-Martel

et al. 2017). Aliquots of 50 ll of CBE or solvent (negative

control) and 30 ll of 3�3 9 strength MH broth were

added to the appropriate microtitre wells. Finally, 10 ll of
microbial suspension was added to each well to achieve a

concentration of 5 9 105 CFU per ml. After incubation

(37°C for 18–24 h), 10 ll of resazurin was added and

kept for 4 h in the incubator shaker. The colour change

was then assessed by using ELISA plate reader at excita-

tion 560 and emission 590 nm (Sarker et al. 2007). Per-

centage of inhibition calculated by applying the formula

%of inhibition ¼ ðControl� TestÞ=ControlÞ � 100

Results

Hydrophobicity test

After mixing with n-hexadecane, the Oscillatoria (AP17)

filaments remained in the aqueous lower phase, indicating

their hydrophilicity, whereas Leptolyngbya (AP3b) fila-

ments transferred to the hydrocarbon upper phase (hy-

drophobicity) and Chroococcus (AP3U) dispersed in the

aqueous and hydrocarbon phase (intermediate; Fig. 1).

Effect of flask configuration and surface property on

growth, biofilm formation, EPS production and pigment

accumulation

The initial inoculum of the three strains settled and grew at

the bottom of EF and CCF. After 7 days, in CCF, the cul-

ture started to attach and grow to form biofilms on the

rectangular strips of the inner arrangement of the CCF cul-

tivation (Fig. 2a–d). Biofilm formation (as recorded by

average dry weights) was found to be high in Oscillatoria

(AP17) (0�0665 � 0�02 g) than Leptolyngbya (AP3b)

(0�030 � 0�007 g) and Chroococcus (AP3U) (0�0286 �
0�008 g), whereas no biofilm was observed in the EF setup.

Biofilms formed by Oscillatoria (AP17), Leptolyngbya

(AP3b) and Chroococcus (AP3U) contained much higher

proportion of CPS (70 � 0�28; 66�304 � 5�6 and 8�2 �
0�07 mg g dw�1 respectively) than the planktonic biomass

of EF (58�7 � 4�6; 59�2 � 9�4 and 1�6 � 0�2 mg g dw�1

respectively). Cell suspension RPS-polysaccharides was

found to be higher (22 � 1�3; 49�7 � 2�8 and 29�15 �
4 mg l�1 respectively) in the PMMA-CCF cultivation of

Oscillatoria (AP17), Leptolyngbya (AP3b) and Chroococcus

(AP3U) against the EF setup (10�42 � 0�7; 43�4 � 4�4 and

10�16 � 0�2 mg l�1 respectively). Planktonic cell growth

was always higher in the EF compared to the CCF.

Among the two configurations tested for three

cyanobacterial cultivation, Oscillatoria (AP17) and

Chroococcus (AP3U) accumulated highest amount of
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chlorophyll a in biofilms (1378 � 211 and

183�18 � 5�7 lg g�1) than in planktonic (657 � 140 and

65�72 � 1�9 lg g�1) growth. However, this was reversed

for Leptolyngbya (AP3b): biofilm (548�3 � 3�8 lg g�1)

and planktonic (849�7 � 2�8 lg g�1). PC and APC con-

centrations of Leptolyngbya (AP3b) were higher in the

planktonic (9�6 � 0�3 and 25�4 � 0�5 mg g�1 respec-

tively) compared to the biofilm (4�3 � 0�3 and

16�8 � 0�4 mg g�1), while PC, APC and PE concentra-

tions of AP17 and AP3U did not vary significantly in

planktonic (PC: 1�3 � 1�2 – 7�8 � 1�8; APC: 2�6 � 1�9 –
3�7 � 1�4; PE: 1�2 � 0�1 – 3�9� 0�5 mg g�1) and biofilm

(PC: 2�0 � 1�3 – 7�7 � 0�2; APC: 3�9 � 1�8 – 4�4 � 0�1;
PE: 1�6 � 0�1 – 3�6 � 0�7 mg g�1) growth.

Effect of flask configuration and surface property on

metabolite profile by TLC, HPLC and LC-MS

A descriptive (qualitative) analysis of the class of compo-

nents (steroids: green arrows; phenols: blue arrows; sug-

ars: orange arrows; lichen constituents: violet arrows;

identical spots: black arrows; unique spots: yellow arrows)

that were clearly visible in the material used in the expo-

sures (Fig. 3). TLC of the crude extract of Oscillatoria

(AP17) biofilm (CCF) depicted 10 spots, whereas EF cul-

tivation of planktonic extracts displayed eight spots. The

Rf values {(0�18, 0�38, 0�47, 0�53, 0�58, 0�67, 0�92, 0�98)
(3–10)} indicated eight spots were identical in the both

extracts. Two unique spots with the Rf values {(0�07,
0�13) (1–2)} detected in the biofilm (CCF) extracts were

not found in the planktonic (EF) biomass (Fig. 3a). TLC

of the crude extract of Leptolyngbya (AP3b) cultivated in

CCF exhibited eight spots, whereas EF-cultivated extracts

showed 10 spots. Seven spots with different Rf values

{(0�04, 0�51, 0�54, 0�55, 0�62, 0�87, 0�91) (1, 3–6, 10–11)}
were identical in both extracts (CCF and EF). Unique

spots with the Rf values of 0�09, 0�70, 0�75 (2, 8–9) was

(c) (d)(b )(a) 

Figure 2 Biofilm growth of Cyanobacteria. (a) Biofilm cultivation of Oscillatoria sp. AP17 in PMMA-CCF setup, (b) Biofilm formation of Oscillato-

ria sp. AP17, (c) Leptolyngbya sp. AP3b and (d) Chroococcus sp. AP3U on inner arrangement of the CCF cultivation. [Colour figure can be viewed

at wileyonlinelibrary.com]

Figure 1 Adherence of Cyanobacteria to hydrocarbon or partitioning

of Cyanobacteria in the biphasic system. Test tubes containing Lep-

tolyngbya sp. AP3b (left), Chroococcus sp. AP3U (middle) and Oscilla-

toria sp. AP17 (right). [Colour figure can be viewed at

wileyonlinelibrary.com]
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observed in EF. Nevertheless, CCF setup displayed a sin-

gle unique spot {(0�63) (7)} (Fig. 3b). TLC of the crude

extract of Chroococcus (AP3U) cultivated in CCF showed

11 spots, whereas EF cultivation extracts exhibited 16

spots. The Rf values showed nine spots {(0�21, 0�47, 0�52,
0�55, 0�57, 0�65, 0�80, 0�88, 0�98) (2, 7–10, 12, 15, 17,

19)} identical in both extracts. Unique spots with Rf val-

ues of {(0�18, 0�29, 0�40, 0�62, 0�70, 0�72, 0�96) (1, 3, 5,

11, 13–14, 18)} and {(0�26, 0�37, 0�83) (4, 6, 16)} were

detected EF and CCF-cultivated extracts only (Fig. 3c).

There were several peaks with retention time (min) of

0�421, 1�226, 1�648, 2�243, 4�821, 13�645, 15�994, 18�614,
22�964 and 35�422 observed in the HPLC profiles of all

biofilms. Growth of Cyanobacteria in different configura-

tion (CCF and EF) resulted in dissimilar metabolite pro-

files. There were several different major peaks and relative

percentage of the peak area in the HPLC profiles of CBE

as evident (Fig. S1a–f, Table S1a–c).
In the present investigation, the LC-MS analysis of bio-

film and planktonic crude extracts showed a different

metabolite profile. The identification and quantification of

metabolites was out of the purview of this study and there-

fore not attempted. The main objective was to demonstrate

differences in metabolite profile arising due to varied culti-

vation techniques. The high mass intensity peak was

picked-up in biofilm and planktonic set up (Fig. S2,

Table 1). It was possible to assign the biological activity

observed for the high-intensity mass peaks from the

literature (Table 1). While Oscillatoria (AP17) biofilm and

planktonic extract gave rise to 13 and 20 intensive mass

peaks (Table 1a, Fig. S2a,b). The biofilm and planktonic

extract of Leptolyngbya (AP3b) possessed 21 and 24 inten-

sive mass peaks (Table 1b, Fig. S2c,d). However, the biofilm

and planktonic extract of Chroococcus (AP3U) displayed 21

and 22 intensive mass peaks (Table 1c, Fig. S2e,f).

Effect of flask configuration and surface property on

antimicrobial activity

Cyanobacterial extracts exhibited different antimicrobial

activity when cultured under different configurations.

The PMMA-CCF-cultivated Leptolyngbya (AP3b) and

-Chroococcus (AP3U) extracts had higher antibacterial

activity (72 � 6 and 52 � 4% respectively) against B.

subtilis than EF (59 � 4 and 0% respectively). The EF-

and CCF-cultivated Oscillatoria (AP17) extracts did not

show activity against tested microbes (7 � 0�4 –
20 � 0�8%). No significant activity was detected when all

the extracts were checked against S. aureus (7 � 0�3 –
14 � 9%) and C. albicans (7 � 0 – 21 � 9%).

Discussion

The conventional mass propagation strategies for cultivat-

ing different cyanobacterial strains are being used since

long for commercial exploitation. However, the
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Figure 3 Qualitative identification of compound classes in the cyanobacterial extracts cultivated in EF and CCF. Extract was loaded on silica gel

plates and developed with acetonitrile : heptane : chloroform (1 : 4�5 : 4�5 v/v/v) solvent mixture. After development, the plate was sprayed with

anisaldehyde sulphuric acid reagent. Violet, orange blue and green arrows indicate the presence of lichen constituents, sugars, phenols and ster-

oids respectively. Black and yellow arrows indicate the presence of identical and unique spots. EF, Erlenmeyer flask; CCF, conico cylindrical flask.

[Colour figure can be viewed at wileyonlinelibrary.com]
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Table 1 High-intensity peak found in cyanobacterial crude extracts were analysed by LC-MS. High-intensity peak detected in the molecular range

of EF and CCF cultivation of cyanobacterial extracts that show significant changes in profiles and biological activity between planktonic and bio-

film. The high-intensity m/z peaks were picked by using the software. The molecular structure was predicted for high-intensity m/z by using the

mass database. Finally, from the literature, the possible biological activities were assigned for the molecular structure

m/z range EF Biological functions CCF Biological functions

(a) Oscillatoria sp. AP17

100–200 162�6 Anti-inflammatory (Zhao et al. 2013) 158�7 Fungicide (Thurman et al. 2005)

187�4 Antimicrobial (Zhao et al. 2014)

200–300 212�8 Macrophage-stimulating activity (Perry et al. 2015) 203�9 –

300–400 389�1 – – –

400–500 411�6 Antimycobacterial (Bose et al. 2015) 401 –

430�4 Inhibitory effects on superoxide anion

generation and elastase release (Sung et al. 2009)

437 –

462�8 Anticancerous food (Abu-Reidah et al. 2015a)

488�8 –

500–600 516�3 Antimicrobial (Malloci et al. 2015) 502�7
556�8
582�4

–

–

–

542 –

578�5 Antidepressant effect (Wu et al. 2015)

600–700 613 – 608�8 Antioxidant (Shi et al. 2012)

700–1000 717�5
743�3
800�6
826�3
906�3
932�2
959�2
984�7

–

–

–

–

–

–

–

–

729�2
807�5
953�6
980�2

–

–

–

–

(b) Leptolyngbya sp. AP3b

100–200 135�8
162�9

–

–

–

–

–

–

200–300 287 Antimicrobial activity (Shaaban et al. 2012) 268�6 Antifungal (Hastings et al. 2013)

296�7 Antimicrobial activity (Elleuch et al. 2010)

300–400 315�1 c-Src kinase inhibitory activity (Chand et al. 2014) 324�8 Oligoglycerol Derivative (Singh et al. 2016)

341�1 Neuroprotective effect (Jiang et al. 2013) 359�6 Antitumor activity (Cao et al. 2016)

384�8 Antioxidant activity (Xu et al. 2016)367�6 –

394�7 Nutraceutical (Abu-Reidah et al. 2015b)

400–500 421 – 415�2 Radical scavenging activity (Li et al. 2009)

446�9 Protective effects on cardiocytes (Li et al. 2015) 441�3 Acetylcholinesterase inhibitory activity

(Xiaoming et al. 2013)460�5 –

476�9 Antibacterial (Voukeng et al. 2017) 466�7 –

482�9 Bacteriotoxic and fungitoxic (Chen et al. 2017)

500–600 502�9
585�2

–

–

508�8 Polyphenolic compound (Flamini et al. 2015)

600–700 610�5 Antiradical potential (Petrica et al. 2014) 605�9 –

692�7 –686�8 Mutagenic activity (Zanutto et al. 2012)

700–1000 766�3
794

824�6
850�7
877�2
902�4
928

954�4
980

–

–

–

–

–

–

–

–

–

778�2
806�2
832�7
858�1
883�5
910�2
938�1
965�3
990�5

–

–

–

–

–

–

–

–

–

(c) Chroococcus sp. AP3U

200–300 207 – 276�5 Neuroprotective activity (Entrena et al. 2005)

268�9 Antifungal (Hastings et al. 2013)

295 Antimicrobial (Nagia et al. 2012)

(Continued)
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nonconventional or innovative approaches are seldom

attempted, the present investigation is one such effort

wherein applicability of the CCF for cyanobacterial bio-

film cultivation was proposed in place of commonly used

laboratory Erlenmeyer flask. This was done to achieve

enhanced biofilm growth, improved pigment, EPS and

antimicrobial metabolite production. Such an approach

to produce biofilm was executed in the past to study the

biomass and lipid production of biofilm-forming

Cyanobacteria in designed batch systems and in a semi-

continuous flow incubator cultivation system (Bruno

et al. 2012).

Based on the surface property obtained from the

hydrophobicity test of the mentioned strains, it appeared

that Oscillatoria (AP17) was hydrophilic while Leptolyng-

bya (AP3b) was hydrophobic in nature but the

hydrophobicity of Chroococcus (AP3U) was found to be

intermediate in nature. In our study, biofilm as well as

planktonic growth of the cyanobacterial strains were not

corroborated with cell surface hydrophobicity. All the

three strains preferably grew more at a faster rate as sus-

pended in the bottom of EF compared to CCF, yielding

higher planktonic biomass in EF. Gradually, the organ-

isms started to attach and form biofilm on the PMMA

strips within a stipulated time, but failed to attach to the

conventional flask due to lack of enhanced surface area,

thereby forming no biofilm in EF. This might be the

reason of getting some biofilm growth in the PMMA ves-

sels, although not higher than the planktonic growth of

EF. Considering, both the vessels, CCF and EF showed

comparable productivity in terms of total biomass

(planktonic + biofilm) growth. In CCF, the growth was

distributed in planktonic as well as biofilm formation due

to having increased surface area, whereas the EF showed

only planktonic growth.

The biofilm was highest in Oscillatoria (AP17), fol-

lowed by Leptolyngbya (AP3b) and Chroococcus (AP3U).

The density of the biofilm (attached biomass) varied

among the three organisms. The development of Stigeo-

clonium sp. biofilms on polypropylene bundle was higher

than other surface materials (nylon mesh, polyethylene

mesh, polycarbonate plate and viscose rayon) used for

cultivation by Kim et al. (2015). Mixed culture of seven

algae produced high biofilm growth on cellulose than sili-

cone rubber, polystyrene, polycarbonate, glass and acrylic.

These data showed the surface materials could play an

important role for the production of biofilm, an impor-

tant assumption when considering the possibility of using

cyanobacterial cultures for mass cultivation aimed at

industrial application (Genin et al. 2014).

EPS from cyanobacterial biofilm acts as an organic

reservoir for the entire microbial community (Stuart

et al. 2016). Intertidal environments are characterized by

fluctuations in environmental parameters, thereby

Table 1 (Continued )

m/z range EF Biological functions CCF Biological functions

300–400 322�7 Antimicrobial (Hsiao et al. 2015) 316�7 –

342�5 Antibacterial activity (Song et al. 2014)351�2 Volatile compounds (Richters et al. 2016)

372�8 –

397�7 Antispasmodic (Mao et al. 2016)383�1 –

400–500 453 Inhibition of alpha–glucosidase (Ali et al. 2015) 449�5 Immune booster and Antidiarrhoeal (Lai et al. 2013)

492�4 – 474�5 Cytotoxicity (Nguyen et al. 2015)

499�9 –

500–600 518�4
544�4
569�5

– 526�4 Protein kinase activity (Jim�enez-S�anchez et al. 2017)

595�8 UV–protective (Herm�ankov�a-Vavˇr�ıkov�a et al. 2017) 551�3 Antibacterial (Widsten et al. 2014)

576�2 –

600–700 628�4 Cytotoxic (Liu et al. 2012) 604�7
635�1

–

–658�3
684�6

–

– 66�3
691�5

–

–

700–1000 711�6
847�8
874

899�4
924�5
950�4
976

–

–

–

–

–

–

–

717�1
863�4
893�1
921�3
947�4
972�4
997

–

–

–

–

–

–

–
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considered as ‘oligotrophic or poikilotrophic’ which often

experience a nutrient-limiting condition (Richert et al.

2005). Cyanobacteria of the intertidal zone are constantly

exposed to fluctuations in temperature, UV radiation,

desiccation and salinity and to combat these effects of

extreme ecological fluctuations, overproduction of EPS

takes place (Olsson-Francis et al. 2013). Previous studies

by Rougeaux et al. (2001) have demonstrated that Poly-

nesian microbial mats produce large amounts of

exopolysaccharides associated with Cyanobacteria as the

predominating species. The results in the present study

highlighted the comparative account of the biofilm for-

mation in terms of EPS production between enhanced

surface area CCF vessel and the EF, which shows that

CCF vessel promotes the biofilm formation in the PMMA

strips at the solid-liquid interface, probably behaving as a

new oligotrophic or poikilotrophic environment, thereby

producing significantly higher amounts of EPS than in the

EF. Although the planktonic biomass was much higher in

EF than the in biofilm of CCF, the EPS formation was not

dependent on the biomass-biovolume effect, rather the

production was aimed to develop more nutrient as well as

water channels to withstand the new environment by the

strains Oscillatoria (AP17) and Chroococcus (AP3U). On

the contrary, the strain Leptolyngbya (AP3b) produced

comparable amounts of EPS, when cultivated as plank-

tonic mode in EF and biofilm mode in CCF.

The results showed that biofilm mode of growth on

surface material PMMA could potentially promote chloro-

phyll a accumulation in Oscillatoria (AP17) and Chroococ-

cus (AP3U) than planktonic biomass, it was reversed in

Leptolyngbya (AP3b). In previous studies, the chlorophyll

content was decreased in the cell suspension, while the

remaining chlorophyll resided in biofilm-forming cells

attached to the surface (Parnasa et al. 2016). Earlier stud-

ies with benthic diatoms and microphytobenthos from

intertidal mudflat, reported the positive relationship

between extracellular carbohydrates and chlorophyll, sug-

gesting that EPS production was coupled with photosyn-

thesis (Cyr and Morton 2006). This observation supports

our study, where enhanced rate of photosynthesis in the

biofilm of Oscillatoria (AP17) and Chroococcus (AP3U)

might have resulted in greater RPS and CPS formation in

CCF mode of cultivation. Meanwhile, lesser chlorophyll

formation in Leptolyngbya (AP3b) biofilm grown under

CCF indicated decreased rate of photosynthesis followed

by insignificant EPS synthesis.

Measurement of the concentration of the accessory pig-

ments (PC, APC and PE) in case of strains Oscillatoria

(AP17) and Chroococcus sp. AP3U did not vary signifi-

cantly along with the change in their surface properties.

This observation shows a general trend that the major pig-

ment like chlorophyll a content was influenced much

more by the change in surface material than that of the

accessory pigments. However, the increase in the overall

APC and PC content for Leptolyngbya (AP3b) in compar-

ison to the other strains can probably be explained due to

its growth pattern. Oscillatoria (AP17) and Chroococcus

(AP3U) were able to attach to the surface uniformly,

whereas Leptolyngbya (AP3b) exhibited some clumping

(Fig. 2c). Agusti and Phlips (1992) observed that to

achieve maximum light absorption for photosynthesis, the

accessory pigment contents increased to attain a compara-

tively less uniform growth pattern. Authors also reported

that Cyanobacteria colonies avoided self-shading with

increasing size by reducing internal pigment concentration

as colony size increased. The ability of many Cyanobacte-

ria species to develop colonies may increase the efficiency

of light absorption than single celled Cyanobacteria.

In this study, metabolite profiles were studied and

compared by preliminary (TLC) and advanced technique

(HPLC and LC-MS). TLC profile of the CCF and EF cul-

tivation revealed that all the spots identified in case of EF

and CCF were almost identical for Oscillatoria (AP17)

and Leptolyngbya (AP3b), while for Chroococcus (AP3U),

visible spots showed a clear difference between CCF and

EF. Furthermore, HPLC investigation of the metabolite

profile showed a remarkable difference between both the

area and the retention time for the metabolites studied in

the crude extracts. The study demonstrated the direct

relation between mode of growth and the metabolite pro-

file. Previous report persuasively confirmed that the pro-

files of cyanobacterial secondary metabolite production

varied under different light and phosphate levels (Repka

et al. 2004). The LC-MS mass intensity profiles divulged

significant differences in biofilm and planktonic extracts.

However, the high intensity of the mass did not always

match with the planktonic CBEs (Table 1). The mass

found with high intensity in Cyanobacteria exhibited

wide range of biological activities such as antioxidant,

anti-inflammatory, immunomodulatory, anticancerous,

antidiabetic, antimicrobial, antidepressant, antifouling,

enzyme inhibitors, toxicity (cytotoxicity, bacteriotoxic

and fungitoxic), protective effect and antiquorum sensing

(Table 1). These results indicated that the change in

metabolite profile among different biomasses might be

attributed to different amounts of the major high-inten-

sity compounds produced by the Cyanobacteria. It might

be also because that the sensitivity of TLC, HPLC and

LC-MS was enough to detect some difference in chemical

profile (not for identification and quantification) and this

difference may be attributed to the different modes of

cultivation. Thus, it is certain that there is a difference in

terms of the metabolites produced.

In conclusion, the purpose of this study was to utilize

a suitable device, with the enhanced surface area, an
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alternative to the commonly used laboratory Erlenmeyer

flasks, which would enable researchers to verify if surface

attachment and biofilm formation of benthic Cyanobacte-

ria would enhance the production of RPS, CPS, pigments

and metabolites of Cyanobacteria on a small scale. The

biofilm mode of growth and flask configuration affects

the overall RPS production; Cyanobacteria grown on

PMMA and CCF cultivation had the highest production

of RPS among the Cyanobacteria tested, this aspect could

be successfully utilized in applications having direct role

in pharmaceutical, nutraceutical and cosmeceutical indus-

try. Differences in the biofilm formation between

Cyanobacteria grown on PMMA were largely attributed

to the biofilm growth rate which was independent of an

organism. In future, the isolation of planktonic cyanobac-

terial species and their behavioural studies under EF and

CCF will be evaluated. This study needs more detailed

analysis and future research focusing on analysing the

monosaccharide compositions of both RPS, CPS and elu-

cidating the structure of the bioactive molecules. Efforts

to scale-up the process are urgently needed.
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Abstract

Taxonomic characterization by a polyphasic approach was carried out on two cyanobacteria, AP17 and AP24 isolated from 
soil biofilms of two separate islands, Lothian and Sagar respectively, of the Indian Sundarbans. The strains were studied 
morphologically by light microscopy, scanning and transmission electron microscopy. Growth responses to various salinities 
were recorded. Molecular data included sequencing and phylogenetic study of the 16S rRNA gene as well as analysis of the 
14 regions of the 16S-23S ITS regions. Morphologically the strains were found to be non-heterocytous, having attenuated 
trichomes with a narrow, bent terminal cell without any crosswalls. Strains under investigation shared 99–100% 16S rRNA 
gene sequence similarity with Oxynema thaianum CCALA960, the type species of the novel Oxynema genus, recently sepa-
rated from the Phormidium-Group I genus. However, cross walls in the apical portion of AP17 and AP24 were totally absent 
while the same was present in CCALA960. Additionally, optimal growth of AP17 and AP24 was recorded in 5–8% salinity 
and salinity above 14% inhibited growth of both strains, which were isolated from an intertidal environment; whereas O. 
thaianum CCALA960 which was found in a hypersaline environment could grow at 40% salinity. Insertion of 9 nucleotides 
in the D2 with spacer region, insertion of 2 nucleotides in the pre Box B spacer region, deletion of 2 nucleotides in the post 
Box B spacer region, deletion of 8 nucleotides in the D4 region, deletion of 8 nucleotides in V3 region and insertion of 2 
nucleotides in the D5 region of the ITS sequences of AP17 and AP24 were observed in comparison to the analogous regions 
of CCALA960. Structural details of Box B helices of AP17 and AP24 revealed that although their lengths were identical 
with the reference, their sequences were completely different from CCALA960. Four nucleotide substitutions were observed 
in different positions in the Box B helix of O. thaianum CCALA960. Secondary structures of the V3 regions of AP17 and 
AP24 (containing 51 nucleotides) showed a small terminal bulge and a bigger bilateral bulge while the analogous structure of 
O. thaianum CCALA 960 (comprising of 59 nucleotides) showed one additional bilateral bulge in comparison to AP17 and 
AP24. Therefore, based on morphological, ecological and molecular differences in comparison to O. thaianum CCALA960, 
isolates AP17 and AP24 should be considered as a second novel species in the Oxynema genus, for which the name Oxynema 
aestuarii sp. nov. is proposed. 

Key words: Cyanobacteria, morphology, Oxynema, salinity, Sundarbans, 16S-23S ITS

Introduction

The phenotypic plasticity of cyanobacteria arising out of their genetic diversity has enabled them to occupy diverse 
habitats all over the world. Mangroves are located in the ecotones of land-sea-estuary and provide a heterogeneous 
habitat along with high productivity (Chen et al. 2016). Cyanobacteria inhabiting the mangroves may undergo morpho-
ecological changes for their survival which can promote species diversity (Debnath et al. 2017). Mangrove forests are 
distributed worldwide in the tropical and sub-tropical regions which includes about 118 countries (Giri et al. 2011). 
However, reports on mangrove cyanobacterial diversity are restricted to a few countries. As an example, diversity 
studies based on morphology as well as molecular identifiers was carried out in temperate estuaries of Portugal (Lopes 
et al. 2012) which revealed that morphological characters were occasionally not in the agreement with the phylogenetic 
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relationship and tended to change in response to the prevailing environmental conditions. Taxonomic investigation 
of two mangrove ecosystems near Sao Paulo (Brazil) using the polyphasic approach (Silva et al. 2014) showed the 
presence of some newly described genera like Nodosilinea and Oxynema along with various morphotypes of Nostoc 
and Leptolyngbya.
 The landmass of the largest tidal mangrove forest in the world, the Sundarbans is shared between Bangladesh 
(62%) and India (38%) (Mondal & Debnath 2017). The ecology of this estuary is characterized by continuous tidal 
forcing and mixing of water columns that allows cyanobacterial species to thrive and thus producing immense genetic 
diversity (Neogi et al. 2016). The first report on the presence of algal communities in the Indian Sundarbans was 
published by Sen & Naskar (2002). Pramanik et al. (2011) assigned six cyanobacteria of the Indian Sundarbans to the 
Lyngbya-Phormidium-Plectonema (LPP) Group B and one each to Oscillatoria and Synechocystis genera based on 
morphological characteristics. Although the study of Pramanik et al. (2011) was not concentrated on the description of 
novel taxa, it was the opinion of Alvarenga et al. (2015) that the results obtained by Pramanik et al. (2011) may sustain 
the definition of novel cyanobacteria. Recently, Debnath et al. (2017) described a novel morphotype, Leptolyngbya 
indica isolated from the Lower Gangetic Plains in India which included the Sagar island of the Sundarbans. 
 Traditional taxonomy of cyanobacteria based on their phenotypic characters did not fully support the results of 
phylogenetic analysis (Rippka et al. 1979, Boone & Castenholz 2001, Gugger & Hoffmann 2004). Traditional practice 
caused the assemblage of many unrelated taxa into polyphyletic groups (Komarek et al. 2014). Numerous revisions 
of their systematics were undertaken to resolve the placement of taxa, which included the concept of the polyphasic 
approach (Komarek 2006): elucidating the total features of taxa including morphology, ecology as well as phylogeny. 
Recent trend in cyanobacterial taxonomy reveals application of the polyphasic approach for resolving taxonomic 
positions through a combination of morphological, ultrastructural, ecological as well as molecular data (Johansen & 
Casamatta 2005, Hoffmann et al. 2005, Komarek 2006). Nomenclature and classification of a taxon should be in a 
manner so as to reflect the evolutionary relationships among its similar groups. Although in the polyphasic approach 
concurrence of diacritical characters with molecular data resolved various generic entities, the delineation in species 
level involving continuous speciation forming morpho-species has not yet been ascertained (Hoffmann et al. 2005). 
Within this realm of cyanobacterial taxonomy, the study of the members belonging to the Oscillatorialean group 
always remained problematic due to lack of conspicuous characters (Anagnostidis & Komarek 1988, Komarek & 
Anagnostidis 2005). Rippka et al. (1979) classified these members under “LPP (Lyngbya-Phormidium-Plectonema) 
Group B” without any further generic resolution (Lamprinou et al. 2013). Komarek & Anagnostidis (2005) revised the 
concept of classification by including criteria like morphology of the sheath, cellular dimensions, cross walls, terminal 
cell, ultrastructural features such as thylakoidal arrangements, presence or absence of gas vacuoles, reproductive 
features and eco-physiological features including their niche habitat. Further, Komarek et al. (2014) proposed a 
revised classification based on morphological, ecological as well as molecular data where the members of LPP group 
showing polyphyly were transferred to family Microcoleaceae and Oscillatoriaceae. Many new genera like Oxynema, 
Kamptonema were derived from the Phormidium genus to reduce the polyphylly.
 The Oxynema genus with the type species Oxynema thaianum (Chatchawan et al. 2012) has been recently separated 
from the most misidentified classical genus Phormidium (Dadheech et al. 2013), mainly based on the differences in 
trichome morphology, terminal cell shape, salinity preference along with the molecular data. In context to the present 
work, two (AP17 and AP24) of the eight cyanobacteria previously isolated by our workgroup (Pramanik et al. 2011) 
were assigned to the LPP Group B following Rippka et al. (1979). Pursuing the polyphasic approach, we now provide 
convincing evidence established on morphological, ecological and molecular differences from their nearest relative to 
prove that these two strains should be recognized as the second novel species of the Oxynema genus.

Materials and methods

2.1 Collection and maintenance of isolated strains The two strains (AP17 and AP24) used in this study were collected 
from soil surface biofilms of two separate islands (Fig. 1) of the Indian Sundarbans (Pramanik et al. 2011). AP17 was 
collected from the Lothian island while AP24 was obtained from the Sagar island (salinities of both sites ranged from 
1.7 to 1.8%). The physical characteristics of the sampling sites are detailed in Pramanik et al. (2011). The cultures 
were maintained aseptically in Petri dishes as solid cultures as well as in liquid cultures in Erlenmeyer flasks in ASN 
III medium (Rippka et al. 1979). The cyanobacteria were grown in culture rooms having fluorescent irradiance (50 
μmol photons. m-2. s-1) in 12:12hrs light : dark cycle at 25±1 °C. All cultures were periodically checked for purity, 
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morphological and biochemical properties. No changes were observed during storage. Isolate AP17 was deposited 
in the Microbial Culture Collection (MCC), India and its duplicate was deposited in the National Facility for Marine 
Cyanobacteria (NFMC), India having accession numbers MCC 3874 and Oscillatoria sp. BDU D004 respectively. 
Isolate AP24 was also deposited in the MCC bearing accession number MCC 3873. Both the strains were authenticated 
by 16S rRNA gene sequencing and cryopreserved. 

FIGURE 1. Map showing the studied area. Samples collected from the southern coast of Sagar island and entire coast of Lothian island 

(Image source: Google Earth).

 2.2 Light microscopy Morphological identification was done by observing fresh filaments from the 10-day 
old cultures of AP17 and AP24 in a light microscope (Model DM750; Leica Microsystems, Buffalo Grove, USA) 
under 400–1000 magnification. Cellular dimensions were recorded with the associated software (LAS EZ, Leica 
Microsystems) in the microscope.
 2.3 Scanning electron microscopy Fresh filaments of the strains under investigation were collected after 
centrifugation of 1 ml suspension at 8000 rpm (Eppendorf 5810R, rotor F-34-6-38, Hamburg, Germany). The cells were 
fixed in 3% glutaraldehyde for 2 hrs followed by washing in distilled water. Cells were dehydrated using increasing 
concentrations of ethanol from 30% for 15 min to 100% for 60 min. The samples were finally dried at the critical 
point and the grids were taken for observation under a scanning electron microscope (Jeol JSM-6700F, Jeol, Tokyo, 
Japan).
 2.4 Transmission electron microscopy About 1 ml suspension of fresh cells from 8–10 day old cultures of AP17 
and AP24 were taken and centrifuged at 8000 rpm (Eppendorf 5810R, rotor F-34-6-38, Hamburg, Germany). The pellet 
was washed thoroughly in distilled water followed by prefixing in 2.5% glutaraldehyde and 2% paraformaldehyde 
in 0.1 M phosphate buffer (pH 7.8) for 5–6 hrs at 4 °C. The samples were rinsed in 0.1 M phosphate buffer and 
excess fixative was washed off with the buffer. The cells were post fixed with osmium tetroxide (1% solution) for 60 
min. Post-fixation was followed by dehydration of the cells by passing through increasing concentrations of ethanol. 
Samples were infiltrated and embedded in Araldite CY 212 for section cutting. The resin block was polymerized 
by heat treatment first at 50 ºC overnight and then at 60 ºC for 2 days followed by cutting of thin sections using 
an ultramicrotome. The sections were contrasted with uranyl acetate and lead citrate and finally observed under a 
TECNAI G20 transmission electron microscope (FEI, Eindhoven, Netherlands).
 2.5 Growth response to salinity Reference strain Oxynema thaianum CCALA960 was obtained from Culture 
Collection of Autotrophic Organisms (CCALA), Institute of Botany, CAS, Czech Republic. The dependence of growth 
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of the two isolated strains on NaCl was verified by cultivating AP17, AP24 and O. thaianum CCALA960 in BG11 
medium having varying concentrations (w/v) of NaCl (0%, 2%, 3%, 5%, 8%, 10%, 12% and 14%). A suspension of 
trichomes was inoculated and cultivation was carried out at 30 °C and light intensity of 32–35 μmol photons m-2 s-1 
following the conditions described in Chatchawan et al. (2012) to ensure proper comparison of the growth response 
of our isolated cultures with the reference culture. The cultures were grown for 10 days and the optical density was 
measured at 750 nm each day.
 2.6 DNA extraction, PCR amplification and sequencing Cells from the exponential phase of the axenic cultures 
(AP17, AP24 and CCLA960) were harvested and the total genomic DNA was extracted using Gene JETTM Genomic 
DNA Purification Kit (Cat. No. K0721, Thermo Scientific, Waltham, USA) following the manufacturer’s protocol. 
Purity of the DNA was checked by gel electrophoresis in 1.5% agarose gel. PCR amplification of the 16S rRNA gene 
and the 16S-23S rRNA internal transcribed spacer (ITS) region was carried out in Mastercycler Nexus Gradient PCR 
machine (Eppendorf, Hamburg, Germany). For amplification of 16S rRNA gene, cyanobacterial specific forward 
primers CYA106F (5’CGGACGGGTGAGTAACGCGTGA3’) (Nübel et al. 1997) and universal reverse primer 1492R 
(5’-ACCTTGTTACGACTT-3’) (Lane 1991) were used while 16S-23S ITS regions were amplified by using forward 
primer 16SF (5’TGTACACACCGGCCCGTC3’) and reverse primer 23SR (5’-CTCTGTGCCTAGGTATCC-3’) 
(Iteman et al. 2000). The reaction conditions used for amplification of the 16S rRNA gene were: initial denaturation at 
94 °C for 5 min followed by 30 cycles of 94 °C for 1 min; 50 °C for 1 min and 72 °C for 2 min and final extension at 72 
°C for 10 min. The reaction conditions applied for amplification of the 16S-23S ITS region were: initial denaturation at 
95 °C for 5 min followed by 30 cycles at 95 °C for 30 sec; 58 °C for 15 sec; 72 °C for 40 sec and final elongation step 
at 72 °C for 5 min. The PCR products were analyzed on a 1.5% agarose gel stained with ethidium bromide and PCR 
fragments of appropriate size were purified with Gene JETTM PCR Purification kit (Cat. No. K0701, Thermo Scientific, 
Waltham, USA). Construction of clone libraries from the purified PCR products of these samples was performed using 
InsTAcloneTM PCR cloning kit (Cat no. K1213 and K1214, Thermo Scientific). The purified DNA fragments were 
inserted into the commercial cloning vector pCR 2.1 (Life Technologies, Invitrogen, USA). The vectors with inserted 
DNA were then transformed into E. coli DH5α cells. Screening of white and blue colonies were done and plasmids 
were isolated from the positive transformants with Thermo Scientific GeneJET Plasmid Miniprep Kit (Cat no. K0502 
and K0503, Thermo Scientific). Plasmids were screened by digestion with restriction enzymes Eco RI and Hind III 
and the representative clones were selected for sequencing. The sets of primers used for the sequencing of the clones 
of 16S rRNA and 16S-23S ITS gene sequences were similar to the set used earlier for PCR amplification. Sequencing 
was carried out using an automated DNA sequencer (Genetic Analyzer 3500xL, Applied Biosystems, Waltham, USA). 
The resulting sequences of the 16S rRNA gene and 16S-23S ITS regions of the two isolates (AP17 and AP24) and the 
16S-23S ITS region of the reference strain (CCALA960) were submitted to GenBank and their accession numbers are 
provided in Table 1.

TABLE 1. List of gene sequences of the cyanobacterial strains submitted in NCBI with their accession numbers.
Oxynema aestuarii Oxynema aestuarii Oxynema thaianum

Strain AP17 AP24 CCALA960
Gene Bank Accession no. for 16S rDNA MG694263 MG694265 -
Gene Bank Accession no. for 16S-23S ITS 
rDNA

MG694266 MG694268 MG825656

Length of 16S rDNA (bp) 1387 1369 -
Length of 16S-23S ITS (bp) 543 541 547

 2.7 Analysis of the 16S rRNA gene sequence and phylogenetic tree construction The sequences of the 16SrRNA 
genes of the two strains AP17 and AP24 and the reference strain were searched in Basic Local Alignment Search Tool 
(BLAST) within the robust database of National Center of Biotechnology Information (NCBI) and pairwise similarity was 
determined with the other members available in the database. Based on the similarity results, a consensus phylogenetic 
tree was constructed by choosing the partial sequences of 16S rRNA genes (length >1100 bp) of the closest relatives 
of the strains (AP17 and AP24) along with the sequences of the representative members (reference strains) of each 
cyanobacterial group from the NCBI database to establish a justified evolutionary relationship with the isolated strains. 
The 16S rRNA gene sequence of the reference strain was experimentally determined within this study. The sequences 
of the taxa having uncertain affiliation were excluded. The sequences were aligned in CLUSTAL W program (Larkin 
et al. 2007). The tree was constructed following the Maximum Likelihood (ML) analysis of the Phylogenetic Analysis 
Using Parsimony (PAUP*) version 4b10 (Swofford 2002) and the majority rule was selected. The multiple aligned 
sequences were examined for DNA substitution using the likelihood ratio statistic test implemented in the program 
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jModel Test version 0.1.1 (Posada 2008) to determine the best-fit model of our data. The (TPM2uf+I+G) models of 
substitution were found to be the best fit for the data. Gaps were excluded in the phylogenetic analysis. Confidence 
values of the branches of the phylogenetic tree were calculated by bootstrapping of 1000 replications. Gloeobacter 
violaceus was selected as an outgroup taxon. The phylogenetic tree obtained was visualized using TreeGraph 2 (Stover 
& Muller 2010). Another phylogenetic tree was constructed with the same multiple aligned sequences by using 
Neighbor Joining (NJ) method and the common branches which were highly supported in both ML and NJ methods 
were indicated by asterisks.
 2.8 Analysis of 16S-23S ITS secondary structures The ITS secondary structures of the two cultures (AP17, 
AP24) under investigation and the reference strain CCALA960 were generated using the M-fold web server (version 
2.3) (Zuker 2003) and redrawn in Adobe Illustrator CS5.1. The secondary structures were generated under ideal 
conditions of untangled loop fix and the temperature set to default (37 °C). Comparisons of the sequence lengths and 
secondary structures (wherever appropriate) of the different regions of the ITS sequences (14 regions in total) of AP17 
and AP24 with the reference strain (CCALA960) were carried out following Johansen et al. (2011).

Results

3.1 Morphological characterization Strains AP17 and AP24 grew as blue-green mats attached to the surface of the 
flasks used for cultivation. The two cultures were morphologically similar and in context to Chatchawan et al. (2012) 
they may be affiliated to the Oxynema genus which was recently separated from the Phormidium -Group I on the basis 
of morphological features like attenuated trichomes, thylakoidal morphology and growth patterns. Light microscopy 
revealed that the strains consisted of straight, long, trichomes having simple, unbranched filaments. Akinetes, 
heterocytes or gas vacuoles were not observed in any trichome. Trichomes exhibited gliding movement. Cells were 
shorter in contrast to width (cell length: 1.5–2.5 μm; cell width: 2.03–2.45 μm); although cell length and width ratio 
were also found to be 1:1 (isodiametric) occasionally. The apical end of the trichome was consistently narrowed, 
pointed and slightly curved and regularly without calyptra (Fig. 2). The overall morphometric analysis of the two 
strains (AP17 and AP24) and their similarities/dissimilarities with the reference strain Oxynema thaianum CCALA960 
are presented in Table 2. Scanning electron microscopy (Fig. 3) confirmed the presence of well-defined mucilaginous 
sheath around the filaments which were clearly observable where the trichomes broke apart. Constrictions in the cross 
walls were not prominent due to presence of sheath but were conspicuous only when the sheath was removed during 
SEM preparations. The length and the width ratio of the cells also depended on their positions: it was observed that the 
intercalary cells tended to be shorter than wide to isodiametrical; whereas the cells in the apical portion of the filaments 
were longer than their width (Fig. 3b). Thylakoids were situated along the whole cell volume in the longitudinal axis of 
the cell. Apart from the overall arrangement, the thylakoid membranes were separated from each other by the presence 
of double row of phycobilisomes, the light harvesting antenna complex (Mullineaux 1999). TEM ultrastructural data of 
the strains under investigation also showed a prominent cell wall and cellular inclusions such as cyanophycin granules 
and carboxysomes were present. Gas vacuoles were completely absent (Fig. 4).

TABLE 2. Morphometric comparison of Oxynema aestuarii AP17 and AP24 with Oxynema thaianum CCALA960. Values 
of cell length and width are represented along with the confidence interval with confidence level at 95%.
Feature Oxynema aestuarii Oxynema thaianum
Filament Solitary, filaments straight slightly curved 

ends
Solitary, filaments straight slightly curved ends

Sheath Sheath well-defined, firmly attached, 
observed under electron microscope

Facultative, diffluent, rarely observed under electron 
microscope

Cell width (μm) 2.2 ± 0.09 7.9 ± 0.08
Cell length(μm) 1.56 ± 0.093 2.6 ± 0.09
Cell shape Tends to be isodiametric. Sometimes cells 

shorter than wide
Rarely isodiametric, mostly shorter than wide

Apical cell type Elongated, pointed, without any cross wall in 
the apical cell, without calyptra

Elongated, pointed, with cross walls present in the apical 
cell, without calyptra

Constrictions at cross wall Slightly constricted at the cross wall Slightly constricted at the cross wall
Motility Exhibit gliding movement Exhibit gliding movement
Habitat Intertidal area (estuarine) with salinity 

ranging from 1.7–1.8%
Hypersaline environment 
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FIGURE 2. Light microscopy of Oxynema aestuarii. a. Microphotograph showing the filaments of strain AP24 with cellular dimensions. 

b. Microphotograph of strain AP17 showing filaments with cellular dimensions.

FIGURE 3. Scanning electron microscopy of Oxynema aestuarii (non-axenic culture) a. and b. Part of filament of AP17 showing cellular 

dimensions along with apical cell morphology and mucilage sheath. c and d. Part of filament of strain AP24 showing cellular dimensions. 

ac= apical cell, cw= cross wall, ms= mucilaginous sheath.
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FIGURE 4. Transmission electron microscopy of Oxynema aestuarii. a and b. Cross sections of the filaments of strain AP17. c and 

d. Cross sections of the filament of strain AP24. Characteristics show prominent radial arrangement of thylakoids and presence of few 

cynophycin granules. cw= cell wall, cy= cynophycin, th= thylakoids.

 3.2 Response to salinity Results (Fig. 5a and 5b) indicate that the preferable range of salinity for the growth 
of AP17 and AP24 was 5–8% NaCl. Salinity above 14% inhibited the growth of both strains. The reference strain 
CCALA960 was described as a typical halophilic species with an optimum growth between 10–20% salt concentration 
(Chatchawan et al. 2012). The reference strain demonstrated growth above 20% salinity while the growth of AP17 and 
AP24 declined within 15% salinity.
 3.3 Analysis of the 16S rRNA gene sequences and construction of the phylogenetic tree The phylogenetic 
analysis of our strains: AP17 (1387 bp) and AP24 (1369 bp) showed 99–100% sequence similarity with the closest 
species Oxynema thaianum CCALA960 (JF729323.1) displaying query coverage of 81%. Chatchawan et al. (2012) 
included two more species under the genus Oxynema, O. acuminatum and O. lloydianum which were earlier known 
to be Phormidium acuminatum (syn.= Oscillatoria acuminata) and Phormidium lloydianum (syn.= Oscillatoria 
lloydiana) respectively. The species were shifted from the Phormidium genus to the Oxynema genus based on their 
morphological similarity. However, the comparison of 16S rRNA gene sequence of our isolates (AP17 and AP24) 
with the Oxynema acuminatum sequence (available in NCBI database as Oscillatoria acuminata PCC6304, accession 
no. NR_102463.1) shows 91% sequence similarity with a query coverage of 100%. The low genetic similarity along 
with occurrence of them in separate clusters of the phylogenetic tree (Fig. 6) suggest that they are distantly related 
to each other which implies that Oxynema aestuarii and O. acuminatum (syn.= Oscillatoria acuminatum) are not the 
same species. So the comparison in the present study was restricted to Oxynema thaianum CCALA960. The sequence 
similarity of AP17 and AP24 with any other genera was below 95%. The phylogenetic tree (Fig. 6) showed that the two 
strains represented a separate clade which was separated from the nearest clade by less than 95% similarity along with 
the closest-related taxa, Oxynema thaianum CCALA960 as a sister taxon. The clade showing the relationship between 
the AP17, AP24 and the reference strain Oxynema thaianum CCALA960 was supported by high bootstrap values.
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FIGURE 5a. Growth responses of AP17 to varying NaCl concentrations in BG11 medium. Data from triplicate experiments; error bars 

indicate mean +/- SD, n=3.

FIGURE 5b. Growth responses of AP24 to varying NaCl concentrations in BG11 medium. Data from triplicate experiments; error bars 

indicate mean +/-SD, n=3.
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FIGURE 6. Unrooted Phylogenetic tree based on partial 16S rRNA gene sequences obtained by Maximum Likelihood (ML) analysis 

using PAUP* version 4b10 showing the relative position of Oxynema aestuarii strains AP17 and AP24 along with their phylogenetic 

relatives. Numbers at nodes indicate levels of bootstrap support (%) based on 1000 resampled datasets. Asterisks indicate branches that 

were also recovered using Neighbor-Joining (NJ) algorithm. GeneBank accession numbers are given in the parenthesis.
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 3.4 Analysis of the 16S-23S ITS gene sequences According to Johansen et al. (2011) the ITS comprising of 
the two tRNA genes can be apportioned into 14 regions: (i) leader (ii) D1-D1’ helix (iii) D2 helix and spacer (iv) D3 
spacer (v) tRNAIle gene (vi) spacer between tRNA genes, often including the V2 helix (vii) tRNAAla gene (viii) spacer 
preceding Box B (ix) Box B helix (x) spacer following Box B (xi) Box A (xii) D4 (xiii) V3 and (xiv) D5. Among 
them, the leader, two tRNA genes and Box A are of equal length, while the other 10 regions are highly variable 
in length, having an evolutionary history of multiple-base insertions and deletions and single-base substitutions.  
Table 3 shows insertion of 9 nucleotides in the D2 with spacer region, insertion of 2 nucleotides in the pre Box B spacer 
region, deletion of 2 nucleotides in the post Box B spacer region, deletion of 8 nucleotides in the D4 region, deletion 
of 8 nucleotides in V3 region and insertion of 2 nucleotides in the D5 region of the ITS sequences of AP17 and AP24 
in comparison to the analogous regions of the reference strain CCALA960. D1-D1’ helices consisted of 62 nucleotides 
and shared similar structures among the three strains which included a terminal loop and three bilateral bulges. The 
basal helix sequence near 5’ end for D1-D1’ helix which is highly conserved in all cyanobacterial genera and found to 
be 5’-GACCU (Iteman et al. 2000) was determined as 5’-GACCC in the strains under investigation as well as in the 
reference strain Oxynema thaianum CCALA960 (Fig. 7). Box B helix was 55 nucleotides long in three strains AP17, 
AP24 and CCALA960. However, four substitutions of nucleotides were observed in varying positions of the Box B 
helix of O. thaianum CCALA960 which has been indicated in Fig. 8. The overall structure of the Box B helix in the 
strains AP17 and AP24 is entirely different from the reference strain. The connection of the sub-terminal bilateral 
bulge to its lower bilateral bulge consisted of four nucleotide pairs in AP17 and AP24 while the same comprised of five 
nucleotide pairs in CCALA960. Such difference may arise due to the variable base present in the reference favoring 
a different configuration in the minimum free energy level. Furthermore, secondary structures of the V3 regions of 
AP17 and AP24 were compared with the similar structure of CCALA960. The secondary structures of our isolates 
(containing 51 nucleotides) showed a small terminal bulge and a bigger bilateral bulge while the analogous structure 
of the reference strain O. thaianum CCALA960 (comprising of 59 nucleotides) showed one additional bilateral bulge 
in comparison to AP17 and AP24 (Fig. 9).

FIGURE 7. Comparative analysis of D1-D1’ helices of the 16S-23S ITS regions of isolates (Oxynema aestuarii AP17 and AP24) and 

their closest phylogenetic relative Oxynema thaianum CCALA960. Secondary structures generated from M-fold web server (version 2.3), 

temperature: 37 °C default; structure: untangled loop fix
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FIGURE 8. Comparative analysis of the Box B helices of the 16S-23S ITS regions of isolates (Oxynema aestuarii AP17 and AP24) and 

their closest phylogenetic relative Oxynema thaianum CCALA960. Secondary structures generated from M-fold web server (version 2.3), 

temperature: 37°C default; structure: untangled loop fix. Arrow heads in the reference strain O. thaianum indicate the variable nucleotides 

in contrast to the strain AP17 and AP24.

FIGURE 9. Comparative analysis of the V3 helices of the 16S-23S ITS regions of isolates (Oxynema aestuarii AP17 and AP24) and 

their closest phylogenetic relative Oxynema thaianum CCALA960. Secondary structures generated from M-fold web server (version 2.3), 

temperature: 37°C default; structure: untangled loop fix. 
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TABLE 3. Comparison of the nucleotides length of the ITS regions of Oxynema aestuarii AP17, O. aestuarii AP24 and O. 
thaianum CCALA 960. Differences are shown in bold.

Strains under investigation 
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Oxynema aestuarii AP17 14 62 46 18 73 12 73 47 55 17 12 7 51 42
Oxynema aestuarii AP24 14 62 46 18 73 12 73 47 55 17 12 7 51 42
Oxynema thaianum CCALA 960 14 62 37 18 73 12 73 45 55 19 12 15 59 40

Discussion

This study describes a polyphasic approach to taxonomically identify two cyanobacteria isolated from the intertidal 
area of Indian Sundarbans. We provide morphological, ecological and molecular evidence in support of the claim for 
the novel species (Oxynema aestuarii) in the Oxynema genus which has been recently separated from the Phormidium 
genus (Chatchawan et al. 2012) and is so named (O. aestuarii) on the prevailing estuarine conditions of its habitat. The 
position of the Phormidium genus among the members of LPP group B sensu (Rippka et al. 1979) always remained 
debatable. Based on the molecular data as well as the autapomorphic features, Oxynema thaianum CCALA960 was 
separated from the Phormidium polyphyletic group (Chatchawan et al. 2012). Among the various morphological 
features, some of the characteristics should be given special importance in the taxonomy of this genus (Oxynema), 
namely cross walls in the pointed apical ends of the trichome, constrictions in the cross wall and the extent of mucilage 
sheath present around the trichome. These crucial characteristics along with the molecular phylogeny were the basis 
on which Oxynema was strongly claimed to be separated as a new genus from the other genera like Oscillatoria, 
Geitlerinema and Phormidium (Chatchawan et al. 2012). Terminal cell morphology which was one of the principal 
criteria for traditional classification (Komarek & Anagnostidis 2005) showed variations when our isolates were 
compared with the reference strain. As a major deviation from the reference strain, cross walls in the narrowed, pointed- 
rounded apical portion of the examined strains AP17 and AP24 were totally absent while the above feature was present 
in CCALA960 (Fig. 2). Cell size differed significantly: the cell width to length ratio of CCALA960 (Chatchawan 
et al. 2012) was found to be almost two times the ratio observed for AP17 and AP24 (Table 2). Appearance of the 
mucilaginous sheath in AP17 and AP24 in contrast to CCALA960 was different: strains AP17 and AP24 showed 
a firm sheath visible around the filament while facultative sheath (Fig. 3b), very rarely visible in the cultures, was 
noted in strain CCALA960 (Chatchawan et al. 2012). The cross sections of the filament in transmission electron 
microscopy (Fig. 4) showed a distinct pattern of thylakoids arranged radially within the cell but parallel to each other 
which is a characteristic feature of family Phormidiaceae (Komarek & Kastovsky 2003, Marquardt & Palinska 2007). 
Comparative study of our strains and the reference indicated that the overall pattern of thylakoidal arrangement was 
similar, although the inter-thylakoidal space of AP17 and AP24 remained much more appressed in comparison to 
CCALA960 which may be explained by the difference in the overall size of the phycobilisomes between the two 
strains (Westerman et al. 1994, Olive et al. 1997).
 The two strains AP17 and AP24 were isolated from the intertidal regions of the Sundarbans, India (Pramanik 
et al. 2011) which is considered to be a brackish environment in terms of NaCl concentration (Naeimi & Zehtabian 
2011) and characterized by typical estuarine conditions. The strains (AP17 and AP24) may be considered to be distinct 
from the reference strain CCALA960, which could grow up to 40% salinity (Chatchawan et al. 2012). This author 
considered ecology to be an important criterion for cyanobacterial species differentiation and it is also known that 
Phormidium species acquire some characters influenced by their environment (Casamatta et al. 2005). The strains 
AP17 and AP24 were isolated from the intertidal regions of two separate islands of Indian Sundarbans where the 
habitat is characterized by variable salinity (Pramanik et al. 2011). On the other hand, Oxynema thaianum CCALA960 
was obtained from the salt works in the Petchaburi province of Thailand (Chatchawan et al. 2012) typified by a 
hypersaline environment. Chatchawan et al. (2012) ascertained that salinity played a pivotal ecological role in the 
growth and occurrence of Oxynema species.
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 A new species of Phormidium, namely Phormidium etoshii which shared close similarity with the other species 
was distinguished as a new taxa based on the morphological and ecological features (Dadheech et al. 2013). Likewise, 
Arthronema gygaxiana resolved with two strains of Limnothrix sp. based on 16S rRNA sequencing, although the taxon 
was determined to be Arthronema based on ecological and morphological features. Similarly, Pseudoanabaena tremula, 
in spite of having strong bootstrap support with Leptolyngbya in 16S rRNA-based phylogeny, this strain was assigned 
under Pseudoanabaena based on morphological characters (Casamatta et al. 2005). In yet another example, a novel 
species, Tapinothrix clintonii was found to be closest to Leptolyngbya sensu stricto based on 16S rRNA sequencing, 
but was separated from Leptolyngbya based on morphology and 16S-23S ITS secondary structures and was established 
as Tapinothrix (Bohunicka et al. 2011). It may be noted that the establishment of the new genus Oxynema was based on 
a single strain of the type species (O. thaianum CCALA960) (Chatchawan et al. 2012) whereas we propose the novel 
species O. aestuarii on the basis of two strains isolated from two different islands of the Sundarbans which are 24 kms 
apart and are separated by land mass (Fig 1), an occurrence corroborative to the views of Christensen et al. (2001) who 
recommended that novel species descriptions should be based on more than one isolate.
 The degree of variability of the 16S rRNA sequences of AP17 and AP24 in relation to CCALA960 was lower 
(99–100%) in comparison to the variability in their ITS regions (91%) of the isolated and reference cultures. Fox et 
al. (1992) demonstrated that 16S rRNA sequence analysis is not sufficient for the species delineation of prokaryotes. 
Additionally, phylogenetic analysis based on 16S rRNA lacks sensitivity for those strains where evolutionary changes 
occur in the ecological perspective (Choudoir et al. 2012, Becraft et al. 2015). The impairment of the 16S rRNA 
analysis was also evidenced by the report of Engene et al. (2011) who showed that variable gene copies in the same 
genome limits species delineation by 16S rRNA analysis. The primary sequence and secondary structure of the 16S–
23S ITS molecule has been especially helpful in defining genera and species of cyanobacteria as well as cryptic species 
(Rehakova et al. 2014, Johansen et al. 2017). Analysis of 16S-23S ITS regions were considered to provide better 
resolution in the taxonomical evaluation at species level (Flechtner et al. 2002, Segiesmund et al. 2008, Perkerson et 
al. 2011, Hasler et al. 2012, Osorio-Santos et al. 2014).
 Detailed analysis of the ITS sequences of our isolated strains and Oxynema thaianum CCALA960 revealed 
significant differences. Variations in nucleotide lengths of six regions of the ITS sequences (Table 3) in addition to 
the four substitutions of nucleotides in varying positions in the Box B helix of O. thaianum CCALA 960 (Fig. 8) as 
well as the dissimilar secondary structures of V3 region of AP17 and AP24 in contrast to CCALA 960 (Fig. 9) were 
ample evidence to justify Oxynema aestuarii as a new species. Given the equal length of the Box B helix, the structural 
folding patterns of the ITS regions of AP17 and AP 24 in contrast to CCALA960 was substantially dissimilar. Similar 
observation was reported by Boyer et al. (2001) where analysis of ITS regions of Scytonema hyalinum demonstrated 
variable configuration although sequence length was equal. The variation of the ITS regions between our strains and 
the reference strain was well supported by the fact that changes in ITS structures occurs in between species (Iteman et 
al. 2000). Variations of ITS structure is a factor for discrimination among closely related species collected from diverse 
ecological niches (Janse et al. 2003) as observed in this investigation where AP17 and AP24 was obtained from an 
intertidal estuarine habitat and CCLA960 was isolated from a hypersaline environment. Frequent events of insertion 
and deletion in the segments of DNA of the 14 regions of the ITS sequence characterize its evolution (Johansen et 
al. 2011). These authors proved that Leptolyngbya corticola could be differentiated from L. boryana, L. tenerrima, 
L. foveolarum and an unnamed Leptolyngbya species principally in the spacer between the tRNA gene and Box B. 
Sequence and secondary structure of the helices of the 16S-23S ITS region may be considered as autapomorphic 
features (Johansen et al. 2011).

Conclusion

This investigation should be broadly recognized as an exploration of the largely uncharacterized cyanobacterial 
biodiversity of the world’s mangroves. We performed this study in the Sundarbans, which is the world’s largest tidal 
mangrove forest. This investigation was undertaken to decipher the taxonomical relationship between the type species 
(Oxynema thaianum CCALA960) of a novel genus (Oxynema) recently established after separation of this type species 
as a separate generic entity from the Phormidium genus (Chatchawan et al. 2012) and two close morphotypes of O. 
thaianum CCALA960 (strains AP17 and AP24 of this study). We provide evidence supporting another new species 
of Oxynema genus, Oxynema aestuarii, the novelty of which was proved by several biotopic characteristics such as 
molecular data (similarity of the 16S rRNA gene sequence with CCALA960 but major differences in the ITS regions); 
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morphologically (terminal cell morphology, cell width/cell length ratio, firm sheath as compared to CCALA960) as 
well as ecologically (different habitat and salinity preference in comparison to CCALA 960). The convincing difference 
in cell size between our isolates and the reference strain, presence of comparatively longer terminal cell in our isolated 
cultures compared to the reference, diverse salinity preferences and variations in the length and secondary structure 
of the ITS sequences compared to the reference were the distinctive features of Oxynema aestuarii which differed 
from Oxynema thaianum CCALA 960 and should be considered as the autapomorphic traits of this novel species. 
Recognition of O. aestuarii as another novel species of the newly-created Oxynema genus, confirmed the justification 
of the separation of Oxynema from the Phormidium genus. Our claim is further substantiated by the isolation of two 
strains (AP17 and AP24) from two different islands of Indian Sundarbans, which shared most of the features that 
altogether established them to be new species, namely Oxynema aestuarii. Identification of ecotypes on genetic basis 
is essential for hydrobiological studies in future.

Species description

Order: Oscillatoriales
Family: Microcoleaceae
Genus: Oxynema
Oxynema aestuarii Chakraborty & Mukherjee sp. nov.
Description: Trichomes attenuated, solitary, unbranched, blue-green (appeared as mats), cells 1.5–2.5μm long 
and 2.03–2.45μm in width, slight constrictions in the crosswalls, apical cells sharply pointed, always without any 
crosswalls and without calyptra, facultative and firm mucilaginous sheath, motile (gliding movement). Reproduction 
occurs vegetatively by the disintegration of hormogonia (short filaments). Akinetes, gas vacuoles, heterocytes absent, 
thylakoids radially arranged.
 Habitat: Soil samples of brackish water (salinity 1.5%). 
 Type locality: Lothian island of the Indian Sundarbans.
 Holotype: Holotype (AP17) deposited and cryopreserved in Microbial Culture Collection (MCC), India and a 
duplicate culture strain deposited in the National Facility for Marine Cyanobacteria (NFMC), India having accession 
numbers MCC 3874 and Oscillatoria sp. BDU D004 respectively. 
 Etymology: The specific epithet (aestuarii) reflects the occurrence of the species in the estuarine environment of 
intertidal areas of the Indian Sundarbans.
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ABSTRACT
Food particles of different sizes and weight were offered to the ants in their natural foraging area at Garia, Kolkata, West
Bengal, India to note the strategy being applied by the ants to carry the food to the nest and possible significance of such
behavioural act. It is revealed that the ants did not bother for assistance of other members if the said food particle is
manageable for transport individually, by keeping the food high at the head level following mandibular biting. But little
heavier food particle induced the ant individual to apply either pushing or pulling or both the acts to carry a food particle.
However, with the increase size and/or weight of the food particle the ants were seen to develop the cooperative transport
system with a view to ensure procurement of the targeted food matter to the nest. To make the cooperative transport
effective the ants apply any and all kinds of options viz. pulling and pushing by changing their position at frequent
intervals on way of carrying act, perhaps to meet the requirement of quality food at  the first instance though quantitative
need could not be ruled out.

KEY WORDS: Ants, cooperative transport, genesis, significance.

INTRODUCTION
The act of simultaneously moving an item by two or more
individuals is defined as cooperative transport (Czaczkes
& Ratnieks, 2013). Except humans this sort of behaviour
is almost confined to ants. It is also stated that the ants
follow the cooperative transport mechanism to carry a
food item which is unmanageable individually (McCreery
& Breed, 2014). Though cooperative transport in ants
have drawn the attention of various workers ( Hölldobler
& Wilson, 1990 ; Moffett, 1992 ; Czaczkes & Ratnieks,
2013) the genesis of the said behaviour is still unknown.
However, according to McCreery & Breed (2014)
cooperative transport of food is a proximate behavioural
mechanism that increases the size range of food available
to a colony. It is also stated that the ant species who have
developed the art of cooperative transportation are able to
increase the amount of food accessible to them (Berman et
al, 2011; Czaczkes & Ratnieks, 2013). Keeping these
findings in mind we designed some experiments in view
of our earlier findings (Naskar & Raut, 2014a, b, c, 2015a,
b, c, d, e, f, g, 2016a, b, c, 2018) by offering food of
different sizes to the ants occurring in their natural habitats
at Garia (Kolkata), West Bengal, India to determine the
genesis behind the manifestation of such behavioural act.

MATERIALS & METHODS
We offered different types of foods viz. biscuit fragments,
sugar cubes, nut fragments, papad fragments, dead
mosquito, fish fragments (both fresh and dry) and
fragmented parts of animal’s body like cockroach and
other insects larvae of certain insects of different sizes to
the ants on the ground floor of a house locating adjacent to
a garden at Garia, Kolkata to note the collection strategy
being applied by the ants irrespective of species. The
experimental trials were made both in day and night hours

during post-winter and summer months (February-June).
Due attention was paid to note the strategy the ants
applied to carry the offered food materials to their nest.
Also, due attention was paid to observe and record the
behaviour of the ants to ensure transportation of the food
matter from the offered sites to the nest.

RESULTS
The ants Pheidole roberti, Paratrechina longicornis,
Anoplolepis gracilipes, Monomorium pharaonis were seen
to come in contact of the food materials offered on way of
their foraging movement. Except M. pharaonis an ant
individual was seen to examine the food matters and
applied the following strategies to carry the food matters
concerned. M. pharaonis preferred to cut the food matter
into small pieces to apply individual carrying strategy
though rarely, they exhibited the cooperative food
carrying behaviour.
Pushing strategy: When one ant came across of a piece
of food matter which was manageable by her individually
then she applied the pushing strategy to carry the same
(Fig.1a). Here, the ant lifted the food matter by holding the
same with her mandibles and started moving forward
keeping the food materials high at the level of head
(Fig.1b).
Pulling strategy:
This strategy is applied when the food material is little bit
heavier than the food material selected for procurement by
an ant through the application of pushing strategy. In this
case the ant is unable to lift the food matter from the
ground individually but she is able to carry the same on
way of dragging i.e. through the application of pulling
strategy (Fig.1c).
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Pushing-Pulling strategy
In many instances an individual ant was seen to carry a
piece of food material by pushing-pulling strategy. The ant
is unable to lift the food material up from the ground by
the help of biting with the mandibles but was able to push
forward the food material by biting-pushing act. But, she
was seen to change her position. From behind the food
material she moved to front side to pull the food through

the biting by the mandibles. The said act was changed
after few minutes to follow the pushing strategy (Fig. 1d).
But, when the food matter was unmanageable for an ant
individual she was seen to look for the assistance of other
individuals of the said species to ensure transportation of
the same. The behaviours exhibited by 2, 3, 4, 5 and 6 ant
individuals involved in transporting a piece of food
material were as follows.

FIGURE 1: Strategies applied (a-d) by an ant individual to carry a food particle which was manageable herself, to the nest

By 2 ant individuals
Here, in some cases, one ant was seen to act as pusher

(marked by 1) and the other (marked by 2) as puller
(Fig.2a) while in some other cases both the ants were seen
to act as either pusher (Fig. 2b) or puller (Fig. 2c) jointly.

But, in case of one pusher and one puller food-carrying
strategy, at certain intervals puller was seen to change the
place to act as pusher while the puller was seen to move to
the opposite end of the food element to take the position of
a pusher (Fig. 2d).

FIGURE 2: Strategies applied (a-d) by two ant individuals when a food particle was manageable by them,
to carry the same to the destination.

By 3 ant individuals
Transportation of a food element while effected by the
joint efforts of 3 ant individuals sometimes 1 was seen to
act as pusher and 2 as puller (Fig.3a) or reverse i.e. 2 as
pusher and 1 as puller (Fig.3b). But, depending upon the

distance to be travelled and the hurdles to overcome to
reach at the destination the ants were seen to change their
position (Fig.3c-f) to act as pusher or puller as per need to
ensure transportation of the food matter.

FIGURE 3: Strategies applied (a-f) by the three ant individuals when a food particle was manageable by them,
to carry the same to the destination.
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By 4 ant individuals
Usually, of the 4 ants 2 were seen to push the food
material from the posterior end while other 2 were
engaged in pulling the said material (Fig. 4a, b). But, in
some cases 3 were seen either pushing or pulling the food
element and the remaining one was either in pulling or
pushing i.e. opposite act at the opposite end ( Fig.4c-k).
They were seen to change their position at frequent

intervals. Moreover, in some cases one ant was seen
pushing the food matter from posterior end of the same
while the other one was engaged in pulling the food
matter being positioned at the anterior end. Each of the
remaining two ants was seen to push the food matter
being positioned at the lateral side of the food element
(Fig.4k). They were seen to change their position at
frequent intervals.

FIGURE 4: Strategies applied (a-k) by the four ant individuals when a food particle was manageable by them,
to carry the same to the destination.

By 5 ant individuals
Of the 5 ants sometimes 2 or 3 were seen either in pushing
or in pulling act at the posterior or anterior side
respectively (Fig.5a, b). Also, in some other instances one
ant was seen in pushing act at the posterior end of the food
while another one was pulling the food being positioned at

the anterior end. The remaining 3 ants were also seen in
pushing act, sometimes 2 of them positioned themselves at
the lateral side either at the right side or at the left side of
the food element and the other one at the other lateral side
(Fig.5c). They were seen to change their position at
frequent intervals.

FIGURE 5. Strategies applied (a-c) by the five ant individuals when a food particle was manageable by them,
to carry the same to the destination.

By 6 ant individuals
The ants were seen to take their position at different sides
of the food element: sometimes one was seen in pushing
act at the posterior end and the other one in pulling act at

the anterior end; of the remaining 4 ants 2 were seen in
pushing act at the right marginal side while the other 2
were seen at the left marginal side in the pushing act
(Fig.6a). Also, in some instances 2 ants were seen in
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pushing and the other 2 ants were in pulling act while the
remaining 2 ants were also seen in pushing act positioning
one at the right lateral margin and the other one at the left
lateral margin of the food material involved in carrying act
(Fig. 6b). However, involvement of 3 ants as pusher at the

posterior end and the other 3 individual’s involvement as
puller at the anterior end of the food element was not
uncommon (Fig.6c). They were seen to change their
position at frequent intervals (indicated by arrows).

FIGURE 6. Strategies applied (a-c) by the six ant individuals when a food particle was manageable by them,
to carry the same to the destination.

By more than 6 ant individuals
The food materials which were not manageable by 6 ant
individuals were transported by active participation of
many ant individuals where ants were seen to change their
position at frequent intervals from pulling to pushing or
vice versa activities. In cases of transport of a heavier food
element where space for the required number of ants was
not available a few ants were seen to move from the front
side to the back or lateral sides to act as pusher. As there
were no room for their position it was seen that each one
of such workers tried effectively to find the space to bite
the food matter with a view to push the same forward.
Besides, it was also seen that the ants never failed to
accommodate themselves at the definite location or site of
the food element so as to ensure the movement of the said
element which was snagged for the time being.

DISCUSSION
It appears that, ants left no option to transport the food
material to the destination site. Depending upon the
size/weight of the food to be procured the strategy applied
varied to a great extent. As regards to a manageable food
particle to be transported by a single ant the lifting option
is unique. There exists no dispute regarding safe
transportation of the said food particle. The immediate
second option i.e. the pulling strategy emerged for
transportation of a food particle slightly heavier than that
one considered to be transported through lifting strategy.
This stimulated us to think over the problem that the ant
being a tiny creature at the bottom of the ladder of
evolution is able to exercise its intelligence not only to
estimate the weight of the food particle but also to select a
second device i.e. pulling to enable her to carry the same.
The climax of ant’s intelligence in transporting food
material perhaps, attained in developing the art of
application of both the strategies i.e. pushing and pulling
alternatively by the same ant individual. This indicates
that the ant have developed the art of applying pulling and

pushing strategy alternately perhaps to overcome the
impact of hurdle to carry the same alone. Therefore, she
applied both the strategies to dislodge the snagged item. It
is really cumbersome and stressful for an ant to carry a
food item in such a way. But, even such being the case no
consideration was taken into account for the help from
other ant individual. That is, perhaps, up to such weight
(or size) it is the task of an individual ant to manage the
food item to carry the same to the nest as the energy to be
spent by another ant in transporting the said item is not
permissible so far cost benefit effect is concerned.
However, such behavioural adaptation is equally befitting

in case of cooperative transport. Because, in cases of
transporting a food item by two ant individuals the puller
and pusher are also habituated to change their position to
act as puller and pusher from time to time in course of
carrying act. It is most likely that the ants have developed
a communication system in respect to behavioural change
from pusher to puller among themselves. Though frequent
deadlock with no forward movement are the characteristic
features of uncoordinated transport (Sudd 1965; Moffett
1986, 1992, Pratt 1989) random changes in the
composition, orientation or behaviour of the group
members are proved effective to resolve the deadlocks
(Sudd 1965). But, in the present study it is noted that the
change of place by the members of the cooperative
transport group is not random at all, rather judicious.
Because, involvement of 4, 5 or 6 ants in transporting a
food item revealed the placement of individuals at various
points to dislodge the snagged matter. This indicates that
the ants are able to realize the hurdle induced problem in
respect to barrier inhibiting the movement of the food
item. This could be well judged from the fact of attempts
of the ants to accommodate themselves almost forcibly
because of lack of space, at particular sites of the food
material which is being transported to the nest.
Thus, it appears that cooperative transport is a reflection

of self learning behaviour of individual ant, of course, in a
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coordinated way to ensure supply of food to the colony
members both qualitatively and quantitatively. Though it
is possible to meet the food demand of the colony
members qualitatively on way of food collection by the
ants individually there exists no possibility to provide food
to the colony members from qualitative view, for certain
ant species. To ensure the same cooperative transport is
inevitable and thus was evolved.
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Abstract 
The present paper attempts to document the potential ornamental fishes (POFs) and assess their diversity 
in two river basins of Arunachal Pradesh that are still unexplored in such a way. Several diversity indices 
are computed river-wise and statistically compared. From Dikrong and Ranganadi river basin a total of 
52 and 29 POF species are documented respectively. The species compositions are quite different in the 
two river basins may be because of their altitudinal differences. The computed diversity indices are a 
little confusing because one river is more diverse while the other has more species richness. Hence, 
diversity profiles are constructed using Renyi index. The intersecting profiles reveal the two river basins 
are non-comparable in terms of ornamental fish diversity. The paper concludes with the note that 
compilation of such information would be of immense value practically to generate a river-wise list of 
POF of the state to design fish conservation strategies in future.   
 
Keywords: Biodiversity, Dikrong, ornamental fish (OF), potential ornamental fish (POF), Ranganadi 
 
Introduction 
North-Eastern region of India is one of the hot spots of freshwater fish biodiversity [1] which 
possesses great potential to support both food fish (FF) and ornamental fish (OF) industries of 
the country [2]. Arunachal Pradesh (26° 28'-29° 30' N and 90° 30'-97° 30´ E) is the largest 
frontier state of North-East India having an area of 83,743 sq. Km that covers almost 60.93% 
of the Eastern Himalayan hotspot [3]. Being bordered with Bhutan, China, Bangladesh and 
Myanmar, the state of Arunachal Pradesh uniquely shares their flora and fauna [3]. 
Topographically the state is comprised of altitudinal zones forming three distinct ecological 
belts [4]. The northern part is characterized by mountain and sub-mountain terrains, and the 
southernmost part is gradually slopping towards the plains of the state of Assam, while the part 
in between constitutes the mid-altitudinal regions which have the greatest diversity [4]. Further 
this mountainous state is engorged with eleven river basins [5] and numerous streams that 
harbour enormously rich and diversified piscatorial forms, many of which have ornamental 
potential but not yet established as OF; these are the potential ornamental fishes (POF) of this 
state. Thus Arunachal Pradesh is highly promising to be the OF hub of India, only waiting for 
proper effort. 
At present nearly 95% of the total OF supplied from this region is wild fishes that are caught 
directly from their natural habitat in order to be sold into the aquatics trade [6]. This practice is 
extremely harmful as it causes over-exploitation and ultimately results dwindling of this 
immense fish resource. In addition, the introduction of exotic species, pollution, global climate 
change, indiscriminate fishing for food etc. is making the situation even more critical [7-8]. 
According to a report of IUCN many of the fish species of Arunachal Pradesh have already 
become endangered or critically endangered [9], and the list is getting bigger with time. So, 
there is an urgent need to document the fishes of this state and assess the current status of their 
diversity so that necessary steps could be taken for their conservation. But such types of 
studies are lacking except some scattered information in the literature [10-11]. Under this 
backdrop, the present paper deals with documentation and assessment of the diversity of fishes 
with ornamental value (i.e. OF and POF) in Ranganadi and Dikrong river basins of Arunachal 
Pradesh, to ascertain the present status of their diversity in this region.
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2. Material and methods 
2.1 Sampling site 
The two selected river basins are divided into four accessible 
sites on the basis of increasing altitude (Fig. 1). For Dikrong 
river basin, fishes are sampled from Doimukh (27°08'19'' N 
93°44'51'' E, 120mt asl), Itanagar (27°06'30'' N 93°36'27'' E, 
300mt asl), Sagalee (27°41'38'' N 93°29'37'' E, 932mt asl), 
and Dev (27°12'30'' N 93°30'24'' E, 1083mt asl), while for 
Ranganadi river basin sampling is done from Kimin 
(27°21'01'' N 93°57'11'' E, 193mt asl), Yazali (27°23'04'' N 
93°45'28'' E, 611mt asl), Yachuli (27°25'53'' N 93°45'42'' E, 
797mt asl), and Ziro (27°30'20'' N 93°50'00'' E, 1617mt asl). 
 

 
 

Fig 1: Map showing sampling sites in Dikrong (round black) and 
Ranganadi (triangle black) river basins of Arunachal Pradesh (map 

not in scale). 
 

2.2 Field sampling 
The fishes are randomly sampled for a period of three years 
using caste net, electrofisher and other indigenous traps from 
the rivers and their tributaries starting from July, 2012 till 
June, 2015. Collected specimens are identified up to species 
level and their counts are recorded on site, while the 
unidentified species are kept in 10% formalin and taken to the 
Rajiv Gandhi University Fisheries Museum (RGU-MF), 
where identification of the specimens is completed. Valid 
names of the documented fishes are obtained using the 
information of Vishwanath et al. and Eschmeyer [12-13]. The 
lists of the fishes with ornamental potential are then prepared 
separately for each of the river basins. Later, % relative 
abundance was calculated using the following formula: 
  

 
 
2.3 Statistical analyses  
Our hypothesis that species compositions within one river 
basin should be more similar than those from the other basin 
is tested by one-factorial permutational analysis of variance 
(PERMANOVA) based on presence/absence data and Bray-
Curtis dissimilarities with 9999 permutations, followed by 
Bonferroni corrected pair-wise permutation test. Assessment 
of diversity and all the statistical analyses are carried out with 
the help of PAST software, version 3.02 (University of Oslo, 
Norway, http://folk.uio.no/ohammer/past). 
 
2.4 Estimation of diversity 
From the plethora of diversity indices the following three 
have been selected for the purpose: 
 

 

[Where, ni= number of individuals of taxon i, n= Total 
number of individuals] 
 

 
  
[Where, n = total number of organisms of a particular species, 
N= total number of organisms of all species] 
 

 
 
[Where, Nmax is the number of individuals in the most 
abundant species, and N is the total number of individuals in 
the sample] 
 Evenness has been measured by the Buzas-Gibson evenness 
index using the following equation: 
 

 
 
[Where eH' = Shannon-Wiener index, calculated using natural 
logarithms, S = Number of species] 
Species richness has been estimated using Margalef and 
Menhinick indices by the following equations: 
 

 
 
[Where S= Number of species, N= Total number of 
individuals in the sample] 
 

 
 
[Where S= Number of species, N= Total number of 
individuals in the sample] 
 
For comparative assessment of the estimated alpha diversity 
of the two river basins, the diversity indices are subjected to 
permutation tests. To obtain a complete profile of the OF 
diversity of the selected river basins, the exponential of Renyi 
index is used taking different alpha values. The equation is: 
 

 
 
[Where S= number of species, pi = relative abundance of the 
ith species, α = a scale parameter. According to Hammer, 2014 

for α=0, this equation gives the total species number, α=1 

gives an index proportional to the Shannon-Wiener index, and 
α=2 gives the value of Simpson index.] 
 
3. Results and discussion 
Central Inland Fisheries Research Institute (CIFRI), 
Barrackpore, India, has recently made an attempt to collect 
data from selected sites of the rivers Ganga, Brahmaputra, 
Narmada, Tapti, Godavari and Krishna. The study reveals all 
these rivers to be pretty rich in fish fauna where Ganga 
already harbours the maximum number of species followed 
by Brahmaputra [14]. This finding is highly significant in the 
context of the rivers of Arunachal Pradesh being the 
tributaries of the great river Brahmaputra. Hence it is quite 
obvious that all the rivers of the state bear high species 
richness. The present assessment also supports this view as 
because Dikrong river basin possesses the total of 52 species 
under 38 genera and 18 families having ornamental value 
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(Table 1, along with relative abundance and IUCN status). 
From Ranganadi river basin total of 29 ornamental species are 
recorded that fall under 22 genera and 14 families (Table 2, 
along with relative abundance and IUCN status). Members of 
Cyprinidae family are found to be the most dominant group in 
both the rivers as reported earlier by many authors from 
different other parts of Himalayan water bodies [15-16].  

 
Table 1: The list of ornamental and potential ornamental fishes 

documented from Dikrong River, Arunachal Pradesh, during study 
period (2012-2015) along with relative abundance (RA) and IUCN 

status [22]. 

 

Family Species % RA IUCN Status 
Cyprinidae Cabdio Jaya 0.28 LC 

 Barilius bendelisis 24.44 LC 
 Barilius vagra 1.11 LC 
 Devario assamensis 0.28 VU 
 Tor putitora 0.28 EN 
 Puntius sophore 5.00 LC 
 Cyprinion semiplotum 1.11 VU 
 Cirrhinus reba 0.28 LC 
 Labeo pangusia 0.83 NT 
 Bangana dero 0.55 LC 
 Schizothorax richardsonii 3.33 VU 
 Crossochilus latius 1.11 LC 
 Garra gotyla 10.00 LC 
 Garra sp. 1 0.55 NA 
 Garra sp. 2 0.83 NA 

Psilorhynchidae Psilorhynchus homaloptera 1.66 LC 
 Psilorhynchus arunachalensis 0.55 DD 

Nemacheilidae Paracanthocobitis botia 5.00 LC 
 Schistura sp 0.28 NA 
 Physoschistura dikrongensis 0.28 NE 
 Aborichthys kempi 1.11 NT 
 Aborichthys elongates 5.00 LC 

Cobitidae Botia dario 1.39 LC 
 Botia rostrata 1.39 VU 
 Lepidocephalichthys guntea 5.28 LC 
 Canthophrys gongota 0.28 LC 

Bagridae Mystus cavasius 1.67 LC 
 Mystus tengara 0.28 LC 
 Mystus bleekeri 0.83 LC 
 Mystus sp 1.94 NA 
 Mystus dibrugarensis 0.28 LC 

Olyridae Olyra longicaudata 8.05 LC 
Siluridae Pterocryptis gangelica 1.67 DD 

Amblycipitidae Amblyceps sp 0.28 NA 
Sisoridae Gogangra viridescens 0.55 LC 

 Nangra assamensis 0.55 LC 
 Gagata cenia 1.11 LC 

Erethistidae Erethistes pussilus 0.28 LC 
 Hara jerdoni 0.28 LC 
 Hara hara 0.83 LC 
 Hara sp 0.28 NA 

Chacidae Chaca Chaca 0.28 LC 
Mastacembelidae Mastacembelus armatus 0.55 LC 

 Macrognathus aral 0.28 LC 
Badidae Badis sp1 0.83 NA 

 Badis sp2 0.55 NA 
 Badis sp3 0.28 NA 

Nandidae Nandus nandus 0.28 LC 
Cichlidae Oreochromis mossambicus 2.50 NT 

Anabantidae Anabas testudineus 0.28 DD 
Osphronemidae Trichogaster fasciata 2.22 LC 
Tetraodontidae Leiodon cutcutia 0.83 LC 

Note: NT= Nearly Threatened, LC= Least Concerned, VU= 
Vulnerable, NA= Not Applicable, DD= Data Deficient, EN= 
Endangered 
 

Table 2. The list of ornamental and potential ornamental fishes 
documented from Ranganadi River, Arunachal Pradesh, during study 
period (2012-2015) along with relative abundance (RA) and IUCN 

status [22]. 
 

Family Species %RA IUCN Status 
Cyprinidae Barilius bendelisis 4.45 LC 

 Neolessochilus hexagenolepis 0.41 NT 
 Oreichthys sp 11.74 NA 
 Pethia chola 6.48 LC 
 Labeo gonius 4.45 LC 
 Labeo calbasu 1.62 LC 
 Schizothorax sp 2.02 NA 
 Crossochilus latius 4.86 LC 
 Garra annandalei 0.81 LC 
 Garra gotyla 6.88 LC 
 Garra sp1 1.62 NA 
 Garra sp2 5.67 NA 

Psilorhynchidae Psilorhynchus homaloptera 4.05 LC 
Nemacheilidae Aborichthys kempi 0.41 NT 

Cobitidae Botia rostrata 5.67 VU 
Siluridae Ompok bimaculatus 0.81 NT 

Schilbeidae Ailia coila 2.43 NT 
Amblyciptidae Amblyceps apangi 0.41 NT 

Erethistidae Pseudolaguvia sp 1.21 NA 
Belonidae Xenentodon cancilla 1.62 LC 

Mastacembelidae Macrognathus aral 1.62 LC 
 Macrognathus pancalus 2.83 LC 
 Mastacembelus armatus 1.62 LC 

Gobiidae Glossogobius giuris 3.64 LC 
Chandidae Chanda nama 4.86 LC 

 Pseudambassis ranga 2.43 LC 
 Parambasis sp 4.45 NA 

Osphronemidae Trichogaster chuna 5.67 LC 
Channidae Channa gachua 5.26 LC 

Note: NT= Nearly Threatened, LC= Least Concerned, VU= 
Vulnerable, NA= Not Applicable 
 
Most interestingly it is notable that the species compositions 
are fairly different in the two river basins. When compared, 
only ten species (Barilius bendelisis, Garra gotyla, Garra 
sp.1, Garra sp.2, Psilorhynchus homaloptera, Aborichthys 
kempi, Botia rostrata, Crossochilus latius, Mastacembelus 
armatus, Macrognathus aral) are found to be common in the 
samples of both river basins. The fact may be explained from 
the topographic point of view that the Ranganadi river basin is 
situated at a relatively higher altitude than the Dikrong basin. 
The differences in altitudes, physiographic factors, and 
climatic variables like temperature and rainfall being the 
determinants of distribution and species richness might have 
caused variation in the composition of fish species in the two 
river basins [17-19]. Our hypothesis that the species composition 
between the two river basins should be dissimilar is proved by 
statistical analyses (p<0.0001, one way PERMANOVA, 
Bonferroni corrected pair-wise permutation test). Assessment 
of diversity reveals that Simpson and Berger-Parker indices 
are significantly higher in Ranganadi (Fig. 2). The third 
diversity index, i.e. Shannon-Wiener index does not show any 
significant variation between the two data sets, though the 
mean value is higher in Ranganadi (Fig. 2) confirming 
Ranganadi to be more diverse than the Dikrong basin. 
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Note: Asterisk (*) indicates significant difference. 
 

Fig. 2: Measured diversity indices for the fishes sampled from the 
Dikrong and Ranganadi river basins of Arunachal Pradesh (2012-

2015). 
 

On the contrary, Buzas-Gibson evenness index proves that 
there is more chance to get individuals of same species in two 
subsequent samplings in Ranganadi (Fig. 2) indicating the 
possibility of more species richness in the Dikrong river. 
Menhinick and Margalef indices prove the above inference 
that Dikrong basin is more species rich (Fig. 2). However, the 
findings are confusing because one river basin is more 
diverse, while the other one has more species richness. In a 
similar situation Kindt and others suggest that studies 
attempting to compare different communities should not rely 
on only a single diversity index, or a combination of several 
indices; but should use techniques that are developed for 
diversity ordering, such as the Renyi diversity profile which is 
one of the most useful tools for comparing diversity [20]. 
Accordingly, the exponential of Renyi index has been used 
with various alpha values to construct OF diversity profiles of 
the river basins under this study. The finding shows that the 
profiles intersect each other, instead of one being constantly 
higher (Fig. 3). As stated by Hammer and colleagues where 
the profiles cross each other at any point, they are non-
comparable in terms of diversity [21]. Hence it is ultimately 
concluded that the estimated OF diversity of the two river 
basins is non-comparable. In other words, both the 
communities are diverse in terms of OF in their own ways. 

 
 

Fig 3: The diversity profile of the fishes sampled from Dikrong and Ranganadi river basins of Arunachal Pradesh (2012-2015). 
 

4. Conclusion 
The present study carried out in Dikrong and Ranganadi river 
basins of Arunachal Pradesh reveals the status of piscatorial 
diversity in a comparative manner. Similarly, other river 
basins of this state should also be explored in future. The 
compilation of such information would be of immense value 
practically to generate river-wise list of POF of the state. The 
indigenous people should also be made aware of the prospect 
of Of business and particularly the importance of fish 
conservation at least through the practice of fish culture and 
artificial propagation. The applicability of the finding as a 
whole being a fundamental ecological knowledge will cater 
the sustainable R & D activities as well as policy decisions for 
the highly sensitive mountain ecosystems and human welfare. 
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ABSTRACT 

The Naya - Vaisesika Philosophy proclaims that Paramanus are material cause of the world. Paramanus as atoms are the tiniest 

things of the world.  Atoms or Paramanus are not divisible.  They are absolutely undevided partless matter.  They  are non-

conscious things.  Though all paramanus are minutest but they are  different both in quality and quantity.  Each paramanu is 

compact.  No empty space is found in a paramanu or in an atom.  Atoms are eternal.  They are  indestructible.  All paramanus are 

real things.  The paramanus or atoms of the Naya-Vaisesika Philosophy are inactive  and motionless.  Only GOD produces 

motion in them and then they are combined in motion in creation.  Existence of GOD is important in this system for the creation 

of the world with atoms.  This paper shows that a critical study in the theory of Atomism of The Naya-Vaisesika Philosophy.  

Lastly a conclusion will be derived.  

 Keywords:  Atom, Paramanu, motion, adrista, GOD, matter, energy, substance, guna, knowledge, omnipotent, 

omniscient, space, time and consciousness. 

 The Naya-Vaisesika Philosophy describes the world with pluralistic views.  They admit that cause and effect are not 

same kind.  Always effects are new kind.  In creation of the world, GOD is the efficient  cause but paramanus are material cause.  

GOD produces motion in  all inactive atoms or paramanus.  Paramanus or atoms are determined and controlled by GOD.  Some 

Naiyayikas and Vaisesikas admit that - adrista are unseen cause which gives motion  to motionless paramanus  at the beginning of 

the world.  But  Adrista is a unconscious thing.  An unconscious thing has no power to give motion in all  eternally  motionless 

atoms.  This very  function of the creation of the world is GOD’s own activity.  He has volition.  He is omnipotent and hence  

only GOD giving motion in all paramanus.  That is why all atoms are non-conscious thing but creation of the world is fully 

spiritual.  GOD controlls all paramanus in creation. 

 In Naya-Vaisesika philosophy,   Akash, Drk (space),  Kal (time), selves and individual minds are eternal and infinite.  

Out of nine Dravyas (substances), five are eternal, four are infinite and one mind is eternally tiny thing (anupariman).  All 

paramanus of earth, water, fire and air are infinite and eternal.  Four substance as  Prithivi (earth), Apa (water), Tejas (fire) and 

Vayu (Air) are four  bhutas   as composite things.  They are  transient.  Eternally indivisible  paramanus of four kinds (earth, 

water, fire and vayu) unite by GOD’s  exerting motion.  By the combination of atoms, all types of composite things are formed.    

All such compound things are made of eternally motionless paramanus of earth, water, fire and air. 

 Thus the Naya-Vaisesika system  explain the whole  universe with very nine substances (dravyas). 

http://www.jetir.org/
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 “The dravyas are nine in number, (i) ‘earth’  (prithivi), (ii)  ‘Water’ (apa). (3) ‘fire’ (Tejas). (iv) ‘air’ (vayu), (v) akas. 

(vi) time (kala),  (vii) space (dik), (viii) self (atman) and (ix) Manas (man)  and they together with their various properties and 

relation explain the whole universe”1. 

 The Naya-Vaisesika philosophy holds that all compound things have their parts according to the causality theory of the 

system, cause and effect are two new things. Effect is not inherent  in its cause. 

 “Earth, water, fire and air are eternal as atoms and non-eternal as composite products.  There are atoms of  earth, water, 

fire and air.  They are minutes and indivisible units of physical substances”2 

 Here it is clear that all things  as living and non living things are  really composite things are really composite things.  

To create such living things and non-living things as physical composite things are new things as effects.  All effects are produced 

through theory of  causolity named Asatkaryavada by GOD as efficient cause and material cause of such four kinds paramanus or 

atoms.  

 All living things are produced by GOD with selves, minds, akas, space (dik), Time (kala) and four kinds atoms. 

 Before creation, GOD, selves, Akas, space (dik), Time (kal), four kinds of eternal paramanus and minds are present at 

the rest.  No motion exists in the universe.  The  whole universe is at the rest with such nine substances  at the beginning of the 

creation according to  the Naya-Vaisesika philosophy. 

 “The vaisesika maintains that a dyad (dvyanuka) is  produced by conjunction of two atoms, which are active or 

moving.   The motion of the atoms is produced by GOD”3. 

 GOD controlls the physical world with his moral order.  So  mechanical law of atoms are always under controll and 

direction of GOD himself.  He governs the universe.  

 Earlier Vaisesikas introduces the  concept of ADRISTA as the “unknown cause” or ‘Unexplained Nature”. 

 “Adrista (lit. unseen) stands for “unknown cause” or “unexplained nature” in the  earlier Vaisesika writers”.4 

 Later Vaisesik writers admit that adrista is the unconscious agent.  So they admit that GOD as the pune consciousness 

be the efficient cause of the nature. 

 Udayana  admit that GOD is the soure of motion as unmoved eternal reality.  “GOD is the creator of motion which is 

the cause of conjunction of the atoms into dyads.  A dyad is produced by two atoms,   the material cause, their conjunction, the 

non-inherent cause and the agency of GOD, the efficient cause”.5 

 GOD controlls the Adrista as the unseen cause.  Adrista is also unconscious.  Though all atoms are unconscious as 

material things.  But they do not itselves  more and unite themselves in bigger magnitude in the creation of the world.  

 So the  omniscient and omnipotent GOD  controlls all such atoms and Adrista too.  “He is  guided by the law of Karma 

representing the unseen power of merits and demerits.  The unseen power  is unintelligent and needs GOD as the supervisor and 

the controller”.6 
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 A  system for the conjunction of atoms are found in the Naya-Vaisesika.  Two unconscious and eternal atoms are 

joined with the help of GOD.  GOD exerts motion in atoms.  In this stage, only two paramanus are joined and called as Dvyanuk.  

Dvyanuk is unperceived.  After creating  of Dvyanuk, three moving dvyanuks (dyad) are combined and  a tried named tryanuk is 

formed.  Tryamuk is perceptible.  Caturanuka (a quartard) is formed when four triads (tryanuks) are togetherly combined. 

 “A quartrad (caturanuk) is produced by the conjunction of four triads, which are active.  The quartrads are combined 

into larger and larger composite substances.  The  qualities of the composite products are produced by those of component atoms,  

which are their inheritent cause.”7 

 When matter is devided, its measurement is reduced.  The process of division of things ends to  paramonus which have 

parts but not nothingness.  So the process of division ends at the atoms, otherwise  infinite regress  is found.  To avoid infinite  

regress,  the Naya-Vaisesika admit that every material things are composed of minutest things which are eternally partless and we 

call them paramanus.  Thus Naiyayikas and Vaisesikas admits the existance of paramanus.  They show that all paramanus of a 

mustard seed is less than the all paramanus of mountain.  It is possible due to the existence of partless atoms which are present in 

them.  A master seed is a part of a living plant.  It is a body of the living plant.   So all bodies of living things are also composed 

of atom according to the Naya-Vaisesika philosophy.  “If all substances were endlessly divisible into an infinite number of parts, 

the there would be no difference in the magnitude of things.  And a mountain and a mustard seed would be of equal dimension.  

So we must admit that atoms are the minutest parts of  composite substances which are partless and indivisible.”8 

 The system holds that all composite things have their parts according to the causality theory of the Naya-Vaisesika 

philosophy.  All compound are made of eternally partless atoms.  The features of all compound  thingss are production and 

destruction.  All galaxies, stars planets, living things, non-living things and all components of environment are composed of 

atoms or paramanus. 

 The Naya-Vaisesika does not admit completely materialism.  The system of Indian philosophy admits spiritualism as 

the prime guiding principle by  which atomism is fully controlled.  The Naya-Vaisesika’s GOD is the pure consciousness as the 

absolute knowledge.  So GOD is  the omniscient.  The Naya-Vaisesika’s GOD does not create eternal space, eternal time, infinite 

dik (space), minds selves and all four kinds of paramanus.  GOD operates paramanus and  produces motion in paramanus  to 

move for the construction of all composite things. 

 “The   Vaisesika Atomism is not materialistic because the vaisesika school admits  the reality of the spiritual 

substances - souls and GOD - and also admits the Law of Karma.”9 

 Vaisesika atomism agrees with Greek atomism of Leucippus and Democritus about atoms having indivisible, partless, 

imperceptible,  material and eternal.  They admit that atom are material too.  But Greek philosophers admit only quantitative or 

numerical differences in atoms.  But the Naya-Vaisesika hold both quantitative and qualitative differences in  atoms.  The  atoms 

of earth, water, fire and air possesses different qualities or gunas.  The Greek atomists admit that motion is inherent in atoms.  But  

the Naya-Vaisesika admits that no motion is present in atoms.  Motion is spiritual according the Naya-Vaisesika system,  but 

Greek atomists and all scientists including physicists admit that motion is material as well as mechanical  and physical. 

 But old Indian philosophy urges that all universe is at rest at the beginning of universe.  No motion implies the 

completely absence of Force, energy, attraction, repulsion and conjunction.  In a word, no motion, no creation. 
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 But the Naya-Vaisesika shows that consciousness produces  motion for creation. Only consciousness produces motion 

in atoms. 

 Now I conclude  in the research paper that the efficient cause, GOD is the omnipotent and omniscient.  Only GOD’s  

knowledge unite two atoms as  dvyanuka or dyad at the beginning creation.  GOD also produce  motion in motionless atoms to 

combine dvyanuk which is also unperceived to us.  So GOD as the only  omnipotent and omniscient gives motion in  atoms to  

combine atoms and He has knowledge only to unite atoms.  The  omniscient and the omnipotent GOD  implies the pure 

consciousness.  The  pure consciousness as GOD exerts motion and gives his knowledge to combine atoms.  Then the creation 

begins.  To  begin  the creation of the world, GOD’s exerting motion and His knowledge is necessary.  Otherwise  eternally  

motionless atoms  remains forever without  creation.  This is logical  and unique model  of the universe by the Naya-Vaisesika 

system. 
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Abstract 
Being an idiosyncratic element water support all forms of life. So, we need to be concerned about this 
precious natural resource as it can be remaining same as it was before. Water has a unique chemical property 
due to its polarity and hydrogen bonds which means it is able to absorb or suspended many different 
compounds (WHO,2007), thus, in nature, water is not pure as it acquires contaminants from its surrounding 
and those arising from humans and animals as well as other biological activities. Contamination of 
groundwater, either from anthropgenetic or natural sources with several social impacts, has now turned to be 
a major environmental concern in different countries of the world. Millions of people are hanging on 
groundwater containing elevated level of various contaminants for drinking water purpose. Nine districts of 
West Bengal are under the virulent effect of this heavy metal. Several lithological and stratigraphic studies 
revealed the stratigraphic position and the possibility of arsenic contamination in the lower gangetic delta 
region (Mondal. V. & Adhikari. R., 2017). This talks about the various harmful contaminants that their 
impacts. A number of different thematic maps have been created to show the status of groundwater 
contamination by various contaminants in Singur block. The paper also tries to find out the locational 
distribution and pattern of groundwater contamination through landuse analysis and many groundwater 
features in Singur Block of West Bengal.  
 
Keywords 
Groundwater, Bacteriological, Escherichia-coli, pneumoconiosis, choroiditis, siderosis 
 
Introduction 
Groundwater contamination occurs when man-made products such as chemicals get into the groundwater and 
cause it to become unsafe and unfit for human use. Materials from the land's surface can move through the 
soil and end up in the groundwater. For example, pesticides and fertilizers can find their way into 
groundwater supplies over time. Road salt, toxic substances from mining sites, and used motor oil also may 
seep into groundwater. In addition, it is possible for untreated waste from septic tanks and toxic chemicals 
from underground storage tanks and leaky landfills to contaminate groundwater. Natural groundwater 
contamination by various contaminant and the sufferings of people as a result, has become crucial water 
quality problem in many parts of the world. It has been recognized that as contaminated ground water used 
for irrigation may pose an equally serious health hazard to people eating food from the irrigated crops and 
that as accumulating in irrigated soil poses a serious threat to sustainable agriculture in affected areas. 
Groundwater plays an important role as a source of drinking water for many rural and urban families. Though 
groundwater is less susceptible rather than surface water bodies still it is contaminated while rainwater 
infiltrates through soil strata. Drinking water derived from the contaminated sources cause serious health 
issues to humans and also to the animals. Iron is an important part of hemoglobin but absorption of excess 
iron in drinking water may cause conjunctivitis, retinitis if it contacts and remain in the tissue. If we take 
excess arsenic in drinking water it can create serious health issues such as gastrointestinal, cardiovascular 
problem, hematological effects, dermal effects, carcinogenic effects etc. Chemical and bacteriological 
contamination leads to skin problems, nausea, vomiting, diarrhea etc. The present study reviews the status 
and the impacts of various groundwater contaminants such as iron, arsenic and others. This report reviews on 
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the status of contamination of Singur block based on National rural drinking water programme report data. 
Sample data has been also collected from the affected areas to analyze its impact. So, further study is very 
much essential. 
 
Literature review 
Groundwater occurrence studies shows that the pathogenic viruses and bacteria can occur in groundwater 
sources and that people may become ill due to exposure to contaminated ground water. Pathogens found in 
groundwater sources may include enteric viruses and enteric bacterial pathogens such as Escherichia-coli (E-
coli), salmonella etc. (www.epa.gov/safewater, july2007). Underground water in many regions of the world 
is contaminated with various harmful contaminants. Therefore, review of the available literature focuses on 
adverse effects of various contaminants. The effect of drinking contaminated water can be much more 
serious, however in India, “37.7% million Indians are affected by waterborne diseases annually” and 1.5 

million children are estimated to die of diarrhea alone”. These staggering statistics are particularly caused by 

the lack of hygienic condition. According to them, “approximately 88% of India’s total disease load is due to 

lack of clean water and sanitation and improper management of solid and liquid waste [US EPA, 1999 a, b]. 
Children, transient and the elderly are such populations because of potentially high risk of dehydration from 
diarrhea that may be caused by high levels of sulfate in drinking water [www.epa.gov/safewater, July 2007]. 
Groundwater occurrence studies and outbreak data show that pathogenic viruses and bacteria can occur in 
groundwater sources and that people may become ill due to exposure to contaminated ground water. 
Pathogens found in groundwater sources may include enteric viruses and enteric bacterial pathogens such as 
Escherichia Coli, Salmonella etc. Groundwater is vulnerable to contamination by anthropological activities. 
Chongming and Jingjie,2001 indicated in their paper that groundwater overexploitation has induced serious 
environmental problems such as land subsidence and groundwater quality degradation. M. C. Kundu et al. 
(2007), stated that The NO3-N content in groundwater also varied significantly in different blocks of the 
Hooghly district, the magnitude being 0.01 to 4.56 μg mL−1with mean value 0.67μg mL−1. The 

concentration of NO3-N decreased with increasing depth of the wells. Singur have comparatively high 
concentration of NO3 in their groundwater in this district. Kundu & Mandal, (2008), showed that the average 
Fluoride in the groundwater varied little in different blocks of the Hooghly district, it ranged from 0.01 to 
1.18 μg mL−1 with a mean value of 0.36 μg mL−1, showing that water had Fluoride concentration above the 

permissible limit of 1.5 μg mL−1 prescribed by the WHO (1997). The concentration of Fluoride in 
groundwater in this district from different sources ranged from 0.13 to 0.51, 0.01 to 1.18, 0.03 to 1.12, 0.07 to 
0.70 and 0.05 to 1.00 μg mL−1 for open well, TW, STW, MDTW and DTW respectively. Kuroda,2008 
explained that groundwater in urban areas is sometimes contaminated with multiple contaminants at higher 
concentrations than in rural areas. Researcher has used water balance analysis, mass balance analysis, solute 
balance analysis. Groundwater contaminants in urban areas include inorganic, organic and microbial 
contaminants. Momodu and Anyakora,2010 studied that High concentration of these heavy metals and in 
some cases the levels were above WHO specified Maximum Contaminant level. A significant risk to this 
population given the toxicity of these metals and the fact that for many. Ghazavi and Ebrahimi,2015 showed 
in their paper how to estimate aquifer vulnerability by applying the DRASTIC and GOD models. The model 
also used interactive geodatabase, compile the geospatial data. Patra S. et al. (2015), stated that in the case of 
Singur, the pre-monsoon readings of SGWL in 2007 is 15.65 mbgl. In 2013 it was fallen down 18.55 mbgl. 
The rate of falling is 2.9 mbgl. The post monsoon readings of SGWL in 2007 is 11.490 mbgl and in 2013 is 
12.2 mbgl resulting to the falling rate 0.71mbgl. gradual decline in pre-monsoon groundwater level also 
suggests that a high rate of groundwater withdrawal for domestic and agricultural and industrial purposes. 
Singur blocks have been categorized as Semi-critical Based on the stage of groundwater development and 
long term pre and post monsoon water level trend. Mitra, B. Lohochoudhury, (2019), stated that Human 
induced environmental pollution causes a lot of damage to our environment because humans pollute the 
surface environment and this pollution affects the groundwater, for example, the use of chemical pesticides, 
polluted running water, and industrial effluent. In Hooghly district there are government negligence and lack 
of sustainable policies to support pro environmental human activities which may cause groundwater 
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pollution. Ghosh, Pal and Santra,2019 revealed in their research paper through empirical methodology and 
interpolation approach how spatial mapping of seasonal and annual groundwater arsenic contamination can 
be done. Arsenic concentration value seasonally fluctuates irrespective of depth of tube well. They said that 
major cause is that during post-monsoon season the part of rain water percolates through soil grains. Average 
groundwater arsenic concentration is gradually increasing with the passage of time. 
 
Location and Area 
Singur is a census town in Ganga-Brahmaputra delta belt which contains arsenic metal in its soil strata, 34 
km far away from Howrah city with the growing urbanization and increased use of groundwater. Rising and 
climbing withdrawal of groundwater is also positive here. To fulfill the needs and demands of the population 

huge quantity of water withdraws for agriculture and other purposes. 16 
blocks of Hugli district contain arsenic contaminated ground water above 
WHO guideline value (10 µg/L) and 11 blocks above standard value for 
arsenic in drinking water (50 µg/L) and Singur block is also in that list 
(School of Environmental Studies, JU). Iron in water is also another problem. 
The presence of iron in drinking water is objectionable for a number of 
reasons unrelated to health. Under pH conditions existing in drinking water 
supplies, ferrous salts are unstable and precipitate as insoluble ferric 
hydroxide, which settles out as rusty silt, such water testes unpalatable, 
promotes the growth of iron bacteria and the silt gradually reduces the flow of 
water in the piping. It is located at 22°81’N, 88°23’E. It had an average 

elevation of 14 meters and is situated on the Ganges delta. The total area of 
Singur Community Development block is 155.99 Sq.km. 
 

Fig 1: Location of the study area 
 
Objectives 
The main target of this study is to emphasize on various contaminants which are responsible for 
contaminating groundwater in Singur block. To fulfill this, target my objectives are as follows: 

 Providing land use pattern map 
 Providing an outlook of population status and its density and the trend of population growth 
 Gram Panchayat-wise analysis of various contaminants that are responsible for groundwater 

contamination in Singur block 
 The status of contamination through the thematic maps 
 Analysis of the shortcomings of risk to human health 

 

Database and Methodology 

Population statics of Singur block have been represented using census data. The map of Singur block has 
been collected from the website of land reforms and that map has been prepared by Geoinformatics & 
Remote Sensing Cell Department of Science and Technology Gov. of West Bengal, Kolkata. After geo-
referencing this map all the thematic representations have been prepared. The statistics to present the status 
of contamination have been collected from the website of National Rural Drinking Water Programme and 
the arsenic data has been collected from the website of School of Environmental Studies, Jadavpur 
University. To check the reality and impacts of the contaminated groundwater primary samples are also 
collected. Census data, secondary data related to the major problems, maps and various literatures related to 
this topic are collected in the pre-field session. Then obtained information is integrated using special 
database system (GIS) and with the help of GIS software ArcGIS.10 all the thematic representation is done.  
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Problems 

In most developing countries the primary risk to human health is due to bacteriologically contaminated 
drinking water which leads to flulike symptoms. The effect of drinking contaminated drinking water can be 
much more serious, however in India, 37.7 million Indians are affected by waterborne diseases annually and 
1.5 million children are estimated to die of diarrhea alone. This is caused because of lack of hygienic 
condition (Ministry of Rural Development). Rapid growth of settlement to provide shelter to the population 
leads to unhygienic circumstances and improper sanitation and waste management leads to such above 
mentioned problems. The major problems are described below: 

1. Landuse Pattern 

In the fig 2 we can see the maximum portion of the land is agricultural land. 
Percentage of multicrop land is greater than the single crop land. In the 
middle section of the map we can see Saraswati River flowing north to south 
while in the west section of the map we can see Kana River which is a canal 
of Damodar is flowing west to north east. This canal, water bodies and also 
groundwater through hand pumps are used for irrigation in those fields. As in 
the maximum lands multi crops agricultural activities occur throughout the 
year. So, use of pesticide, herbicide, and insecticide is much more. This 
chemical infiltrate into groundwater or because of eating vegetables growing 
in those fields heavy metals are also transported in our body. 

 

Fig 2: Landuse pattern in Singur Block, West Bengal 

2. Population Status 

As per the 2011 Census of India, Singur CD Block had a total population 
of 276,413, of which 223,951 were rural and 52,462 were urban. There 
were 140,334 (51%) males and 136,079 (50%) females. Population 
below 6 years was 24,276. Scheduled Castes numbered 47,037 (17.02%) 
and Scheduled Tribes numbered 4,069 (1.47%). As per the 2001 census, 
Singur block had a total population of 260,729, out of which 131,286 
were males and 129,443 were females. Decadal growth in West Bengal 
was 17.84 per cent. Singur block registered a population growth of 
1.65% during the 1991- 2001 decade. Decadal growth for Hooghly 
district was 15.72%. Thereafter, Singur experienced an accelerating 
growth rate. As the area is a plain land the distribution of population is 
also even. 21382 persons (as per 2011 census) are distributed over an 
area of 155.99sq km. with an average density 2008 persons per Sq km. 
Population density map has been prepared Gram Panchayat wise by 
mean standard   deviation method. Another thematic map has been 
prepared to show spatial distribution of rural urban population (Fig. 3). 

Fig 3: Population status in Singur Block, West Bengal 
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3. Groundwater Contamination 

a) Iron in Drinking Water 

Iron is believed to be the tenth most abundant element in the universe. Iron is a harmless, though sometimes 
annoying element present in public and private water supplies. Iron can be found in meat, whole meal 
products and vegetables. The human body absorbs iron in animal products faster than iron in plant products. 
Iron is an essential part of hemoglobin; the red coloring agent of the blood that transports oxygen through 
our bodies. Iron may cause conjunctivitis, choroditis and retinitis if it contacts and remain in the tissues. 
Chronic inhalation of excessive concentration of iron oxides fumes or dusts may result in development of 
benign pneumoconiosis called siderosis, which is observable in x-ray change. Inhalation of excessive 
concentration of iron oxide may enhance the risk of lung cancer development in workers exposed to 
pulmonary carcinogens. Fig no 4 shows the concentration of iron in inside and outside habitations in each 
gram Panchayat of Singur block. Fig 4 shows the actual picture. 

 

 

 

 

 

 

 

 

 

Fig 4: Iron status in Singur Block, West Bengal 

b) Arsenic in Drinking Water 

Arsenic is a metalloid element, having properties of both metals and 
nonmetals. Arsenic concentration in soil and in sedimentary rocks 
are generally higher than average in the earth’s crust due to 

movement and accumulation of arsenic through weathering 

processes. 

Source: School of Environmental studies, JU. 

Intake of drinking water having arsenic concentration beyond the 
permissible limit of 0.05 mg/lt has deleterious effect on human health i.e. 
cardiovascular (heart failure) problem; gastrointestinal (burning lips, 
painful swallowing, thirst, nausea and severe abdominal colic); 
hematological effects (anemia and leucopoenia); hepatic effects; 
neurological effects (headache, mental confusion, coma); dermal effects 
(skin disorder); carcinogenic effects (lung cancer) etc. Representative 
study has been shown in the fig (4) to show the status of arsenic in Singur 
block respect to Hooghly district and the state West Bengal.  

Fig: 5 Arsenic status in Singur Block, West Bengal 
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c) Chemical and Bacteriological Contamination 

Harmful chemicals can get into our body if you breathe, eat or drink them or 
if they are absorbed through your skin. Uses of fertilizers are also 
responsible for chemical (like nitrate which effects cardiovascular system) 
concentration in water. Bacteriologically contaminated drinking water leads 
to flu like symptoms such as nausea, vomiting and diarrhea. Children who 
suffer from frequent diarrhea are more vulnerable to malnutrition and 
opportunistic infections such as pneumonia. Fig. 6 show no. of sources and 
tested sources and also month-wise no of contaminated sources. Fig. 7 
shows the status of chemical & bacteriological contamination 

 

 

Fig 6: Source of chemical & bacteriological contamination 

 

 

 

 

 

 

 

 

 

Fig 7: Status of chemical & bacteriological contamination  Fig. 8 Status of E. coli in groundwater 

d) E. coli contamination 

Escherichia coli (commonly abbreviated E. coli) is a gram – negative, rod shaped bacterium of the genus 
Escherichia that is commonly found in the lower intestine of warm-blooded organisms (endotherms). The 
presence of E. coli in water is a   strong indication if recent sewage or animal waste contamination. E. coli 
comes from human and animal wastes. During rainfall, snow melts or other precipitation, E. coli may be 
washed into streams, rivers, lakes or groundwater. When this water is used as source of drinking water and 
the water is not treated or inadequately treated, E. coli may end up in drinking water. Due to this bacterial 
infection often causes severe bloody diarrhea and abdominal cramps; sometimes the infection causes non-
bloody diarrhea (Fig. 8).  
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Result 

So, from the diagram we can clearly understand the status of contaminants in Singur block. Iron 
contamination is so high especially in outside habitations of all gram Panchayet. Percentages of samples 

with arsenic >10ug/l in Singur is 7.9 and %of samples with arsenic>50ug/l 
is 1.0. Though arsenic concentration is not that much huge in Singur still 
positive acceleration is not needed. Chemical, bacteriological and E. coli 
contamination is also high in some gram Panchayet of Singur block. As 
this block is turning to a town, urban population is also increasing. As rural 
population is maximum in this block, improper urinal facility, clumsy 
house condition is responsible for mixing of various contaminants in 
groundwater that comes from   human waste. The usage of fertilizers and 
pesticides also responsible for groundwater contamination. Another reason 
of contamination is industrial waste and household waste. Primary survey 
has been done to show the availability of urinal facility, cleanliness of 
houses and also on the diseases (Fig. 9). 

Fig 9: primary sample survey analysis 

Conclusion 

By drinking contaminated groundwater can causes serious health issues. An old Indian custom recommends 
that water should be drunk after it has been allowed to stand overnight and then filtered through a piece of 
fine cloth. But this procedure will not work where the contamination level is too high with various 
contaminants. From the above analysis of secondary data and primary sample survey it is clear that various 
blocks are contaminated even the urban areas. So, we should concern about such hazardous condition. There 
are various filters are available in the market for water purifying. Every family should use those filters. In 
now a day Reverse Osmosis is the best method of purifying contaminated water. And proper land use 
planning is also important as Singur is becoming a city. As water is similar to life we cannot ignore 
contaminated sources so extra study in it needed. 
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ABSTRACT 
 
The present study is concerned with the analysis of landform characteristics of Salda River basin 
and its impact on agriculture land use pattern. The Salda basin is one of the sub-basins of 
Subarnarekha River, with diversified landscape pattern in the western part of Purulia district in West 
Bengal. This basin is constituted by plateaus, plains with terraces, scarps, inselbergs, which is 
evolved under polycyclic evolution. The development of polycyclic geomorphic processes in this 
basin is typified by diverse morphology and drainage, which largely influence the land use pattern in 
this area. These diverse landscape patterns indicate the interaction of litho-tectonic-structural and 
various geomorphic processes with recent human intervention.  
The main objectives of the present study are to analyse the landforms characteristics, correlate 
them with land use and identify problems as well as prospects of agricultural land utilization. The 
entire study is based on both primary and secondary data. Extensive field survey has been 
conducted to collect primary information regarding terrain characteristics, micro relief, slope 
characteristics, hydrological attributes, soil character, natural vegetation, environmental hazards. 
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The Survey of India topographical sheets, meteorological data, agricultural production data, land 
use and land cover data have been collected for the analysis of geomorphological characteristics, 
land classification, and agricultural land use pattern.  
This study reflects the typical land characteristics of the fringe area of Chhotanagpur plateau, where 
some typical geomorphic attributes control the productivity of the land and also controls the socio-
economic conditions of the local people. The present authors have tried to examine the typical 
geomorphic attributes and their effects on present productivity of the land in a micro level study, 
where agriculture is the main source of income. 
 

 
Keywords: Landform; land use; agriculture; river; geomorphic; landscape pattern. 
 

1. INTRODUCTION 
 
A landform is a natural feature of the solid 
surface of the Earth or other planetary body. 
Landforms together make up a given terrain, and 
their arrangement in the landscape is known 
as topography. Land is a product of nature and 
three dimensional dynamic bodies. Actually the 
advent of civilization and their further 
development are intimately linked with the land 
[1]. It is well-known that the rational and 
sustainable use of land is one of the most 
important Indicators of economic growth [2]. 
Land use suitability analysis is the process of 
determining the suitability of a given land area for 
agricultural use [3]. Agricultural land use of any 
area is primarily dependent on the 
geomorphological characteristic [4]. Due to poor-
socio-economic status, the land of the area 
under study is not being properly utilized.   
 

The Salda basin is one of the sub-basins of 
Subarnarekha drainage basin, with diversified 
landscape pattern in the western part of Purulia 
district of west Bengal. Salda River and its 
tributaries drain a part of eastern fringe of 
Chhotanagpur plateau. The basin covers an area 
of about 94 sq. km or 23287 acres comprising 
portion of Jhalda-I Community Development 
Blocks of Purulia district in West Bengal. The 
Salda basin is constituted by plateaus, plains 
with terraces, scarps, inselbergs, which is 
evolved under polycyclic evolution. The 
development of polycyclic geomorphic processes 
in this basin typified by diverse morphology and 
drainage which are largely influenced the land 
use pattern in this area. Those diverse landscape 
patterns indicate the interaction of litho-tectonic-
structural and various geomorphic processes 
with recent human intervention in the evolution.  
The present study is concerned with the analysis 
of landform characteristics of Salda River basin 
and their impacts on agricultural pattern in this 
area.  

1.1 Objectives of the Study 
 
The main objectives of the present study are: 
 

1. To analyze the landform characteristics of 
the study area.  

2. To make correlation between landform 
characteristics and agriculture. 

3. To analyze the problems and prospects of 
agricultural land use. 

 
2. METHODS AND MATERIALS 
 
2.1 Area and Location 
 
The Salda River basin is bounded by latitudes of 
23°18'00'' N to 23°22'30'' N and longitudes of 
85°53'30'' E to 86°02'36'' E. The basin includes a 
small tract of 48 mouzas of Jhalda-I Community 
Development Block of Purulia district. The basin 
with its great diversity both in the polycyclic 
landscape and the land use pattern extends 
through the undulating Archean plateau being 
delineated by73 I/ 3, 73 E/15, numbers Survey of 
India maps.  
 
It is a small tributary of Subarnarekha River. It 
originates from a dome-shaped hill (618 Metres 
above sea level), known as Pokhriya Pahar. It 
drains the undulating highland of Jhalda-I C. D. 
Block and flows westwards ultimately joins with 
Subarnarekha River near Magha mouza. The 
height of the confluence is 238 m.a.s.l. The 
geographical area of this basin is 94 sq. km or 
23227.9 acres. 
 
2.2 Methodological Flow Chart 
 
To gain insight into the cropping pattern in Salda 
basin, the spatial distribution pattern of crops and 
their problems and prospects, crop diversification 
pattern are also analyzed. Such an exercise 
helps to identify the most important crops of the
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Chart 1. Methodological flow chart

Mahato and Jana; JGEESI, 21(3): 1-19, 2019; Article no.

 
3 
 

                                                              
Fig. 1. Location of the study area 

Chart 1. Methodological flow chart 
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region and their areal differentiation in the 
diversified agricultural economy of the basin. 
 
 The authors have converted all the production’s 
units through “Google unit converter” for better 
understanding of the actual scenario regarding 
the status of production. 
 
The variables have been calculated by using 
these following formulas- 
 

*  Percentage of total area under crops = 
(particular crop coverage area / net 
cropped area) x 100 

** Per Acre production = total particular 
cropped production of surveyed area / 
bearing cropped area. 

 

2.3 Data Collection 
 
The entire study is based on both primary and 
secondary data, the detail are: 
 
 Extensive field work was conducted to 

collect primary information regarding 
terrain characteristics, micro relief, slope 
characteristics, hydrological attributes, soil 
character, natural vegetation, 
environmental hazards etc.  

 The Survey of India topographical sheets 
have provided an excellent base to 
understand the realistic geographical 
situation through the entire study.  

 Meteorological Data have been collected 
from The Indian Meteorological 
Department, Kolkata.  

 Land use and Land cover data have been 
collected directly from Cadastral maps and 
secondary data from Block Land Records 
Office, Jhalda-I and  District Census 
Handbook Puruliya", Directorate of Census 
Operations West Bengal (Retrieved 6 
December 2016). 

 Agricultural production data were collected 
directly from household survey and District 
Statistical Handbook, Purulia 2013, 2014 
and 2015. 

 

2.4 Tectonic History 
 
The study area is a part of the ancient (Pre-
Cambrian) landmass of the Peninsular India, 
which have been stable and unaffected by any 
recent geological movement. The only structural 
disturbance in this part was vertical downward or 
upward movement. These structural upliftments 
are mainly due to tectonic disturbances [5]. 

Tectonically the study area is an old land 
surfaces with inselbergs prevail of eastern part of 
Ranchi peneplain [6]. This old land surface 
suffered from tectonic disturbances due to 
drifting of Gondwana landmass during Permo-
Carboniferous to Jurassic period. More recent 
evidences shows Tertiary upliftments occur in 
younger landscape. These Tertiary uplifts of this 
study area have acted for the side effects of the 
Himalayan orogeny. It seems possible that the 
epeirogenic uplift during the Tertiary period has 
been responsible for initiating successive cycles 
[7]. 
 

2.5 Geological Structure 
 

The western part of Purulia is well marked by its 
varied geological formations. The study area is 
constituted by various stratigraphic units, ranging 
from the oldest Archaeans (Pre-cambrain) to the 
younger Tertiary - Quaternary formations [7]. To 
study the regional geological accounts of this 
areal units distribution of various rock groups, 
tectono-structural history is essential for the 
analysis of the terrain pattern. The role of these 
rock formations, including the structural and 
tectonic characteristics in the development of 
present multi-cyclic landscape patterns as well 
as the land use pattern is significant. The 
unequal uplifts or tilts in the different parts of the 
study area have also caused the development of 
striking differences in the topographic 
expressions in the different terrain units within 
the region.  
 

The major part of the present area is occupied by 
various types of granitic rocks. Maximum area 
covered by Granite-gneiss and migmatite. 
Northern, north-eastern and south-eastern 
portion of the basin are dominated by Pre-
Cambrian Intrusive Granite, basically Manbhum 
Granite Intrusive body. Beside small tract of 
Dolerite is found in the central portion of area. 
The stratigraphic succession of various 
geological formations found in the Salda River 
basin is given in Fig. 2. 
 

2.5.1 Granite gneiss and migmatite 
 

These are the main rock types of the Salda River 
basin, which are well exposed in hilly terrains, 
where dome shaped hill, steep and smooth 
slopes formed. Mainly these areas have no 
vegetation cover, except the hill tops are covered 
by little vegetation. The flat ground of these rocky 
terrains is covered by laterite soil and alluvial 
outcrops. Alluvial outcrops of these rocks are 
found in the side of river and Jore. 



 
Fig. 2. Geological structure of Salda River 

Source: Geological Map, published by Geological Survey of India, 2001

 

Fig. 3. Physiographic division of Salda River basin
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Fig. 2. Geological structure of Salda River basin 
Source: Geological Map, published by Geological Survey of India, 2001 

 
Fig. 3. Physiographic division of Salda River basin 

Source: SRTM DEM, LISS-III 
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Plate no. 1. Dome shaped inselberge terrain at 

of Pokhariya pahar 
Source: Field survey on September, 2018 

Plate no. 2. Flat and  gently undulating 
Mahuldih mouza 

Source: Field survey, September 2018 
 

Table 1. Monthly average rainfall of study area during 1960 to 2010 
 
Months  Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. Annual 
Rainfall 
In Mm 

19.1 32.8 25.1 23.4 65 217.2 324.6 315.8 213.9 89.96 15 3.8 1353.46 

Source: District Gazetteer, Purulia (1985) and Indian Meteorological Department, Kolkata 
 

 
 

Fig. 4. Monthly average rainfall 1960 to 2010 
Source: District Gazetteer, Purulia (1985) and Indian Meteorological Department, Kolkata 

 

Most of these rocks are greatly heterogenetic in 
structure, texture and mineral composition. The 
granite-gneiss with good gneissose structure 
lying all over the area, but is abundant in the 
south. The gneissose structure is defined by 
alternate granulose and schistose bands of 
quartz and feldspars, and biotite and muscovite. 
 
2.5.2 Intrusive granite 
 
Granite intrusive body is very much common in 
the study area, which are collectively termed as 

Manbhum granite intrusion. Presently these are 
exposed by poly-cyclic erosional work. All of 
these intrusion bodies presently formed as a 
dome-shaped hill. Granite intrusions have sitting 
among the granite, gneiss and migmatite. It 
occupies in the hill area of south-eastern, eastern 
and north-western part, nearly Lagam-Iphurhatu 
Pahar (23°21'00'' N, 86°1'30'' E); Narahara Pahar 
under Mahakudar mouza (23°20'00'' N; 
85°59'30'' E); Sikra Pahar under Mosina 
mouza(23°22'30'' N; 85°57'26'' E) and Bansa 
Pahar(23°22'00'' N; 85°55'30'' E). 
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Among them Bansa Pahar is completely barren 
and open rock masses are exposed as a hard 
rock body. It is located in the lower part of the 
basin, so its surrounding area is covered by 
laterite and alluvial soil. Although Lagam and 
Narahara Pahar are having vegetation cover but 
the slope of the hills are demarcated as a 
Manbhum Igneous Intrusion. In present 
geological period Sikra Pahar shown as a form of 
batholith, where exfoliation is active as a 
weathering agent.  
 

Table 2. Range of rainfall (1960-2010) 
 

Range in mm  No. of years 
801- 900 1 
901- 1000 0 
1001- 1100 2 
1101- 1200 10 
1201- 1300 11 
1301 – 1400 8 
1401 – 1500 3 
1501- 1600 7 
1601- 1700 5 
1701- 1800 1 
1801-1900 2 
Source: Indian Meteorological Department, Kolkata 

 
2.5.3 Dolerite 
 
Small intrusion of dolerite within the Granite 
gneiss are observed horizontally along the 23°20' 
N latitude extending 85°57'28'' E to 85°59'00'' E, 

near Narahara Pahar Gotilwa to Tarhad. At 
Gotilwa to Tarhad the dolerite body runs almost 
E-W direction. Its length is approximately 2.8 km. 
The rock have medium grained and shows 
subophitic texture with lathes of plagioclase. 
Quartz and iron oxides are small proportions in 
this rock body under interstices portion.  
 

2.6 Topographical Characteristics 
 
Topographically this area is very much diversified 
with dome-shaped inselbergs, spurs, 
escarpments, undulating upland and erosional 
plain. Salda River Basin has different areas of 
elevations ranging from 238 meter to 618 meters. 
We can see the south-eastern part of the basin 
having an elevation 618 meter whereas the 
eastern part having an elevation 220 meter. 
 

As a part of the Chhotanagpur Granite-gneiss 
tract, the Salda Basin did not experience any 
severe diastrophic disturbance in its long 
geological history, but it could not escape the 
impact of orogenic forces. The Salda Basin 
occupies the eastern part of the Pre-Cambrian 
Granite-gneiss tract. These tracts are very little 
disturbed and there are very few signs of 
structural disturbances throughout the basin. 
 

The physiographic divisions of the Salda River 
basin are: (i) The hill region, (ii) The escarpment 
zone, (iii) Flat and gently undulating terrain, (iv) 
Lower plain region. 

 

 
 

Fig. 5. Frequency of annual rainfall 
Source: District Gazetteer, Purulia (1985) and Indian Meteorological Department, Kolkata 
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Table 3. Areas under different land
 

Land classes 
Tikro 
Tarn 
Baidh 
Kanali 
Bahal 
Others 
Total area 

Source: Block Land Records Office, Jhalda
 

Fig. 6. Land classes of Salda River basin (In this pie chart others refers to 
forest, only forest, 

Source: Block Land Records Office, Jhalda

 
2.6.1 The hill region (375 meters and above 

sea level) 
 
The hill region with an elevation of more than 375 
meter above sea level is highest surface in the 
basin area. This portion lies in the eastern and 
south-eastern portion of the basin. Besides in the 
north and north-western portion Sikra Pahar with 
491 meter, Pat - Jhalda Pahar with 483 meter 
and Bansa Pahar with 544 meter elevation from 
sea-level is small segment of this hill region. The 
significant geomorphic feature in this region is 
dome-shaped inselberges. There are number of 
dome-shaped inselberge, among of them 
Pokhariya Pahar (618 m), Baghbinda Pa
m), Mahakudar Pahar (502 m), Narahara Pahar 
(446 m), Iphuratu Pahar (475 m), Metalya Pahar
(544 m), Bansa Pahar (540 m), Sikra Pahar (491 
m) etc. are significant. Among them Pokhariya 
Pahar, Baghbinda Pahar, Mahakudar Pahar are 
covered by little vegetation, whereas Bansa 
Pahar, Sikra Pahar is completely devo
vegetation. There are several theories on the 
formation dome-shaped inselberges, but 

12%

6%

Mahato and Jana; JGEESI, 21(3): 1-19, 2019; Article no.

 
8 
 

Areas under different land classes (in 2007-2008) 

Area in acre In percentage
1240.59 5.34 
4258.56 18.32 
8926.85 30.05 
2759.94 11.87 
1345.90 5.79 
4755.16 28.61 
23287.00 100.00 

Source: Block Land Records Office, Jhalda-I 

 
 

of Salda River basin (In this pie chart others refers to pahar
forest, only forest, settlement and water body) 

Source: Block Land Records Office, Jhalda-I 

The hill region (375 meters and above 

The hill region with an elevation of more than 375 
meter above sea level is highest surface in the 

This portion lies in the eastern and 
eastern portion of the basin. Besides in the 

western portion Sikra Pahar with 
Jhalda Pahar with 483 meter 

and Bansa Pahar with 544 meter elevation from 
of this hill region. The 

significant geomorphic feature in this region is 
shaped inselberges. There are number of 
shaped inselberge, among of them 

Pokhariya Pahar (618 m), Baghbinda Pahar (543 
502 m), Narahara Pahar 

m), Metalya Pahar 
Pahar (540 m), Sikra Pahar (491 

) etc. are significant. Among them Pokhariya 
Pahar, Baghbinda Pahar, Mahakudar Pahar are 
covered by little vegetation, whereas Bansa 
Pahar, Sikra Pahar is completely devoid of 
vegetation. There are several theories on the 

shaped inselberges, but 

Exhumation hypothesis is most applicable 
towards such of formation within the Salda basin.
 
2.6.2 The escarpment zone (320 meter to 374 

meter form sea level) 
 
The escarpment zone of eastern and south
eastern part of the basin and adjoining upland is 
also a geomorphological division sculptured 
mainly in Granite and Granite-gneiss by the 
parallel retreat of scarps and headword erosion 
of Salda River. Here land use patte
selective, depending upon morphology and slope 
of the terrain.  The scrape face and tops are 
thickly forested while the adjoining level of flat 
and undulating terrain are cultivated.  
 
2.6.3 Flat and gently undulating terrain (283 

meter to 320 meter above the sea level)
 
Below the escarpment zone, a gently undulating 
Granite-gneiss terrain towards west is found 
having an elevation of below 320 meter. This is 
the largest part of the basin, which are gradually
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pahar, pahar with 

hypothesis is most applicable 
towards such of formation within the Salda basin. 

The escarpment zone (320 meter to 374 

carpment zone of eastern and south-
eastern part of the basin and adjoining upland is 
also a geomorphological division sculptured 

gneiss by the 
parallel retreat of scarps and headword erosion 
of Salda River. Here land use pattern is more 
selective, depending upon morphology and slope 
of the terrain.  The scrape face and tops are 
thickly forested while the adjoining level of flat 
and undulating terrain are cultivated.   

Flat and gently undulating terrain (283 
meter above the sea level) 

Below the escarpment zone, a gently undulating 
gneiss terrain towards west is found 

having an elevation of below 320 meter. This is 
the largest part of the basin, which are gradually



Fig. 7. Land classification and their characteristic features

 
slopes down towards south-east of study area. 
This area is characterized by flat and gently 
undulating terrain with numerous gneiss domes 
and wide valley with Multi-channel River, large 
terraces, conspicuous gullied surface and small 
and large rocky exposures. Agricultural 
landscape is predominating but their main 
resistances are hard laterite soil, gullied surface, 
stony wastes and barren gravelly upland.
 
2.6.4 Lower plain region (280 meter to 238 

meter above from sea level)
 
The lower Salda Plain is located in central to 
western, north-western and south
portion of the basin. This part is slowly and gently 
sloping towards west and south-west with 238
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classification and their characteristic features 

Source: Field Survey 

east of study area. 
This area is characterized by flat and gently 
undulating terrain with numerous gneiss domes 

channel River, large 
terraces, conspicuous gullied surface and small 
and large rocky exposures. Agricultural 
landscape is predominating but their main 
resistances are hard laterite soil, gullied surface, 
stony wastes and barren gravelly upland. 

Lower plain region (280 meter to 238 
meter above from sea level) 

The lower Salda Plain is located in central to 
western and south-western 

portion of the basin. This part is slowly and gently 
west with 238 

meter to 280 meter elevation. Economically this 
portion is better than other area of the basin, 
because existence of suitable agricultural land. 
Lower plain is intensively cultivated due to plain 
surface, fertile land and sufficient supply of 
surface and ground water.  

                                                                                                          

2.7 Climatic Characteristics 
 
The climate of the Salda basin is a very 
significant factor both in the formation of
variegated landscape and diversified land use in 
the area. Tropic of Cancer helps in the receipt of 
greater amount of insolation for the region in 
summer, which makes temperature condition 
high.  Even during winter the temperature hardly 
drops below 7°C. Beside, altitude acts as one of
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The climate of the Salda basin is a very 
significant factor both in the formation of 
variegated landscape and diversified land use in 
the area. Tropic of Cancer helps in the receipt of 
greater amount of insolation for the region in 
summer, which makes temperature condition 
high.  Even during winter the temperature hardly 

Beside, altitude acts as one of



Fig. 8. Different types of land classes of Salda river basin
Source: SOI Topographical Map, 2010 and field survey

 

 
Plate no. 3. Tikro land at Mahakudar mouza        Plate no. 4. Bahal land at Baruakocha mouza            

Source: Field Survey, September 2018               Source: Field Survey, September 2018
 

Table 4. Different types 
 

Types of land use 
Area (acres)

Total area of basin 23287.00
Area under forest 5842.71
Area  not available for 
cultivation 

5321.08

current fallow 1766.62
Net shown area 10356.59
Area shown more than once 2415.13
Total cropped area 12771.72

                                              Source: 
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8. Different types of land classes of Salda river basin 
Source: SOI Topographical Map, 2010 and field survey 

Tikro land at Mahakudar mouza        Plate no. 4. Bahal land at Baruakocha mouza            
Source: Field Survey, September 2018               Source: Field Survey, September 2018

Different types land utilization in the basin area, 2001-2011 

2001-02 2010-11
Area (acres) Percentage (%) Area (acres) Percentage (%)
23287.00 100.00 23287.00 100.00
5842.71 25.09 5458.56 23.44
5321.08 22.85 4967.68 21.33

1766.62 7.58 1684.5 7.23
10356.59 44.47 11076.26 47.56
2415.13 10.37 2821.4 12.12
12771.72 54.84 13897.66 59.67

Source: Census of India 2001 and 2011, PART XII-A 
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                                       Fig. 9. Different types of land utilization in Salda basin  
Source: Census of India 2001 and 2011, PART XII-A 

 

Table 5. Crop-wise coverage area, percentage under net shown area, per acre production and 
total production under Salda River basin in 2017-2018 

 

Name of crops Cropping area  
( in acres) 

Percentage of total 
area under crops 

Per Acre 
production  
(in Kg.)  

Total 
production 
(in Tons) 

Aman paddy 6682.94 52.22 1072.84 7164.11 
Aus paddy 26.87 0.20 734.11 19.72 
Boro paddy 502.64 3.92 972.48 488.80 
Wheat 297.06 2.32 781.46 232.14 
Maize 551.42 4.30 974.09 537.13 
Groundnut 337.88 2.64 673 227.39 
Mustard 1139.86 8.90 331.04 377.34 
Til 36.09 0.28 129.09 4.65 
Arhar 201.44 1.57 435.85 87.79 
Masoor 351.76 2.74 219.34 77.15 
Chickpea 281.11 2.19 381.22 107.16 
Linseeds(Tisi) 65.26 0.50 118.57 7.73 
Peas 95.7 0.74 495.34 56.87 
Potato 266.19 2.079 8885.06 2365.11 
Vegetables 1972.89 15.41     
 Total 12797.66 100.00     

Source: Field survey on September, 2018 
 

 
                                    

Fig. 10. Cropping pattern according to area under Salda basin 
Source: Field survey on September, 2018 
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the important modifying agents of climate inside 
the basin. Geomorphologically, the basin is an 
area of varying levels, e.g., Upper basin of 618 m 
elevation, and lower plain of 238 m elevation. So 
the landforms are affected differently by their 
climatic elements. 
 
The Salda Basin being located in the fringe areas 
of the eastern Chhotanagpur is characterized by 
tropical Monsoon type of climate. This can be 
well studied in the occurrences of seasonality of 
temperature and rainfall along with several local 
storms like Nor’wester and other associated 
features both in temporal and spatial dimensions. 
The mean annual rainfall of the basin varies from 
1000 to 1400 mm. and means annual 
temperature varies from 30°C to 34°C.  
 
2.7.1 Temperature 
 
Mean annual temperature varies from 30.22°C to 
33.77°C in different years of the basin. 
Temperature rises rapidly from the beginning of 
March. May is the hottest month with mean daily 
maximum temperature of 40.3°C and means 
daily minimum temperature of 27.2° C. On some 
days of May and June, the day temperature is 
sometimes pushed up above 45°C to 48°C by 
the dry land winds (Loo). January is the coldest 
month with the mean daily maximum 
temperature at 25.5°C and mean daily minimum 
at 12.8°C. In cold season sometimes minimum 
temperature is below 5°C due to the Western 
disturbances.  
 
2.7.2 Rainfall 
 
The average annual rainfall in basin area is 
1363.10 mm. The rainfall during June to 

September constitutes about 80% of annual 
rainfall, July being the rainiest month of the year 
(Tables 1 and 2). 
 
2.7.3 Humidity 
 
Relative Humidity is high during the monsoon 
season, being generally between 70% to 85%. 
After the withdrawal of south-west monsoon 
relative humidity decreases gradually, the driest 
part of the year is the hot season, when the 
relative humidity is 30% to 45%.  
 

3. RESULTS AND DISCUSSION 
  
3.1 Influence of Climate on Landform 

Development 
 
The present study shows the landscape system, 
time lag in the response of evolutionary process, 
pedogenic processes with the respect of climatic 
element, which is present on polycyclic 
landscape including some traces of residual soils 
on soil profiles. The inherent landforms as well 
as the land use patterns of the polygenetic Salda 
basin are largely controlled by different climatic 
elements.  
 
It has been observed that the landform of Salda 
basin exhibits many features. Advanced erosion 
generally exists with steep slopes viz. Pokhriya 
Pahar (618 m), Bighbinhdya Pahar (543 m) 
Iphuratu Pahar (475 m). Valleys broaden into 
wide depressions with flat and slightly undulating 
floors. The width of such lowlands often reaches 
in several kilometers in the lower part of the 
basin. Asymmetric, and cuesta-like ridges are 
common (Pokhriya Pahar). The stream beds are  

 
Table 6. Various types of vegetables grown around the year in Salda Basin area 

 
Month Vegetables 
January Brinjal, Tomato, Cabbage, Cauliflower, Peas, Sem,  Carrot, Beet, 
February Bitter Ground, Cabbage, Cauliflower, Peas, Carrot, Beet 
March Cucumber, Bitter Ground 
April Capsicum, Bottle Ground, Onion 
May Onion, Brinjal, Pepper, Bottle Ground, Watermelon 
June Bottle Ground, Okra, Pumpkin, Cucumber, Spinach, Bitter Ground 
July Same to June 
August Radish, Pumpkin, Spinach 
September Okra, Spinach, Brinjal 
October Tomato, Pepper 
November Brinjal, Tomato, Cabbage, Cauliflower, 
December Same to November 

                                                       Source: Field survey in September, 2018 
 



                        
Fig. 11. Different sources of irrigation facilities in Salda River 

Source: Field survey on September, 2018

 
far from having regular profiles even if the stream 
flows on a level or slightly undulating surface, 
which will justify the name of planation surface 
with inselbergs. 
 
Mention should be made of inselbergs (residual 
hills), stone lines, gullied-surfaces, later
capping or duri-crusts, scarpfalls, wide level 
plains at different altitudes in erosion surfaces, 
pediment like slope, terraces, floodplain deposits 
and planation surface, which constitute the 
polycyclic landscape of Salda basin. These 
topographic forms appear to affirm the change of 
climatic conditions which have played an 
important role. 
  
The Salda is also a small river basin, so it is 
difficult to identify the influence of past climatic 
regime within this small latitudinal and 
longitudinal extension. However, indications of 
the effects of climatic change are mainly 
obtained from the inselberge dominated land 
surfaces on the lower reaches of the valley.
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11. Different sources of irrigation facilities in Salda River basin 
Source: Field survey on September, 2018 

from having regular profiles even if the stream 
flows on a level or slightly undulating surface, 
which will justify the name of planation surface 

Mention should be made of inselbergs (residual 
surfaces, laterite 

crusts, scarpfalls, wide level 
plains at different altitudes in erosion surfaces, 
pediment like slope, terraces, floodplain deposits 
and planation surface, which constitute the 
polycyclic landscape of Salda basin. These 

s appear to affirm the change of 
climatic conditions which have played an 

The Salda is also a small river basin, so it is 
difficult to identify the influence of past climatic 
regime within this small latitudinal and 

. However, indications of 
the effects of climatic change are mainly 
obtained from the inselberge dominated land 
surfaces on the lower reaches of the valley. 

3.2 Influence of Climate on Agricultural 
Land Use 

 

Each of the climatic elements has its own way of
influencing land use. During June to September, 
the total rainfall is 1071.5 mm. of the basin. 
Rainfall is negligible in the rest of the year. 
Besides being concentrated in four months, it 
might delay in coming, it might stay longer or it 
might occur at longer intervals. All these 
peculiarities affect rice cultivation, which is the 
main crop of the basin. Yet the relatively high 
average rain makes rice predominant crop. The 
rains which are torrential are very damaging also 
to the surface of the lower basin
creates inundation. Damages occur in the form of 
several types of soil erosion such as sheet 
erosion, rill erosion, gully erosion on the upper 
basin etc. 
 

Temperature can affect land use adversely if it 
touches extremes. However, none of the mo
except mid-April to mid-June is injurious to plants 
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Each of the climatic elements has its own way of 
influencing land use. During June to September, 
the total rainfall is 1071.5 mm. of the basin. 
Rainfall is negligible in the rest of the year. 
Besides being concentrated in four months, it 
might delay in coming, it might stay longer or it 

onger intervals. All these 
peculiarities affect rice cultivation, which is the 
main crop of the basin. Yet the relatively high 
average rain makes rice predominant crop. The 
rains which are torrential are very damaging also 
to the surface of the lower basin because it 
creates inundation. Damages occur in the form of 
several types of soil erosion such as sheet 
erosion, rill erosion, gully erosion on the upper 

Temperature can affect land use adversely if it 
touches extremes. However, none of the months 

June is injurious to plants 
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in the basin. The temperature in the basin for 
major part of the year remains constantly high 
and aid evaporation. Only during winter 
temperature is lower. On an average, the climate 
of the basin can be said to not congenial for 
successful land use in the basin, provided 
precaution against some of the adverse elements 
are taken. 
 

3.3 Land Classification 
 

The total land of the study area is 23287 acres.  
As the Salda River Basin is a part of the eastern 
fringe of Chhotanagpur plateau, so the general 
slope of the land is from west to east. But the 
actual slope of the Salda basin is opposite to 
regional slope direction from east to west. The 
land of the study area is also characterized by 
degradation surface which experiences 
accelerated soil erosion, mainly caused by gully 
and rill erosion, leaching and human interference 
through deforestation. 
 

The land of the area under study is classified into 
five categories: (1) Tikro land / Degraded upland, 
(2) Tanr Land / Barhi, (3) Baidh Land, (4) Kanali 
Land, (5) Bahal Land / Low land / Garha (Table 
3). 
 

3.3.1 Tikro land 
 

This area is situated in the upper part of the land 
classes. It is covered by rocky surface, boulder 
and gravels. It is totally unproductive and fallow 
land. Vegetation cover is also very low in this 
category. Somewhere this area is fully covered 
by opened Pre-Cambrian granite and gneiss 
rocks. Main soil texture is rocky and gravelly 
loamy sand, which are infertile and unproductive. 
This land spreads all over the study area, but 
upper and middle portion of the basin cover 
maximum portion. Mainly on the lower basin this 
rock masses are open on the surface by long 
geological erosional activities. The soil erosion is 
very rapid in this part due to absence of 
vegetation cover and wind action during long 
summer season. 
 

3.3.2 Tanr land 
 

Tanr is the lower portion of the Tikro Land. 
Laterite and Red-gravelly soils are present here, 
which represent low fertility and or soil capability. 
This area is characteristics by gentle slope 
towards flat upland. So water holding capacity is 
very low. As a result agricultural productivity is 
also very low. In the study area this land is 
mainly used for short duration Kharif crops, 
grazing and forestry.  

3.3.3 Baidh land 
 
The next category is Baidh, which is better than 
Tarn land for land utilization. The soil types in 
this land are laterite with sand, sandy loam, and 
sometimes fine sandy soil is also found. 
Percolation rate is also high, so it is less fertile 
land.  The depth of soil horizon in this region is 
only 2 to 5 feet. Below 5 feet the parent materials 
are found. This land covers the largest area 
(8926.85 Acre) of the basin, which are maximum 
belong to north-eastern and central portion of the 
basin. Jhalda-Darda, Iloo-Jargo, and Khamar 
Panchyet cover largest amount of Baidh Land. 
 
3.3.4 Kanali land 
 
Kanali is that type of land which is relatively 
better than the Tarn and Baidh. Kanali land is 
generally situated between Baidh and Bahal. The 
water availability is good to moderate in 
monsoon season, so it is suitable for paddy 
cultivation. The soil in this land is alluvial and fine 
silt to clay. This type of land covers only 11.87% 
of total land of the study area. Eroded materials 
of upper lands are deposited in this land. So, if 
people ignore to prevent deposition then this land 
also becomes sandy and gravelly. Because main 
deposited materials are sand, gravel, pebble, 
bolder, stone. Besides, little amount of clay and 
silt is also deposited.  
 
3.3.5 Bahal land 
 
Bahal is the lowest most land surface of the 
study area and is the most valuable land for 
agricultural use. The soil in this category is fertile 
alluvial soil and clay-loamy in texture. Water 
table is very near to the ground and infiltration 
rate is very low so the water holding capacity is 
very high in this portion. This land is existing near 
the river bank and below the water body, which 
are mainly found in the lower basin area. 
 

3.4 Land Utilization in Salda River Basin 
 
This Basin area is located in the plateau fringe, 
so land utilization here is very much diverse type. 
Most of land are forest and unavailable for 
cultivation, which lying over the upper basin area. 
On the other hand, eastern, south-eastern, and 
northern part of the basin is mostly covered by 
forest and non-cultivated land.  More than 51% 
area belongs to these categories. Only 43.37% 
area is used for agricultural purpose, of which 
70% is found in the lower basin. In summer 
season, Rabi crops are practiced in the lower 
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basin area, which is mentioned as Area shown 
more than once. Land utilization of the study 
area is gradually changing in slower rate. Areas 
under forest, area are not available for cultivation 
and current fellow land are decreasing and net 
shown area and total cropped area are 
increasing in recent decade. Table 4 shows the 
diverse land utilization in basin area: 
 

3.5 Cropping Patterns 
 
The Cropping pattern in the Salda basin in 
relation to the importance of different crops has 
grown, especially in terms of their spatial and 
temporal context, represents the hierarchical 
order and in association with different crops at a 
point of time in the particular areal unit within the 
basin. 
 
In the study area agriculture is the main 
occupation of the people, so the study of crop 
cultivation and its planning is of great 
importance. 
 
The diversity of crop farming is the result of 
diversity in topographic, socio-economic and 
technological conditions of the basin. The main 
crops, crops coverage and production of the 
study area are mentioned in Table 5. 
 
Table 5 shows different types of crops of the total 
Basin area, the total area is 23287.00 acres of 48 
Mouza, where 10076.26 acres having net sown 
area and Gross cropped area is 12797.66 acre. 
Gross cropped area refers as cropping area. The 
Table 5 has shown the variables such as crop 
coverage areas, crops production, and diversified 
cropping practice regarding the land classes. The 
data has been collected in the form of local units 
that are commonly used by the local 
stakeholders,  Bigha, Mon but this information 
are converted into traditional units like, Acres, 
Kg. and Tons etc. 
 
3.5.1 Paddy 
 
Paddy is the most important food grains in the 
Salda basin area. It has covered the largest 
portion (56.34%) of the total net cropped area 
and the production (7672.63 tons) of this crop is 
also highest compared to rest of the crops during 
the period 2017-2018. Due to lack of irrigation 
facilities this crop is being totally dependent upon 
the monsoon rainfall. This crop has been 
cultivated by using two methods, such as (i) 
transplantation method in low lands and (ii) 
broadcasting method in the uplands. The spatial 

distribution of paddy cultivation indicates its close 
relation with soil, water and topography. In the 
study area paddy are mainly of three types: Aus, 
Aman and Boro. Aman has been largely 
cultivated all over the region during monsoon 
season, which is sown in June and reaped in 
mid-October.  Aman has covered the largest 
portion the total cropped sown area in 
comparison to other crops. The cropped area is 
6682.94 acres, which is 52.22% of total sown 
area. Whereas, Aus and Boro paddy was 
cultivated in small scale i.e. 26.87 acres and 
502.64 acres respectively. In this basin area, Aus 
and Boro have been cultivated during the period 
of mid-June to September-December to March 
respectively. 
 
3.5.2 Pluses 
 
Pulses are the second important cereal in the 
Salda Basin. It is cultivated as dry crops, 
because Tarn land is mainly used for pulses 
cultivation in the monsoon season. The cereals 
like Tur (Arhar), Moong, Chickpea and Gram are 
cultivated for domestic consumption. Masoor is 
another pulse which is cultivated (351.76 acre in 
2017-18) in Kanali land in winter season. Pulses 
are important because it is cultivated in less 
moisture with moderate fertile soil and also in the 
low rainfall conditions and prolonged dry spells. 
These pulses are used both for human 
consumption and cattle feed. Agricultural 
operation such as preparation of land for these 
type of pulses cultivation is very easy rather than 
the other crops. Pulses are grown well on a 
variety of soil; however, it is generally grown in 
the poorer soil. 
 
3.5.3 Pea 
 
Pea is grown as Rabi crop. The local people 
consider Pea as vegetable rather than pulse. 
Total peas cultivated area is 108.82 acres and 
total production is 53.81 tons.  
 
The cultivation of the total pulses has spread 
over only in 9.94% of the total cultivated area in 
2017-18. 
 
3.5.4 Oil seeds 
 
Various types of oilseeds are cultivated all over 
the basin area such as Kharif and Rabi in both 
the seasons. Oil seeds like Til, Line seed (Tisi), 
Groundnut, Khasla except Mustard are practiced 
during the Kharif season. Til, Line seed (Tisi), 
Groundnut, Khasla and Khasari are cultivated in 
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red, sandy loam soil of Tarn land.  All of those oil 
seeds are cultivated during the onset of 
monsoon. Sub-tropical monsoon weather and 
well drained light sandy loam, red soils are well 
suited for this type of cultivation. 
 

Mustard cultivation has been very much suitable 
for sub-tropical dry and cool winter climate. So it 
is practiced in largest area rather than others 
oilseeds. Mustard has covered 1139.86 acres 
area that is 8.90% of total net sown area and the 
amount of total production is 377.34 tons in 
2017-18. It is cultivated on winter season in 
Baidh and Kanali land. 
 

3.5.5 Potato 
 

Potato is the important food crops of Salda River 
basin. It is grown in the subtropical condition in 
winter season on sandy-loam to loamy soil with 
5.5 to 6.5 pH value. It is also known as ‘friend of 
poor men’, so most of the people select this crop 
after paddy cultivation in Kanali land. However, 
due to lack of water it is practiced in short 
duration providing 3 to 4 times irrigation. 
Therefore, total area coverage for potato is 
only266.19 acre and total production is 2365.11 
tons in 2017-2018. 
 

3.5.6 Wheat 
 

The percentage of wheat cultivation is only 3.19 
% of net cultivated area of the basin. It is a Rabi 
crop, which requires low temperature, available 
irrigation and well drained fertile loamy-clay soil. 
This nature is rare in this area. So it is cultivated 
only in297.06 acres and total production is 
232.14 tons in 2017-18. 
 

3.5.7 Maize 
 

Maize is one of the most versatile emerging 
crops having wider adaptability under the basin 
area. It has the highest genetic yield potential 
among all the cereals. In the study area Maize 
cultivation mainly starts before the onset of 
monsoon, so it is a Kharif crop. Maize cultivation 
has been successfully done in Tarn and Baidh 
land, where soil is sandy-loam to loamy and pH 
value is 5.5 to 7.0. It is also cultivated under 
rainfed conditions on poorer soil. 
 
3.5.8 Vegetables 
 

Vegetables are most revenue earning crop in this 
area. In both Kharif and Rabi season this area 
produces different types of vegetables. Table 6 
shows the different types of vegetables with 
growing season in Salda Basin. 

3.5.9 Zaid crop 
 
These crops are grown during the period from 
March to June. The zaid crops like Bitter Gourd, 
Sponge Gourd, Bottle Gourd, Watermelon, and 
Pumpkin are cultivated in the Basin area. 
 

3.6 Irrigation Facilities 
 
Owing to the peculiar topography the basin area 
has little irrigation facilities. Soil erosion is the 
main problem of upper basin for irrigation, where 
erratic and scanty rainfall is another problem of 
irrigation in whole basin area. Irrigation in the 
area is mainly facilitated from wells, bandh, and 
check dams, which is accumulated from run-off 
water. As the availability of water depends on 
rainfall, it is not assured for irrigation         
always. During summer months most of the 
Wells and Bandh get dried-up and hence 
irrigation is not possible. Two check-dams: 
Narahara Dam and Baghbinda Dam are small 
scale irrigation project; these are also dried-up in 
summer. Only lower basin has potentialities for 
irrigation in summer season from river. In 
addition to Salda River, people used to get 
irrigation water from the Rupai and 
Subarnarekha River. Therefore, lower basin has 
potentialities of irrigation in summer and       
hence this portion has huge capability of 
agriculture. 
 

3.7 Land Classification and Its Impacts on 
Crop Selection 

 
In this basin area land has been classified into 
five categories, such as Tikro, Tanr / Barhi, 
Baidh, Kanali and Bahal. The regional soil 
texture, soil fertility, water holding capacity, 
surface and ground water potentiality, irrigation 
facilities etc. are depended on those land 
categories. So, agricultural system and cropping 
patterns are fully influenced by the 
characteristics of land categories.  
 

Tikro and Tarn land are not suitable for crop 
production. These lands are infertile and have 
high infiltration capacity. Due to undulating and 
sloppy character Tarn is suitable for pulses, 
maize and vegetable cultivation in monsoon 
season. Baidh land is also not suitable for 
agricultural practice like paddy cultivation. The 
cultivation in this type of land has increased with 
the growing demand of food grains with the 
passage of time. This type of land is used for 
paddy, oilseeds, and pulses cultivation with the 
help of irrigation facility.   
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Table 7. Cultivated crops, their problems and essential crop selection according to land classes 
 

Land classes Cultivated crops Problems Suitable crops Remarks 
Kharif Rabi Kharif Rabi 

1.Tikro Not Cultivated Not Cultivated Drought, infertile, rapid 
soil erosion,  rocky 
surface 

Til None For the preventing soil 
erosion plantations 
measures are required. 

2.Tarn 
Or Bari ( near  
to settlement) 

Aus Paddy, 
Maize, Groundnut, 
Til, Tur, Tisi, 
Pepper, Okra, 
Spinach, Radish, 
Brinjal, Sponge 
Gourd. 

(near to 
settlement) 
Onion, 
Cucumber, 
Spinach, 
Cauliflower, 
Cabbage, 
Tomato, 
Coriander. 

Water  scarcity, 
Low fertility, 
Shallow soil depth, 
Soil erosion 

Maize, Tur, 
Spinach, Tomato, 
and other  
remunerative 
vegetables 

Spinach, 
Cauliflower, 
Cabbage, Tomato, 
and other  
remunerative 
vegetables 

This land covers large 
area. So people want to 
cultivate selective     
remunerative 
vegetables. 
The crops having market 
demand need to be 
cultivated. 

3.Baidh Medium duration 
traditional paddy, 
locally called 
Baidh Dhan 

Potato, Tomato, 
Mustard, Peas, 
Cauliflower, 
Cabbage, Chick 
Pea. 

Water scarcity, need 
irrigation for suitable high 
yielding medium duration 
varieties.  Low fertility. 

Tomato, Radish, 
Pepper and other 
crops with market 
demand. 

Same as practiced 
crops. 

As this land has low 
fertility, sandy-loam soil 
and water holding 
capacity is very low, so, 
it needs short to medium 
duration crops. 

4.Kanali Medium to long 
duration Aman 
Paddy 

Onion, Wheat, 
Chick Pea, Bitter 
Gourd, Pumpkin, 

Lack of water. 
Unavailability of HYVs. 
Lack of irrigation facilities. 

Same as 
practiced crops. 

Same as practiced 
crops. 

Need rigorous attention 
for cultivation, crop 
rotation. 
Emphasis on irrigation 
facilities. 

5.Bahal Long duration 
Aman Paddy 

Short duration 
Boro Paddy 

Excess water, 
Lack of proper nutrient 
management 

Same as 
practiced crops 

Same as practiced 
crops 

Emphasis on well 
drainage. 

Source: Field survey on September, 2018 
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Kanali and Bahal are most appropriate for 
cultivation. These types of land are suitable for 
both Kharif and Rabi crops with the help of 
irrigation facilities. Bahal land is basically used 
for paddy cultivation in monsoon season and 
Rabi season also. In the basin area main 
constraint for agriculture is lack of water, but 
Bahal is that type of land where water is 
available for both season. It is not suitable for 
potato, pulses, nut and oil seeds production 
(Table 7). 
 
4. CONCLUSION 
 
The present study has analyzed the landform 
characteristics, impact of landform and climatic 
elements on agricultural land use pattern of 
Salda River Basin. This area has unique 
characteristics of a complex and composite land 
unit. It has been classified into four 
geomorphological regions and five land classes, 
which have been considered as an important 
influential factors and one of the important 
determining elements upon the agricultural 
landuse pattern. The characteristics of soil  
depth, soil texture, fertility, surface and       
ground water availability, irrigation facilities etc. 
are very much dependent upon the land 
categories.  
 
The Salda River basin is a micro-basin of the 
Subarnarekha Drainage system, but it reflects 
the typical land characteristics of the fringe area 
of Chhotanagpur plateau, where some typical 
geomorphic attributes control the productivity of 
the land and also controls the socio-economic 
conditions of the local people. The present 
authors have tried to examine the typical 
geomorphic attributes and their effects on 
present productivity of the land in a micro level 
study, where they studied the land surface 
characteristics on the basis of Cadastral maps 
and extensive field works. 
 
It is clear that the economy and livelihood of this 
area is very much dependent on the agricultural 
production which is influenced by unfavorable 
terrain conditions and unreliable monsoon 
rainfall. The western and central part of the basin 
is comparatively better in terms of the agricultural 
activities. The eastern and south-eastern parts 
are suffering from acute problems due to the 
existence of large tracts of barren land and 
forests. Each geomorphic division with its 
particular geomorphic processes is responsible 
for the development of distinct land use patterns 
within the Salda basin. 
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Abstract

Molecular data based revision of Leptolyngbya, the largest polyphyletic genus of the family Leptolyngbyaceae (Synechococ-
cales) is imperative. Polyphasic approach to the taxonomic analysis of two (AP9F and AP25) cyanobacteria, tentatively des-
ignated positions in the “LPP-group” is described. Cell shapes of AP9F and AP25 were highly elongated whereas the cells 
of the reference strains (Leptolyngbya boryana and Nodosilinea nodulosa) were occasionally elongated to isodiametrical. 
Terminal cells of AP9F and AP25 appeared as flattened corners (not rounded), which was different from other Leptolyng-
byaceae members. 16S rRNA gene sequences of AP9F (1366 bp) and AP25 (1408 bp) showed 95% and 92% similarities 
respectively with the non-redundant nucleotide sequences of their closest relatives of the Leptolyngbya genus. Test strains 
were located in the phylogenetic tree in a clade different from the ones containing the type species. A single operon having 
both tRNAile and tRNAala genes were present in the ITS regions of AP9F and AP25 compared to two operons in the ITS region 
of the genera Leptolyngbya and Nodosilinea: one having both tRNAile and tRNAala genes and another lacking both the genes. 
The secondary structures of the traditionally conservative D-stem region as well as the Box B helix and V3 regions of the 
ITS operons significantly varied between the test strains and also when compared with the corresponding sequences of L. 
boryana and N. nodulosa. Molecular phylogenetic and morphological data suggested AP9F and AP25 to be monophyletic 
taxa for which the names Euryhalinema mangrovii gen. nov., sp. nov. and Leptoelongatus litoralis gen. nov., sp. nov. are 
proposed respectively.

Keywords: Cyanobacteria, internal transcribed spacer region, Leptolyngbya, Sundarbans

Introduction

Correct taxonomical identity of any organism reflects the evolutionary foundation necessary to establish the relation 
between the organism’s genes and its behavior (Philippot et al. 2010). The Cyanoprokaryotes constitute a major 
share of the primary producers of the earth. Understandably, they require intense scientific attention to gain complete 
knowledge of their taxonomical identification, physiological characteristics and genetic composition. Cyanobacteria 
are ecologically important groups of organisms which are proven to be potential sources of commercially important 
secondary metabolites. This possibility has prompted the necessity of detailed investigations on the systematic positions 
of the Cyanoprokaryotes. The cyanobacterial biodiversity of the vast forestland of the Sundarbans, the world’s largest 
tidal mangrove forest is unexplored, only two species being validly described. Our group identified two strains (AP17 
and AP24) as Oxynema aestuarii sp. nov. through a polyphasic approach (Chakraborty et al. 2018). O. aestuarii was 
the second novel species of the newly-formed genus Oxynema, which was separated from the Phormidium-Group I 
genus (Chatchawan et al. 2012). Debnath et al. (2017) also studied simple trichal non-heterocytous cyanobacteria 
in the alluvial arsenic-affected rice field soils and estuarine mangrove soil of the Indian Sundarbans and reported 
Geitlerinema cf. calcuttense, Geitlerinema cf. jasorvense and Coleofasciculus cf. chthonoplastes for the first time 
from India and described Leptolyngbya indica as a novel species. Debnath et al. (2017) also stressed the necessity for 
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upgradation of the cyanobacterial taxonomic literature of the Indian subcontinent. The possibility for identification of 
further novel species exists because it is known that cyanobacteria residing in the mangroves may undergo morpho-
ecological changes for their survival which can stimulate speciation (Debnath et al. 2017). Additionally, the Sundarbans 
is typified by constant tidal forcing and mixing of water columns that permit cyanobacteria to flourish resulting in 
considerable genetic diversity (Neogi et al. 2016). Lopes et al. (2012) further noted that morphological characters of 
mangrove cyanobacteria were infrequently not in concurrence with phylogenetic relationships and had a tendency to 
change in response to the prevailing environmental conditions.
 The overall alpha-level taxonomy to identify Cyanoprokaryotes is currently in a disordered state (Komarek 
2006, Palinska & Surosz 2014). The general taxonomical approaches to classify cyanobacteria follow the principle of 
organizing these microorganisms as described by Komarek & Anagnostidis (2005) and Komarek et al. (2014) which 
has been subject to several revisions based on which around forty five new genera have been described between the 
years 2010 and 2015 (Bohunicka 2015). Out of eight cyanobacterial orders identified in the classification of Komarek 
et al. (2014), the order Synechococcales consists of many polyphyletic genera. Very recently a family-level revision 
was performed on the order Synechococcales and six new genera under the family Oculatellaceae (Synechococcales) 
were described (Mai et al. 2018). Leptolyngbya is the largest, heterogeneous and highly diversified genus which 
is polyphyletic in origin and has been suggested to be separated into several new genera (Casamatta et al. 2005, 
Komarek & Anagnostidis 2005, Johansen et al. 2008, Zammit et al. 2012, Komarek et al. 2014, Mai et al. 2018). 
Genus Leptolyngbya is believed to contain members which are morphologically alike but genetically very distant. 
Hence, a serious revision based on the molecular data of the Leptolyngbya genus is urgent to attain more resolved and 
reliable relationships among the member organisms of this genus. Accordingly, genus Phormidesmis (Komarek et al. 
2009, Turichhia et al. 2009) and genus Nodosilinea (Perkerson et al. 2011) were separated from the Leptolyngbya 
genus and designated as novel genera. Furthermore, Haloleptolyngbya sp. (Dadheech et al. 2012), Chroakolemma 
sp. (Becerra-Absalon et al. 2018) and Albertania sp. (Zammit 2018) were distinguished from the Leptolyngbya genus 
through the polyphasic approach to taxonomy and established as novel generic entities.
 The present study describes the polyphasic approach to taxonomic analysis of two (AP9F and AP25) out of eight 
cyanobacteria which were previously isolated from the Indian Sundarbans by our research group (Pramanik et al. 2011) 
and tentatively designated positions in the “LPP-group” following Rippka et al. (1979). Although this study was not 
designed to describe novel taxa, it was the view of Alvarenga et al. (2015) that the report of Pramanik et al. (2011) may 
support the definition of novel cyanobacteria. Against this background, we now propose that based on the polyphasic 
approach to taxonomic analyses encompassing molecular phylogenetic relationships of strains AP9F and AP25 with 
the other close members of the Leptolyngbya genus, the presence of morphological autapomorphic characteristics as 
well as ecological considerations, strains AP9F and AP25 be separated from the classical Leptolyngbya genus and be 
designated as two separate novel genera.

Materials and methods

2.1 Collection and maintenance of strains Cyanobacterial strains AP9F and AP25 were collected from the soil surface 
biofilms of the Lothian and Sagar islands respectively (Fig. 1) of the Indian Sundarbans. The details of the physical 
characteristics of the study site are mentioned in Pramanik et al. (2011). Pure cultures were aseptically maintained 
in ASN III liquid medium in Erlenmeyer flasks (Rippka et al. 1979) as well as in solid cultures in Petri dishes. The 
cultures were housed in a controlled environment having fluorescent irradiance (50 μmol photons m-2 s-1) with 12:12 
hrs light : dark photoperiod at 25±1 °C (Chakraborty et al. 2018). Culture purity as well as other morphological and 
biochemical properties of the cultures were observed at regular intervals. No changes were noticed during storage. 
The isolates AP9F and AP25 having accession numbers MCC 3171 and MCC 3170 respectively were deposited in the 
Microbial Culture Collection (MCC), India where they are being cryopreserved.

2.2 Light microscopy Morphological examination was done by using a light microscope (Model DM750; Leica 
Microsystems, Buffalo Grove, USA) under 400–1000 magnification. Photomicrographs of fresh filaments from the 10-
day old cultures of AP9F and AP25 were obtained by a camera (ICC50 HD) attached to the microscope (Chakraborty 
et al. 2018). Cellular dimensions were recorded by the help of the associated software (LAS-EZ, Leica Microsystems) 
provided with the microscope.
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FIGURE 1. Map showing the location of sampling sites. Samples were collected from the Sagar and Lothian islands of Indian 

Sundarbans.

2.3 Scanning electron microscopy Fresh filaments of the test strains were obtained after centrifugation of 1 ml suspension 
at 8000 rpm (Eppendorf 5810R, rotor F-34-6-38, Hamburg, Germany). The cells were fixed in 3% glutaraldehyde for 2 
hrs and subsequently washed in distilled water. Cells were dehydrated using increasing concentrations of ethanol from 
30% for 15 min to 100% for 60 min. The samples were eventually dried at the critical point and the grids were observed 
under a scanning electron microscope (Jeol JSM-6700F, Jeol, Tokyo, Japan) following Chakraborty et al. (2018).

2.4 Transmission electron microscopy About 1 ml suspension of fresh cells from 8–10 day old cultures of AP9F 
and AP25 were centrifuged at 8000 rpm (Eppendorf 5810R, rotor F-34-6-38, Hamburg, Germany). The pellets were 
washed thoroughly in distilled water and subsequently pre-fixed in 2.5% glutaraldehyde and 2% paraformaldehyde 
in 0.1 M phosphate buffer (pH 7.8) for 5–6 hrs at 4 °C. The samples were rinsed in 0.1 M phosphate buffer and the 
leftover fixative was washed off with the buffer. The cells were post fixed with osmium tetroxide (1% solution) for 
60 minutes. Thereafter, cells were dehydrated by passing through increasing concentrations of ethanol. Samples were 
then infiltrated and embedded in Araldite CY 212 (Agar Scientific, Stansted, UK) for cutting of sections. The resin 
block was polymerized by heat treatment at 50 °C overnight and subsequently a second treatment at 60 ºC for 2 days 
was applied. Thin sections of the samples were cut by employing an ultramicrotome, thenceforth contrasted with 
uranyl acetate and lead citrate and observed under a TECNAI G20 transmission electron microscope (FEI, Eindhoven, 
Netherlands) following Chakraborty et al. (2018).

2.5 DNA extraction, PCR amplification and sequencing Cells from the exponential phase of the axenic cultures 
(AP9F and AP25) were harvested and the total genomic DNA was extracted using Gene JETTM Genomic DNA 
Purification Kit (Cat. No. K0721, Thermo Scientific, Waltham, USA) adhering to the manufacturer’s protocol. Purity 
of the DNA was confirmed by gel electrophoresis in a 1.5% agarose gel. PCR amplification of the 16S rRNA gene and 
the 16S-23S rRNA internal transcribed spacer (ITS) regions were performed in a Mastercycler Nexus Gradient PCR 
machine (Eppendorf, Hamburg, Germany) as described in Chakraborty et al. (2018). Cyanobacterial specific forward 
primers CYA106F (5’CGGACGGGTGAGTAACGCGTGA3’) (Nubel et al. 1997) and universal reverse primer 1492R 
(5’-ACCTTGTTACGACTT-3’) (Lane 1991) were used for amplification of the 16S rRNA gene, while forward primer 
16SF (5’TGTACACACCGGCCCGTC3’) and reverse primer 23SR (5’ CTCTGTGCCTAGGTATCC 3’) as indicated 
in Iteman et al. (2000) were applied for the amplification of the 16S-23S ITS regions. The reaction conditions employed 
for amplification of the 16S rRNA gene were: initial denaturation at 94 °C for 5 min thereafter 30 cycles at 94 °C for 
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1 min; 50 °C for 1 min and 72 °C for 2 min and ultimate extension at 72°C for 10 min. The reaction conditions used 
for amplification of the 16S-23S ITS region were: initial denaturation at 95 °C for 5 min thereafter 30 cycles at 95 
°C for 30 sec; 58 °C for 15 sec; 72 °C for 40 sec and ultimate elongation step at 72 °C for 5 min (Chakraborty et al. 
2018). The PCR products obtained after amplification were analyzed on a 1.5% agarose gel stained with ethidium 
bromide and PCR fragments of appropriate size were purified with Gene JETTM PCR Purification kit (Cat. No. K0701, 
Thermo Scientific, Waltham, USA). Construction of clone libraries from the purified PCR products was carried out 
using InsTAcloneTM PCR cloning kit (Cat no. K1213, K1214, Thermo Scientific, Waltham, USA). The purified DNA 
fragments were inserted into the commercial cloning vector pCR 2.1 (Life Technologies, Invitrogen, USA) and the 
vectors with inserted DNA were then transformed into E. coli DH5α cells. White and blue colonies were screened and 
plasmids were isolated from the positive transformants with Thermo Scientific GeneJET Plasmid Miniprep Kit (Cat 
no. K0502, K0503, Waltham, USA). Plasmids were digested with restriction enzymes Eco RI and Hind III and the 
representative clones were chosen for sequencing. The sets of primers used for sequencing of cloned products of the 
16S rRNA gene and 16S-23S ITS regions were alike to the set applied earlier for PCR amplification. The sequencing 
was performed using an automated DNA sequencer (Genetic Analyzer 3500xL, Applied Biosystems, Waltham, USA) 
as described in Chakraborty et al. (2018). The ensuing sequences of 16S rRNA and 16S-23S ITS regions of the two test 
isolates (AP9F and AP25) were submitted to GenBank and their accession numbers are presented in Table 1.

TABLE 1. Gene sequences of the cyanobacterial test strains submitted in NCBI database with their accession numbers.

Gene sequences
Test strains

AP9F AP25

GenBank Accession no. for 16S rDNA MK402979 MK402980

GenBank Accession no. for 16S-23S ITS rDNA MK402981 MK402982

Length of 16S rDNA (bp) 1366 1408

Length of 16S-23S ITS (bp) 459 506

2.6 Analysis of the 16S rRNA gene sequence and phylogenetic tree construction The sequences of the 16S rRNA 
genes of the strains under investigation (AP9F and AP25) were examined in the Basic Local Alignment Search Tool 
(BLAST) within the robust database of the National Center of Biotechnology Information (NCBI, https://www.ncbi.
nlm.nih.gov/genbank/) and pairwise similarities were determined with the other members available in the database. A 
consensus phylogenetic tree was constructed based on the similarity results by selecting the partial sequences of 16S 
rRNA (length >1100 bp) of the closest relatives (based on BLAST hits) of the test strains (AP9F and AP25) as well 
as the sequences of the traditional cyanobacterial taxa from the NCBI database to establish a justified evolutionary 
relationship with the test strains (Chakraborty et al. 2018). The 16S rRNA gene sequences of the reference strains 
(Leptolyngbya boryana PCC6306 and Nodosilinea nodulosa UTEX2910) were obtained from the GenBank resources 
available in NCBI. The sequences of the taxa having ambiguous affiliation were excluded. The sequences were 
aligned in CLUSTAL W program (Larkin et al. 2007). Bayesian Inference (BI), Maximum Likelihood (ML) and 
Neighbor Joining (NJ) analysis were performed using these aligned sequences. BI analysis was conducted using 
MrBayes version 3.2.7a (Ronquist et al. 2012b), applying a GTR+G+I model of nucleotide substitutions. Two runs 
were conducted with four chains and each of the two runs was performed simultaneously for 106 Markov Chain Monte 
Carlo (MCMC) generations. Temperature was empirically set to 0.2 and allowed the sampling of trees after every 100 
generations. This analysis had an estimated sample size (ESS) exceeding 300 for all the parameters which is believed 
to be sufficient and accepted by the phylogeneticists (Drummond et al. 2006). The average standard deviation of 
split frequencies and the potential scale reduction factor (PSRF) value for all the parameters were below 0.01 and 
equaled to 1 respectively, indicating the statistical achievement of convergence of the MCMC chains (Gelman & Rubin 
1992). The first 25% trees were discarded as a burn-in phase and a 50% majority rule consensus tree was calculated 
including posterior probabilities. The phylogenetic tree through ML analysis was constructed using the PAUP version 
4b10 (Swofford 2002) where the majority rule was selected. Confidence values for the branches of the phylogenetic 
tree were determined by bootstrapping of 1000 replications. The multiple aligned sequences were analyzed for DNA 
substitution using the likelihood ratio statistical test implemented in the jModel Test version 0.1.1 program (Posada 
2008) to ascertain the best-fit model of our data. The (GTR+I+G) model of substitution was retrieved as the best fit for 
the data for performing phylogenetic analysis using the Akaike Information Criterion. Gaps were not considered in the 
phylogenetic analysis. Gloeobacter violaceus was chosen as an outgroup taxon. The phylogenetic tree so generated was 
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visualized using TreeGraph 2 (Stover & Muller 2010). Another phylogenetic tree was constructed with the identical 
multiple aligned sequences by applying the Neighbor Joining (NJ) method. Finally, bootstrap values for both ML and 
NJ analyses were mapped on the BI analysis tree.

2.7 Analysis of 16S-23S ITS secondary structures While aligning the sequences of the operons among studied strains 
and reference strains, similar operons (i.e, operons having both tRNA genes for alanine and isoleucine respectively) 
were compared with each other and then folded to study the differences. The ITS secondary structures of the two 
strains under investigation (AP9F and AP25) as well as the reference strains Leptolyngbya boryana PCC6306 and 
Nodosilinea nodulosa UTEX2910 were generated using the M-fold web server, version 2.3 (Zuker 2003) and redrawn 
in Adobe Illustrator CS5.1. The secondary structures were obtained under ideal conditions of untangled loop fix and 
the temperature set to default at 37 °C. The structures of the D1-D1’ helix and Box B helix regions of AP9F and 
AP25 were evaluated against equivalent structures of the reference strains. Comparisons of the sequence lengths and 
secondary structures (wherever appropriate) of the various regions of the ITS sequences (total 14 regions) of AP9F 
and AP25 with the reference strain were performed following Johansen et al. (2011) and described in Chakraborty et 
al. (2018).

Results

3.1 Morphological characterization Our studied strains (AP9F and AP25) were compared with each other as well as 
individually with the two reference strains (Leptolyngbya boryana and Nodosilinea nodulosa) following the polyphasic 
approach. Other members of family Leptolyngbyaceae were not morphologically congruent with the examined strains 
and displayed very contrasting features. Strains AP9F and AP25 showed moderate growth as bluish-green mat-like 
biofilm attached on the surface of Erlenmeyer flasks. Light microscopy (Fig. 2) revealed that both the strains possessed 
some common features like thin thallus, pale to bluish-green color and having filaments more or less densely entangled 
to form a floating mat-like biofilm or attached to the surface. Filaments were long, unbranched, straight or wavy 
with rounded ends. Cells were much longer than their width; length ranged from 1.25–2.6 μm and width 0.4–0.6 μm 
(AP9F) whereas dimensions of AP25 were 1.8–3.5μm (length) and 0.4–0.5 μm (width). Mucilage sheath was absent 
in the filaments of AP9F. However, a very thin and inconspicuous sheath was facultatively visible in some cells of 
strain AP25 only under scanning electron microscope (Fig. 3 c, e). Presence/absence of sheath was not considered as a 
differentiating characteristic. Cells showed fine constrictions at their cross walls which was almost similar for both the 
strains. Trichomes of both the strains were non-heterocytous, without any akinetes or any aerotopes. Filaments were 
vegetatively propagated through hormogonia. A morphological comparison of the strains AP9F and AP25 with their 
close relatives is presented in Table 2. Cell length/width ratio of strain AP25 was significantly greater than that of strain 
AP9F (around 1.5 folds, see Table 2). Additionally, cell length/width ratios of the studied strains were conspicuously 
greater than the corresponding ratios of the reference strains: Leptolyngbya boryana (4.9 folds higher in AP9F and 
7.5 folds higher in AP25) and Nodosilinea nodulosa (2.7 folds higher in AP9F and 4.2 folds higher in AP25). Cell 
shapes of AP9F and AP25 were observed to be highly elongated (Fig. 3) whereas the cells of the reference strains 
were occasionally elongated to isodiametrical. In the present study, the ends of the terminal cells of AP9F and AP25 
appeared as flattened corners (not rounded, see Fig. 3b).

3.2 Ultrastructural studies The ultrastructural features of the two strains under examination were almost similar 
reflecting the overall characteristic of the family Leptolyngbyaceae (Fig. 4). Cellular features like constrictions in the 
cross walls, cell wall, sheath, which were difficult to be evaluated by light microscopy were clearly visible. Thylakoids 
were arranged in such a manner that the overall pattern may be said to be concentrical but not well defined and were 
parallel to the cell wall. Inter-thylakoidal space was not appressed. Presence of a prominent cell wall, carboxysomes 
and cyanophycin were confirmed (Fig. 4a). In general, the thylakoids were arranged parietally which coincides with 
the evolutionary line in the Synechococcales. However, inter-thylakoidal spaces were found to be more distant in the 
strains AP9F and AP25 as compared to that in Nodosilinea nodulosa (Perkerson et al. 2011). This feature was also 
considered to be a diacritical marker for the differentiation among the taxa at the genus or species levels (Bruno et al. 
2009).
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FIGURE 2. Light microscopy of AP9F and AP25. a-b. Microphotograph showing the filaments of strain AP9F. c-d. Microphotograph 

showing the filaments of strain AP25. Scale bars = 5 μm 

TABLE 2. Comparative analysis of morphology of test strains and reference strains Leptolyngbya boryana and Nodosilinea 
nodulosa. Characteristics of previously described genera were obtained from Johansen et al. (2001) and Perkerson et al. 
(2011). The values of the cell length/width ratio was calculated from the mean of cell length and width of 50 determinations 
(n=50).
Feature AP9F AP25 Leptolyngbya boryana Nodosilinea nodulosa

Thallus Pale bluish-green in color, 
fine mats

Pale bluish-green color 
mats

Blue-green colony Greenish mats

Filaments Thin, long, straight or wavy Thin, long, straight or 
wavy

Thin, long, straight or 
wavy

Long, unbranched or rarely 
pseudobranched, forming 
nodules in low light 

Mucilage sheath Absent Absent Absent Thin, colorless, occasionally 
become wide and diffluent

Constrictions at 
cross walls

Prominent constrictions Prominent constrictions Distinctly constricted Distinctly constricted

End cells Ends flattened like edges of 
a rectangle (not rounded)

Ends flattened like 
edges of a rectangle (not 
rounded)

Ends were rounded Ends were rounded

Cell length/width 
ratio 

3.85 5.88 0.78 1.38

False branching Absent Absent Present Occasionally

Cell shape Elongated (much longer 
than the width)

Elongated (much longer 
than the width)

More or less isodiametric Mostly isodiametric

Habitat Intertidal area (estuarine) 
with salinity ranging from 
1.7–1.8%

Intertidal area 
(estuarine) with salinity 
ranging from 1.7–1.8%

Metaphytic, lentic Marine (planktonic tow) from 
depth 10m
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FIGURE 3. Scanning electron microscopy of AP9F and AP25. a-c. Part of the filament of AP9F showing cross wall constrictions and 

apical cell morphology. d-f. Part of the filament of strain AP25. ac= apical cell, cs= cell surface (rough), ms= facultative mucilaginous 

sheath

3.3 Analysis of the 16S rRNA gene sequences and construction of phylogenetic trees The PCR reactions described 
in section 2.5 generated partial 16S rRNA gene sequences of AP9F and AP25 having lengths 1366 bp and 1408 bp 
respectively. The phylogenetic analysis of the strains AP9F and AP25 revealed 95% and 92% similarities with the 
non-redundant nucleotide sequences of their closest relatives in NCBI respectively corresponding to the four top hits: 
accession numbers HM217066, KU569325, EU624415 and AB003168 for AP9F and accession numbers KT315912, 
JQ927355, EU249120 and KU569325 for AP25. The extent of similarity of the 16S rRNA sequences between AP9F 
and AP25 and members of genera such as Chroakolemma sp., Albertania sp., Haloleptolyngbya sp. were approximately 
less than 90%. Among the members of Leptolyngbyaceae, Nodosilinea nodulosa showed highest similarity of the 
16S rRNA gene sequence (about 94%) with the strains under examination and was considered as reference strain. 
A type species of “true” group Leptolyngbya sensu stricto i.e., Leptolyngbya boryana was also selected as another 
reference strain. To establish the precise phylogenetic positions of the AP9F and AP25, a comprehensive phylogenetic 
analysis was conducted utilizing the 16S rRNA sequences of the different members of Leptolynbyaceae along with 
the traditional taxa and other related family members available in GenBank. The resultant tree (Fig. 5) demonstrated 
that AP9F and AP25 are phylogenetically close to the species of the Leptolyngbya genus, however the two strains 
displayed separate lineages as evidenced by significant divergences from the closest relatives and supported by 100% 
bootstrap values in all the branches (Fig. 5). The clade consisting of AP9F and AP25 was sister to the clades of 
“true” Leptolyngbya (Leptolyngbya sensu stricto) and Nodosilinea respectively. The node containing strain AP9F also 
included a strain named “Calothrix sp. 96/26 LPP3” as a sister taxa which might represent a novel species under the 
proposed genera Euryhalinema. The clade of Leptolyngbya sensu stricto, Chroakolemma and Albertania (Fig. 5) were 
substantially supported by the bootstrap values of almost 100%.
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FIGURE 4. Transmission electron microscopy of AP9F and AP25. a-b. Cross sections of the filaments of strain AP9F. c. Cross sections 

of the filament of strain AP25. Characteristics show prominent concentrical arrangement of thylakoids and presence of other features. cw= 

cell wall, cy= cynophycin, th= thylakoids, cr= cross walls, ca= carboxysomes, ph= phosphate body

3.4 Analysis of the 16S-23S ITS gene sequences PCR amplification of the ITS regions of AP9F and AP25 generated 
459 bp and 539 bp long sequences respectively. The AP9F sequence was around 84% similar and the AP25 sequence 
was approximately 88% similar to the other equivalent sequences available in the NCBI database. The ITS regions 
of both the strains were characterized by the presence of a ribosomal operon having tRNAile and tRNAala genes. The 
structure of the D-stem region significantly varied between the strains under investigation and also when compared 
with the corresponding sequences of the type species of Leptolyngbya and Nodosilinea (Fig. 6). Additionally, the ITS 
operon consisted of other conserved and variable domains which are presented in Table 3. Secondary structures of D1-
D1’ helix, Box B helix and V3 regions of the ITS sequences determined for our strains were compared with similar 
sequences obtained from reference strains Leptolyngbya boryana and Nodosilinea nodulosa sharing morphological 
as well as molecular resemblances. The lengths of the D1-D1’ helices of the ITS gene sequences of AP9F (67 nt) 
and AP25 (59 nt) were not only distinct from the two reference strains Leptolyngbya boryana (51 nt) (EF429290) 
and Nodosilinea nodulosa (62 nt) (KF307598) (Table 3) but also the structures varied in terms of the number of 
loops, sequences and the size of the terminus (Fig. 6). D1-D1’ helix of the ITS gene sequence of AP9F consisted of 



CHAKRABORTY ET AL.66   •   Phytotaxa 422 (1) © 2019 Magnolia Press

67 nucleotides having a small terminal loop of 3 nt, two bilateral and two small unilateral bulges (1 nt and 2 nt) in 
its secondary structure. D1-D1’ helix of the ITS gene sequence of strain AP25 was constituted of 61 nucleotides and 
the secondary structure was significantly different when compared to the corresponding structure of AP9F. The D1-
D1’ helix of AP25 contained a large terminal loop of 11 nt, two small and a large unilateral bulge (6 nt) and the basal 
structure was dissimilar in comparison with the basal structure of the D1-D1’ helix of AP9F (Fig. 6).

FIGURE 5. Bayesian Inference analysis with 43 OTUs belonging to Synechococcales and Oscillatoriales with Gloeobacter violaceus 

as outgroup. 1408 nucleotide of 16S rRNA gene sequences were aligned. Node support was indicated as BI posterior probability values/

ML bootstrap/NJ bootstrap; ‘_’ indicates less than 50% bootstrap support value. Taxa names in quotation marks eg. “Calothrix” were 

erroneously named or requires revision. 

FIGURE 6. Comparative analysis of D1-D1’ helices of the 16S-23S ITS regions of test strains (AP9F and AP25) and their closest 

phylogenetic relatives Leptolyngbya boryana and Nodosilinea nodulosa
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TABLE 3. Comparison of the nucleotide lengths of the ITS regions of AP9F, AP25, Leptolyngbya boryana and Nodosilinea 
nodulosa. Significant differences are shown in bold. Only operons containing both tRNA genes are reported in this table for 
Leptolyngbya boryana, although operons containing no tRNA genes in the ITS were also recovered from this strain. Data 
of Leptolyngbya boryana and Nodosilinea nodulosa were obtained from Johansen et al. (2011) and Perkerson et al. (2011) 
respectively.

Strains under investigation 
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AP9F 8 61 18 12 74 5 73 34 34 19 11 7 20 16

AP25 8 61 15 12 74 5 73 36 40 20 11 7 22 21

Leptolyngbya boryana 8 51 41 16 74 14 73 65 11 18 11 15 23 37

Nodosolinea nodulosa 8 62 20 19 71 8 73 24 40 18 12 7 27 12

 The secondary structures of Box B helices of the ITS gene sequence of AP9F consisted of total 34 nt, the terminal 
loop being made up of 6 nt and a straight chain without any bulges. The Box B helix structure of the ITS gene sequence 
of AP25 contained total 40 nt having a terminal loop (4 nt), an unilateral loop (2 nt) and a bilateral bulge. The basal 
sequences of the ITS regions of both strains were identical (5’ CAGC-GUCG 3’). The structural pattern of Box B 
helix of the ITS operon of AP25 (40 nt) differed from AP9F as well as from other two reference strains in having 
significantly smaller terminus (6 nt) along with a bilateral bulge and an unilateral bulge (4 nt), while the same structure 
in case of Leptolyngbya boryana (35 nt) possessed a comparatively larger terminus (7 nt) and a smaller unilateral bulge. 
The corresponding structure of Nodosilinea nodulosa (40 nt) consisted of a terminus (6 nt) and two single nucleotide 
unilateral bulges (Fig. 7). V3 helical regions of the ITS gene sequences of AP9F and AP25 comprised of 20 nt and 22 
nt respectively. The overall structure of the V3 helix of the ITS operons of both strains showed a large terminal loop 
of 12 and 14 nt respectively and a common basal sequence: 5’ AGUC-ACAG 3’. The folding pattern of the V3 helix 
of the ITS gene sequences also revealed noteworthy differences, not only between the two strains under investigation 
(AP9F and AP25), but also in comparison to the two reference strains. The length of the V3 helical region in case of 
AP25 was 2 nt longer when compared to the corresponding structure of AP9F. The difference in length was probably 
due to an insertion/deletion of two adenine nucleotides and substitution of 5’-ACG-3’ to 5’-UAA-3’ as evident from 
Fig. 8 (shown in orange color).

Discussion

The results of the taxonomic study using a polyphasic approach clearly demonstrated that strains AP9F and AP25 
were diagnosable from the other members of Leptolyngbyaceae as evidenced from morphological, ultrastructural, 
ecological and molecular phylogenetic data. According to Martins et al. (2016), the morphological data for taxonomical 
assignments were not always informative and corroborative with the phylogenetic data. However, in the present 
investigation the proposal of assigning the two strains as novel genera as evidenced by morphological studies was 
supported by phylogenetic data.
 AP9F and AP25 were taxonomically distinct based on certain morphological features that deserve special emphasis 
such as cellular dimensions, cell shape and shape of the terminal cell. Similar to our claim, two novel genera namely 
Marileptolyngbya sina and Salileptolyngbya diazotrophicum were separated from the closest genera Leptolyngbya and 
Nodosilinea considering difference in the cellular length as an apomorphic character (Zhou et al. 2018). Terminal cell 
morphology is also considered to be an important criterion (Komarek & Anagnostidis, 2005) for the separation of inter-
generic entities (Chatchawan et al. 2012, Hasler et al. 2012, Martins et al. 2018). In the present study, the terminal cells 
of AP9F and AP25 were different from any other Leptolyngbyaceae members reported till date (Johansen et al. 2011). 
The variations in the distance of inter-thylakoidal space among the strains under investigation and the reference strains 
were observed. The distance between the appressed thylakoids depends on the distribution of phycobilisomes located 
in the thylakoids (Westerman et al. 1994, Olive et al. 1997) and their distribution depends directly on the ecological 
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habitats. The reach and distribution of sunlight on the thylakoidal surface and light availability is dissimilar in intertidal 
soil surface biofilms (AP9F and AP25) and the biofilms found in a lentic system, the habitat of the reference strains 
(Johansen et al. 2011).
 The 16S rRNA gene sequence of strain AP9F showed 99% similarity and AP25 showed 94% similarity with an 
unpublished strain Calothrix sp. 96/26 LPP3 having GenBank Accession no. KM019977.1, which we believe is a 
wrongly submitted strain in the NCBI database. Strains AP9F and AP25 were found to be non-heterocytous strains in 
this study and actually displayed less than 85% similarity with the true Calothrix sp. which is known as a heterocytous 
species of cyanobacteria. Furthermore, some of the phylogenetic relatives identified on the basis of the 16S rRNA 
sequence data in the NCBI database lacked sufficient information such as availability in culture centers and publication 
records indicating requirement of future studies to assign proper positions in the phylogenetic tree. The phylogenetic 
relationship established in the present study demonstrated the taxa under investigation were located in a clade different 
from the one comprising the type species, which requires an urgent revision based on the polyphasic approach 
(Dadheech et al. 2012). The determined relationship raises the question: should the two strains AP9F and AP25 be 
assigned to new genera or be placed in the existing genera, i.e. Leptolyngbya and Nodosilinea respectively. The 16S 
rRNA gene sequences of both AP9F and AP25 showed less than 95% similarity with corresponding sequences of the 
other closely-related genera. Likewise, the identity of the 16S rRNA gene sequences between AP9F and AP25 was also 
less than 95%. Moreover, the branch length bearing Leptolyngbya litoralis (AP25) was much longer in terms of time 
scale than the branch length of Euryhalinema mangrovii (AP9F) which is a direct evidence of an evolutionary time 
difference or the difference in the rate of nucleotide substitutions per site between the two strains under investigation. 
This provides strong justification for assigning AP9F and AP25 in two separate novel genera and an assumption that 
the strain Calothrix sp. 96/26 LPP3 to be another species under the proposed genus Euryhalinema mangrovii (AP9F). 
Perkerson et al. (2010) described the polyphyletic nature of two genera Geitlerinema and Limnothrix which belonged 
to family Pseudanabaenaceae. Some of the strains were studied polyphasically and shifted from the Geitlerinema genus 
to the Limnothrix genus based on the differences in 16S rRNA gene sequence, although they were morphologically 
similar. Fiore et al. (2007) reported a novel genus Brasilonema on the basis of a well-supported clade (evident from16S 
rRNA phylogeny) and was separated from the genus Scytonema which shared less than 95% 16S rRNA gene sequence 
similarity with Brasilonema. 
 The most striking differential feature of strains under investigation was the presence of a single operon having 
both tRNAile and tRNAala genes in the ITS regions of the AP9F and AP25 in comparison to the presence of two operons 
in the ITS region of typical species belonging to the genera Leptolyngbya as well as Nodosilinea: one having both 
tRNAile and tRNAala genes and another lacking both the genes (Iteman et al. 2000, Boyer et al. 2001, Boyer et al. 2002, 
Flechtner et al. 2002, Gugger et al. 2005, Řeháková et al. 2007, Finsinger et al. 2008). The comparison of the ITS 
regions between our isolated strains as well as between the closest comparable genera revealed that the folding patterns 
of AP9F and AP25 differed significantly not only from each other but also from the patterns of other closely-related 
genera. The variations in the structure of the D-stem regions is very interesting because traditionally the D-stem of the 
ITS regions are believed to be conservative; but in the present study sequences of the D-stem differed among the studied 
strains and the reference strains. This observation is supported by the results of Zammit et al. (2012) who noticed 
similar variations in the sequences of D-stem while establishing the novel genus Oculatella subterranea. Considerable 
variability in the structure of the Box B helices of the ITS gene sequences of the two strains under investigation were 
observed after drawing them with similar conserved basal sequences for all structures used for comparison. Such 
variability may be attributed to the rearrangement of bases that occurs in different genera and species leading to a stable 
secondary structure in the minimum free energy level (Chakraborty et al. 2018). The variable nucleotide sequences and 
the grossly different folding patterns of the D1-D1’ helix, Box B helix and V3 helix regions of the ITS operons of the 
test strains in contrast to the reference strains was substantiated by the presence of separate evolutionary lineages of 
our strains distinct from the other Leptolyngbyaceae members, including Leptolyngbya and Nodosilinea as evidenced 
in the phylogenetic trees. The other regions of the ITS gene sequence were also highly variable among the strains 
under investigation and in comparison to the reference strains. Complete analysis of the secondary structures and the 
comparisons of length of different conserved and variable regions of ITS operons in our strains (AP9F and AP25) 
exhibited significant divergences from the type species of the morphologically and phylogenetically closest genera 
Leptolyngbya boryana and Nodosilinea nodulosa. These major deviations in the length, structure and sequences of the 
ITS operons of our strains in comparison to the equivalent regions of the type species was sufficient evidence to justify 
this characteristic as a vital apomorphic characteristic which may be applied to designate our strains as two separate 
novel genera. The secondary structure of the 16S-23S ITS region is an important standard for alpha-level taxonomy 
of cyanoprokaryotes (Boyer et al. 2001) and has frequently been applied for inter-generic differentiation (Johansen & 
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Casamatta 2005, Siegesmund et al. 2008, Johansen et al. 2011, Osorio-Santos et al. 2014, Martins et al. 2018, Zhou 
et al. 2018). Dadheech et al. (2012) also created a novel genus Haloleptolyngbya based on a polyphasic approach 
considering the differences of the ITS regions between the test strains and the type species as an apomorphy. AP9F was 
isolated from the Lothian island of the Indian Sundarbans while AP25 was collected from the Sagar island suggesting 
ecological separation to be a factor accountable for the morphological and molecular apomorphies that established 
AP9F and AP25 as two separate genera in the family Leptolyngbyaceae.

FIGURE 7. Comparative analysis of the Box B helices of the 16S-23S ITS regions of test strains (AP9F and AP25) and their closest 

phylogenetic relatives Leptolyngbya boryana and Nodosilinea nodulosa.

FIGURE 8. Comparative analysis of the V3 helices of the 16S-23S ITS regions of test strains (AP9F and AP25) and their closest 

phylogenetic relatives Leptolyngbya boryana and Nodosilinea nodulosa. Orange outline denotes the position of the occurrence of 

substitution of nucleotides in the test strains.
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Conclusion

Strains AP9F and AP25 are monophyletic taxa and the putative genera to which the strains may be assigned should 
be distinct from the Leptolyngbya and Nodosilinea genera. The names Euryhalinema mangrovii gen. nov., sp. nov. 
and Leptoelongatus litoralis gen. nov., sp. nov. are proposed for AP9F and AP25 respectively. This work highlights 
the application of the polyphasic approach in cyanobacterial taxonomy to identify two novel genera by considering 
the total features of taxa: morphology, ecology and molecular data. The work is important as it contributes towards 
orderliness in the misidentified classical cyanobacterial genus, Leptolyngbya.

Descriptions

Order: Synechococcales
Family: Leptolynbyaceae

Euryhalinema Chakraborty et Mukherjee, gen. nov.
Thallus blue-green. Filaments long, straight to slightly curved, trichome unbranched. Sheath absent. Cells much longer than wide, 

cylindrical, apical cells with flat ends, constrictions at the cross walls distinct.

Type species (designated here): Euryhalinema mangrovii Chakraborty et Mukherjee
 Etymology: The generic epithet “Euryhalinema” is derived from eurus Greek for ‘wide’, halinos Greek for ‘of 
salt’ and nema Greek for ‘thread’.

Euryhalinema mangrovii sp. nov. Chakraborty et Mukherjee

Description: Filaments typically unbranched, straight, isopolar cyanobacterium attached to the soil surface (mainly 
sub-aerophytic) growing as an extensive mat-like biofilm. Cell shape appears to be having a slight broad apex and 
narrow base, much longer than wide, 1.25–2.6 μm long, 0.4–0.6 μm width, mucilaginous sheath completely absent, cell 
contents homogeneous, green without any granulated appearance, aerotopes absent, terminal cells consist of typical 
flattened ends. No heterocytes and akinetes. Cell division takes place by asymmetrical binary fission. Reproduction 
via the formation of hormogonia with the help of straight fragmentation of trichomes without producing any necridic 
cells.
 Holotype (designated here): Holotype (AP9F) deposited and cryopreserved in the Microbial Culture Collection 
(MCC), India having accession number MCC 3171.
 Type locality: Lothian island of the Indian Sundarbans.
 Etymology: The specific epithet ‘mangrovii’ reflects the occurrence of this species in the soil of the mangrove 
region in the Indian Sundarbans.

Leptoelongatus Chakraborty et Mukherjee, gen. nov.
Thallus light greenish in color. Filaments long, straight, unbranched. Trichome covered with a thin diffluent mucilaginous sheath, cells 

much longer than wide, distinct constrictions at the cross wall.

Type species (designated here): Leptoelongatus litoralis Chakraborty et Mukherjee 
 Etymology: The generic epithet “Leptoelongatus” is derived from leptos Greek for ‘fine, thin’ and elongatus 
Latin for ‘elongated’ referring to the shape of the individual cells. 

Leptoelongatus litoralis sp. nov. Chakraborty et Mukherjee

Description: Filaments typically unbranched, straight, isopolar cyanobacterium attached to the soil surface (mainly 
sub-aerophytic) growing as an extensive mat-like biofilm. Cell shape cylindrical, appears to be elongated, much longer 
than wide, 1.8–3.5 μm long, 0.8–1.8 μm width, facultative, mucilaginous sheath facultatively present, cell contents 
homogeneous, green without any granulated appearance, aerotopes absent, terminal cells consist of typical flattened 
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ends. No heterocytes and akinetes. Cell division takes place by asymmetrical binary fission. Reproduction via the 
formation of hormogonia with the help of straight fragmentation of trichomes without producing any necridic cells.
 Holotype (designated here): Holotype (AP25) deposited and cryopreserved in the Microbial Culture Collection 
(MCC), India having accession number MCC 3170.
 Type locality: Sagar island of Indian Sundarbans.
 Etymology: The specific epithet ‘litoralis’ in Latin meaning ‘of the sea shore’ which reflects the occurrence of 
this species in the intertidal area of the Indian Sundarbans.
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ABSTRACT
Necrophagy in ants on the ant species Camponotus compressus, Meranoplus bicolour, Pheidole roberti, Monomorium
pharaonis, Crematogaster subnuda, Anoplolepis gracilipes, Tetraponera rufonigra, Paratrechina longicornis, Oecophylla
smaragnida, Solenopsis geminata occurring at Jhalda, Purulia, West Bengal, India was studied both in field conditions and
in experimental trials under field environment. It is revealed that in their natural foraging area A. gracilipes, Ca.
compressus, Cr. subnuda, M. pharaonis, O. smaragnida, Pa. longicornis, Ph. roberti and T. rufonigra are habituated to
carry selective corpses either of their own species or of different species lying on the ground, to their nest. Also, in
experimentally offered injured, freshly dead and semi-decomposed corpses of different ants, amongst the naturally dead
ants corpses occurring in the field, were procured by the ant species, on priority basis, that is, injured, freshly dead
individuals corpses to the nest. In all cases, depending on the size and weight of the corpses the ants applied either
individual or cooperative transport mechanisms to carry the same.

KEYWORDS: Ants, foraging, necrophagy.

INTRODUCTION
Ants have a wide range of food resources irrespective of
plant and animal varieties (Abbott, 1978, Grover et al.,
2007, Cook et al., 2011, Schultheiss. et al. 2013, Naskar
and Raut, 2014a, b, c, 2015a, b, c, d, e, f, 2016a, b, c,).
Even they are habituated to use the inorganic materials to
ensure their survival (Kaspari, M., S.P. Yanoviak and R.
Dudley, 2008, Naskar and Raut, 2016a). They may
devour the organic food materials directly from the body
of the living organisms or way of feeding the dead, semi-
decomposed, or decomposed organisms (Wilson et al.,
1958, Howard et al. 1976, Banik et al., 2010, López-
Riquelme et al., 2013). Depending on the type of food
materials the ants may carry the same, either individually
or cooperatively to the nest or engulf these at the source.
Customarily, ants could be seen to feed on the corpse of
other animals and also they are habituated to carry (Naskar
and Raut, 2015, 2018a, 2018b, Czaczkes et al., 2010,
2013) the same when possible, to the nest to feed the
colony members. But, they are very much conscious to
maintain the hygienic condition of the nests (Nonacs,
1990, Choe et al., 2009, Czechowski et al., 2009,
Chapuisat, 2010, Heinze and Walter, 2010, Bos et al.,
2012, Diez et al., 2012, 2013, Sun and Zhou, 2013).
Because they have developed the habit to remove the left
over parts of the food materials and corpse of their fellow
members from the nest (Diez et al., 2012, Lopez et al.,
2013). Moreover, moribund ants are seen to leave the nest
to die in isolation (Heinze and Walter, 2010). Even, they
are able to detect the presence of ectoparasite or of fungal
spores on the nest-mate body and thus they ensure removal
of the same by allogrooming (Lecklerc J.B. and Detrain
C., 2016).

Keeping these findings in mind while we were
investigating the causes of abundance of large number of
dead ant individuals lying on the ground we came across
the events of carrying some dead ants by some ant
individuals from the said spot to their nest. We continued
our observation for several months at frequent intervals
and the phenomena of corpse carrying habit by different
ant species, even corpse of the same ant species is being
carried by the same ant species became clear to us, that the
ants carry dead individuals to the nest. Moreover to
ascertain, whether the ants select the freshly dead
individuals or injured individuals or semi-decomposed
individuals we carried out some experiments by offering
injured, freshly killed or semi-decomposed ant individuals
at the same site amidst the naturally occurring dead ant
individuals on the ground. Our findings clearly indicate
that, though necrophoresis in ants plays very important
role to maintain the social prophylaxis (Leclerc and
Detrain, 2016) it is also a very common habit in ants to
carry corpses of ants into the nest, of course, definitely to
meet up the need of the food of the colony members.

MATERIALS & METHODS
The western side of Achhruram Memorial College, Jhalda,
Purulia (Latitude 23’36” North and Longitude 85’98”
East), West Bengal, India where the entire ground remains
under shade during noon and afternoon due to canopy
configuration of the tall trees. Different kinds of ants could
be seen roaming around on the ground almost throughout
the day. On the ground, almost throughout the study area a
large number of corpses of different species of ants viz,
Camponotus compressus, Meranoplus bicolour, Pheidole
roberti, Monomorium pharaonis, Crematogaster subnuda,
Anoplolepis gracilipes, Tetraponera rufonigra,
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Paratrechina longicornis, Oecophylla smaragnida,
Solenopsis geminata were seen lying here and there. The
foraging ants of some of these species were also seen to
carry some of these ant corpses, of course, after careful
examinations to their destination. In some cases they were
seen to consume the corpse at the spot. However, in many
cases foragers were seen to examine a corpse several times
prior to accept or reject the same. Even, in several
occasions it is noted that the same corpse of ant species
was examined by the foragers of different ant species, one
after another, during our observation period and the corpse
which was rejected by the first forager of an ant species
was also rejected by the subsequent foragers of the said
species. Sometimes, some foragers were seen to carry the
part of an ant corpse to the targeted point. Such
procurement processes were seen in the field irrespective
of ant species.
To verify whether the ants have any preference for the
corpse of a particular species and also for the corpse of
freshly dead or semi-decomposed corpse or the live one
available in injured state, we offered all these kinds of
corpse of different ant species as well as the injured ones
amongst the corpses of the ants belonging to different

species lying on the ground at the study site. Observations
were carried out on different dates, at frequent intervals,
on sunny days for a period of five hours at a stretch in
daytime, in all cases. Due attention was paid to note the
fate of experimentally offered ant materials continuously
for the period of five hours after supplying the same on the
ground.

RESULTS
Of the ten ant species noted at the study site species viz.
Anoplolepis gracilipes, Camponotus compressus,
Monomorium pharaonis, Oecophylla smaragnida,
Pheidole roberti, Paratrechina longicornis, Tetraponera
rufonigra, were seen (Fig.1A-D) to carry the corpses of
different ant species either individually or cooperatively to
their nest (Table 1). In experimental trials only six ant
species exhibited such behavior during our study period
(Table 2). In all trials the offered ant specimens were
procured instantly by the foragers after coming in contact
with the same if they belonged to injured or freshly dead
ant specimens. In contrast rarely they had the choice for
the semi-decomposed ones.

TABLE 1. Corpse of ant species consumed at the spot or carried to the nest by the ant species occurring in their natural
habitats at Jhalda, Purulia, West Bengal, India.

Foraging ant species Corpse of the ant species consumed at the site or carried to the nest
Anoplolepis gracilipes Anoplolepis gracilipes, Tetraponera rufonigra,
Camponotus compressus Camponotus compressus, Crematogaster subnuda, Meranoplus bicolor,

Monomorium pharaonis, Oecophylla smaragnida, Pheidole roberti
Crematogaster subnuda Crematogaster subnuda
Monomorium pharaonis Crematogaster subnuda (by splitting the corpse into small parts)
Oecophylla smaragnida Oecophylla smaragnida, Crematogaster subnuda
Paratrechina longicornis Crematogaster subnuda (Head portion)
Pheidole roberti Crematogaster subnuda
Tetraponera rufonigra Tetraponera rufonigra

TABLE 2. Results of experimental trials on the consumption of corpses of ants at the supplied site or carried to the nest by
the ant species

Foraging ant species Corpse of the ant species used as foods
Camponotus compressus Camponotus compressus, Crematogaster subnuda
Crematogaster subnuda Crematogaster subnuda, Pheidole roberti
Meranoplus bicolor Crematogaster subnuda
Monomorium pharaonis Camponotus compressus (by splitting the parts)
Oecophylla smaragnida Oecophylla smaragnida, Camponotus compressus
Pheidole roberti Crematogaster subnuda

FIGURE 1A Paratrechina longicornis carrying a corpse of Camponotus compressus
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FIGURE1B Anoplolepis gracilipes carrying a corpse of Camponotus compressus

FIGURE 1C Oecophylla smaragdina carrying a corpse of Camponotus compressus.

FIGURE 1D Anoplolepis gracilipes carrying a corpse of Tetraponera rufonigra.
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DISCUSSION
It is well evident that the ants, irrespective of species are
habituated to use the corpse of their own species and/or
other species as their food. This habit perhaps, developed
in exigency of situation to fulfill the requirement of
proteins, especially animal proteins of the colony
members. Though the ants feed on different types of
animal carcasses (Wilson et al., 1958, Howard et al., 1976,
Banik et al., 2010) to meet up their protein demands it is
undoubtedly, a unique adaptation of the ants to enable
them to compensate the need of protein, in absence of
other proteinaceous, especially, animal food sources, to
maintain the health of the colony members.
However, it seems that the ants are very much aware of
the fact of hygienic condition of the colony perhaps to
avoid any kind of infection. Most likely, for the said
reason they have shown the preference for injured and
freshly dead ant specimens over other kinds of specimens
offered experimentally. Since, in field condition some
corpses of ants belonging to different species were refused
by all the visitors irrespective of species, it is granted that
almost all kinds of ants are equally sensitive to detect such
unacceptable corpses because of some particular reason.
Thus, to save colony they are habituated to remove the
corpse to a distant place from the colony (Diez et al.,
2012) or by disassociation of the sick ants from the colony
( Boss et al., 2011) or by introducing the habit of isolation
of moribund ants from the society to die in isolation
(Chapuisat, 2010, Heinze and Walter, 2010).
It is concluded that ants irrespective of species are

habituated to feed on the corpses of their own species or of
different species to ensure their survival. It is not known
whether they would prefer their own corpses over other
animal source food items is a matter of further research.
Thus, though ants are necrophagous, this article provides
first information on their necrophagy nature either on their
own species or of different ant species.

ACKNOWLEDGEMENT
The authors are thankful to the Head of the Department of
Zoology, University of Calcutta and to the Principal,
Achhruram Memorial College, Purulia for the facilities
provided. The ant’s specimens were identified by the
Zoological Survey of India, Kolkata, India.

REFERENCES
Abbott, A. (1978) Nutrients dynamics in ants. In M.V.
Brian (ed.), pp 233-244. Production ecology of ants and
termites. Cambridge University, London, United
Kingdom.

Banik, S., Biswas, S., Karmakar, R., and Bhrahmachary,
R. (2010) Necrophoresis in two Indian ant species,
Camponotus compressus (Fabricius) and Diacamma
vagans (Smith) (Insecta: Hymenoptera: Formicidae ) Proc.
Zool. Soc., 63(2), 87-91.

Bos, N., Lefevre, T. Jensen, A.B. and D’Ettore, P. (2012)
Sick ants become unsociable. J. Evol. Biol. 25(2), 342-
351.

Chapuisat, M.(2010) Social evolution; sick ants face death
alone. Current Biology, 20(3): R104-R105.

Choe, D.H., Millar, J.G. and Rust, M. K. (2009) Chemical
signals associated with life inhibit necrophoresis in
Argentine ants. PNAS. 106 (20), 8251-8255.

Cook, S.C., Eubank, M.D. Gold, RE and Behrner, S.T.
(2011) Seasonality directs contrasting food collection
behavior and nutrient regulation strategies in ants. PLoS
One 6(9), e25407 doi:10.1371/journal.pone.0025407.

Czaczkes, T.J., Nouvellet, P., and Ratnieks, F.L.W. (2010)
Cooperative food transport in the Neotropical ant,
Pheidole oxyops Insect. Soc. 58, 153-161.

Czaczkes, T.J. and Ratnieks, F.L.W. (2013) Cooperative
transport in ants (Hymenoptera:Formicidae) and elsewhere
Myrmecological news 18, pp. 1-11.

Czechowski, W., Marko, B. and Godzinska, E.J. (2009)
Corpse carrying in ants (Hymenoptera:Formicidiae):
behavioural side effects of aggressive arousalor
competitive signaling ? Polish Journal of Ecology, 57(20),
341-352.

Diez, L., Deneubourg, J. L. and Detrain, C. (2012) Social
Prophylaxis Through distant corpse removal in ants.
Naturwissenschaften. 99 (10), 833-842.

Diez, L., Moquet, L. and Detrain, C. (2013) Post mortem
changes in chemical profile and their influence on corpse
removal in ants. J. Chem. Ecol. 39 (11-12),1424-1432.

Groβ, R., and Dorigo, M. (2004) Cooperative transport of
objects of different shapes and sizes. In: Dorigo et al.
(Eds): Ants LNCS 3172, 106-117. Springer Verlag, Berlin.

Grover, C.D., Kay, A.D., Monson, J.A., Marsh, T.C. and
Holway D.A. (2007) Linking nutrition and behavioural
dominance: carbohydrate scarcity limits aggression and
activity in Argentine ants. Proc. R. Soc. Sec B Biol. Sci.
274, 2951-2957.

Heinze, J and Walter, B (2010) Moribund ants leave their
nests to die in social isolation. Current Biology, 20(9),
249-252.
Howard, D.F. and Tschinkel, W.R. (1976) Aspects of
necrophoric behaviour in the red imported fire ant,
Solenopsis invicta. Behaviour, 56, 158–180.

Kaspari, M., Yanoviak, S.P. and Dudley, R. (2008) On the
biogeography of salt limitation: A study of ant
communities. Proc. of the Nat. Acad. of Sci of the USA
105 (46), 17848-17851.

Kenne, M., Fotso Kuate, A., Hanna, R., Tindo, M., and
Goergen, G. (2008) Foraging activity and diet of the ant,
Anoplolepis tenella Santschi (Hymenoptera: Formicidae),
in southern Cameroon African Entomology, 16(1), 107-
114.



G.J.B.B., VOL.8 (4) 2019: 335-339 ISSN 2278 – 9103

339

Leclerc, J.B. and Detrain, C. (2016). Ants detect but do
not discriminate diseased workers within their nest. The
Science of Nature 103:70.

López-Riquelme, G.O. and Fanjul-Moles, M.L. (2013)
"The Funeral Ways of Social Insects. Social Strategies for
Corpse Disposal" Trends in Entomology, 9, pp 71-129.

McCreery, H.F. and Breed, M.D. (20140) Cooperative
transport in ants; a review of proximate mechanisms.
Insect. Soc. 61, 99-110.

Naskar, K. and Raut, S.K. (2014a) Food searching and
collection by the ants Pheidole roberti Forel.  Discov. 32,
6-11.

Naskar, K. and Raut, S. K. (2014b) Judicious foraging by
the ants Pheidole roberti Forel. Proc. of Zoo. Soc.,
Kolkata. 68, 131-138.

Naskar, K. & Raut, S.K. (2014c) Ants forage haphazardly:
a case study  with Pheidole roberti Forel. Int. J. Sci. and
Nat. 5, 719-722.

Naskar, K. and Raut, S.K. (2015a) Ants’ foraging, a
mystery. Int. J. Inno. Sci. and Res. 4 (2), 064-067.

Naskar, K. and Raut, S.K. (2015b) Foraging interactions
between the Reddish brown ants Pheidole  roberti and the
Black ants Paratrechina longicornis Int. J. Res. Stud. in
Biosci. 3 (3), 183-189.

Naskar, K. and Raut, S.K. (2015c) Available food and
ant’s response. Int. J. Eng. Sci. and Res. Tech., 4 (4), 368-
372.

Naskar, K. and Raut, S.K. (2015d) Food-carrying strategy
of the ants Pheidole roberti. Int. J. Tech. Res. and Appl. 3
(3), 55-58.

Naskar, K. and Raut, S.K. (2015e) Foraging behavior
following food contact in the ants Pheidole  roberti. Glo.
J. Bio. Agri. and Health Sci. 4 (2), 21- 24.

Naskar, K. and Raut, S. K. (2015f) Mysterious foraging of
Pharaoh ant Monomorium  pharaonis. Int. J. Res. in Eng.
and App. Sci., 5 (7), 67-71.

Naskar, K. & Raut, S.K. (2016a) Ants’ food examination.
Proc. of Zoo. Soc., Kolkata. 70 (2), 119-131.

Naskar, K. & Raut, S. K. (2016b) Winter quarter-induced
foraging in ants. Glo. J. Bio-Sci. and Biotech. 5 (3), 318-
323.

Naskar, K. and Raut, S.K. (2016c) Does colour of the food
attract ants ? Proc. of Zoo. Soc., Kolkata. 71(1), 25-29.

Naskar, K. and Raut, S.K. (2018a) Food-induced food-
transporting strategies of the ants P. roberti and P.
longicornis; in Entomology: Current Status and Future
Strategies. Ganguly, A. and K. Naskar (eds), pp. 125-133,
Daya Publishing House, (Astral Int. Pvt. Ltd.), New Delhi.

Naskar, K. and Raut, S.K.  (2018b) Genesis and
significance of cooperative transport in ants. Global
Journal of Bio-Science and Biotechnology 7(4), 633-637.

Nonacs, P. and Lawrence, M.D. (1990). Mortality risk vs.
food quality trade-offs in a common currency: ant patch
preferences. Ecological society of America.

Nondillo, A., Ferrari, L., Lerin, S., Bueno, O.C. and
Botton., M. (2014) Foraging activity and seasonal food
preference of Linepithema micanas (Hymenoptera:
Formicidae), a species associated with the spread of
Eurhizococcus basiliensis (Hemiptera: Margarodidae) J.
Econ. Entomol 107(4)1385-1391.

Schultheiss. P. and Nooten., S. (2013) Foraging patterns
and strategies in an Australian desert ant. Austral Ecology.
38(8), 942-951.

Sun Q and Zhou X (2013). Corpse management in social
insects. Int. J. Biol. Sci. 9(3), 313-321.

Wilson, E.O., Durlach, N.I. and Roth, L.M. (1958)
Chemical Releasers of Necrophoric Behavior in
Ants. Psyche 65, 108–114.



© 2020 JETIR February 2020, Volume 7, Issue 2                                                    www.jetir.org (ISSN-2349-5162) 

JETIR2002444 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org 256 
 

THE CONCEPT OF MOTION: 

THE VAISESIKA PHILOSOPHY AND 
MODERN SCIENCE. 

 

PRASIT RANJAN GHOSH 

Assistant Professor 

HOD, Philosophy Department, 

Achhruram Memorial College 

Jhalda, Purulia, W.B., India. 

ABSTRACT:  
A great philosopher Kanad (300 BC), The founder of the Vaisesika Philosphy, described vividly about the whole cosmos. This 
philosophy treats as the metaphysics including physics in ancient time. Kanad wrote ‘vaisesika sutra’ in 300 BC. This philosophy 
deals with space, time, mass, motion and real things within the whole universe. All are logically described in this philosophy. All 
vaisesikas discuss fully the concept of motion (Karma) technically too. In the description of the universe, vaisasikas admit motion 
(Karma) as a padartha. ‘Padartha’ as a category is a technical term of the vaisesika philosophy. In physics, ‘mass’ ‘energey’,  

‘time’ and ‘motion’ are technical terms. Such ‘Padartha’ is a technical term in the vaisesika philosophy. ‘Padartha’ means real 
things. Planets, stars and galaxies are real things. Vaisesika are realists and pluralists. They admit space, time, motion, minds, 
souls, material things and God. In evolution or creation of the cosmos in present, past and future, motion has an important role in 
the vaisesika system. Modern science with physics admit existence of motion as the basic reality. Here the concept of motion in 
vaisesika philosophy is discussed with modern science. Differences between them are shown.  
Keywords : Padartha, Davya, Karma (Motion), Samyog (Conjunction), Dika (Space), Kala (Time) and Paramanu (Atom). 

INTRODUCTION: 
Kanad is one of the philosophers who proclaims that the ‘Karma’ as the action or motion is a basic thing in the world in 300 

B.C1. he admits that motion has an important role in the universe and he express that the motion exists in the physical objects. 
“Water” is a word as a real thing water. Such word “Water” has a meaning of real thing named water. “Water” (a word)  water, 
an existing thing. Water is called padartha as the meaning of the word. According to Kanad, there is many things in the universe 
in the world. But though they are infinite in number, yet all such real things as meaning of the words are under six categories 
(Padharthas) only. They are all positive padarthas. They are dravya, guna (quality), karma (action / motion), samanya (universal), 
samavaya and visesh (particulars).  
Motitons is one category or padartha in vaisasikha system acording to Kanad. So motion is a real thing as an existent in the world. 
When science did not discover motion as an entity in the western countries, then Kanad discussed about motion in his vaisesika 
philosophy in 300 BC. We perceive many things in the world. But they are only six categories and dravya (substance), karma or 
motion and guna (quality) are the three of them. Meaning of the word as existing things 

Categories of the Padartha 
 

 

 

 

Kanad perceive a law of motion thus Karma or motion is present in substance or dravya 
only.  

No dravya, No Karma or Motion. Karma or motion can’t exist without dravya.  

Kanad preached in his vaisesika philosophy in ancient time that there is no existence of the world if there is no motion in dravya. 

Substance  
(Drabya) 

Quality  
(Guna) 

Karma 
(Action / Motion) 

Samanya 
(Universal) 

Samabay Visesh 
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(1) 

Kanad explained theory of motion in such way that any kind of motion exists in substance only.  Motion cannot exist without 
moving thing.  But it is clear to say that all moving bodies are  

finite.  So, Kanad’s theory of motion exists in finite substances and motion itself is non eternal things. 

Therefore, whole space as Dika is always devoid of motion.  Because the space (Dika) is infinite an eternal thing‘Motion resides 
in a corporeal substances  of limited dimensions.  It is non-eternal and resides in a non-eternal substance.’2 

There are nine kinds of substances.  They are Ksiti (earth), Apa (Water), Teja (fire, heat and light), Vayu (air), Akash (Sky or 
Ether), Dika (space), Kala (Time), Mana (Mind) and Atma (self). 

Above all are real entities.  But motion are not present in all mentioned things.  Here it is clear that all entities of science including 
Biology and Physics are clearly mentioned in Vaisesika’s  nine substances. 

‘An incorporeal, ubiquitious substance, like ether, time, space or a soul, is incapable of motion’3. 

Explaination  with  examples can be given.  A moving fan is in motion.  The motion is present in the fan.  Here the fan is a 
substance and Karma (motion) is a category on Padartha which is present in another category of substance as a fan.  An 
nonmoving fan is without motion.  The fan can exist without motion, but motion cannot exist without  substance (here the fan).  
‘The third category is Karma or Action.  Like quality, it belongs to and is hers is a substance and cannot exist separately 

 from it.’4 

A fan as moving or un-moving  consist of infinite atoms (Paramanu) in it.  Larger substance are more atoms present in it.  

(2) 

The number of atoms in a mustard seed is less than that of number of atoms present in the Mountain Himalaya as a bigger 
substance.  Such any galaxy is a greater number atoms than that of the number of atoms present in the Himalaya. 

“Any number of motions or Vegas may be impressed on a particle,but so long as these are in a uniform direction the resultant 
motion or Vega is in a straight line, and may be conceived as one (Prasastapada,…………).It is only when we come to Gamana 

(curvilinear motion)and its causes that the question of composition assumes a real significance. In all such cases, each separate 
particle has only one Vega (impressed motion) in a definite direction at any given instant, but the composition of the successive 
motions and Vegas in the same particle produces the curvilinear motion, e.g. the rotation of each constituent particle of the 
potter’s wheel. The motion of the body (e.g.the wheel) results from the combined motions of the particles . If pressure or impact 
produces motion in an opposite direction to the Vega already impressed on the body, the original direction would be changed, as 
is seen in the case of rebounding after striking the pestle is a typical instance of such change of direction in Vega or motion. The 
impressed fore, e.g. impact, produces a changed motion in a different direction. One view is that the original Vega (momentum) is 
destroyed before a new motion and a new Vega are produced by the impact”.5 

Vaisesika philosophy holds that any motion is caused by unconditional conjunction and disjunction.  This is also a non-herent  
cause.  It means that motion is not always present in a substance forever.  It is a temporary thing.  Though In physics, Motion is 
elernal.  Motion is permanently present in atoms.  But Kanad and other philosophers of the vaisesika system expressed that GOD 
or Advista as the unknown cause or the unexplained cause of the nature exerts motion to paramanu and then  parmanu  is in 
motion.  And  after that the creation sarts in motion.  All atoms are eternally present at the absolute rest before the creation of the 
universe. 

God or Adrasta imposed motion on motionless atoms to activate motion in the universe.  ‘The later vaisesika maintain that GOD 

produces motion in the atoms, combines them into composite products………………’6. 

           Some qualities of the vaisesika philosophy are related with motion. Gravity, fluidity, Velocity and viscidity and elasticity 
are such qualities. Gravity is a quality of earth and water ‘Earth’ is a technical term in Indian Philosophy. It means that all solid 
states of matter having quality odour (gandha).If a liquid or gas or other substance has some kind of smell, then there is naturally 
present earth substance. Some solid particles having smell are present in liquid or in gas or in other substance. Kerosene, Petrol, 
Mustard Oil, Ghee, Bromine gas etc are examples of earth substance. According to vaisesika philosophy, any planet or a star or a 
galaxy is made of five physical substance of ksiti (earth), apa(air),Teja( fire, heat and light), Vayu(air) and Akash( ether or 
sky).Gravity is associated with motion of any planet or motion of a star or of a galaxy, a planet or a star or a galaxy is a falling 
body due very important role of gravity quality according to the vaisesika philosophy. 

       ‘Gravity is a quality of earth and water by virtue of which they tend to fall to the ground’7 

   Falling body falls due to gravity of the earth in physics. Gravitational force is associated with it. Einstein predicted graviton 
particle for the gravitational force.    

(3) 
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This hypothetical quantum acts as contraction and expansion for the shape of the space and time or space -time.Kanad expressed 
it first that falling to the ground is due to gravity (vega) .Vaisesika Fluidity is another quality of the Philosophy. Fluidity is the 
cause of flowing a type of motion . Fluidity quality is found in three substances. Fluidity has two kinds. They are natural and 
acquired .Natural fluidity is found in water substance . 

But acquired fluidity exists in earth and fire. Natural fluidity is present in atoms (parmanus) of water. Natural fluidity is also 
found in non-eternal composite watery substances.Acquired fluidity of earth and fire is for conjunction with heat . Examples can 
be given as gold and butter become fluid third  when it is contact with fire. 

Viscidity is a quality known as oilness. It is a special property of water. Velocity is the cause of motion. A body is in motion with 
velocity. Velocity is present in earth ,water , light, air and mass. Matter and its states of soiled liquid , gas and plasma and energy 
are really included in kanad’s theory of motion. So galaxy is also in motion . Stars, planets and all heavenly bodies are in motion 

according to kanad. 

 Elasticity is a quality present in some tangible substances. “It is the quality of a substance, which makes it revert to its original 
state by virtue of its elasticity when an arrow discharged from it”.8 

(4) 

Kanad introduced five kinds of motion(Karma) in his `Vaisesika Sutra’ . Those five kinds are  

(1)Utksepana (Upward motion), (2)avaksepana (down ward motion), (3) Akunchana (contraction),  

(4) prasarana (expansion), and (5) Gaman (locomotion). 

 

  Kandand’s kinds of motion satisfy all kinds of motion in modern physics as well as science. 

“The third category is Karma or action…………. Action is said to be of five kinds. (1) Upward movement (Utksepana) 
(2)downward movement (avaksepana) (3) Contraction(akanchara) (4) expansion(prasarana), and 

(5) Locomotion (gaman)”.9 

          Ultimately all types of motion are derived from God. Firstly God impases motion to motionless atom (Parmanu) to move. 
That is why paramanu (atom) is in motion and all moving bodies exist in motion. So atoms become mobile to form massive 
things. Thus motion is perceived in the world. 

Conclusion: 

     Here it clear to say that the first thing called atom (Paramanu) is the basic fundamental thing. Paramanu is eternal and free at 
rest. But anything is made of such atoms with help of God’s power of motion. Though God is at the also absolute rest, but God 
has only freedom to impose motion to atoms and all massive bodies to move, This doctrine of Kanad’s motion states that atoms 

are finer things than that of electrons, protons as such sub atomic particles, high energy particles, all waves, strings etc. All 
physical Components of atoms (not Kanad’s Parmanu), ions isotopes, molecules, electrons , protons, quarks, stings, matters and 
of energies are ultimately reduced to Kanad’s Paramanu or Kanad’s atom. 

     Kanad pointed out that Paramanu is motion is prior to all moving thigs. So all physical lowponents are is motion clue to the 
genesis of Kanad’s parmau or atom according to Vaisesika Philosophy. So at the beginning of the universe Kanad’s model shows 

that God as the only source of motion, the in finite time (Kala), Adrasta (unknown cause of unexplained nature), the whole space 
(Dik), Akash(sky) , Souls(Atomas) mind.s (Manas) and all paramanu’s of earth,  

All eternal things at the creation of the world. 
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Investigation on the excited states of 63Zn was done through in-beam γ -ray spectroscopic techniques using the
52Cr(18O, α3n) fusion-evaporation reaction at a beam energy of 72.5 MeV. Detection of the emitted γ rays from
the excited nuclei was performed in the coincidence mode using 14 Compton suppressed Ge clover detectors
of the Indian National Gamma Array. Based on the γ -γ coincidence data, 13 new transitions have been placed
in the level scheme following their coincidence relationship and intensity balance. Spin and parity assignments
of the excited levels have been carried out by extracting the directional correlation from oriented states ratio
and polarization asymmetry values of the emitted γ rays. Shell model calculations have been performed in the
f5/2 pg9/2 model space with a 56Ni core using the jj44bpn interaction, to interpret the observed excited states of the
nucleus. A reasonable agreement is found between the experimental findings and the shell-model calculations.
In order to understand the evolution of a collective shape built on the 9/2+ (1704 keV) state, we have performed
total Routhian surface calculations with a 1g9/2 quasineutron and found reasonable agreement.

DOI: 10.1103/PhysRevC.100.034314

I. INTRODUCTION

Nuclear structure in A ≈ 60 reveals both single particle and
collective excitations with various competing shapes, namely,
prolate, oblate, and triaxial. A striking interplay of single par-
ticles and collective degrees of freedom have been observed
in many Ge [1–5] and Cu [6–10] isotopes in this region. Here,
the active orbitals are 2p3/2, 1 f5/2, 2p1/2 in the upper f p
shell and the intruder 1g9/2 orbital. The lower excitations are
due to the negative parity 2p3/2, 1 f5/2, and 2p1/2 orbitals but
most of the high spin states are mainly due to the presence
of the high- j 1 f7/2 and 1g9/2 orbitals. The coupling of the
1g9/2 orbital with 2p3/2 orbital gives rise to the onset of
octupole correlation. Strutinsky-type potential energy calcula-
tions by Nazarewicz et al. predicted softness toward octupole
correlations for nuclei with N, Z ≈ 34 [11,12]. Presence of
holes in 1 f7/2 orbital and particles in 1g9/2 orbital leads
to a transition from spherical toward deformed shapes and
enhances the possibility of collective rotational excitations. A
magic superdeformed band in N = Z 60Zn was first observed
by Svensson et al. [13] and spin-parity, excitation energy of
the superdeformed states in this band were measured first
by identifying linking transitions connecting this band to the
yrast line. Among 61,63,65Zn isotopes, the structure of 61Zn is
very interesting as several normal and superdeformed bands
have been observed in this nucleus at high spins [14–16].

*buddhadev.mukherjee@visva-bharati.ac.in

Strongly coupled rotational band was first observed in 64Zn
[17,18] in this mass region and this band shows similar
characteristics of those smoothly terminating rotational bands
in the Sn-Sb nuclei of the A ≈ 110 region [19]. The lowest
collective band in 64Zn was interpreted as based on the
π ( f7/2)−1(p3/2 f5/2)2(g9/2)1ν(p3/2 f5/2)4(g9/2)2 configuration.
The structure of 62Zn also draws attention as it was the first
candidate in this mass region in which the superdeformed
band was observed with a large deformation (β2 ≈ 0.45) [20].
Later, extended study on this isotope revealed two sets of
strongly coupled rotational bands observed up to the terminat-
ing states of their respective configurations [21]. A milestone
in more extensive study of the structure of 62Zn was achieved
by Gellanki et al. [22], which established ten new rotational
bands along with two new superdeformed bands and extended
the level scheme above 40 MeV in excitation energy. Similarly
two highly deformed and one superdeformed bands in 65Zn
were established by Yu et al. [23]. A rotational band was
also observed in 65Zn, built on 1g9/2 neutron orbital which
exhibits a band crossing at high rotational frequency [24]. In
60,61,62,64,65Zn, phenomena, like collective excitations includ-
ing superdeformations, are reported to be due to a limited
number of holes in the 1 f7/2 subshell and excitation of one
or more nucleons into 1g9/2 intruder orbitals above the 56Ni
core.

Previous investigations on medium and high spin states in
63Zn were performed using proton, α, 12C, 16O, and deuteron
beams [25–29]. The latest study with 16O beam was done
using 12 Compton suppressed HPGe detectors along with 14
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BGO detectors [28]. Singh et al. established a positive parity
unfavored and a negative parity favored band in 63Zn. The
band head of the positive parity band is 9/2+ which couples
with the excited vibrational core of 62Zn producing higher ex-
cited positive parity states. The higher excited 13/2+

1 , 17/2+,
and 21/2+ states decay to the band head via the cascade of
strong stretched electric quadrupole (E2) transitions. Here,
we report on an experiment that was carried out with a
comparatively efficient array to bring out more comprehensive
knowledge on the high spin nuclear structure in 63Zn.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

In the fusion-evaporation reaction a beam of 18O at 72.5
MeV was obtained from the 15-UD pelletron accelerator
[30] at Inter University Accelerator Centre (IUAC), New
Delhi. The beam was bombarded onto a 52Cr (isotopic abun-
dance ≈99%) target of thickness 1.0 mg/cm2 backed by
8.0 mg/cm2 197Au. The emitted γ rays were detected in
coincidence mode with 14 Compton suppressed HPGe clover
detectors of the Indian National Gamma Array (INGA) [31].
Out of the 14 clovers, four were kept at an angle of 123◦ and
another four at 148◦, while the remaining six were placed at an
angle of 90◦ with respect to the beam direction. The detectors
were kept at a distance of ≈25 cm from the target. Further de-
tails of the experiment can be found in Ref. [32,33]. Analysis
of the data is performed with the help of the standard analysis
packages viz. CANDLE [34], RADWARE [35], and INGASORT

[36]. Angular correlation analysis is carried out using the
method of directional correlation from oriented states (DCO)
[37]. In the present INGA geometry, the DCO ratios (RDCO)
are obtained from the intensity ratios of the coincident events
detected at the angles of 148◦ and 90◦ with respect to the beam
direction. The DCO ratio is obtained from the formula

RDCO = Iγ1 at 148◦ gated by γ2 at 90◦

Iγ1 at 90◦ gated by γ2 at 148◦ , (1)

where Iγ1 is the measured intensity of γ1 when the gating
transition is γ2. The expected RDCO values for the stretched
quadrupole and the dipole transitions are ≈1.0(2.0) and
≈0.5(1.0), for a pure quadrupole (dipole) gate. Here, in
this work we measured DCO ratios from gates on 882 keV
( 13

2
+ → 9

2
+

) and 1063 keV ( 7
2

− → 3
2

−
) E2 and 640 keV

( 9
2

+ → 7
2

−
) E1 transitions of 63Zn. Measured DCO values

of different transitions as obtained in this work are plotted
in Fig. 1. The clover detector can be used as a Compton
polarimeter [38–41] as it has closed geometry and using this
facility the asymmetry in polarization of the Compton scat-
tered photons was extracted to define electric or the magnetic
nature of the γ -ray transitions from the coincidence data. Two
asymmetric matrices were constructed from the coincidence
data, with events corresponding to the single hits in any
detector along one axis and the double-hit scattered events of
the 90◦ detector on the other axis. The scattered events are
either parallel or perpendicular, the asymmetry parameter is
evaluated as

�asym = a(Eγ )N⊥ − N‖
a(Eγ )N⊥ + N‖

, (2)

FIG. 1. DCO ratios of different transitions belonging to 63Zn
(gated by the E2 and E1 transitions, as mentioned in Table I).
DCO ratios of the 4+ → 2+ transitions in 64,66Zn gated by their
respective 2+ → 0+ transitions, populated in the same reaction, are
also presented for comparison. Please see Table I for details.

where a(Eγ ) is the asymmetry correction factor, representing
the geometrical asymmetry of the present INGA setup and
was determined from the ratio of the parallel (N‖) and the per-
pendicular (N⊥) scattered events obtained from an unpolarized
source. It is defined as

a(Eγ ) = N‖(unpolarized)

N⊥(unpolarized)
. (3)

The value of the asymmetry correction factor for the present
detector setup is found to be ≈1.03(2) in the energy range
≈0.1–1.5 MeV using the standard 152Eu radioactive source.
Figure 2 shows the variation of the asymmetry correction
factor within the γ -ray energy range ≈200–1500 keV for one

FIG. 2. Plot of asymmetry correction factor in the γ -ray energy
range ≈200–1500 keV. Data points are fitted using the equation
a0Eγ + a1, where a1 = 1.044(17), a0 = −3.311 × 10−5, and Eγ is
the energy of the γ ray. This is measured using the radioactive 152Eu
source for one of the 90◦ clover detectors used in the present setup.
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TABLE I. Values of the level energies (Ei) in keV, γ -ray energies (Eγ ) in keV, initial (Iπ
i ) → final (Iπ

f ) spin (in h̄) parity, relative intensities
(Iγ ), branching ratio (B.R.), DCO ratio (RDCO), and polarization asymmetry (�asym) of the γ -ray transitions as obtained in this work for 63Zn.

Level energy Gamma-ray energya Initial → final spin-parity Relative intensityf Branching ratiog DCO ratio Polarization asymmetry
Ei(keV) Eγ (keV) Iπ

i → Iπ
f Iγ B.R. RDCO �asym

192.94(8) 192.94 5/2− → 3/2− 21.9(8) 100 0.56(8)d

649.87(8) 456.93 5/2− → 5/2− 1.91(6) 21.0(18) 1.02(34)e

649.87 5/2− → 3/2− 16.5(7) 78.0(24) 0.48(8)d 0.03(11)
1063.20(7) 413.33 7/2− → 5/2− 17.2(8) 19.0(6) 0.56(7)d −0.02(8)

870.26 7/2− → 5/2− 13.78(72) 14.0(6) 0.83(19)d −0.16(17)
1063.20 7/2− → 3/2− 100 66.8(12) 0.99(12)d 0.19(4)

1206.35(13) 1013.41 7/2− → 5/2− 8.1(7) 50.2(23) 0.51(15)d −0.25(22)
1206.35 7/2− → 3/2− 6.8(5) 49.8(24) 1.02(36)d 0.07(16)

1436.5(5) 1243.56b 9/2− → 5/2− 100
1702.98(11) 266.48b 9/2+ → 9/2− 1.2(4) 1.2(4)

496.63 9/2+ → 7/2− 13.2(7) 13.0(7) 0.71(11)d −0.15(6)
639.78 9/2+ → 7/2− 109.3(23) 84.3(20) 0.50(4)d 0.01(5)

1510.04b 9/2+ → 5/2− 1.7(4) 2.0(4)
2050.39(12) 987.19 9/2− → 7/2− 12(1) 92(10) 1.37(72)c

1857.45b 9/2− → 5/2− 8(3)
2318.82(12) 1255.62 11/2− → 7/2− 12.1(7) 100 0.98(37)c

2585.23(15) 882.25 13/2+ → 9/2+ 78.8(24) 100 0.99(12)c 0.11(6)
2826.7(3) 1123.72 11/2(+) → 9/2+ 3.1(7) 100 1.67(67)e

2934.6(6) 615.78b 13/2− → 11/2−

1498.1b 13/2− → 9/2−

3357.5(6) 530.80b 1.60(58) 100
3480.7(4) 654 (13/2+) → 11/2(+)

1777.72 13/2+ → 9/2+ 2.4(6)
3527.7(3) 1208.88b 13/2− → 11/2− 2.2(6) 46(17)

1477.31b 13/2− → 9/2− 3.0(7) 54(18)
3764.11(17) 1178.88 17/2+ → 13/2+ 66.6(20) 100 0.97(11)d 0.15(6)
3769.91(17) 943.21b 15/2+ → 11/2(+) 2.69(6) 35(9)

1184.68 15/2+ → 13/2+ 13.5(7) 65(16) 1.39(31)d 0.04(14)
4257.3(12) 899.80b 100
4355.0(3) 590.89b (15/2−) → 17/2+ 0.9(4) 8.0(36)h

874.30b (15/2−) → (13/2+) 1.9(6) 46(13)h

1769.77 (15/2−) → 13/2+ 6.3(6) 46(6)h 0.76(20)d

4365.5(6) 595.59b 2.34(77) 100
4684.2(8) 1326.70b 2.81(64) 100
4776.2(6) 421.20b 1.79(70) 100
5076.3(6) 721.30b 1.91(58) 100
5076.6(3) 1306.69 (19/2+) → 15/2+ 5.6(10) 31(12) 1.0(5)c

1312.49 (19/2+) → 17/2+ 1.0(4) 69(18) 1.01(60)c

5334.7(11) 1570.59b 100
5346.06(20) 1581.95 21/2+ → 17/2+ 30.5(10) 100 0.97(12)d 0.16(5)
5406.5(4) 1878.80 17/2− → 13/2− 1.3(5) 1.25(80)c

2471.90b 17/2− → 13/2−

5424.5(4) 1660.39b 17/2− → 17/2+

1896.80b 17/2− → 13/2−

2489.90b 17/2− → 13/2−

5916.1(3) 491.60b 19/2− → 17/2−

509.60b 19/2− → 17/2− 1.3(7)
570.04b 19/2− → 21/2+ 0.8(5)

1561.10b 19/2− → 15/2− 1.8(4)
6233.7(3) 317.60 21/2− → 19/2− 1.8(5) 11.0(33) 0.68(34)c

809.20 21/2− → 17/2− 7.6(7) 29.2(51) 1.78(1.25)c

827.20b 21/2− → 17/2− 3.7(5) 37.9(62)
887.64b 21/2− → 21/2+ 15.8(42)

1157.17b 21/2− → (19/2+) 1.00(36) 5.9(39)
6385.5(6) 1039.44b 2.24(83) 100
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TABLE I. (Continued.)

Level energy Gamma-ray energya Initial → final spin-parity Relative intensityf Branching ratiog DCO ratio Polarization asymmetry
Ei(keV) Eγ (keV) Iπ

i → Iπ
f Iγ B.R. RDCO �asym

6487.3(11) 1410.75b (23/2+) → (19/2+) 100
6569.49(22) 335.79 23/2− → 21/2− 0.8(4) 8.8(17) 0.76(33)c

653.39 23/2− → 19/2− 2.84(47) 12.2(26)
1223.43 23/2− → 21/2+ 27.3(9) 79.0(35) 0.49(8)d 0.15(13)

7524.5(8) 1139.00b 2.23(43) 100
7610.3(4) 1376.60b 25/2− → 21/2− 3.9(8) 100
7926.01(24) 1356.52 27/2(−) → 23/2− 11.0(21) 100 0.83(18)d

9095.8(8) 1485.50b (29/2−) → 25/2−

1169.79b (29/2−) → 27/2(−)

9773.3(11) 1847.29b (31/2−) → 27/2(−) 100
11048.3(9) 1952.50b 0.76(28) 100

aThe uncertainties lie between 0.1 and 0.5 keV depending upon the intensities.
bEstimation of RDCO and �asym was not possible due to the low intensities of the γ -ray transitions.
cGate on E2, 1064 keV.
dGate on E2, 882 keV.
eGate on E1, 640 keV.
fThe quoted error includes the fitting error plus a systematic error of 3% due to the uncertainties in efficiency and background subtraction.
gBranching ratios are derived by gating from above and measuring the intensities of depopulating transitions unless otherwise mentioned.
hBranching ratios are derived by gating from below and measuring the intensities of depopulating transitions.

of the 90◦ clover detectors used in the present experiment.
It should be noted that a positive polarization asymmetry
(�asym) value implies the electric nature while a negative one
implies the magnetic nature of the transition and a near zero
value of �asym. indicates that there is a strong admixture. The
validity of this method is well verified by the known nature
of the transitions in 63Zn and the neighboring 64,66Zn isotopes
which were also populated in the fusion evaporation reaction.
The polarization asymmetry values for the different γ -ray
transitions of 63Zn, as obtained in this work, are tabulated in
Table I and plotted in Fig. 3.

III. RESULTS AND DISCUSSION

Based on the coincidence relationship, relative intensity,
angular correlation, and polarization measurements we have

FIG. 3. Plot of polarization asymmetry values (�asym) for differ-
ent γ rays belonging to 63Zn as obtained in this work.

proposed a new level scheme of 63Zn. Here, almost all the
previously reported transitions have been observed. New tran-
sitions observed in the present experiment are marked by
asterisks in the level scheme (Fig. 4).

A total of 13 new transitions have been observed and
placed properly in the level scheme. Some of the previously
known and new transitions are shown in the gated spectra
(Figs. 5, 6, and 7). Ground state spin-parity of 63Zn, as
reported earlier, is 3/2− which is fed by 1063 keV strong
(B.R. ≈ 67%) γ ray from the 1063 keV, 7/2− state. The
measured DCO ratio and polarization asymmetry of this γ ray
suggest that it is a stretched E2 type transition. The 1063 keV
level also decays to 193 keV and 650 keV levels via emission
of two strong (B.R. ≈ 14%) 870 keV and (B.R. ≈ 19%) 413
kev γ rays. The level at 193 keV, assigned with a spin-
parity 5/2−, directly decays to the ground state via 193 keV
transition with 100% branching. The measured DCO ratios
and polarization asymmetries of 413 keV, 650 keV, and 1063
keV transitions suggest 5/2− spin-parity value for the 650
keV state. The energy level at 1703 keV decays to the 1063
keV, 1206 keV, and 1437 keV levels via emission of 640 keV,
497 keV, and 266 keV γ rays and measured values of the DCO
ratio and polarization asymmetry suggest a spin-parity value
of 9/2+ for this state. A weak (B.R. ≈ 2%) 1510 keV γ -ray
transition is observed between 1703 keV (9/2+) and 193 keV
(5/2−) states and the spin-parity of these states suggest M2
nature of 1510 keV γ -ray transition. So it is very interesting
to note that 1510 keV M2 transition is competing with two
strong E1 transitions (640 keV and 497 keV). This transition
was also observed by previous work [28]. Here, 65Ge is
another good example where a 1105 keV transition between
9/2+ and 5/2− states was observed and angular distribution
measurement confirmed its M2 character [5]. The level at
3770 keV decays to the 9/2+ level via the cascade of two
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FIG. 4. Proposed level scheme of 63Zn. Width of the arrows is proportional to the relative intensity of the respective transition observed in
this experiment. The energies of the levels and γ rays are in keV.

strong (B.R. ≈ 65%) 1185 keV and (B.R. ≈ 100%) 882 keV
γ rays. Measured values of the DCO ratio and polarization
asymmetry suggest stretched electric quadrupole nature of

FIG. 5. Background subtracted γ -γ coincidence spectrum for
63Zn gated on 1063 keV (7/2− → 3/2−) transition. Here, y axis rep-
resents counts per 1.0 keV. New transitions are marked by asterisks
(*) and contaminant peaks are identified with the # symbol.

882 keV transition and mixed nature for 1185 keV. So, a
spin-parity of 15/2+ is assigned for the 3770 keV state which

FIG. 6. Background subtracted γ -γ coincidence spectrum for
63Zn in the sum gate of 882 keV (13/2+ → 9/2+) + 1179 keV
(17/2+ → 13/2+) γ rays. Here, the y axis represents counts per 1.0
keV. New transitions are marked by asterisks (*) and contaminant
peaks are identified with the # symbol.
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was reported to be tentative in previous work. The measured
values of DCO ratio and polarization asymmetry of 882 keV
γ -ray transition confirm 13/2+ spin-parity value for the 2585
keV state, which is in disagreement with the assigned value of
3/2− of a similar 2588 keV state reported by by Leach et al.
[29]. As Leach et al. used a deuteron beam of 22 MeV for
the reaction, high spin states of 63Zn could not be populated
in their work—so most of the high spin states observed in the
current heavy-ion induced experiment, could not be compared
with them. However, a few states which are close in energy
values are compared. The 15/2+ state decays to the 9/2+ state
via the cascade of 943 and 1124 keV γ rays. Three new levels
with energies 3358, 4257, and 4684 keV have been added just
above the 2827 keV, 11/2(+) state. The 4257 keV state decays
through the cascade of 899 keV and 531 keV γ rays and the
4684 keV state through 1326 keV and 531 keV γ rays to the
2827 keV level. Another level with energy 4366 keV has been
placed into the level scheme just above the 3770 keV level
which decays to the 3770 keV state via the emission of the
596 keV γ ray. Spin-parity assignment could not be done for
these new 3358, 4257, 4366, and 4684 keV levels for low
intensity of the emitted γ rays. These new levels with energy
3358, 4257, and 4684 keV can be compared respectively
with 3365 (7/2−), 4260 (9/2+), and 4689 keV (5/2−) states
observed by Leach et al. The 3764 keV level decays to the
2585 keV level via the emission of a strong (B.R. ≈ 100%)
1179 kev γ ray, the measured values of the DCO ratio and
polarization asymmetry suggest a spin-parity of 17/2+ to this
3764 keV state. Previous work by Leach et al., identified many
low excited states which were not populated in the recent
heavy ion induced reaction and a comparative study shows
that assigned spin-parity of 193 and 650 keV states exactly
match with our observations. Leach et al. were not able to
determine spin-parity of 1703 keV state—they used National
Nuclear Data Center reported values. The newly observed
5335 keV state decays to this 17/2+ state via 1571 keV γ

ray. The 6569 keV level decays to the 3764 kev state via the
cascade of strong (B.R. ≈ 79%) 1223 keV and (B.R. ≈ 100%)
1582 keV γ rays. The measured values of DCO ratio and
polarization asymmetry predict stretched electric quadrupole
nature of 1582 keV and stretched electric dipole nature of the
1223 keV transition. The 5346 keV level is fed by two new
transitions 1040 keV and 1139 keV in cascade, as observed in
this experiment and are placed according to their coincidence
relationship and relative intensity.

The negative parity 9/2− and 11/2− states having energy
2050 keV and 2319 keV, respectively, feed the 1063 keV state
by 987 keV and 1256 keV transitions and the measured DCO
ratios predict mixed nature for these two γ rays. These two
low excited states were also observed by Leach et al., but
without any information about spin-parity. One new transition
of energy 616 keV connecting the 13/2− (2935 keV) and
11/2− (2319 keV) states has been found in this work. Two
new levels at 5076 keV and 4776 keV are added to the level
scheme and they feed the tentatively assigned 15/2− spin-
parity state via 721 keV and 421 keV γ rays, respectively,
and the decay of this 15/2− state is fragmented into three
γ rays, 591 keV (B.R. ≈ 8%) to the 17/2+ state, 874 keV
(B.R. ≈ 46%) to the tentatively assigned 13/2+ state, and

FIG. 7. Background subtracted γ -γ coincidence spectrum for
63Zn in the sum gate of 882 keV (13/2+ → 9/2+) + 1185 keV
(15/2+ → 13/2+) γ rays. Here, the y axis represents counts per 1.0
keV. New transitions are marked by asterisks (*) and contaminant
peaks are identified with the # symbol.

1770 keV (B.R. ≈ 46%) to the 13/2+
1 state. The 5916 keV

19/2− level decays to 5425 (17/2−), 5346 (21/2+), and
5407 keV (17/2−) levels by 491, 570, and 509 keV γ rays,
respectively. Here, the 570 keV γ ray is a new transition
observed in this work. The 6234 keV level with spin-parity
21/2− decays via 318 (B.R. ≈ 11%), 809 (B.R. ≈ 29%), 827
(B.R. ≈ 38%), 888 (B.R. ≈ 16%), and 1157 (B.R. ≈ 6%) keV
transitions to both positive parity and negative parity states
and is fed by the 1376 keV (100% branching) γ ray from
7610 keV state with spin-parity 25/2−. So, the energy level
21/2− at 6234 keV decays mostly by fragmented γ rays. The
fragmented decay pattern as observed in some of the negative
parity states indicates that the corresponding wave functions
are of highly complex nature. A new transition of 1952 keV
has also been observed and is placed above the 9096 keV state
which feeds the 7610 keV level via the 1486 keV γ ray. The
1170 keV transition is a new transition that connects the 9096
keV state having a tentative spin-parity 29/2− to the 7926 keV
27/2(−) state. The placement of the 1952 keV γ ray extends
the level scheme up to 11 MeV. The energy states above 31/2−
are inaccessible in this experiment and this is probably due
to the presence of long-lived isomers above this spin and
excitation energy or may be due to the incomplete fusion
caused by the loss of input angular momentum in this reaction.
Also we cannot ignore the sharing of γ -ray yield because
of the large density of states at such high excitation energy
but a more obvious reason may be the limited sensitivity of
the setup we used, which could not permit us to observe
highly nonyrast states that were populated in the reaction.
More access to higher spin (>31/2h̄) states could have been
gained by improving the sensitivity of the setup with the help
of ancillary devices, such as the charged particle array along
with the full INGA array consisting of 24 clover detectors.

A. Shell model calculations

Calculations on even-A Zn isotopes using anharmonic
vibrator model [42,43] are able to explain many interesting
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phenomena emerging out of lower excitations successfully.
The structure of low lying levels in odd-mass isotopes of Zn is
explained in terms of the coupling of the odd single particle to
the vibrating core [44]. Quasiparticle-phonon coupling model
was used by Weidinger [45] and by Throop [46] in order
to understand the experimental decay scheme of 65Zn and
67Zn, respectively. Shell model calculations for 64,66,68Zn with
model space consisting of p3/2, f5/2, and p1/2 orbitals outside
the closed 56Ni core, along with an effective Hamiltonian from
Koops and Glaudemans, were done by Van Hienen et al. [47].
A comparison of quasiparticle-core coupling and shell model
calculations with experiment exhibited very good agreement
for low lying negative parity states for both 65Zn and 67Zn
but a lack of similarity was observed for higher excited states.
Similar situation arises for 63Zn [27] with same model space
and interaction.

In order to understand the observed nuclear structure in
63Zn, shell model calculations have been performed in the
present work using the interaction jj44bpn [48]. The shell-
model code NUSHELLX [49] is used for this purpose. With
the 56Ni core, the valence space for the calculation consists
of 2p3/2, 1 f5/2, 2p1/2, and 1g9/2 proton and neutron orbitals.
Here, the effective Hamiltonian jj44bpn, due to Brown and
Lesitskiy [48], is a realistic interaction based on the Bonn-C
potential, which has been obtained by fitting binding energies
and excitation energies in the Ni, Cu, and Zn isotopes and
nuclei close to N = 50. Previous calculations for 60,62,64,66Zn
[50] and 63Cu [32] by Rai et al., with the similar interac-
tion and model space have produced very good agreements.
The single particle energies for the 2p3/2, 1 f5/2, 2p1/2, and
1g9/2 orbitals are taken to be 9.6566, 9.2859, 8.2695, and
5.8944 MeV, respectively. Reduced transition probabilities
[B(E2) values] have been calculated for the 21/2+ → 17/2+,
17/2+ → 13/2+, and 13/2+ → 9/2+ transitions using stan-
dard effective charges ep = 1.5 e and en = 0.5 e and the cal-
culated values are 11.81, 16.69, and 17.38 Weisskopf unit
(W.u.), respectively. While taking the half-lives from Ref. [26]
and using the experimental B.R. of the present work, we have
obtained experimental B(E2) values for 21/2+ → 17/2+,
17/2+ → 13/2+, and 13/2+ → 9/2+ transitions which are
(>)14, 78 (23), and 20 (2) W.u., respectively. So shell
model calculations for the transitions 21/2+ → 17/2+ and
13/2+ → 9/2+ produce near similar B(E2) values as ob-
tained from experiment but it is unable to reproduce the
large collectivity [indicated by large B(E2) value] for the
transition 17/2+ → 13/2+. A comparison of the calculated
energy levels with the experimental results shows overall good
agreement for both parity states as shown in Fig. 8. All the
energy states calculated by the shell model and labeled in
Fig. 8 are of lowest energy values corresponding to the given
spin-parity. The comparison is made here, only for the states
having exactly measured or tentatively assigned spin-parity,
therefore, experimentally observed levels, which do not have
any assigned spin-parity, are not compared with the shell
model calculation.

Spin and parity of ground state and first excited state are
predicted correctly by jj44bpn interaction which are 3/2−
and 5/2−, respectively. While the energies of these two states
are correctly predicted, that of second excited 5/2− state is

FIG. 8. Comparison of the shell model calculated level energies
using the jj44bpn [48] interaction with the experimental values. The
negative parity and the positive parity states are shown separately.
The number on the left of the level represents the spin (in h̄)-parity
and that on the right represents the level energy in keV.

underpredicted by ≈ 100 keV. Very good matching between
theory and experiment is observed for first 7/2− and 9/2−
states, while that for the second excited 7/2− state is over
predicted and 9/2− state is under predicted in the model.
For the lower and moderate excitation energies a very good
agreement between the calculated energies and experimental
values is observed. For few high spin negative parity states
lack of agreement is also observed. Similarly for all positive
parity states from 9/2+ up to 23/2+, almost all the energy
levels (with the exception of a little discrepancy for the
15/2+ and 19/2+ states) are reproduced well by the model
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FIG. 9. Calculated occupation probabilities of the p3/2, f5/2, p1/2, and g9/2 orbitals for the proton in 63Zn. The occupation probabilities are
calculated from the shell model calculation using the jj44bpn interaction.

with the chosen interaction and model space. We have also
calculated occupation probabilities for proton and neutron
in the same model space and Hamiltonian. An occupation
probability gives the strength of individual contribution of
different orbitals (2p3/2, 1 f5/2, 2p1/2, and 1g9/2 in the case
of present calculation) of both the proton and neutron in total
wave function. So this calculation is important as it gives in-
formation regarding the structure of different levels. From the
occupation number plots (Figs. 9 and 10), major contributions
from the p3/2 and f5/2 orbitals to both kind of parity states
are clearly evident. For 23/2−, 25/2−, and 27/2− states, a
large contribution in total wave function is coming from the
intruder 1g9/2 orbital. Moreover, shell model calculations can
not predict properly the energy values of 23/2−, 27/2−, and
31/2− negative parity states. It indicates that origin of these
states are different and may be due to the particle excitation
from f7/2 to g9/2 orbital. The important role of f7/2 holes in
developing collective bands in neighboring Zn isotopes is well
known. Most notable fact is that for all the positive parity
states, the contribution of the 1g9/2 neutron in the total wave
function is significant. Hence, a variety of structural effects are

expected due to this shape driving the g9/2 orbital. So in order
to investigate the possibility of collective nature and evolu-
tion of shapes we have done potential energy calculations
for 63Zn.

B. TRS calculation

The total Routhian surface (TRS) in a fixed quasiparticle
configuration is defined as a sum of Strunisky energy and the
rotational energy. Here, Strunisky energy contains liquid drop
plus shell correction terms. Configuration is specified in terms
of parity (π ), signature (α), and excitation quantum numbers.
We have performed TRS calculations for 63Zn using the
Hartree-Fock-Bogoliubov code of Nazarewich et al. [51,52]
for a single quasineutron in the g9/2 orbital. Equilibrium
shapes were calculated in the (β2, γ ) plane at each rota-
tional frequency (h̄ω) minimizing with respect to β4. Here,
β2, γ , and β4 represent quadrupole deformation, triaxiality,
and hexadecapole deformation parameters, respectively. As
a residual interaction, the monopole pairing force has been
taken with the strength from Ref. [52]. Here, the calculation

FIG. 10. Calculated occupation probabilities of the p3/2, f5/2, p1/2, and g9/2 orbitals for the neutron in 63Zn. The occupation probabilities
are calculated from the shell model calculation using the jj44bpn interaction.

034314-8



IN-BEAM SPECTROSCOPIC STUDY OF 63Zn PHYSICAL REVIEW C 100, 034314 (2019)

FIG. 11. TRS plot for 63Zn for (π , α = +, +1/2) configuration
at h̄ω = 0.30 MeV. Contours are 250 keV apart from each other. The
shape corresponding to the energy minima is predicted to be triaxial
(γ ≈ 23◦) with β2 ≈ 0.25.

for positive parity and positive signature predicts collective
triaxial shape with quadrupole deformation β2 ≈ 0.25 and
triaxiality parameter γ ≈ 23◦ for both h̄ω values (i.e., at 0.30
MeV and 0.40 MeV) as shown in Figs. 11 and 12. Calculations
at higher h̄ω value ( ≈ 0.65 MeV) showed very near collective
prolate shapes with γ ≈ 5◦ and at a large value of quadrupole
deformation β2 ≈ 0.45 (Fig. 13).

TRS calculations with a g9/2 quasineutron predict the
presence of collective triaxial deformed shape at low rota-
tional frequency with moderate value of β2. It evolves to
an enhanced collective prolate structure with the increase in
rotational frequency. Though signs of such large deformation

FIG. 12. Same as Fig. 11 at h̄ω = 0.40 MeV. The shape cor-
responding to the energy minima is predicted to be triaxial with
almost similar values of the triaxiality and quadrupole deformation
parameters as at 0.30 MeV.

FIG. 13. Same as Fig. 11 at h̄ω = 0.60 MeV. The shape cor-
responding to the energy minima is predicted to be near prolate
(γ ≈ 5◦) with β2 ≈ 0.45.

(β2 ≈ 0.45) as predicted by TRS could not be confirmed by
the present experiment but further investigation is required in
future to search for large collectivity at such large deforma-
tion.

IV. CONCLUSIONS

In the present work with an efficient array of clover detec-
tors we have observed 13 new transitions and ten new levels
in 63Zn. The level scheme is extended up to an excitation
energy of ≈ 11 MeV. Multipolarity of many transitions with
their electric or magnetic nature has been established ade-
quately by DCO and polarization measurement. Shell model
calculations are performed in the f5/2 pg9/2 model space with
the 56Ni core using the effective interaction jj44bpn to inter-
pret the obtained level structure of this nucleus. A reason-
able agreement is found to exist between the observed level
structure and the results from the shell model calculations.
With an improved set of the two-body matrix elements and
incorporating the full f pg9/2 model space, i.e., including
the 1 f7/2 orbital for calculations, a more accurate descrip-
tion may be obtained. Total Routhian surface calculations
predict collective excitation with triaxial and prolate shape
at moderate and large value of deformation parameter (β2),
respectively.
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Abstract
Iridium-based double perovskites having mixed 3d–5d–4 f magnetic sub-lattices are expected
to exhibit exotic magnetic phenomenon. In this paper, we report a study of structural, magnetic
and transport properties of the mixed 3d–5d–4 f double perovskite Sm2CoIrO6 (SMCO),
which crystallizes in monoclinic structure with space group P21/n and the crystal symmetry
remains same throughout the measured temperature down to 15 K. High resolution
synchrotron x-ray diffraction reveals an isostructural phase transition around 104 K.
Magnetization measurements on polycrystalline samples indicate that SMCO orders
ferrimagnetically at TFiM = 104 K; while, a second transition is observed below 10 K due to
the rare-earth (Sm3+) ordering. The ferrimagnetic transition is well-understood by Néel’s
two-sublattice model, which is primarily ascribed to antiferromagnetic coupling between
Co2+ and Ir4+ sub-lattices. Electronic transport measurement shows the insulting behaviour of
SMCO, which follows Mott variable-range hopping conduction mechanism. However,
dielectric measurements as a function of temperature rules out the presence of magneto
dielectric coupling in this compound.

Keywords: double perovskite, ferrimagnetism, 3D Mott VRH

(Some figures may appear in colour only in the online journal)

1. Introduction

Double perovskite oxides A2BB′O6 containing alkaline or lan-
thanide ions at the A site and 3d–4d(5d) transition-metal (TM)
ions at the B and B′ sites offer a unique playground for explor-
ing novel electronic and magnetic phenomena, due to their
comparable energies of strong spin–orbit coupling (SOC), on-
site Coulomb and crystal-field interactions [1]. Thus, from the
perspective of new materials designing, double perovskites
provide wide flexibility by virtue of choosing not only the TM

∗ Author to whom any correspondence should be addressed.

ions but also the alkaline and lanthanide ions. In addition, these
double perovskites are found to exhibit a variety of interesting
physical properties, such as half-metallic tunneling-typemag-
netoresistance, high-Curie-temperature ferrimagnetic (FiM)
half-metals and insulators, multiferroicity, magnetocaloric,
and exchange bias [2–12], enabling them to become a great
prospect for spintronic applications. In general, the magnetic
ground state and the temperature andmagnetic field-dependent
magnetization behavior for most of these materials are mainly
determined by the TM ions at the B and B′ sites through super-
exchange interaction [13–15]. However, the 12-coordinated
alkaline ions do not take part directly in determining the mag-
netic properties of double perovskite, or otherwise influenc-
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Figure 1. (a) and (b) show the synchrotron x-ray diffraction patterns of Sm2CoIrO6 measured at 15 and 300 K, respectively. Filled black
circles represent the experimental data and the continuous red line represents the simulated pattern. The blue scattered lines are the Bragg
peak. The green line represents the difference between the experimental and simulated pattern. The inset of (a) represents the refined crystal
structure at 15 K. (c)–(g) Thermal variation of lattice parameters a, b, c, β and unit cell volume V .

ing indirectly through lattice distortion. On the other hand,
lanthanide ions, in particular, rare-earth (RE) ions having
unfilled 4 f shell are especially interesting in magnetism due
to their single-ion anisotropy effect (contribution from the
large unquenched orbital angular momentum). Although, the
d– f exchange interactions are weaker than d–d exchange
interactions as the nature of 4 f orbitals in RE atoms are
strongly localized, these weak exchange interactions however
can induce fascinating magnetic phenomenon in the double
perovskites [16].

Iridates, more explicitly, iridium (Ir)-based double per-
ovskites have gained a lot of attention in recent days and
turned into a rapidly growing research topic in condensedmat-
ter physics as 5d Ir ions bring strong and unusual SOC, which
results in diverse magnetic ground states. In case of 5d4 sys-
tems i.e., Ir5+ ions in an octahedral crystal field of A2BIrO6

(with A2+ and B3+ cations) compounds, it is expected that
the strong SOC associated with the Ir ions drives the sys-
tem into a ‘Jeff = 0’ nonmagnetic ground state. However, there
are certain controversies in literature regarding the perfect
‘Jeff = 0’ ground state, and in most of the cases, it hasn’t been
achieved due to the presence of either electronic many-body
effects or defects (chemical disorder and/or off-stoichiometry)
[17–21]. In contrast, the systems having Ir4+ ions (5d5, t52g)

within octahedral oxygen cages lead to a ‘Jeff = 1/2’ Mott-
insulating state, as the strong SOC splits t2g level into a fully
occupied Jeff = 3/2 quartet and a partially-filled Jeff = 1/2 dou-
blet states [22]. Furthermore, the double perovskite iridates
having strongly correlated 3d ions at the other B site are found
to show exotic magnetic phenomenon along with the complex
magnetic ground states. For instance, among the La2BIrO6 iri-
dates, B = Mn is found to show ferromagnetic (FM) ground
state [23], the noncollinear antiferromagnetic (AFM) ground
state (as well as a weak FM component) is reported for
B = Ni, Fe, Co and Cu compounds [24–31], and the B = Mg
(Zn) exhibits AFM (canted) ground state [30, 32]. Recently, it
is observed that the FM cluster glass and exchange bias behav-
ior have emerged upon Cr-doping at the Cu site of La2CuIrO6

compound [31].
Although earlier studies have reported that La2CoIrO6

shows FM-like components at low temperature (from hystere-
sis loop measurements) [25, 27], more recent investigations
have predicted a FiM ground state resembling to the AFM
coupling between a weak FM moment of canted Co2+ spins
and Ir4+ cations with a negative moment [28]. In contrast,
a reentrant spin-glass magnetic state also has been found in
this compound recently [33]. Since, the other members of
this Ln2CoIrO6 family with Ln-site magnetic RE elements

2



J. Phys.: Condens. Matter 33 (2021) 335801 S K Pradhan et al

Table 1. The Rietveld refined crystallographic parameters, such as
fractional atomic coordinates (with Wyckoff positions), isotropic
thermal parameters (Biso) obtained from the T = 15 K, x-ray
diffraction pattern of Sm2CoIrO6. Occ corresponds to site
occupancies.
Space group: P21/n
a = 5.3350 Å, b = 5.6724 Å, c = 7.6238 Å, β = 89.7325◦

Unit-cell volume (V) = 230.7150 Å3

Rp = 8.2, Rwp = 10, χ2 = 5

Atom x/a y/b z/c Biso Occ

Sm (4e) 0.015 33 0.573 00 0.747 60 0.083 1.0
Co (2b) 0 0 0.5 0.715 0.85
Ir (2b) 0 0 0.5 0.715 0.15
Ir (2a) 0 0 0 0.715 0.85
Co (2a) 0 0 0 0.715 0.15
O1 (4e) 0.100 50 0.029 00 0.248 30 0.916 1.0
O2 (4e) 0.187 50 0.297 00 −0.05070 0.574 1.0
O3 (4e) 0.201 80 0.303 60 0.548 80 0.671 1.0

could bring a paramount complexity in magnetism due to the
interactions between three magnetic cations, researchers now
focus on studying the physical properties of hetero-tri-spin
3d–5d–4 f systems [34]. In this context, it is worthwhile to
mention that Ln2CoIrO6 double perovskites with Ln= Eu, Tb
and Ho show a high-temperature FiM transition and moderate
magnetocaloric effects (MCEs); while, both Tb2CoIrO6 and
Ho2CoIrO6 compounds exhibit a temperature-induced FiM-
to-AFM phase transition and a field-induced spin-flop-like
transition below AFM Néel temperature [35]. However, no
reports have been found in literature till now to understand the
complex magnetic and electrical behaviours of SMCO double
perovskite having hetero-tri-spin configuration.

In this report, we have investigated the magnetic and trans-
port behaviours of the polycrystalline double perovskite com-
pound SMCO, synthesized by standard solid-state-reaction
method. The powder diffraction pattern analysis confirms
that SMCO crystallizes in the monoclinic structure with
space group P21/n, alike other hetero-tri-spin systems in
this Ln2CoIrO6 family [35]. Temperature and magnetic field-
dependent magnetization measurements reveal that sample
shows FiM transition at TFiM = 104 K as well as the RE Sm3+

ions ordering at TR
Sm = 10 K. However, the conventional

Arrott plot rules out the validity of mean-field theory near
paramagnetic-FiM phase transition. Temperature dependence
of electrical resistivity measurement suggests that SMCO is an
insulator, and showsMott variable-range hopping (VRH) con-
duction behaviour.Dielectricmeasurements reveal the absence
of magneto dielectric coupling in this as studied sample.

2. Experimental details

Polycrystalline sample of SMCO was prepared by the conven-
tional solid-state-reactionmethod from stoichiometric amount
of Sm2O3 (Sigma Aldrich, 99.99%), CoCO3·xH2O (Sigma
Aldrich, 99%) and IrO2 (Sigma Aldrich, 99.99%). At first,
these raw oxides and carbonate were mixed and ground thor-
oughly in an agate mortar, and heated at 873 K for 16 h in
air. Then the mixture was reground and sintered at 1323 K

for 24 h in air, and subsequently furnace-cooled to room tem-
perature. This process was repeated 3–5 times to get good
quality homogeneous sample. The high resolution temper-
ature dependent powder x-ray diffraction (XRD) measure-
ments were performed using synchrotron facility (λ = 0.77
Å) at Photon Factory, National Laboratory for High Energy
Physics (KEK) Japan, within temperature range 300 K to 15
K. Rietveld refinement [36] of the XRD data was performed
using the FullProf software package [37] and the chemical unit
cell has been drawn using the software VESTA [38]. The dc
magnetization measurements were carried out on a Quantum
Design superconducting quantum interference device magne-
tometer between 2 and 300 K, and applied magnetic field up
to 70 kOe. The resistivity of the sample as a function of tem-
perature was measured from 50 to 230 K using the standard
four-probe method with dc current in a Physical Proper-
ties Measurement System (PPMS, Cryogenic Ltd., UK). The
dielectric measurements were performed in the temperature
range 5–270 K using low temperature facility (Cryogenics
Ltd., UK) and frequency 1 kHz–1 MHz using LCR meter
(KEYSIGHT E4980A).

3. Results and discussions

3.1. Crystal structure

The structural refinements of room temperature synchrotron
XRD of SMCO has been carried out by considering mon-
oclinic space group P21/n (No. 14). Temperature dependent
XRD patterns have been taken over a wide temperature range
of 15–300 K. The Rietveld refinements of these XRD pat-
terns have been performed using the same monoclinic space
group P21/n down to 15 K. The refined XRD patterns of both
15 K and room temperature (300 K) are presented in figures
1(a) and (b) respectively. The obtained lattice constants, unit
cell volume, and the Wyckoff positions of individual atoms
are summarized in table 1 for T = 15 K data. Thermal varia-
tions of refined lattice parameters, a, b, c, β and V are shown
in figures 1(c)–(g). An anomaly at around 104 K is observed
in the temperature dependent lattice parameters, signifying a
structural phase transition happens in SMCO (shape variation
of hkl plane (−112) and (200) are presented from 90–110 K
temperature range in the appendix). Due to possible very small
changes in the position coordinates across the phase transition,
the present Rietveld refinements cannot conclusively deter-
mine the true symmetry of low temperature phase. Such kinds
of difficulties are not unusual when the lattice distortions are
weak [39, 40]. This probably originates from exchange stric-
tion results from the lattice degrees of freedom. Such a sce-
nario causes the magnetically interacting atoms to change their
relative distance so that the system gains the magnetic energy
in lieu of the elastic energy [41]. A careful analysis of the XRD
data at 15 K shows the presence of antisite disorder in the sys-
tem. The best fit is obtained for a disorder of 15% in the system.
The peak corresponding to ordering is 2θ = 10◦. However, the
crystal structure consists of alternating octahedral of Co and
Ir along three crystallographic directions, as shown in inset of
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Figure 2. Temperature (T ) dependent zero-field-cooled (ZFC: red) and field-cooled-cooling (FCC: green) magnetization (M) at various
applied magnetic fields, H = (a) 0.1 kOe (b) 1 kOe and 10 kOe (inset of (b) displays the first-order derivative spectra ( dMdT ) of FCCM(T ) as a
function of T for different H). (c) Variation of FCC and FCH data at H = 10 kOe in the temperature (T ) interval 70–120 K. (d) The
magnetic inverse susceptibility (1/χ) as a function of temperature (T ) under H = 0.1 kOe. Solid red line denotes Curie–Weiss (C–W)
behavior at high temperature.

figure 1(a). The crystal structure also reveals that IrO6 octa-
hedra is connected with CoO6 octahedra via corner sharing.
These connectivities satisfy the Co–O–Ir bond angle∼147.2◦.
In addition, we have also calculated the Goldschmid tolerance
factor (t) for this double perovskite compound, as it often gives
an indication regarding the stability of crystalline phases. We
obtain t= 0.84 for this double perovskite considering the ionic
radius of Sm3+ = 1.079 Å, Co2+ = 0.745 Å, Ir4+ = 0.625 Å,
and O2− = 1.40Å [42]. It is well-known that the value t� 0.96
usually belongs to either orthorhombicor monoclinic structure
[43], and the observed monoclinic structural model of SMCO
is consistent with this t-value.

3.2. Magnetism

The thermal variations (2–300 K) of the dcmagnetization (M)
have beenmeasured in the zero-field-cooled (ZFC), field-cool-
cooling (FCC) and field-cool-heating (FCH) protocols under
different applied magnetic fields. Figures 2(a) and (b) show
the ZFC and FCC M(T ) data measured at external magnetic
fields (H ) = 0.1 kOe, 1 kOe, and 10 kOe. As the temper-
ature decreases from room-temperature, both ZFC and FCC
magnetizations increase slowly up to a particular tempera-
ture. A sudden jump in both ZFC and FCC magnetizations
and a large contrast between them below this temperature

(T = 104 K) indicate the onset of an FM-like ordering. Instead
of TC, we define this particular magnetic ordering temperature
as TFiM here, and the reason behind such preference is dis-
cussed later. With further decrease of temperature, FCC mag-
netization curve shows an extra anomaly around 10K, which is
attributed to the ordering (TR

Sm) of RE Sm3+spins. Both these
magnetic transitions are clearly visible in the thermal variation
of the first-order derivative of FCC magnetization ( dMdT ) (see
inset of figure 2(b)); however we observe very weak anomaly
in the derivative spectra of ZFCmagnetization at lower applied
field due to ordering of RE ions, which is not shown here. In
addition, we note that the shape of ZFC curve changes with
increasing the external magnetic field. At lower applied field
(say H = 0.1 kOe), no peak exists in the ZFC curve; while, a
peak appears just below TFiM for H = 1 kOe, which shifts to
lower temperature and becomes broader with further increase
of externalmagnetic field (in case ofH= 10 kOe). This kind of
characteristics of ZFCM(T ) peak is quite similar to that of the
other double perovskite compound, such as Eu2CoIrO6 [35], in
this series. Moreover, the bifurcation between ZFC and FCC
magnetizations, along with a broad maximum in ZFC curve,
signals the presence of large magnetocrystalline anisotropy in
this compound.

A wide and thin hysteresis between the FCC and FCH data
is observed around 104 K (110–120 K, slightly higher than
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Figure 3. Green solid line suggests the agreement of the Neel’s
expression at high temperature. (Inset shows the inverse magnetic
susceptibility {χ−1(T)} as a function of temperature (T ) for
different applied magnetic field (H )).

the ordering temperature) (see figure 2(c)) for H = 10 kOe,
which coincides with the anomaly of the temperature depen-
dent refined lattice parameters (mentioned in section 3.1), sig-
nifying the phase transition. This similar kind of trend has been
observed for M(T ) data measured at other external magnetic
fields (H ).

The effective magnetic moment of SMCO is calculated
from thewell-fittedχ−1(T ) data (usingH= 0.1 kOe FCC data)
by the Curie–Weiss (C–W) law, χ= C/(T − θ) in the temper-
ature range 230–300 K, where C is the Curie constant and θ
is the C–W temperature (see figure 2(d)). The obtained effec-
tive magnetic moment (μeff) and C–W temperature (θ) from
the fit are 6.95 μB/f.u. and −117 K, respectively. The nega-
tive value of θ indicates the AFM interaction of the compound
and is consistent with the Kanamori–Goodenough rule [15] as
reflected by the Co–O–Ir bond angle (147.2◦, as mentioned
in the section 3.1). Since the theoretically calculated value
(μtheo

Sm = 0.84 μB, using μtheo
Sm = gSm

√
JSm(JSm + 1) where gSm

is the Landé g-factor) of effective moment of Sm3+ dif-
fers significantly from the experimentally observed value of
μexp
Sm = 1.5 μB [44], we consider μSm = 1.5 μB, μCo = 4.8 μB

(for high-spinCo2+ in related double perovskites [35]), andμIr

= 1.4 μB (taking the maximum value in these Ir-based double
perovskites [35]) to calculate the expected effectivemoment of
SMCO using the relation μeff =

√
2μ2

Sm + μ2
Co + μ2

Ir. The cal-
culated value of 5.43 μB/f.u. is lower than the value obtained
experimentally; though, the exact reason is unclear. However,
we predict that the the large difference between the experimen-
tal and theoretical effective moment values might be related
to the canted AFM spin states associated with Dzyaloshin-
skii–Moriya interaction. We also believe that the C–W fitting
to χ−1(T ) data for much higher magnetic field would provide
better approximation of the theoretical μeff value.

To investigate the nature of magnetism in this double per-
ovskite and its magnetic ground state, we plot the thermal vari-
ation of inverse dc susceptibilityχ−1(T ) usingH= 0.1 kOeFC
magnetization data in figure 3. The χ−1(T ) exhibits true para-
magnetic nature, and follows conventional C–W behaviour
above 225 K. Below this temperature, χ−1(T ) significantly

deviates from C–W behaviour, and shows a sharp downturn
(stair-like) before reaching the ordering temperature. This kind
of stair-like feature in χ−1(T ), just above the ordering temper-
ature, is often suggested the presence of Griffith’s phase, and
characterized by the short-range FM clustering due to com-
peting magnetic interactions [45, 46]; however, almost field-
independent behaviour of this stair-like feature (remains intact
even at higher external applied field, see inset of figure 3)
rules out the possibility of formation of Griffith’s phase in the
vicinity of magnetic ordering temperature. It is important to
note that χ−1(T ) shows hyperbolic-kind of variation around
the magnetic phase transition, which is in sharp contrast to
the typical characteristic of FM materials. Nevertheless, the
hyperbolic behaviour of χ−1(T ) above the onset of magnetic
ordering is a distinctive of FiM materials, and can be analyzed
by Néel’s equation [47],

χ−1 (T) =
T −Θ

C
− ξ

T −Θ′ , (1)

where the first term symbolizes simple C–W behaviour at
high-temperatureregion, and last term is responsible for hyper-
bolic behaviour near FiM ordering [48, 49]. Here,Θ′ and ξ are
the fitting parameters, and their origins have been described
in the two sub-lattice model of FiM [49]. The green solid line
in figure 3 is the fitted curve to χ−1(T ) according to equation
(1), and an exact fit thus establishes the FiM ordering around
T = 104 K in this compound. The obtained parameters from
this fitting are as follows, C = 5.17 emu K mole−1 Oe−1,
Θ = −137.55 K,Θ

′
= 109.84 K, and ξ = 350.77 mole

K emu−1 Oe−1. The FiM ordering in this compound mainly
originates from the AFM coupling between the canted Co2+

and Ir4+ spins, as predicted for other compounds Ln2CoIrO6

(Ln = La, [28, 30] Eu, Tb, and Ho [35]) in this series. The
ZFC isothermal magnetization M(H ) curves at various tem-
peratures for SMCO are displayed in figure 4(a). The M(H )
curves at T = 150 K and 120 K do not show any hysteretic
behaviour, and magnetization linearly increases with increas-
ing field, implying the true paramagnetic state of the sample.
With the decrease of temperature from 120 K to 110 K, the
shape of the M(H ) curve slightly changes; while, the M(H )
curve at T = 100K reveals thin hysteresis loop, and themagne-
tization starts to show linear field dependency fromH� 5 kOe,
thus indicating a typical FiM ground state. From figure 4(a),
it is clear that the M(H ) curves show well-defined hysteresis
loop as the temperature further decreases below 100 K, and the
coercive field (HC) and the remanent magnetization continu-
ously increase with decreasing temperature. From the isother-
mal M(H ) curves measured at different temperatures, the
estimated values ofHC are plotted as a function of temperature
in figure 4(b), which clearly shows a sudden change in slope
near the onset of FiM ordering, and HC gradually increases
with decreasing temperature below FiM ordering temperature
and reaches the maximum value at T = 2 K. The strong linear
field dependence of magnetization beyond the FiM hysteresis
can be attributed to the gradual field alignment of the canted
Co2+ and Ir4+moments [35], and as a result, M(H ) curves do
not show any sign of saturation at H = 70 kOe. It is worth-
while to mention that M does not saturate even up to 60 T
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Figure 4. (a) Magnetization (M) vs Magnetic Field (H ) loop ranging from −70 to 70 kOe at various temperatures, (b) temperature (T )
dependence of obtained coercive field (HC) from ZFCM(H ) loops.

Figure 5. (a) M vs H isotherm (Virgin curve) around TFiM, from temperature (T ) between 90 and 128 K at the interval of 2 K. (b) Basic
Arrott plots constructed from M-H data.

magnetic field (varies linearly with field) in similar Ir-based
double perovskite materials [35].

To understand the nature of magnetic phase transition in-
depth, we have carried out isothermal magnetization measure-
ments in the vicinity of PM-FiM transition. Figure 5(a) shows
a series of initial M(H ) isotherms (virgin legs) in between
90–128 K at an intervalΔT = 2 K, showing a gradual change
between PM and FiM states. However, it is advantageous to
use the conventional Arrott plot (M2 vs H/M) method [50] to
determine the order of phase transition. Figure 5(b) displays
the Arrott plot for this compound in between 96–112 K. The
positive slope ofM2 vs H/M isotherms indicates that the PM-
FiM phase transition in this compound is second order, which
is in accordance with the Banerjee criteria [51]. Furthermore,
according to the mean-field theory, M2 vs H/M isotherms at
different temperatures shouldmanifest a set of parallel straight
lines near the magnetic phase transition, and the line at T =
TFiM must traverse the origin. In contrast, a non-linear variation
of M2 vs H/M curves has been found for SMCO, exhibiting
a significant downward curvature at low-field region possibly
due to the mutually misaligned magnetic domains [52]; while,
the high-field linear portions show clear divergence.Hence, the
mean-field theory fails to interpret the observed phase transi-

tion in SMCO, indicating the presence of critical fluctuations.
Therefore modified Arrott plot method may be a good option
to analyze the criticality [53].

The MCE has been investigated in order to understand the
isothermal magnetic entropy change ΔSM of the magnetic
material when it is subjected to a changing external mag-
netic field, and to explore the possible applications in mag-
netic refrigeration technology.Besides the directmeasurement
through calorimetry method, it is well-established that ΔSM
can be calculated indirectly frommagnetizationmeasurements
using Maxwell’s thermodynamic relation:

ΔSM =

∫ H

0

(
∂M (T,H)

∂T

)
dH.

It is found that−ΔSM reaches a maximumvalue around the
magnetic ordering temperature, TFiM at each field, where the
value of−ΔSM has been calculated from the isothermalM(H )
virgin curves of figure 5(a). The temperature and field depen-
dence of −ΔSM for SMCO is displayed in figure 6 through
a three-dimensional surface plot. The magnitude of −ΔSM
increases with increasing field, and the maximum value of
−ΔSM is found to be 0.716 J kg−1 K−1 at H = 70 kOe, which
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Figure 6. Thermal profile of field induced magnetic entropy change (−ΔSM) under the applied field changing from 10–70 kOe.

Figure 7. Temperature (T ) dependence of resistivity (ρ) for SMCO.
Upper and lower insets show the fitting results using VRH and
Arrhenius model respectively.

is slightly higher than that of the value reported for Eu2CoIrO6

at H = 8 T [35]. A colour map of the −ΔSM as a function of
temperature, T, and magnetic field, H is also projected at the
top of figure 6, where clear indications of the maximum value
of −ΔSM for all fields are found around at TFiM.

In addition, the value of relative cooling power (RCP),
which represents the refrigerant capacity of a magnetic mate-
rial, can be evaluated for SMCO using the relation [54]:

RCP = −ΔSmax
M × δTFWHM,

where first and second terms denote the maximum value
of magnetic entropy (−ΔSM) and the full-width at half-

Figure 8. Thermal variation of first-order derivative of ε′ with
temperature (T ) for different frequencies ( f ).

maximumof−ΔSM peak at a particularmagnetic field, respec-
tively. RCP values are found to be 12.5 J kg−1 and 30 J kg−1

for H = 10 kOe and 70 kOe, respectively, showing a gradual
increase with increasing external magnetic field.

3.3. Resistivity

The temperature dependent resistivity ρ(T ) measurement in
the range 50–230 K (figure 7) shows that SMCO is an insu-
lator, possibly due to large separation between the B-site
cations, as also seen in nearly all double perovskites [55].
From Arrhenius fit (using the equation ρ = ρ0 exp(Ea/kBT))
in the temperature interval 165–230 K, an activation energy of
Ea ∼ 100 meV is estimated from the slope of ln ρ ver-
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Figure 9. Plot of (−112) and (200) peak in the Intensity (I) vs 2θ
plot from 90–110 K temperature range.

sus (kBT)−1 curve (lower inset of figure 7), which is worthy
of comparison with other strongly insulating Ir-based oxides
[56–58]. It is clear that linear fitting to the data in figure 7
deviates above 165 K, and hence, prompts us to understand
the electrical conduction mechanism through other models.
However, the linear dependence of ln ρ on T−1/4 throughout
the temperature range (50–230 K) indicates that Mott VRH

(ρ = ρ0 exp(T0/T)1/4 in three-dimension) is the possible con-
ductionmechanism in this compound (see upper inset of figure
7). Obtained parameters from VRH fitting are ρ0 ∼ 6.22 ×
10−11 Ω cm and Mott characteristic temperature T0 ∼ 83 ×
106 K.

3.4. Dielectric behaviour

Recently, our group has reported [59] the dielectric and
impedance property of SMCO. No anomaly (or, peak) has
observed in ε′ vs T spectra around the magnetic ordering tem-
perature TFiM, and ε′ almost attains a constant value above
250 K. It is to be mentioned that the peak in thermal varia-
tion of first-order derivative of ε′ with respect to temperature
(dε′/dT) spectra for f = 1 kHz is centered around 70 K, which
is well below the magnetic ordering temperature; whereas,
this peak is positioned at 88 K (still below the TFiM) for
f = 10 kHz data (see in figure 8). Thus, the step-like features
in ε′ vs T spectra do not have any magnetic origin, implying
the absence of significant magneto-dielectric coupling in this
particular double perovskite.

4. Conclusions

In summary, we have successfully synthesized the mixed
3d–5d–4 f double perovskite compound SMCO in polycrys-
talline form, and investigated the structural, magnetic and
transport properties. SMCO crystallizes in the monoclinic
structure with space group P21/n, and shows FiM order below
TFiM = 104 K, likely arising from the AFM coupling between
Co2+ and Ir4+ sub-lattices. A second magnetic transition is
observed in M(T ) data around 10 K, which is associated
with the ordering of RE Sm3+ spins. A moderate MCE is
found around FiM transition, having maximum RCP value of
30 J kg−1 for H = 70 kOe. Smaller magnetic moment of
Sm3+ ion, μ(Sm) = 0.85 μB, directly gives negligible con-
tribution to the overall magnetic coupling between 3d–5d–4 f
systems, in comparison with other compounds containing
more f electrons. In general, crystalline anisotropy con-
trols the spin configuration of 3d–5d sub-lattices at high
temperature in case of oxide materials. However, the inter-
action of the d-sublattices and RE moments becomes signif-
icant at low temperature, which perhaps overcomes crystalline
anisotropy forces and induces spin-reorientation, as observed
in case of Ln(Tb, Ho)2CoIrO6 double perovskites. In contrast,
due to the presence of weak f –d interaction between Co–Ir
sublattices and Sm3+ moments (small moments) and large
magneto-crystalline anisotropy,we probably have not seen any
spin-reorientation phenomenon in this compound. So, eventu-
ally, Smmoments have significant role in determining themag-
netic properties and behaviour of SMCO compound, although
it has small moment. Electrical resistivity measurements sug-
gest the insulting behaviour of the sample, in whichMott VRH
conduction mechanism is detected. At the same time tempera-
ture dependent dielectric measurements of this as studied sam-
ple suggests it is not related to magnetic ordering. We hope
our results will inspire more investigations of theoretical cal-
culations, as well as experimental studies employing doping
elements.
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Figure 9 shows the modulation of (−112) and (200) hkl plane
within temperature (T ) range 90–110K of SMCO.−112 plane
is themost intense in the XRD data throughout the temperature
scan. After 100 K; from the 105 K data the peak shapes are
changed, justifies the structural phase transition happens in the
as studied sample.
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Abstract:  

Mangrove forests occupy the estuarine ecotone and harbor a wide range of microorganisms along with 
a rich diversity of flora and fauna. Marine and estuarine organisms are known to produce unique 
molecules due to the aggressive, exigent, and competitive surroundings that are unlike those produced 
in the terrestrial environment. Marine cyanobacteria are a vast resource for new bioactive natural 
products useful in the development of therapeutics. The Sundarbans mangrove ecosystem harbours 
various unique microorganisms having different interesting properties. Discovery of a unique alkaline 
serine protease enzyme tolerant to bleach, detergent, high salt concentration and solvent, isolation and 
identification of obligatelyhalophilic,euryhaline novel cyanobacteria from intertidal soil surface of the 
Sundarbans and identification of a pair of novel Streptomyces represent a few of the ongoing endeavors 
undertaken to explore the mostly untapped microbial diversity of the Sundarbans. This study focuses 
on two novel strains of cyanobacteria isolated from the intertidal soil surface biofilm of the Indian 
Sundarbans, which were cultivated on a large scale to yield a significant quantity of biomass for the 
extraction of secondary metabolites. The cyanobacterial biomass was extracted with a range of polar 
and non-polar solvents and the ethyl acetate fractions showed significant anti- angiogenic activity when 
tested against sunitinib (a protein kinase inhibitor). The extracts also showed significantly greater anti- 
inflammatory activity compared to dexamethasone, which has been shown to reduce the 28 day 
mortality rate of patients affected by COVID- 19. 
 

Keywords: Halophilic cyanobacteria, Indian Sundarbans, anti- inflammatory activity, 
anti- angiogenic activity. 
 

Introduction 

Modern day trends in drug discovery from natural sources stress the investigation of 
marine environment to yield numerous biologically active compounds many of which 
are antimicrobial in nature (Burja et al., 2001). The intertidal areasconsidered as 
interfaces of the ocean, atmosphere, and terrestrial environments harbour diverse 
microbial biofilm communities that are subjected to fluctuations in metal ion 
concentrations, temperature, desiccation, UV irradiation, and wave activities. The 
organisms in intertidal zones essentially spend part of their lives in extreme, arid 
conditions during emersion and half of their lives in stable, benign seawater. These 
conditions lead to the development of unique and specific characteristics of the 
inhabiting organisms (Zhang et al.,2013). These ecosystems experience tidal flooding, 
which causes environmental factors such as salinity and nutrient availability to be 
highly variable resulting in unique and specific characteristics of the inhabiting 
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organisms. The microbiome is one of the important communities of the mangrove 
ecosystem as the abundance of carbon and other nutrients sustains a large number of 
microbial communities which are adapted to the brackish and fluctuating 
environmental conditions (Pramanik et al., 2011).Marine cyanobacteria are a vast 
resource for new bioactive natural products useful in basic research, biomedical 
sciences, and the development of therapeutics (Gogineni et al., 2018). 

Natural products of pharmacological importance derived from cyanobacteria 

Cyanobacterial natural products are grouped according to their biosynthetic origins such as 
polyketides, cyanopeptides, alkaloids, isoprenoids and other metabolites. While majorresearch 
has been towards investigating toxicity, many studies have shown cyanobacteria toproduce 
compounds that are of pharmaceutical and biotechnological interest. 
Cyanobacterialcompounds comprise 40% lipopeptides, 5.6% amino acids, 4.2% fatty acids, 
4.2% macrolidesand 9% amides. Most of the bioactivity shown by cyanobacteria tends to be 
from lipopeptideslike cytotoxic (41%), antitumor (13%), antiviral (4%), antibiotics (12%) and 
the remaining18% include anti-malarial, antimycotics, multi-drug resistance reversing agents, 
herbicidesand immunosuppressive agents. A major part of cyanobacterial secondary 
metabolites arepeptides or possess peptidic structures. Many important classes of cancer cell 
toxins withapoptotic properties have been characterized from marine cyanobacteria over the 
past years.Effects of cyclic peptides as anticancer agent with multitude targets have been 
reviewed.Lyngbyamajusculaamong other cyanobacterial genera collected from various coastal 
anddeep- sea regions of the marine environment worldwide has proved to be one of the 
mainsources for the production of natural products with anti-tumor and anti-cancer 
properties,regardless of their geographical distribution (Nagarajan et al., 2012). Many of the 
secondarymetabolites secreted by cyanobacteria were found active against different 
mammalian cancercell lines. Some important compounds isolated from cyanobacteria that 
target cancers aregiven as follows: colon cancers are targeted by minutissamides, 
microcystilide A,laxaphycins, cylindrocyclophanes and bauerines A-C while breast cancers are 
targeted bycarbamidocyclophanes, dendroamide, hapalosin and tolyporphins; lung cancer is 
are targetedby pahayokolide A; and prostate cancer by tychonamide. A few secondary 
metabolitesisolated from cyanobacteria were shown to have profound activity against certain 
parasitescausing deadly diseases. A compound isolated from freshwater 
cyanobacteriumNostocdisplayed antiprotozoal activity against Trypanosomaand 
Leishmaniaand significant toxicityto malaria parasite. Pharmacologically important 
metabolites have been isolated from marinebenthic and planktonic cyanobacteria that inhibit 
growth of severe bacterial, fungal andprotozoal pathogens. Studying active concentration, 
active modules and mechanism of actionof bioproducts on both prokaryotic and eukaryotic 
pathogens and/or parasites will help intheir selection for clinical evaluation. A class of 
antifungal lipopeptides known aslobocyclamideswere isolated from marine cyanobacteriumL. 
confervoidescollected fromCay Lobos, Bahamas (Nagarajan et al., 2012; Raja et al., 2016). 
Freshwater and terrestrialcyanobacteria are also proven to have the potential to produce 
compounds displayingcytotoxic, protease inhibiting and growth controlling properties on 
parasites, pathogens andharmful algae. Further studies on these metabolites may make 
synthesis of drugs containingthe bioactive key components possible. Thus, a new vista may 
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open towards the treatment oflife-threatening diseases (Nagarajan et al., 2012). Despite the 
wide range of natural productsfound in cyanobacteria, exploitation of these products is still not 
widespread.  

Studies on the cyanobacteria of the Indian Sundarbans 

The Sundarbans mangrove ecosystem harbours various unique cyanobacteria having 
pharmacologically important properties. Isolation and subsequent identification of 
obligatelyhalophilic, euryhaline novel cyanobacteria from intertidal soil surface of the 
Sundarbans (Pramanik et al., 2011) represents one of theendeavors undertaken to explore the 
vastly unexplored microbial diversity of the Indian Sundarbans, under the guidance of Dr. J. 
Mukherjee (School of Environmental Studies, Jadavpur University). Based on morphological 
characteristics, six of the isolated cyanobacteria were assigned to the Lyngbya-Phormidium-
Plectonema (LPP) group B, and one each was assigned to Oscillatoriaand Synechocystis 
genera. A polyphasic approach- based taxonomic characterisation was performed for the 
cyanobacteria, which led to the discovery of four novel strains, out of which two are a novel 
speciesO. aestuariibelonging to the genus Oxynema. Cross walls in the apical portion of cells 
of the strains AP17 and AP24 were absentwhile the same were present in CCALA960. 
Additionally, optimal growth of AP17 and AP24 was recorded at 5–8% salinityand salinity 
above 14% inhibited growth of both strains, which were isolated from the intertidal soil surface; 
whereas O. thaianum CCALA960 which was found in a hypersaline environment could grow 
at 40% salinity. Differences between the internal transcribed spacer (ITS) sequences of the two 
strains isolated from the Indian Sundarbans and the reference strain included the insertion of 9 
nucleotides in the D2 with spacer region, insertion of 2 nucleotides in the pre Box B spacer 
region, deletion of 2 nucleotides in the post Box B spacer region, deletion of 8 nucleotides in 
the D4 region, deletion of 8 nucleotides in V3 region and insertion of 2 nucleotides in the D5 
region of the ITS sequences of AP17 and AP24, which were observed in comparison to the 
analogous regions of CCALA960. Structural details of Box B helices of AP17 and AP24 
revealed that though their lengths were identical with that of the reference strain, their 
sequences were completely different from CCALA960. Four nucleotide substitutions were 
presentin different positions in the Box B helix of O. thaianum CCALA960. Secondary 
structures of the V3 regions of both AP17 and AP24 (containing 51 nucleotides) showed a 
small terminal bulge and a bigger bilateral bulge while the analogous structure of O. thaianum 
CCALA 960 (comprising of 59 nucleotides) showed one additional bilateral bulge in 
comparison to AP17 andAP24. Therefore, based on morphological, ecological and molecular 
differences in comparison to O. thaianum CCALA960, isolates AP17 and AP24 were proposed 
to be members of a second novel species in the Oxynema genus, for which the name 
Oxynemaaestuarii sp. nov.has been proposed (Chakraborty et al., 2018).The other two strains 
AP9F and AP25 are monophyletic taxa designated as Euryhalinemamangrovii and 
Leptoelongatuslitoralis (gen. nov., sp. nov.). The cells of AP9F and AP25 were highly 
elongated whereas the cells of the reference strains (Leptolyngbyaboryanaand 
Nodosilineanodulosa) were occasionally elongated to isodiametrical. Terminal cells of AP9F 
and AP25 appeared as flattened corners (as opposed to rounded), which was different from the 
cell structure of other  



                                                                                                                      IJCAES Vol 2, Issue 1, 2021 

ISSN 2689-6389 (Print)        59  
ISSN 2687-7939 (Online) 
 

Leptolyngbyaceae members. 16S rRNA gene sequences of AP9F (1366 bp) and AP25 (1408 
bp) showed 95% and 92% similarities respectively with the non-redundant (nr) nucleotide 
sequences of their closest relatives of the Leptolyngbyagenus. Test strains occupied a clade in 
the phylogenetic tree that was different from the ones containing the type species. A single 
operon containing both tRNAile and tRNAala genes were present in the ITS regions of AP9F 
and AP25 as compared to the presence of two operons in the ITS region of the reference genera 
Leptolyngbyaand Nodosilinea: one in which both tRNAile and tRNAala genes are present and 
the other lacking both the genes. The secondary structures of the traditionally conservative D-
stem region as well as the Box B helix and V3 regions of the ITS operons showed significant 
variation between the test strains and also when compared with the corresponding sequences 
of L. boryanaand N. nodulosa. Molecular, phylogenetic and morphological data suggested 
AP9F and AP25 to be monophyletic taxa for which the names Euryhalinemamangrovii gen. 
nov., sp. nov.andLeptoelongatuslitoralis gen. nov., sp. nov.were proposed respectively 
(Chakraborty et al., 2019).Thus, the strains AP17, AP24, AP9F and AP25 isolated from the 
Sagar Island and Lothian Island of the Indian Sundarbans differed from the reference strains 
(Oxynemathaianum CCALA960 for Oxynemaaestuarii, Leptolyngbyaboryana, and 
Nodosilineanodulosafor Euryhalinemamangrovii and Leptoelongatuslitoralis) in terms of 
morphology, ecology and 16S- 23S ITS sequences (Chakraborty et al., 2018, Chakraborty et 
al., 2019). The aforementioned novel strains have been deposited and cryopreserved in the 
Microbial Culture Collection (MCC), India having accession numbers MCC 3874 (AP17), 
MCC 3873 (AP24), MCC 3171 (AP9F) and MCC 3170 (AP25). 

Material and methods 

Cyanobacterial isolates were established by aseptic collection of cyanobacterial soil surface 
biofilm, inoculation in artificial sea nutrient (ASN-III) medium, and subsequentincubation in 
fluorescent irradiance maintaining a 12-h:12-h light:dark cycle at 25±1°C, and plating the 
seriallydiluted homogenized biomass obtained after 40 days of growth. Individual colonies of 
filamentous cyanobacteria were isolated after 30 days on ASN-III plates, observed 
microscopically, and grown in liquid ASN-III medium supplemented cycloheximide and triple-
antibiotic solution (containing penicillin G, chloramphenicol, and streptomycin sulfate) to 
prevent culture contamination. Thecyanobacterial cell suspension so obtained was 
subsequently grown in antibiotic-free ASN-III medium for 30 days, and culture purity was 
confirmed by the absence of microbial growth intryptone-yeast extract-glucose (TYG) broth 
(Pramanik et al., 2011;Chakraborty et al., 2018). Mass cultivation of the established 
cyanobacterial monoculture strains was done by growing them individually in 20litre capacity 
plastic jars disinfected by washing withbenzalkonium chloride followedby addition of 12 litres 
of sterile ASN III media and ~5 gm (wet mass) of cyanobacterial culture added to each of the 
jars as inoculum. Aeration was achieved with the use of pumps to ensure proper mixing of the 
media components, along with maintenance of the light and temperature conditions for growth 
(Pramanik et al., 2011).The cyanobacterial biomass of each of the two strains (one belonging 
to Oscillatoria sp. and the other being Oxynemaaestuarii) thus obtained (~200g each) was dried 
at 50°C, divided into two parts and both parts extracted separately usingethyl acetate and n- 
butanol. The extracts were dried in vacuo and tested for anti- inflammatory activity and anti- 
angiogenic activity.The test for anti- inflammatory activity was performed using human 
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monocytic leukemia THP-1 cells that were pre-treated for 12h with standard compound 
Dexamethasone (1 μM). Subsequently, pretreated cells were stimulated with LPS- 50 ng/ml 
for 4h. After treatments, cell supernatant was collected for TNF measurement using ELISA. 
(According toClin Chem. 2005; 51(12):2252-6). Measurement of anti- angiogenic activity is 
based on the principle that the formation of capillary-like structuresamongendothelial cells 
plated at sub- confluent densities in matrigelmatrix in the presence of the compound under 
investigation extrapolates to angiogenesis (Goodwin, 2007).The cell line used for this in- vitro 
assay is theEA.hy926 endothelial cell lineobtained by the hybridization of human umbilical 
vein endothelial cells with the A549/8 human lung carcinoma cell line (Aranda et al., 2009). 

Results and discussion 

Secondary metabolites obtained from the cyanobacterial biomass extracts(with ethyl acetate) 
have shown promising anti- inflammatory activity and anti- angiogenic activity (the ability to 
prevent endothelial cells to form capillary-like structures) compared to the standards 
Dexamethasone and Sunitinib respectively (tested at CDRI, Lucknow) (unpublished report). 
Both the extracts from the cyanobacterial strains showed anti- angiogenic activity by reducing 
the capillary structures (>25% inhibition compared to standard compound, Sunitinib) at the 
initial 100 μg/ml test dose (Table 1). Both extracts also showed  ≥75% inhibition of 
inflammatory activity compared to Dexamethasoneat the initial 100 μg/ml test dose (Table 2). 
Thus, the ethyl acetate extracts of these cyanobacterial strains can be further purified by column 
chromatography and HPLC for reduction of possible cytotoxicity. 

 

 

 Anti- inflammatory activity 

Serial number Extract Code % inhibition 

1 “Ethyl Acetate Extract” AP20 ≥85 

2 “Ethyl Acetate Extract” AP24 ≥85 

Standard Dexamethasone ~78 

Serial number Extract Code % Tubulogenesis inhibition 

1 “Ethyl Acetate Extract” AP20 Active, lower dose to be tested 

2 “Ethyl Acetate Extract” AP24 Active, lower dose to be tested 

Standard Sunitinib ~40 
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Conclusion 

Despite the wide range of natural products of significant pharmacological value found in 
cyanobacteria, exploitation of these products is still not widespread. The growth 
ofcyanobacterial biomass is quite slow, which is certainly one of the most important limiting 
factors due to which massproduction of bioactive compounds is limited.Further studies on the 
metabolites isolated from the cyanobacterial biomass may help in the synthesis of drugs 
containing the key components contributing to the bioactivity possible (Nagarajan et al., 2012). 
The study may prove to be a beneficial step in the discovery of several compounds of 
pharmacological interest from the largely unexploredmangrove microbiota of the Indian 
Sundarbans, opening a new vista towards the treatment of life-threatening diseases. 
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ABSTRACT

Foraging  behaviour  of  the  ants  Anoplolepis  gracilipes,  Camponotous  compressus,  Crematogaster  
subnuda,  Meranoplus  bicolor,  Monomorium  pharaonis,  Pheidole  roberti  and  Tetraponera  rufonigra  
was studied  following  supply  of  different  food  items  in  the  open  foraging  ground  with  a  view  to  
note  the interactions,  if  any.  It  is  revealed  that,  in  spite  of  available  foods  at  the  supplying  sites  
Paratrechina longicornis,  Pheidole  roberti,  Anoplolepis  gracilipes  and  Tetraponera  rufonigra  are  
habituated  to  face the  food-snatching  operations  initiated  either  by  the  foragers  of  the  same  
species  belonging  to  different  colonies  or  by  the  other  competing  species  who  are  very  much  
involved  in  sharing  the  food  resources from  the  same  foraging  area.  Food-snatching  event  is  
associated  with  the  abrupt  and  brutal  attack  by the  snatcher  ant  on  the  ants  carrying  food  to  their  
nest.  Thus,  fighting  in  most  cases  was  inevitable and  many  of  the  food –transporting  ant  individuals  
were  seen  injured  severely.  The  food  snatching behaviour  exhibited  by  these  ant  species  was  not  
only  to  ensure  the  need  of  their  food  but  also  a strategy  to  treat  the  competing  ant  species  
psychologically  by  imposing  fearful  threat,  as  a  dominant species,  not  to  visit  the  said  foraging  
ground  again,  in  future.

Key  words:-  Ants,  Foraging,  Food-snatching,  Tricks

INTRODUCTION

 Ants  forage  at  large  here  and  there  in  their  foraging  area  (Vowler  1955,  Carroll  and  
Janzen  1973,  Traniello  1989,  Sumpter  and  Beekman  2003,  Wrege  et  al.  2005,  Prabhakar  et  al.  
2012,  Li  et  al.  2014, Gathalkar  and  Sen  2018).  Though  there  exists  niche  segregation  it  is  very  
common  to  note  the different  ant  species  in  foraging  act  side  by  side  in  certain  spots  (MacArthur  
and  Levins  1967,  Gordon 1995,  Cerdá  et  al.  1998,  Detrain  et  al.  2000,  Albrecht  and  Gotelli  2001,  
Saar  et  al.  2018).  As  the availability  of  food  resources,  especially  in  view  to  the  need  of  the  colony  
members,  varied  to  a  great extent  in  respect  to  foraging  area  because  of  seasons  competition  both  
at  the  intra  and  interspecies levels  is  inevitable  (Rust  et  al.  2000,  Sanders  and  Gordan  2000,  
Bestelmeyer  2003,  Grover  et  al.  2007, Cook  et  al.  2011,  Pinto  et  al.  2018).  Accordingly,  ants  have  
developed  various  devices  like  robbing and/or  stealing  by  developing  the  dominating  behavioural  
tricks  over  other  neighbouring  ant  species (Lynch  et  al.  1980,  Yamaguchi  1995,  Breed  et  al. 2012,  
McGlynn  et  al.  2015,  Paul  and  Annagiri 2018).  Breed  and  coworkers  (2012)  discussed  at  length  on  
the  cleptobiosis  in  social  insects  in consideration  with  the  phenomenon  of  theft  of  food  among  
animals.

  We  are  engaged  in  studying  the  different  aspects  of  bioecology  of  the  ants  occurring  in  

(7)



the  south-western  region  of  the  state  West  Bengal,  India  since  2010.  And,  in  the  meantime  we  did  
our  best  to report  the  food  searching,  food  examination,  food selection,  food  preference,  foraging  
activities,  food –transporting  mechanisms,  necrophagy  as  well  as  on  some  factors  influencing  
foraging  in  Camponotous compressus,  Crematogaster  subnuda,  Pheidole  roberti,  Tetraponera  
rufonigra,  Monomorium  pharaonis, Anoplolepis  gracilipes,  Meranoplus  bicolor  and  Paratrechina  
longicornis  ants  (Naskar  and  Raut  2014a, b,  c,  2015a,  b,  c,  d,  e,  f,  2016a,  b,  c,  2018a,  b,  2019).

 However,  in  course  of  studies  we  paid  due  attention  to  note  the  food-snatching  behaviour  in  a  
number of  ant  species  in  their  common  foraging  area  where  we  offered  different  types  of  food  
items experimentally,  to  note  their  foraging  behaviour  under  such  circumstances.  Surprisingly,  we  
had  the opportunity  to  record  a  number  of  food-snatching  events  in  the  open  foraging  ground  
either  on  way  of fighting  or  through  the  exercise  of  aggressive  dominant  power,  one  over  other- be  
it  member  of  the same  species  or  different  species,  with  a  view  to  ensure  their  foraging  success  
by  hook  or  crook.  As there  exists,  virtually  no  report  on  the  said  aspect  of  the  ants  we  are  
describing  the  same  in  this article  with  a  view  to  add  further  information  on  the  tricky  food  
collection  behaviour  in  the  foraging ground  contrast  to  food  robbing  from  the  neighbouring  nests  or  
at  the  entry  point  of  these  nests  by certain  cunning  ants.

MATERIALS  &  METHODS 

For  experimental  studies  on  different  aspects  of  food-selection,  feeding,  food  transporting,  and  
foraging activities  in  different  ant  species  who  are  habituated  to  forage  in  the  grounds  in  the  south-
western  zone  of  West  Bengal,  India  different  types  of  food  fragments  viz.  sugar  cubes  and  
fragments  of  sugar made  materials  with  different  colouration,  biscuit  fragments,  piece  of  nuts,  dry  
fish,  freshly  dead mosquitoes,  mustard  seeds,  coriander  seeds,  aniseeds,  cumin  seeds,  chocolate  
fragments  of  different number  and  sizes  as  the  cases  applicable  were  offered  at  several  locations  
in  the  foraging  ground  at different  hours  of  the  study  of  the  study  dates  during  the  period  of  last  
12  years  at  frequent  intervals.  Apart  from  other  behavioural  activities  we  paid  due  attention  to  note  
the  ants  who  were  victimized  by other  individuals  of  the  same  or  different  species  at  the  time  of  
food  examination,  food  selection,  food transportation  because  of  aggression  but  abrupt  attack  with  
a  view  to  snatch  the  food  from  the transporters  on  way  of  their  movement  towards  the  nest.  Also,  
we  noted  the  behaviours  exhibited  by the  victimized  ants  and  their  food-snatcher  ants  in  course  of  
interactions,  in  respect  to  food-snatching events  at  per  date  and  hours  of  the  day  concerned.

Photographs  have  been  taken  into  account  to  visualize  the  facts  the  ants  exhibited  during  their  
food-snatching  operation.  The  experiments  were  carried  out  at  Garia,  Kolkata  (South  24  parganas)  
as  well  as  in  and  around  the Achhruram  Memorial  College  campus,  Jhalda,  Purulia,  West  Bengal,  
India.

RESULTS

During  the  study  period  of  the  total  trials,  22  food-snatching  events  have  been  noted  on  different  
dates and  hours  of  the  study  days  (Table  1).  The  ant  species  involved  in  the  food-snatching  
activities  were Pheidole  roberti,  Paratrechina  longicornis,  Anoplolepis  gracilipes  and  Tetraponera  
rufonigra.

DISCUSSION

Cleptobiosis  is  an  well  established  behaviour  in many  animals  including  social  insects  (Breed  et  al. 
2012).  Also  furtive  behaviour  in  some  foraging  ants  Ectatomma  ruidum  have  also  been  noted  by 
McGlynn  and  coworkers  (2015).  Moreover,  interspecific  competition  through  food  robbing  did  not 
escape  the  sight  of  Yamaguchi  (1995)  in  the  harvester  ant  Messor  aciculatus.  All  the  above  
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mentioned behaviours  have  been  developed  in  ants  depending  on  the  scarcity  of  food  and/or  to  
avoid  trouble  in searching  and  transporting  the  food  materials  to  the  colony.  Undoubtedly,  such  
types  of  behavioural adaptability  is  deviation  from  the  normal  nature  of  food  searching,  food  
selection  and  food transportation  in  ants.  Such  adaptabilities  though  have  been  triggered  through  
the  practice  of  aggressive foraging  behaviour  (Lynch  et  al.  1980,  Yamaguchi  1995,  Cerdá  et  al. 
1998,  Gathalkar  and  Sen  2018, Pinto  et  al.  2018).  But,  in  this  context  the  climax  is  attributed  not  
only  through  the  development  of  a distinct  behavioural  caste  for  robbing  food  from  the  conspecific  
nest  and/or  removing  the  food  from  the  foragers  at  the  entry  point  of  their  nest  but  also  by  
developing  the  tricks  for  brood  theft to  get  a good  number  of  slaves  to  serve  as  foragers  and  
colony  maintainers  (Paul  and  Annagiri  2018).

 It  is  most  likely  that cleptobiosis  in  social  insects  is  derived  evolutionarily  from  established  
foraging behaviours  (Breed  et  al.  2012)  but  the  basic  information  in  strengthening  the  said  idea  is  
being supplied  through  the  present  findings  on  the  food-snatching  behaviour  in  the  ants  Ph. roberti,  
Pa. longicornis,   A.  gracilipes,  T.  rufonigra  during  foraging  in  open  ground.  As  the  ants  Pa. 
longicornis  or A.  gracilipes  inhibited  other  ant  species  either  to  procure  a  food  item  or  to  carry  the  
same  to  their nest  at  the  spot  where  many  more  food  items  were  available  for  their  choice  it  is  
apparent  that  certain ant  species,  being  members  of  the  same  foraging  ground  are  motivated  not  
to  allow  other  species  to share  the  resource.  And,  under  any  situation  when  these  ants  were  
finding  the  opportunity  to  transport the  food  to  their  nest  these  stranger  ants,  being  in  contact,  did  
not  care  to  snatch  the  food  item  either forcibly  through  a  strong  bite  to  the  food  item  or  abruptly  
attacking  the  ant  or  ants  who  are  engaged in  single  or  cooperative  food-transporting  mechanism  
(Czaczkes  et  al.  2010,  Czaczkes  and  Ratnicks 2013,  McCreery  and  Breed  2014,  Naskar  and  Raut  
2015,  2018a,  b).  Of  course,  dominant  nature  of  a species  influences  habits  of  resource  removal  
(Lynch  et  al.  1980,  Yamaguchi  1995,  Cerdá  et  al.  1998) from  the  other  less  dominant  ant  species  
it  is  well  evident  that,  depending  upon  the  physical  ability  of the  food –transporter  and  the  food-
snatcher  fighting  is  obvious as  have  been  noted  in  course  of  food-snatching  events  between  Pa. 
longicornis,   A.  gracilipes  or  between  Ph. roberti  and  Pa. longicornis,  or between  T.  rufonigra  and  
Pa. longicornis.  Mysteriously,  in  some  interactions  the  snatchers  were successful  to  drive  away  the  
food-carrying  individuals  or  injured  them  heavily  but  did  not  procure  the said  food  item.  This  
indicates  that  the  competers  attack  these  ants,  not  in  all  cases,  to  snatch  the  food item  but  to  
teach  them  a  lesson  of  torture,  brutal  action  and  deprivation  of  food  resources  if  they again  visit  
the  concerned  foraging area.  Simply,  its  an  attempt  to  keep  the  competitors  under psychological  
pressure.

 In  the  present  study  it  is  also  clear  that  food  snatching  though  a  common  behavioural  
phenomenon  in ants  is  not  customarily  an  interspecific  event.  This  short  of  behaviour  is  also  
common  between  the members  of  the  same  species  as  could  be  revealed  from  the  fact  of  food-
snatching  event  exhibited  by A.  gracilipes.  But,  it  is  sure  that  these  ants  belong  to  different  
colonies.  However,  it  is  surprising  that, being  driven  away  by  the  snatcher  ant  the  depriver  ant,  
under  certain  instances,  is  tuned  to  return  to the  spot  of  interaction  to  collect  the  food  item  which  
she  dropped  on  the  ground  during  the  attack, and  was  not  taken  away  by  the  snatcher.  This  sort  
of  behaviour  the  ants  perhaps,  admitted  through their  experience,  as  in  some  cases  food  item  may  
not  be  procured  by  the  snatcher  ant.  Though, according  to  Lynch  and  coworkers  (1980)  resource  
removal  by  a  behaviourally  subordinate  species  are reduced  in  the  presence  of  a  dominant  species  
Prenolepis  impairs,  the  present  findings  indicate  that, under  certain  circumstances  the  weaker  or  
less  dominant  species  may  have  the  opportunity  to  minimise the  rate  of  reduction  of  loss  of  food  
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in  course  of  foraging.

 Thus,  it  is  concluded  that  cleptobiosis  in  ants  is  originated  from  snatching  habit  and  successively 
modified  through  thieving/stealing,  robbing  and  brood-thieving  to  ensure  easy  success  in  obtaining  
food resources.
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Date  of 
observation  

Timing  of 
observation  

Description  of  food  snatching   events

 July

  
20, 2010

 
 8.15 

 
AM

 
 
  

A 

 
Pheidole roberti

  
was 

 
carrying 

 
a 

 
piece 

 
of 

 
dry 

 
fish 

 
to 

 
her 

 
nest. On way a Paratrechina 

longicornis

  
suddenly 

 
attacked 

 
her. 

 
Ph. 

 
roberti

  
left 

 
the

  
food piece and moved away. The Pa.

longicornis, 

 

then 

 

picked 

 

up

  

the 

 

said 

 

piece of 

 

dry 

 

fish

  

and

  

was

 

moving towards her 
destination. 

 

But, 

 

the 

 

said 

 

Ph. roberti

  

came 

 

back 

 

quickly 

 

to

  

follow the Pa. longicornis. Soon 
she approached

  

the

  

said 

 

ant 

 

and 

 

attacked 

 

her 

 

ferociously. 

 

They fought for 2 minutes and 
finally 

 

Pa.

  

longicornis

  

moved 

 

away 

 

leaving 

 

the 

 

food 

 

item 

 

at the fighting spot. The said fish-
food

  

piece 

 

was

  

then 

 

carried

  

by 

 

Ph. 

 

roberti

 

safely

  

to

  

her 

 

nest.

 
 

July

  

21,

 

2010

 
 

 

8.30 

 

AM

 
 
  

An

  

Anoplolepis

  

gracilipes

  

was

  

on 

 

her

  

way 

 

by 

 

pushing 

 

a 

 

piece of dry fish. On way a Pa.
longicornis

  

attacked 

 

her and 

 

tried 

 

to 

 

snatch

  

the 

 

said 

 

fish piece from her. The fish piece was 
dropped

  

on 

 

the 

 

ground 

 

because 

 

of 

 

tug of 

 

war 

 

for 

 

95 

 

seconds. But, in the meantime three 
more 

 

Pa.

  

longicornis

 

assembled 

 

there 

 

and

  

took 

 

part 

 

in

  

fighting with the A. gracilipes. 
Suddenly three 

 

more 

 

A. 

 

gracilipes

  

joined 

 

in

  

the

  

interaction 

 

process and fighting was 
continued 

 

for 

 

another 

 

two 

 

minutes. 

 

But, 

 

finally 

 

all 

 

the 

 

four 

 

A. 

 

gracilipes left the fighting spot 
and

  

the 

 

original 

 

snatcher 

 

Pa.

  

longicornis

  

carried 

 

the said 

 

dry 

 

fish piece successfully to her 
destination.  

 
 

8.43 

 

AM

 
 
 

An 

 

A. 

 

gracilipes

  

was 

 

on 

 

way 

 

to 

 

her 

 

nest 

 

pushing 

 

a 

 

piece 

 

of dry fish. Of on a sudden she
was 

 

encircled 

 

by 

 

many 

 

Pa.

  

longicornis

  

individuals. Immediately one Pa. longicornis started 
pulling 

 

the 

 

fish 

 

piece 

 

from 

 

the 

 

A. gracilipes.

  

But

  

she

  

was 

 

rigid to hold the said fish piece
under

  

her 

 

grip 

 

on way 

 

of

  

biting 

 

the 

 

same 

 

strongly. 

 

Just 

 

after 

 

35 seconds the other
members of 

 

Pa. 

 

longicornis

  

tried

  

to 

 

attack

  

her

  

from 

 

all 

 

sides 

 

and then the food piece was 
out 

 

of 

 

the 

 

grip 

 

of 

 

A. 

 

gracilipes.

  

The 

 

Pa. 

 

longicornis 

 

who 

 

was engaged in snatching the fish 
piece 

 

initially 

 

was

  

able

  

to 

 

move 

 

out

  

of 

 

the battle 

 

field. 

 

The

  

A. gracilipes being injured 
somehow 

 

escaped 

 

the 

 

dangerous situation 

 

and 

 

went 

 

away. 

 

Of the fighting Pa. longicornis
three 

 

individuals quickly 

 

moved 

 

and 

 

joined 

 

with 

 

the 

 

fish –piece carrying Pa. longicornis to 
enable 

 

easy 

 

transportation 

 

of 

 

the 

 

same 

 

to 

 

their

  

nest.

 
 

August 

 

04, 
2010

 

 

8.49

  

AM

 
 

An 

 

A. gracilipes

  

was

  

pulling 

 

a 

 

dry 

 

fish 

 

fragment 

 

to 

 

her 

 

nest. 

 

On the way she came across 
another 

 

A.

 

gracilipes

  

individual 

 

who 

 

tried 

 

to 

 

pull 

 

the 

 

said fish 

 

fragment in opposite direction
(Fig 1.). 

 

The 

 

said 

 

event 

 

was 

 

continued for 

 

two 

 

minutes. 

 

Thereafter the original carrier ant 
stopped 

 

pulling 

 

activity and 

 

moved 

 

to 

 

the 

 

opposite 

 

end 

 

of 

 

the 

 

fish fragment where the rival 
A. gracilipes

  

was 

 

trying 

 

to 

 

snatch 

 

the 

 

fish 

 

fragment.

  

They 

 

started fighting. In the meantime, 
a 

 

Pa

  

longicornis

  

took 

 

the 

 

opportunity 

 

to

  

carry 

 

away 

 

the 

 

said 

 

fish fragments which was laid 
on 

 

the 

 

ground.

 

August 09, 
2010

8.53 AM There were some sugar cubes at the supplied site. Eight Pa. longicornis assembled there 
and were engaged in examining the sugar cubes. Mean while a big A. gracilipes appeared 
and started fighting with these Pa. longicornis. The A. gracilipes was compelled to leave the 
spot. Then each Pa. longicornis individual was seen to carry a sugar cube individually to 
their destination. But of on a sudden a large sized A. gracilipes was seen to attack these 
Pa. longicornis individuals. To save their life Pa. longicornis dropped the sugar cubes on the 
ground and moved hurriedly elsewhere. All the sugar cubes were procured by A. gracilipes

October 06, 
2015

07.55 AM Ph. roberti were assembled at the site of food supplied spot. They were just on way of 
carrying the sugar cubes. Suddenly five Pa. longicornis appeared there and attacked the Ph.
roberti individuals who were carrying the sugar cubes. Consequently fighting started and Ph.
roberti were dispersed. The sugar cubes were procured by Pa. longicornis          

Table 1.  Food-snatching  events  in  ants.
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October 27, 
2015

09.58 AM

 
  

A

  

Tetraponera 

 

rufonigra

  

came 

 

in 

 

contact 

 

of

  

the 

 

supplied 

 

sugar cubes. She checked five 
sugar 

 

cubes 

 

and 

 

then 

 

picked 

 

up 

 

one 

 

sugar 

 

cube 

 

with 

 

a 

 

view to carry the same to the 
nest. Just at that time a Pa. longicornis attacked her. The T. rufonigra dropped the sugar 
cube and started fighting with Pa. longicornis. After two minutes T. rufonigra was able to 
collect that sugar cube to carry the same to her nest. There were still six sugar cubes at 
the site and Pa. longicornis then, bite one of these sugar cubes to carry the same to her 
nest.

November 08,
2015

05.18 PM An A. gracilipes drove away two Pa. longicornis while they were carrying a piece of pink 
sugar fragment on way of pulling and pushing system to their nest. The dropped sugar 
fragment was carried safely to the nest by the A. gracilipes.

November 09, 
2015

09.26 AM At the site a Pa. longicornis was eating a piece of murki (fragmented flat rice soaked with 
molasses) following examination of the supplied food items. In the meantime an A. gracilipes
appeared there and forcibly drove away the Pa. longicornis (Fig 2.). Then A. gracilipes
carried the said murki piece to her nest.  

09.28  AM  
 
  Two  Pa.   longicornis   were  carrying  a  piece  of   white  sugar  fragment to their nest. Suddenly 

an   A.  gracilipes   gave  a  strong  bite  to  the  said  sugar fragment and lifted the same while 
these  two  Pa. longicornis   had  no alternative  but  to  leave  the  sugar fragment. Side by side, 
at 

 
a 

 
close 

 
distance 

 
another

  
A. 

 
gracilipes

  
was 

 
also 

 
seen

  
to 

 
snatch a piece of yellow sugar 

fragment 

 
from

  
two 

 
Pa.

  
longicornis.

 
 
November 10,

  
2015

 
 

 
09.35 

 

AM

 
 
  

Three 

 

Pa.

 

longicornis

  

were

  

jointly 

 

transporting 

 

a 

 

piece 

 

of 

 

yellow sugar fragment. They were
forcibly 

 

detached 

 

from

  

the

  

food 

 

fragment 

 

by 

 

an 

 

A. gracilipes

  

who picked up the said sugar
fragment 

 

and 

 

moved 

 

towards 

 

her nest.

 
 

09.37 

 

AM

 
 
  

An 

 

A. 

 

gracilipes

  

attacked

  

two 

 

Pa.

  

longicornis

  

who 

 

were 

 

on 

 

their way to the nest to deposit 
a 

 

sugar 

 

fragment. 

 

Pa.

  

longicornis

  

failed 

 

to 

 

resist 

 

the attack 

 

and thus the sugar particle was 
snatched 

 

by 

 

the

  

A. 

 

gracilipes.

 
 

November 11, 

 

2015

 
 

 

08.00

  

AM

 
 
  

A 

 

Pa.

  

longicornis

  

was

  

carrying

  

a

  

salt 

 

grain 

 

from 

 

the 

 

supplied spot. On way she was 
attacked 

 

by

  

an 

 

A. 

 

gracilipes. 

 

Pa. 

 

longicornis

  

ran 

 

away dropping the salt grain. But A. 
gracilipes

  

examined 

 

the 

 

said 

 

salt 

 

grain 

 

and left 

 

the 

 

place 

 

leaving the salt grain as such at 
the 

 

spot. 

 

Pa. longicornis

 

came 

 

back 

 

to 

 

the 

 

said 

 

spot 

 

and 

 

picked up the salt grain for 
transporting 

 

the 

 

same 

 

to 

 

her 

 

nest.

 
 

09.24 

 

AM

 
 
  

A 

 

Pa. 

 

longicornis

  

was 

 

on 

 

her 

 

way 

 

to 

 

nest 

 

with 

 

a 

 

piece

  

of

  

pink sugar fragment. Suddenly 
an 

 

A. gracilipes

  

attacked 

 

her 

 

and 

 

snatched 

 

away 

 

the sugar 

 

fragment.

 

November

 

12, 

 

2015

 

 

09.19 

 

AM

 
 
 

An 

 

A. gracilipes

  

chased 

 

a

  

Pa. longicornis,

  

who 

 

was 

 

carrying 

 

a piece of pink sugar
fragment,

  

suddenly

  

and 

 

ferociously. 

 

The

  

Pa. longicornis

  

dropped the sugar fragment and 
quickly 

 

moved 

 

away. 

 

The 

 

snatcher 

 

transported 

 

the said 

 

sugar 

 

fragment to her destination.

 

09.22 

 

AM

 
 
 

A 

 

Pa. longicornis

  

was 

 

pulling 

 

a 

 

biscuit 

 

fragment. 

 

But 

 

on

  

way 

 

an A. gracilipes chased her.
She 

 

left 

 

the

  

biscuit 

 

fragment 

 

and 

 

moved 

 

away. 

 

But, the 

 

A. gracilipes did not collect the said 
biscuit 

 

fragment 

 

and 

 

left 

 

the 

 

place. The 

 

said 

 

Pa. longicornis

  

came back to the spot and took 
the

  

biscuit fragment 

 

to 

 

transport 

 

the 

 

same

  

to 

 

her 

 

nest.

 
 

09.23 

 

AM

 
 
  

A 

 

Pa. longicornis

  

was 

 

pulling 

 

a 

 

piece 

 

of 

 

white 

 

sugar 

 

fragment. She was attacked by an A. 
gracilipes

  

on 

 

way 

 

of 

 

movement 

 

towards 

 

her

  

nest. 

 

They fought for a while and the Pa. 
longicornis

  

left 

 

the 

 

place 

 

leaving 

 

the 

 

sugar fragment. 

 

The 

 

said sugar fragment was carried
by A. gracilipes to her nest.

04.01 PM A Pa. longicornis examined the offered food items at the site. She then, selected a piece 
of pink sugar fragment. She was pulling the same to her nest but on the way an A. 
gracilipes came in contact with the sugar fragment and started pulling the same in opposite 
direction. The interaction was continued for 80 seconds when another A. gracilipes joined in
the tug of war. The sugar fragment was detached by Pa. longicornis and these two A. 
gracilipes carried the sugar fragment jointly to their nest.

04.18 PM A yellow sugar fragment was carrying by two A. gracilipes. One of them was pushing and 
the other one was pulling the said sugar fragment. Of on a sudden comparatively healthier
A. gracilipes appeared and gave a strong bite to the sugar fragment at the lateral side. 
She then lifted the same and moved to her destination.  
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November 13, 
2015

09.08 AM One Pa longicornis was pulling a “batasa” (made of sugar) fragment from the offered site.
She was attacked by an A. gracilipes on the way (Fig 3.). A. gracilipes very promptly 
snatched the batasa fragment and hurriedly moved towards her nest.

09.16 AM One A. gracilipes chased a Pa. longicornis, on the way, who was pushing a piece of white 
sugar fragment. A. gracilipes injured Pa. longicornis by damaging her legs through repeated
biting. Consequently, Pa. longicornis failed to move forward and A. gracilipes snatched away
the sugar fragment.

09.21 AM A piece of chocolate fragment was pulling by an A. gracilipes. A Pa. longicornis coming in
contact with the chocolate fragment started to pull the same in opposite direction with a 
view to snatch the same (Fig 4.). But, A. gracilipes was able to manage her movement in a 
befitting manner to escape the chaser.

Fig. 1 Food-snatching act by an A. gracilipes 
from another A. gracilipes

Fig. 2 An A. gracilipes snatching a murki fragment
from a Pa. longicorins.

Fig. 3 An A. gracilipes snatching a batasa 
fragment from a Pa. longicornis

Fig. 4 A Pa. longicornis snatchin a chocolate
fragment from a A. gracilipes
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Abstract
Being rich in nutrients insects are potential nutraceutical resources. In the present study, we have selected the 8th instar 
larval stages of Tenebrio molitor and 5th instar nymphal stages of Sphenarium purpurascens, because these are the most 
sought after stages in the edible insect market in various states of the Mexican Republic. We have estimated their proximate 
composition and mineral contents and compared them with red meat and white meat. S. purpurascens has been found to 
be rich in protein and energy, whereas T. molitor contains maximum amount of fat and energy that are even better than that 
of red and white meat. Both of them also contain higher amount of minerals compared to red and white meat. It has been 
further observed that only 500g of insect flour can provide almost all the minerals in question, whereas the same amount of 
red and white meat can provide merely three of them. Thus, insects should be exploited as a source of nutraceuticals, more 
in depth study is necessary in this aspect though.

Keywords T. molitor · S. purpurascens · Nutraceuticals · Grub · Nymph

Introduction

The Indian Ayurveda and Hippocrates have reverberated 
the same opinion that our food should be our medicine 
(Wildman 2001; El-Sohaimy 2012), so it is necessary to 
practice a healthy feeding habit. Workers from around the 
world have developed an interest on the analyses of nutrient 
compositions of our common victuals and their possible 
influence on human health (Srividya et al. 2010). In this 
context a relatively new term “nutraceuticals” has been 
emerged, coined by Stephen De Felice from two different 
words “nutrient”, and “pharmaceuticals” (De Felice 1995; 
Biesalski 2001). Such products could be anything from 
dietary supplements, isolated nutrients, and herbal products 
to genetically engineered stuffs (Pandey et al. 2010). Later 

on, various workers from different parts of the world have 
ushered information on the nutraceutical and medicinal 
compounds in various food materials. However, most of 
them are from plant related products; even though a few 
works on the animal products also have been reported 
(Barrera and Moreno 2018) the information is inadequate 
until now.

Very recently, insects have emerged as a potential food 
source for human and livestock (van Huis  2013). They 
definitely have a huge potential to be instated as a good 
nutraceutical resource that could be utilised as food additive 
for both human and in livestock industries. Nevertheless, 
the information is lagging far behind. Although authors 
like Ramos-Elorduy (2000), Costa Neto et al. (2006), Pino 
et al. (2009) have evaluated the medicinal and nutraceutical 
properties of insects such as grasshoppers, roaches, beetles, 
flies, bees and wasps, in China, Mexico, Brazil, Cuba etc. we 
need to get even more information in this aspect.

Keeping this idea in mind, in the present work we have 
selected the 8th  instar larval stages of Tenebrio molitor 
Linnaeus, 1758 and 5th instar nymphal stages of Sphenarium 
purpurascens Charpentier, 1842, because these are the most 
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sought after stages in the edible insect market in various states 
of the Mexican Republic, like the State of Mexico, Michoacán, 
Puebla, Oaxaca, Tlaxcala, etc. (van Huis et al. 2013). T. 
molitor is a coleopteran insect whose juvenile stage is known 
as “yellow meal worm”. This species is indigenous to Europe 
but now is distributed worldwide and considered as a serious 
pest of stored grains. In Mexico this insect is commonly used 
to feed companion animals owing to its nutritional value 
and ease of handling in captive conditions (van Huis 2013). 
Various authors have reported about their nutritional quality 
and they have found 43-65% crude protein, 7-32% fat, 20-27% 
carbohydrate and 213-247 Kcal/100g of energy, depending 
upon the developmental stage of the insects (Ravzanaadii 
et al. 2012; Heidari-Parsa et al. 2018). On the other hand, 
S. purpurascens is a short horn grasshopper species, which 
is also a serious pest of grain crop plants, and has been the 
most demanded edible insect resource for native Mexican 
people who consume them as “chapulines” since ancient 
times. In Mexico, chapulines are either toasted on a comal, 
and devoured along with “tortillas” and “pasilla chili sauce”, 
or just seasoned with salt and lemon (van Huis 2013). Authors 
like Ramos-Elorduy et al. (2012), Torruco-Uco et al. (2019), 
Celeste et al. (2020) have reported the nutritional contents 
of this insect species. They are reported to contain 60-64% 
crude protein, 11-15% fat, 20-25% carbohydrate and 384-403 
Kcal/100g of energy depending on whether the experiments 
were carried out on nymphal or adult stage. Both the insect 
species are also reported to be rich in fatty acids, amino acids, 
vitamins and minerals (Virginia et al. 2015; Feng, 2018; Liu 
et al. 2020). In the present work, we have focused on the 
estimation of the proximate composition and mineral content 
of these two edible insects. Additionally we have made an 
attempt to compare our obtained results with that of red meat 
and white meat from the literature, and finally commented 
the consumption of how much of these insects can fulfill the 
demand of daily mineral consumption of an average healthy 
human being.

Materials and methods

Sampling of test insects

Collection of adult S. purpurescens was carried out in corn 
crop lands located in Tepotzotlán state of Mexico, which 
were then assembled, labeled and identified according 
to the key proposed by Márquez (1962). Then they were 
stocked in the insect rearing facility of our laboratory. When 
eggs hatched, nymphs were transferred to plastic boxes 
measuring 38cm × 30cm × 20cm and reared on a mixed 
diet of pesticide free fresh foliage of lettuce (Lactuca sativa 
L.), cabbage (Brassica oleracea L.), corn (Zea maize L.), 
and alfalfa (Medicago sativa L) in a set up following the 

method described by Haldar et al. (1999). When the insects 
grew up to 5th instar nymphal stages, 600 individuals were 
separated for chemical analyses.

We have a population of rice bran fed T. molitor maintained 
since 1980s in the mass production insectaria of Entomology 
Laboratory, Department of Zoology, Institute of Biology 
of the Autonomous University of Mexico (UNAM). For 
chemical analyses 2,500 individuals of  8th instar larval stage 
were segregated.

Chemical analyses

The insects were oven dried at 70-80°C for about 48 
hours until the weight became constant. Moisture free 
samples were then crushed into powder form using a 
mixer grinder, and 100g dry samples of each species were 
subjected to proximate composition, whereas 5g were used 
for mineral estimation following the procedure of AOAC 
(Helrich 1990). Crude protein was estimated by Kjeldahl 
(AOAC 988.05), fat was estimated using soxhlet apparatus 
(AOAC 920.39), crude fiber was estimated using acid-alkali 
digestion (AOAC 962.09), ash was estimated using a muffle 
furnace (AOAC 942.05), and nitrogen free extract was 
calculated by difference method. The energy was determined 
by an oxygen bomb calorimeter according to the method as 
mentioned in Anand et al. (2008). Determination of minerals 
(i.e. K, Mg, Zn, Fe, Cu and Na) was carried out using the 
AOAC method 968.08. For this purpose, 5 g of sample was 
weighed in a beaker, and 10 mL of concentrated nitric acid 
was added to it, heated for an hour until a translucent color 
was obtained. The solution was then cooled, recovered and 
filtered in a volumetric flask. De-ionized distilled water was 
added to this solution to make it 25 mL “stock solution”. 
Then the mineral contents were determined by atomic 
absorption spectrophotometry with the Perkin Elmer atomic 
absorption, model 2380. Calcium and phosphorus were 
determined using the hydride generation technique coupled 
to atomic absorption spectrophotometry. For calcium AOAC 
method 927.02, and for phosphorus AOAC method 965.17 
was employed. All the chemical analyses were carried out 
in triplicate in the Laboratory of Animal Nutrition and 
Biochemistry of the Faculty of Veterinary Medicine and 
Zootechniques of UNAM.

Nutritional value of red and white meat

We have consulted various research articles (mentioned in 
Table 1, and Table 2) to obtain the nutritional values of different 
red meat and white meat resources. We have considered the 
mean values published in all the papers for each type of meat 
and tabulated the average data along with the nutrient quality of 
the selected insects.
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Statistical analyses

The results were calculated as mean ± SD. For statistically 
comparing the obtained data between the two selected insect 
species and the conventional meat sources one-way analysis of 
variance (ANOVA) was carried out with the significance level of P 
< 0.01 followed by Tukey’s posthoc test. All the calculations were 
carried out using Microsoft Excel 2007, and Past, version 3.26.

Results

The proximate composition of S. purpurascens and T. 
molitor alongwith red meat (i.e., beef, lamb, veal, pork etc.) 
and white meat (i.e. broiler chicken, quail, turkey etc.) are 
depicted in Table 1. It is not surprising to find out that red 
meat and white meat are having maximum amount of crude 

protein (about 82% and 80% respectively). Nevertheless, S. 
purpurescens also has more than 67% protein content, while 
T. molitor is having the least amount (just above 47%) of 
the same. On the contrary, T. molitor contains more than 
38% of crude fat which is significantly higher than that of S. 
purpurascens as well as the red and white meat. Crude fiber 
is present in the highest amount in S. purpurascens followed 
by T. molitor (more than 10% and 6% respectively), while 
both red and white meat have negligible amount of the same. 
This exact trend is evident in case of ashes too (more than 
4% for S. purpurascens, more than 2% for T. molitor, more 
than 1% for red meat, and nearly 2% for white meat). NFE 
also is in greater amount in the insects (over 4% in both). 
T. molitor contains maximum gross energy followed by S. 
purpurascens (more than 552 Kcal/100g, and nearly 393 
Kcal/100g respectively), while red meat and white meat are 
having just over 120 Kcal/100g of gross energy.

Table 1  Proximate composition and energy content of the larval stages of S. purpurascens and T. molitor along with red meat and white meat

Results are mean ± SD. Different letters within a column shows significant different values (One-way ANOVA, P<0.01, Tukey’s posthoc test)

Sample Crude Protein
(%)

Ether 
Extract
(%)

Ashes
(%)

Raw Fiber
(%)

Nitrogen-free 
Extract
(%)

Gross energy
Kcal/100g

Source

Sphenarium purpuras-
cens nymph

67.8±0.076b 11.47±0.180b 4.87±0.043c 10.51±0.144c 4.65± 0.076b 393.03±4.367b Lab analysis

Tenebrio molitor grub 47.76±0.068a 38.29±0.122c 2.77±0.038b 6.91±0.162b 4.24±0.059b 552.37±6.082c Lab analysis
Red meat 82.76± 14.150b 12.37±4.073a 1.16±0.842a 0.079±0.007a 2.32±0.382a 127 ±5.611a Adeniyi et al. (2011), 

Karakök et al. 
(2010), Bohrer 
(2017)

White meat 80.59±13.212b 10.92±3.567a 1.96±0.614a 0.082±0.004a 2.79±0.264a 121 ± 6.203a Adeniyi et al. (2011), 
Al-Yasiri et al. 
(2017), Karakök 
et al. (2010), Bohrer 
(2017)

Table 2  Mineral content of the larval stages of S. purpurascens and T. molitor along with red meat and white meat

Results are mean ± SD. Different letters within a column shows significant different values (One-way ANOVA, P<0.01, Tukey’s posthoc test)

Sample P
(mg/Kg)

K
(mg/Kg)

Ca
(mg/Kg)

Mg
(mg/Kg)

Zn (mg/Kg) Fe (mg/Kg) Cu (mg/Kg) Na
(mg/Kg)

Source

Sphenarium 
purpurascens 
nymphs

7562.8±312.1c 10824.3±441.5c 2120.7±103.8d 1107.1±10.7c 171.7±3.4d 113.6±3.1c 53.3±1.2d 447.5±8.2a Lab analysis

Tenebrio 
molitor grubs

10118.9±214.2d 10318.1±352.6c 612.6±21.3c 3714.4±32.5d 132.2±2.8c 75.7±3.6b 22.4±0.8c 1706.2±11.4c Lab analysis

Red Meat 2621.5±209.7b 4417.9±102.7b 74.2±15.9a 320.3±27.1b 38.1±11.8b 19.8±5.1a 1.3±0.3a 615.3±61.1b Wyness 
et al. 
(2011), 
Williams 
(2007), 
Bohrer 
(2017)

White meat 1753.2±117.4a 2120.2±226.9a 132.3±16.1b 177.5±25.2a 17.1±7.6a 18.4±6.2a 2.9±0.8b 677.5±39.3b Jokanović 
et al. 
(2014), 
Bohrer 
(2017)
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Table 2 shows a comparative representation of various 
minerals present in S. purpurascens and T. molitor along 
with pooled data of the same present in red meat and white 
meat. It is evident that the insects are a much better source 
of Zn, Fe, and Cu, compared to red meat and white meat, 
on the contrary in case of Na the least amount is present in 
S. purpurascens (slightly over 447 mg/Kg) even though T. 
molitor has the peak value of more than 1706 mg/Kg.

Table  3 shows the daily demand of the minerals in 
question by human, and the amount of dry mass of insects 
as well as red meat and white meat that can fulfill the daily 
need of the minerals. These values were obtained from the 
information already mentioned in Table 2, and presented as 
an approximation. According to Table 3, the daily demand of 
phosphorus (P) is 600-800 mg, and from Table 2 we get the 
content of P in S. purpurescens which is about 7562.8 mg/Kg. 
So, it is clear that 100g of S. purpurescens will provide about 
756.28mg of the said mineral which is within the prescribed 
range. The approximate estimations for the other cases have 

been derived in the same manner. It is evident from the table 
that 500g of both red and white meat can fulfill the need of P, 
Zn, and Fe. In contrast, 500g of dry biomass of S. purpurescens 
can fulfill the daily demand of almost all the minerals in question 
only leaving Na. The situation is almost similar in case of T. 
molitor also, where 500g could provide the daily demand of 
six of them only leaving Ca and Na. In Table 4, the deficiency 
maladies of the minerals in question are depicted. It is evident 
that these mineral deficiencies are mostly related to weak bone, 
debility, weak heart, and deprived immunity.

Discussion

Anand et  al. (2008) have evaluated the proximate 
composition of four edible grasshoppers from India. 
In their study, it is found that these grasshoppers have 
protein content of around 63-65%. Our study follows 
the same pattern as S. purpurascens is having protein 

Table 3  Daily mineral demand and amount of red meat, white meat and insect flour needed to attain that demand

Minerals Daily demand(mg) According to FDA 
(2019) and FAO/WHO (2004) in adults

Supply

By
red meat

By
white meat

By
S. purpurascens

By
T. Molitor

P 600-800 About 300g About 400g About 100g About 70g

K 4500-4700 About 1100g About 2200g About 400g About 400g
Ca 1000-1200 About 20000g About 12000g About 500g About 2000g
Mg 400-420 About 1400g About 2200g About 400g About 150g
Zn 1.97-3.37 About 70g About 140g About 20g About 20g
Fe 8-11 About 500g About 500g About 100g About 150g
Cu 9-10 About 7500g About 3500g About 200g About 500g
Na 1300-1500 About 2200g About 2200g About 3000g About 800g

Table 4  Deficiency maladies of the minerals selected for the present study

Minerals Deficiency maladies References

P Rickets, Osteomalacia, Osteoporosis FAO/WHO(2004); Kestenbaum and Tilman (2010)
K Hypokalemia, leads to weakness FAO/WHO 2004, Lanham-New et al. 2012
Ca Osteoporosis, Memory loss, cramps, confusion FAO/WHO (2004); Tulchinsky (2010), Kestenbaum and Tilman 

(2010)
Mg Nausea, fatigue, irregular heart rhythm, por memory, anxiety FAO/WHO (2004); Kestenbaum and Tilman (2010)
Zn Apetite loss, stunted growth, poor immune function, delayed 

sexual maturity, diarrea, eye and skin lesions, hair loss, poor 
wound healing, weight loss

FAO/WHO (2004); Tulchinsky (2010)

Fe Tiredness, pale skin, shortness of breath, head ache, palpitation, 
dry hair and skin, tongue and mouth soreness, restless legs, brit-
tle fingernails, anemia

FAO/WHO (2004); Tulchinsky (2010)

Cu Fatigue, weak and brittle bones, memory related problems, 
improper walking, cold sensitivity, pale skin, impaired vision, 
grey hair

Tsugutoshi (2004); Krupanidhi et al. (2008); Angelova et al. 
(2011)

Na Nausea, Head ache, confusion, weakness FAO/WHO 2004; Bellows and Moore 2013
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slightly over 67%. However, energy content of those 
grasshoppers varies from 465-566 Kcal/100g, which is 
much higher than S. purpurascens. Sanchez-Muros et al. 
(2015) and Jajic et al. (2019) report protein percentage of 
T. molitor ranging from around 55-58% which is higher 
than our findings. Additionally, in their work the range 
of crude fat is in between 25 and 30%, which is lower 
than that of our findings. In any case, it is a proved 
fact that insets are not only a good source of protein, 
they are actually a better fat and energy source as well, 
compared to conventional meat resources (Kouřimská 
and Adámková, 2016).

Many edible insects have been found to be rich in iron 
content, and sometimes could have even more than in 
beef (Kinyuru et al. 2015). Our results also show this 
exact trend. According to van Huis (2013) the iron 
contents of mopane worms and Locusta migratoria 
range from 31 to 77 mg and 8 to 20 mg per 100 g of dry 
weight, respectively. Iron deficiency is one of the world’s 
most widespread nutritional disorders; consequently, in 
developing countries anemia is extremely prominent 
in children and pregnant women (Mawani et al. 2016). 
Therefore, edible insects could be exploited to improve 
the status of iron deficiency (Kinyuru et  al.  2015). 
Among conventional foods major source of Zn and Cu 
are oyster and beef, and the Zn content of oyster ranges in 
around 132mg/Kg (Kim et al. 2017). Our work supports 
this view as the content of Cu has been found to be much 
higher in the insects in comparison with red meat. Kim 
et al. (2017) evaluated five edible insects from Korea, but 
they have reported mealworm to have 11.4 mg/Kg of Cu, 
which is much less than our findings. The same authors 
have reported 27.2 mg/Kg of Cu in the grasshopper 
Oxya chinensis, but our chosen species of grasshopper 
S. purpurescens contains over 53 mg/Kg of Cu. Na and 
K are essential electrolytes that play important roles in 
physiology, such as nervous coordination. As reported 
by Oonincx et al. (2010), and Hyun et al. (2012), insects 
are a rich source of minerals such as sodium, potassium, 
calcium, phosphorus and magnesium. Our results are 
also in concert with this statement as it is evident here 
also that these minerals are in much higher amount in 
the selected insects compared to red meat and white 
meat. Ca, P, and Mg are essential elements of bone 
(Palacios 2006). The main conventional source of Ca is 
milk that contains 900-1300 mg/Kg of this element. It is 
evident that T. molitor is a slightly better source of Ca 
than meat, but S. purpurascens has an amount, which is 
almost double, compared to the amount of Ca in milk. 
However, Mg and P contents are found to be highest in 
T. molitor, whereas K content is almost similar in both 
the two insects where both the red meat and white meat 
contain a much lower amount of K.

Conclusion

Grasshopper and mealworm farming is a fast growing 
economy in various countries like China, Singapore, 
and Thailand. Recently US and UK based companies 
are also emerging. The prime goal of the insect farms 
is to provide protein rich food for human and livestock 
consumption. But from our findings, we could conclude 
that in addition to protein only a handful of insect flour 
is enough to provide ample amount of fat and energy, 
as well as they could act as a food additive that can 
supplement the minerals and keep the deficiency related 
maladies at bay. Thus, insects make a potential resource 
of nutraceuticals which demands further in depth research 
that will eventually encourage people to set up farms with 
different other insects, ultimately creating job opportunity.

Acknowledgements The authors thank the technical assistant of the 
Laboratory of Animal Nutrition and Biochemistry of the Faculty of 
Veterinary Medicine and Zootechniques of UNAM for extending kind 
helping hand regarding all the chemical analyses.

Authors’ contributions AG and JMPM both have equal contribution 
for the preparation of this manuscript

Declarations 

Consent for publication The authors confirm that both of them have 
consent for publication of this manuscript in its present form.

Conflicts of interest The authors state that there is no conflict/compet-
ing interest as far as their knowledge is concerned.

References

Adeniyi OR, Ademosun AA, Alabi OM (2011) Proximate 
composition and economic values of four common sources 
of animal protein in South-western Nigeria. Zootecnia Trop 
29:231–234

Al-Yasiry ARM, Kiczorowska B, Samolińska W (2017) Nutritional 
value and content of mineral elements in the meat of broiler 
chickens fed Boswellia serrata supplemented diets. J Elem 
22:1027–1037. https ://doi.org/10.5601/jelem .2017.22.1.1294

Anand H, Ganguly A, Haldar P (2008) Potential value of Acridids 
as high protein supplement for poultry feed. Int J PoultSci 
7:722–725

Angelova M, Asenova S, Nedkova V, Koleva-Kolarova R (2011) 
Copper in the human organism. TJS 9:88–98

Barrera AIA, Moreno JMP (2018) Nutraceutical and Medicinal 
Insects: An Unexplored Research Field. In: Ganguly A, Naskar 
K (eds) Entomology: Current Status and Future Strategies, 1st 
edn. Daya Publishing House, Astral International, New Delhi, 
India, pp 137–168

Bellows L and Moore R (2013) Sodium and the Diet. Food and 
Nutrition Series, Health. Colorado state university extensión. 
Fact Sheet No. 9.354. pp 5.

https://doi.org/10.5601/jelem.2017.22.1.1294


 International Journal of Tropical Insect Science

1 3

Biesalski HK (2001) Nutraceuticals: the link between nutrition and 
medicine. In: Wildman REC (2001) Handbook of Nutraceuticals 
and Functional Foods, 1st edn. CRC press, Taylor and Francis, 
New York pp 1-9.

Bohrer BM (2017) Review: Nutrient density and nutritional value of 
meat products and non-meat foods high in protein. Trends Food 
Sci Tech 65:103–112

Celeste CIH, Acosta-Estrada B, Chuck-Hernández C, Serrano-Sandoval 
SN, Guardado-Félix D, Pérez-Carrillo E (2020) Nutritional 
content of edible grasshopper (Sphenarium purpurascens) fed on 
alfalfa (Medicago sativa) and maize (Zea mays). CyTA J Food 
18:257–263. https ://doi.org/10.1080/19476 337.2020.17468 33

Costa Neto EM, Ramos-Elorduy J, Pino MJM (2006) Los 
insectosmedicinales de Brasil: primerosresultados. Bol 
Soc&nbsp;Ent Arag 38:395–414

De Felice LS (1995) Thenutraceutical revolution, its impact on food 
industry. Trends Food Sci Tech 6:59–61

El-Sohaimy SA (2012) Functional Foods and Nutraceuticals-Modern 
Approach to Food Science. World ApplSci J 20:691–708. https :// 
doi.org/10.5829/idosi .wasj.2012.20.05.66119 

FAO/WHO (2004) Vitamin and mineral requirements in human 
nutrition: report of a joint FAO/WHO expert consultation, 
Bangkok, Thailand, 21–30 September 1998. FAO/WHO, Rome

FDA (2019) Interactive nutrition facts label. USFDA. https ://
www.acces sdata .fda.gov/scrip ts/inter activ enutr ition facts label / 
facts heets /vitam in_and_miner al_chart .pdf. Accessed on 28 
Dec 2019

Feng S (2018) Tenebrio molitor L., entomophagy and processing 
into ready to use therapeutic ingredients: a review. J Nutr Health 
Food Eng 8:280–285

Haldar P, Das A, Gupta RK (1999) A laboratory based study on 
farming of an Indian grasshopper Oxya fuscovittata (Marschall) 
(Orthoptera: Acrididae). J Orth Res 8:93–97. https ://doi.
org/10.2307/35034 31 https ://www.jstor .org/stabl e/35034 31

Heidari-Parsa S, Imani S, Fathipour Y, Kheiri F, Chamani M 
(2018) Determination of yellow mealworm (Tenebrio molitor) 
nutritional value as an animal and human food supplementation. 
Arthropods 7:94–102

Helrich K (1990) Official methods of analysis of the Association 
of Official Analytical Chemists. A.O.A.C, Philadelphia, USA

Hyun SH, Kwon KH, Park KH, Jeong HC, Kwon O, Tindwa H, 
Han YS (2012) Evaluation of nutritional status of an edible 
grasshopper, Oxya chinensis formosana. Entomol Res 
42:284–290

Jajic I, Popovic A, Urosevic M, Krstovic S, Petrovic M, Guljas D 
(2019) Chemical composition of mealworm larvae (Tenebrio 
molitor) reared in Serbia. ContAgr 68:23–27. https ://doi.
org/10.2478/conta gri-2019-0005

Jokanović MR, Tomović VM, Jović MT, Škaljac SB, Šojić BV, Ikonić 
PM, Tasić TA (2014) Proximate and Mineral Composition of 
Chicken Giblets from Vojvodina (Northern Serbia). Int J Nutr 
Food Eng 8:986–989

Karakök SG, Ozogul Y, Saler M, Ozogul F (2010) Proximate 
analysis. Fatty acid profiles and mineralcontents of meats: a 
comparative study. J Muscle Foods 21:210–223

Kestenbaum B, Tilman BD (2010) Disorders of Calcium, Phosphate, 
and Magnesium metabolism. In: Floege J, Johnson RJ, Feehally 
J (eds) Comprehensive clinical nephrology, 4th edn. Mosby, 
Elsevier, USA, pp 130–148

Kim KS, Weaver CM, Choi MK (2017) Proximate composition and 
mineral content of five edible insects consumed in Korea. CyTA J 
Food 15:143–146. https ://doi.org/10.1080/19476 337.2016.12231 72

Kinyuru JN, Mogendi JB, Riwa CA, Ndung’u NW, (2015) Edible 
insects—a novel source of essential nutrients for human diet: 
Learning from traditional knowledge. Anim Front 5:14–19

Kouřimská L, Adámková A (2016) Nutritional and sensory quality 
of edible insects. NFS J 4:22–26

Krupanidhi S, Sreekumar A, Sanjeevi CB (2008) Copper & 
biological health. Indian J Med Res 128:448–461

Lanham-New SA, Lambert H, Freassetto L (2012) Nutrient 
information: Potassium. AdvNutr 3:820–821. https ://doi.
org/10.3945/an.112.00301 2

Liu C, Masri J, Perez V, Maya C, Zhao J (2020) Growth performance 
and nutrient composition of mealworms (Tenebrio molitor) fed 
on fresh plant materials supplemented diets. Foods 9:1–10

Márquez MC (1962) Estudio de las especies del género Sphenarium 
basado en su genitalia (Acrididae:Orthoptera), con la 
descripción de una especie nueva. An Inst Biol Univ Nac Auton 
Mex Ser Zoo 1–2:247–265

Mawani M, Ali SA, Bano G, Ali SA (2016) Iron Deficiency Anemia 
among women of reproductive age, an Important Public Health 
Problem: Situation Analysis. ReprodSyst Sex Disord 5:1–6. 
https ://doi.org/10.4172/2161-038X.10001 87

Oonincx DGAB, van Itterbeeck J, Heetkamp MJW, van den Brand H, 
van Loon JJA, van Huis A (2010) An exploration on greenhouse 
gas and ammonia production by insect species suitable for 
animal or human consumption. PLoS One 5:1–7

Palacios C (2006) The role of nutrients in bone health, from A to Z. 
Crit Rev Food SciNutr 46:621–628

Pandey M, Verma RK, Shubhini AS (2010) Nutraceuticals: new era 
of medicine and health. AJPCR 3:11–15

Pino MJM, Ángeles CS, García A (2009) Substanciascurativasencontradas 
en insectosnutracéuticos y medicinales. Entomol Mex 8:256–261

Ramos-Elorduy J (2000) La etnoentomología actual en México en 
la alimentación humana, en la medicina tradicional y en el 
reciclaje y alimentación animal. Mem XXXV Cong Nac de 
Ent, pp 3-46.

Ramos-Elorduy J, Moreno JMP, Camacho VHM (2012) Could 
Grasshoppers Be a Nutritive Meal? Food NutrSci 3:164–175

Ravzanaadii N, Kim SH, Choi WH, Hong SJ, Kim NJ (2012) 
Nutritional value of mealworm, Tenebrio molitor as food source. 
Int J Indust Entomol 25:93–98

Sanchez-Muros MJ, de Haro C, Sanz A, Trenzado CE, Villareces S, 
Barroso FG (2015) Nutritional evaluation of Tenebrio molitor 
meal as fish meal substitute for tilapia (Oreochromis niloticus) 
diet. Aquacnutr 21:1–14

Srividya AR, Nagasamy V, Vishnuvarthan VJ (2010) Nutraceutical as 
medicine. Pharmanest 1:132–145

Torruco-Uco JG, Hernández-Santos B, Herman-Lara Martinez-
Sanchez CE, Juarez-Barrientos JM, Rodriguez-Miranda, (2019) 
Chemical, functional and thermal characterization, and fatty acid 
profile of the edible grasshopper (Sphenarium purpurascens Ch.). 
Eur Food Res Technol 245:285–292. https ://doi.org/10.1007/
s0021 7-018-3160-y

Tsugutoshi A (2004) Copper deficiency and the clinical practice. Jpn 
Med Assoc J 47:365–370

Tulchinsky TH (2010) Micronutrient deficiency conditions: Global 
Health Issues. Public Health Rev 32:243–255

van Huis A (2013) Potential of insects as food and feed in assuring food 
security. Annu Rev Entomol 58:563–583. https ://doi.org/10.1146/
annur ev-ento-12081 1-15370 4

van Huis A, Itterbeeck JV, Harmke K, Mertens E, Halloran A, Muir G, 
Vantomme P (2013) Edible insects: future prospects for food and 
feed security. Food and Agriculture Organization of the United 
Nations, Rome, Italy

Virginia MR, Quirino-Barreda T, García-Núñez M, Díaz-García R, 
Sánchez-Herrera K, Schettino-Bermudez B (2015) Grasshoppers 
Sphenarium purpurascens Ch. Source of proteins and essential 
amino acids. J Chem Chem Eng 9:472–476. https ://doi.
org/10.17265 /1934-7375/2015.07.008

https://doi.org/10.1080/19476337.2020.1746833
https://doi.org/10.5829/idosi.wasj.2012.20.05.66119
https://doi.org/10.5829/idosi.wasj.2012.20.05.66119
https://www.accessdata.fda.gov/scripts/interactivenutritionfactslabel/factsheets/vitamin_and_mineral_chart.pdf
https://www.accessdata.fda.gov/scripts/interactivenutritionfactslabel/factsheets/vitamin_and_mineral_chart.pdf
https://www.accessdata.fda.gov/scripts/interactivenutritionfactslabel/factsheets/vitamin_and_mineral_chart.pdf
https://doi.org/10.2307/3503431
https://doi.org/10.2307/3503431
https://www.jstor.org/stable/3503431
https://doi.org/10.2478/contagri-2019-0005
https://doi.org/10.2478/contagri-2019-0005
https://doi.org/10.1080/19476337.2016.1223172
https://doi.org/10.3945/an.112.003012
https://doi.org/10.3945/an.112.003012
https://doi.org/10.4172/2161-038X.1000187
https://doi.org/10.1007/s00217-018-3160-y
https://doi.org/10.1007/s00217-018-3160-y
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.17265/1934-7375/2015.07.008
https://doi.org/10.17265/1934-7375/2015.07.008


International Journal of Tropical Insect Science 

1 3

Wildman REC (2001) Handbook of Nutraceuticals and Functional 
Foods. CRC Press, Taylor and Francis, New York

Williams P (2007) Nutritional composition of red meat. Nutr Diet 
64:S113–S119. https ://doi.org/10.1111/j.1747-0080.2007.00197 .x

Wyness L, Weichselbaum E, O’Connor A, Williams EB, Benelam B, 
Riley H, Stanner S (2011) Red meat in the diet: an update. Nutr 
Bull 36:34–77

https://doi.org/10.1111/j.1747-0080.2007.00197.x


1 23

International Journal of Tropical
Insect Science
 
e-ISSN 1742-7592
 
Int J Trop Insect Sci
DOI 10.1007/s42690-020-00328-z

On the biomass production of
Spathosternum prasiniferum prasiniferum
(Walker, 1871) (Orthoptera: Acrididae) as
a potential insect to feed the livestock

Arijit Ganguly, Parimalendu Haldar &
Dipak Kr. Mandal



1 23

Your article is protected by copyright and

all rights are held exclusively by African

Association of Insect Scientists. This e-offprint

is for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



SHORT COMMUNICATION

On the biomass production of Spathosternum
prasiniferum prasiniferum (Walker, 1871) (Orthoptera: Acrididae)
as a potential insect to feed the livestock

Arijit Ganguly1 & Parimalendu Haldar2 & Dipak Kr. Mandal2

Received: 22 June 2020 /Accepted: 9 October 2020
# African Association of Insect Scientists 2020

Abstract
In recent times short horn grasshoppers (i.e. acridids) have been emerged as a potential nutrient resource for livestock in India.
But it is necessary to attempt their mass production for a sustainable supply which is also cost effective. In this context the present
work aimed to evaluate the ability of annual production of Spathosternum prasiniferum prasiniferum (Walker, 1871). The insects
were reared in captivity in natural condition without the aid of any environmental chamber that has been used in all the previous
works. For estimation of biomass nymphal survival percentage, number of egg pods laid per female, number of eggs hatched per
pod, sex ratio, energy content and dry body weight of adult individuals were taken into consideration. Then projected annual
biomass was calculated from the obtained results. The findings were encouraging because we have estimated about 66,326
individuals, or 3.55 Kg of dry biomass i.e. 82,234.33 KJ of energy after one year starting from only one pair. Even though the
probable annual biomass was found to be lower than the previous works, still it was a good amount, and heartening for mass scale
production. Thus we have concluded the work with a notion that this might encourage small scale start up even by
poor farmers who are unable to procure environmental chamber. However, other species should be explored in future
that can produce a higher biomass.

Keywords Insect farming . Annual biomass . Spathosternum prasiniferum prasiniferum

Introduction

It is estimated that by the year 2050 there will more than nine
billion people on earth and because of this global population
boom and due to over-exploitation of food there will be a great
scarcity of conventional protein sources (Kouřimská and
Adámková 2016). In this context it is a must to look for alter-
natives (Madau et al. 2020). In recent times insects are emerg-
ing as an unconventional nutritionally rich food resource
where anti-nutritional growth retardants are present in toler-
ance limit (Das and Mandal 2014). The ubiquitous presence
made these marvel creatures a frequent ingredient in common

victuals from time immemorial throughout the world (Imathiu
2020). Nevertheless, only in recent days they are getting seri-
ous attention from the scientific community. Many workers
established that insects are high in nutrients and energy, and
many of them could be cultivated as mini-livestock (Zhou and
Han 2006; Alexander et al. 2017). But accepting insects as
food is not always very easy for any mature person having
western influenced upbringing who consider these creatures
as “poor man’s food”; and because of this social taboo we
observe repugnance in consuming insects among the western
and western influenced communities (Rodríguez-Miranda
et al. 2019). In this context they could be used as an alternative
nutrient supplement for the livestock industry.

Various workers have successfully used insects as alterna-
tive protein source for poultry, fish and pigs (Yen 2015).
Among insects, the order Orthoptera (i.e. grasshoppers and
crickets) has been found to contain about 43.9% to 77.1%
protein with the highest quantity in Melanoplus mexicanus
(Saussure, 1861) and 14.05 KJ to 21.88 KJ of energy where
Blaberus sp. showed the best value (Ramos-Elorduy et al.
2012). Workers like Anand et al. (2008a) and Das and
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Mandal (2013) effectively utilized the acridid grasshopper
Oxya sp. as poultry feed. Likewise, Ganguly et al. (2014)
proved acridid grasshoppers to be suitable to feed ornamental
fishes, while Ghosh and Mandal (2019) reported lucrative
results when these short-horn grasshoppers were used as a
supplementary nutrient in table fish feed. However, any food
resource needs to be produced in mass scale for sustenance.
Therefore, acridid mass production is very much needed.

To address this issue Haldar and Nandy (1997) first
attempted mass rearing of Hieroglyphus banian (Fabricius,
1798), Acrida exaltata (Walker, 1859), and Oxya sp. Later,
Das et al. (2002) did a mass culture study onOxya fuscovittata
(Marschall, 1836). Anand et al. (2008b) compared the mass
production abilities of O. fuscovittata and S. pr. prasiniferum.
Das et al. (2012) successfully cultured Oxya hyla hyla
(Surville, 1831). The results proved O. hyla hyla,
O. fuscovittata, and S. pr. prasiniferum are the major candi-
date species for mass culture. According to them both the
Oxya species have higher potential of mass production in
comparison with S. pr. prasiniferum. It should be noted that
all these studies utilized environmental chamber so that the
insects could be reared in optimum temperature, photo period,
and humidity. But, we should keep in mind that many poor
farmers who are interested to start acridid farming would not
be able to procure sufficient amount of environmental cham-
bers. And those who could afford such apparatus will have
huge start up cost.

Considering this scenario, the present work was designed
to evaluate the mass production ability of the oligophagous
short-horned grasshopper (i.e. acridid) S. pr. prasiniferum
which is comparatively a less studied species. Das and
Mandal (2013) opined that this insect species could be an
alternative nutrient resource. Their study revealed that this
grasshopper species contains more than 65% crude protein,
7% fat, and over 6% of carbohydrate on dry matter basis. The
energy content was reported to be 2347 KJ/100 g.
Additionally they were also found to be rich in fatty acids,
amino acids, vitamins and minerals, where anti-nutitional fac-
tors like oxalate, tannin, and phytin were present in
significantly low titer. Ganguly et al. (2013) reported that
S. pr. prasiniferum is one of the most abundant tetravoltine
(i.e. completing four generations in a year) acridid species in
the state of West Bengal in India, where the present work was
conducted. According to that report their gestation period is
about four weeks, nymphal duration is about 40–50 days, and
adult duration is about 30–40 days. They start copulating soon
after reaching maturity, and start laying egg pods within 8–
12 days of adulthood. Thus it is observed that S. pr.
prasiniferum can complete four generations annually. This
oligophagous insect may affect the entire winter crop (sown
during June–August and harvested in November–January),
and summer seedlings of sorghum and wheat (Sown during
January–February and harvested in April–May) in the state of

West Bengal, India. As it was evident that these insects mainly
target plants under Poaceae family, in our work also they were
reared on four food plants of the same family, and nymphal
survival and reproductive potential was estimated. Then their
probable annual biomass was calculated from those data as-
suming a single pair as a starting point. The entire study had
been conducted in natural condition during May, 2019 to
August, 2019, and without the use of environmental chamber.
The prime goal of this study was to get an idea whether there
will be sufficient biomass even if environmental chambers are
not used in acridid farms.

Material and methods

Stocking of S. pr. prasiniferum

Fifty adult males and fifty females of S. pr. prasiniferumwere
collected from the grasslands of Santiniketan, West Bengal,
India. Theywere stocked in 5 plastic boxesmeasuring 38 cm ×
30 cm × 20 cm with 10 males and 10 females in each. For
rearing purpose leaves of Cynodon dactylon (L.) Pers. was
offered to the insects in a set up as described by Haldar et al.
(1999). Taxonomic identification up to sub-species level was
confirmed with the help of the authentic guidebook of
Bhowmik (1986), published by the Zoological Survey of
India.

Food plants

Seeds of Sorghum halepense (L.) Pers., Triticum aestivum L.,
and Oryza sativa L. were bought from the local market and
sowed in the “Entomology Experimental Plot” in the
Department of Zoology campus of Visva Bharati University.
No pesticides were administered to the food plants. When the
seedlings emerged fresh leaves were clipped and offered to the
insects in the experimental sets each day. The common
“Durva grass” C. dactylonwas abundant in the same pesticide
free experimental plot and they were also clipped and offered
to the sets afresh each day.

Experimental set up

The experiment was conducted in 12 plastic boxes as we have
used one food plant per set and there were four food plants in
triplicates. Rearing was done by the same Haldar et al. (1999)
method. Each box measured 38 cm × 30 cm × 20 cm, and was
fitted with nylon mesh of about 1 mm wide pore size for
proper aeration. The bottoms of the boxes were covered with
5 cm deep sterilized sand that was previously boiled in water
in 100 °C for ten minutes. Each day some water was sprinkled
to keep the sandmoist so that the humidity of the experimental
boxes could be maintained. When eggs hatched out from the
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stock sets, same day hatched 492 fledglings were randomly
selected and placed in the experimental sets with 41 individ-
uals in each.

Estimation of selected parameters

For the computation of annual biomass production, parame-
ters like nymphal survival, number of egg pods laid per fe-
male, number of eggs hatched per pod, sex ratio, dry body
weight, and energy content of adult individuals were taken
into consideration. For the estimation of dry body mass 51
adult males and 51 adult females were separately collected
from stock sets and freeze killed followed by oven drying at
60 °C until the weight became constant. Finally they were
weighed individually and the mean values of their dry body
masses were expressed in grams. After that the dry insect
carcass was crushed in powder form by a mixer grinder and
mixed with fixed proportion of benzoic acid as burning agent
to make pellets weighing 1 g. Later, the mixed pellets were
charged with digital oxygen bomb calorimeter (model EIE-
220A, EIE Instruments Pvt. Ltd., Ahmedabad, India) and en-
ergy was expressed in terms of KJ/100 g. Sex ratio was esti-
mated by random sampling of 1000 individuals from the
grasslands of Santiniketan by sweeping technique and number
of males and females were calculated separately. Other esti-
mations were made in the experimental set up. Nymphal sur-
vival was expressed as percentage of nymphs reaching adult-
hood. When first copulating pair was observed in all the box-
es, they were regularly checked for counting number of egg

pods along with the number of adult females in each. Thus
average number of egg pods laid per female was estimated.
Known amount of egg pods (usually 8–10) were kept inside
sterilized moist sand in 80ml plastic cups fitted with nylon net
at the top. When hatching started, numbers of fledglings were
calculated, recorded, and were transferred to the stock sets.
When there were no hatching recorded for 30 days it was
assumed no more eggs to be hatched; then average number
of eggs hatched per pod was estimated.

Computation of projected annual biomass

For the computation of total biomass produced in a year we
started with a single pair. Multiplying the total egg pods laid
per female and eggs hatched per pod we got the probable
number of fledglings hatched from one female. Then the mor-
tality percentage was subtracted to obtain total number of
insect attaining adulthood. Later, they were separated as male
and female groups according to their sex ratio that we obtained
from our field sampling data. Thus we have reached to total
number of adult males and females in the first generation. We
followed the same pattern to attain the total number of indi-
viduals in three subsequent generations owing to the tetra-
voltinity of S. pr. prasiniferum. The total annual production
of males and females were obtained by adding the numbers of
all the four generations. Finally, the numbers were separately
multiplied with individual dry body weight, and energy.

Statistical analyses

Data were presented as means ± SD. Food plant specific dif-
ference between nymphal survivals, egg pods laid per female,
and eggs hatched per pod were subjected to one way analysis
of variance (ANOVA) taking food plants as independent var-
iable. Mean separations were conducted by Tukey’s pair-wise
test where ANOVA showed significant difference. Disparity
between mean dry weight of adult males and females were
obtained by independent t test. All the analyses were per-
formed at 95% confidence level (i.e. α = 0.05) using
Microsoft excel, and Past version 3.20.

Results

Percentage of nymphal survival is summarized in Fig. 1.
C. dactylon fed groups had the highest mean survival

Table 1 One way ANOVA table
of nymphal survival Source of Variation SS df MS F P value F crit

Between Groups 406.9347 3 135.6449 30.41212 0.000101 4.066181

Within Groups 35.6818 8 4.460225

Total 442.6165 11
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Fig. 1 % Nymphal survival of S. prasiniferum fed with different food
plants. Values are means ± SD. Note: Values with different letters are
significantly different (F = 30.41, P < 0.01, one-way ANOVA, Tukey’s
pair-wise test)
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(80.73%), even though it did not vary significantly from the
results of S. halepense and T. aestivum fed groups (P > 0.05,
Tukey’s pair-wise test). On the other hand O. sativa fed
groups showed significant low survival (65.41%) compared
to the other three plant fed groups (F = 30.41, P < 0.01, one-
way ANOVA, Tukey’s pair-wise test, Table 1). Reproductive
potential of S. pr. prasiniferum is depicted in Fig. 2. Here it
should be noted that T. aestivum fed groups did not lay any
egg pod. Highest number of egg pods were observed in
C. dactylon fed groups (i.e. 4.26) and the lowest value of
3.18 was recorded in the S. halepense fed sets. However, in
this case statistical analysis did not show any significant dif-
ference (F = 1.916, P = 0.227, one-way ANOVA, Table 2).
Nevertheless, the parameter of eggs hatched per pod showed
statistically significant result in one way ANOVA (F = 7.401,
P < 0.05, Table 3). Here, the highest mean value 8.61 was
observed in C. dactylon fed groups. Mean separation by
Tukey’s pair-wise test revealed that the result of
S. halepense and C. dactylon fed groups did not vary signifi-
cantly (P > 0.05), however O. sativa fed groups showed the
lowest mean value of 6.13 which was significantly lower than
C. dactylon fed groups (P < 0.05). In this studyC. dactylon fed
groups almost always showed better survival and reproductive
potential. Hence we have selected those results for the com-
putation of projected annual biomass production. Figure 3
represents the mean dry weight of adult males and females
that were 0.045 g and 0.065 g respectively. Independent t test
revealed that females always had higher dry mass than that of

males (P < 0.05) owing to their robustness. Finally, the energy
content was observed to be 2316.46 KJ per 100 g of dry
biomass.

For the calculation of sex ratio 1000 individuals were ran-
domly collected from the grasslands near the campus of
Zoology department of Visva Bharati University,
santiniketan. Among them 572 were recorded to be males
and 428 were females. Thus we have calculated the ratio
as—♂:♀ = 572:428 = 5.7:4.3.

In the present study we considered the tetravoltinity to cal-
culate the probable annual biomass, which was computed for
four generations starting with a single male and female pair
(Fig. 4). It is already mentioned that we have selected the
results of C. dactylon fed groups for this calculation. It is
evident from Fig. 2 that average number of egg pods laid
per female is 4.26, while eggs hatched per pod is 8.61. So
from one female we can expect 4.26 × 8.61 = 36.68 fledglings.
Then we considered the nymphal survival percentage to esti-
mate the total number of individuals reaching adulthood. The
nymphal survival percentage of C. dactylon fed groups was
80.73. So, it was assumed that 80.73% of 36.68 i.e., about
29.61 individuals will reach maturity. Then we divided this
number according to sex ratio of ♂:♀ = 5.7:4.3 to obtain
16.88 males and 12.13 females, and thus completed the first
cycle. The second cycle started with 12.13 females and we
followed the same pattern up to fourth generation that we used
to compute the first one. Lastly the total number of males and
females were summed up and we obtained a total of about

Table 2 One way ANOVA table
of egg pods laid per female Source of Variation SS df MS F P value F crit

Between Groups 1.7946 2 0.8973 1.916079 0.227252 5.143253

Within Groups 2.8098 6 0.4683

Total 4.6044 8
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37,806 males and 28,520 females to be produced in one year.
After multiplying these numbers with respective dry
weights we obtained 1.7 Kg of male and 1.85 Kg of
female dry biomass or 3.55 Kg of total annual dry bio-
mass. Lastly, total annual biomass in terms of energy
was estimated by multiplying the energy content
(2316.46 KJ/100 g) with the total dry mass (3.55 Kg)
and we obtained 82,234.33 KJ.

Discussion

Acridid biomass is directly proportional to nymphal survival,
fecundity and fertility, which are well dependent on the food
plants on which these insects feed. Hence, a suitable food
plant ought to be found out for a sustainable farming of
acridids as mini-livestock. In this context, Ganguly et al.
(2010) first reported S. halepense to be a suitable food plat
for the mass rearing ofO. fuscovittata. Later, Das et al. (2012)
evaluated the nutritional ecology of O. hyla hyla and S. pr.
pras in i ferum where three di f ferent grasses l ike
Dactyloctenium aegyptium (L.) Willd., C. dactylon, and
Brachiaria mutica (Forssk.) Stapf were fed to them. In their
study the authors reported B. mutica to be the best food plant
followed by C. dactylon. Ganguly et al. (2013) studied
life history, growth rates, food consumption and utiliza-
tion indices of S. pr. prasiniferum fed with different
food plants. According to them S. halepense followed
by C. dactylon gave the best results. In the present
work we have estimated nymphal survival and reproduc-
tive potential of the same insect with the same food
plants, and we obtained C. dactylon and S. halepense
to be the best ones. Considering all the parameters we
could easily conclude that these two plants are the best
choice for mass rearing of this insect.

On the other hand, although acridids are considered to be
paddy pest, O. sativa fed groups did not show good results. In
a similar work Nzekwu and Akingbohungbe (2002) reported
that nymphal duration of Oedalues nigeriensis Uvarov, 1926
was very low when fed with Seteria gracilipes Hubbard and
Axonopus compressus (Sw.) P. Breauv. Hence it is evident
that food plants are an important prerequisite for the livelihood
of acridid species (Riffat and Muhammad 2007; Riffat and
Wagan 2007; Das et al. 2012). In the present study higher
nymphal survival was obtained in C. dactylon followed by
S. halepense and highest nymphal mortality was observed in

O. sativa fed groups. This occurred may be because of the
interaction between the nutritional demand of the insect and
nutrients present in the plants. While studying the nutritional
ecology of O. fuscovittata, Ganguly et al. (2010) reported
nutritional quality of S. halepense, C. dactylon, T. aestivum
and O. sativa. According to their result, S. halepense
contained maximum amount of crude protein, and fat (more
than 15% and 3% of dry body weight respectively).
C. dactylon fell next in terms of crude protein that was about
11.5%.C. dactylon and T. aestivum shared similar protein and
fat contents, but the latter had higher carbohydrate (84.43%)
and very low crude fiber (2.27%). On the other handO. sativa
contained the lowest amount of protein (just over 6%). The
nutritional values were very much aligned with the results
obtained in the present case. It is a well known fact that dietary
nitrogen can impact survival and reproductive potential of
acridids (Rode et al. 2017). In the present work we have ob-
tained least nymphal survival percentage in O. sativa fed
groups as the protein content was the lowest in this plant.
Apart from survival, food plants also have significant effect
on the fecundity and fertility. While describing the importance
of choice of food plants Awmack and Leather (2002), and
Branson (2006) mentioned that host plant quality can directly
affect insect reproductive strategies like egg size, quality and
allocation of resources to eggs; even choice of oviposition
sites may be influenced by plant quality. In the present work
T. aestivum fed groups were observed to be unable to produce
any egg pod. Relatively higher amount of carbohydrate and
significantly low fiber content might be a cause behind this.
Egg pods laid per female did not vary significantly between
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Fig. 3 Mean dry body weight (g) of adult males and females. Values are
means ± SD.Note:Asterisk (*) shows significant higher mean dry weight
in female S. pr. prasiniferum (P < 0.05, independent t test)

Table 3 One way ANOVA table
of eggs hatched per pod Source of Variation SS df MS F P value F crit

Between Groups 9.4706 2 4.7353 7.401219 0.023994 5.143253

Within Groups 3.8388 6 0.6398

Total 13.3094 8
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the other three plant-fed groups, but the mean number of eggs
hatched per pod was the lowest in O. sativa fed sets. These
findings have also been supported by Abdel-Rahman (2001),
and Das et al. (2002). The results of the present study clearly
showed food plant specific variations in nymphal survival,
fecundity and fertility that may directly affect mass produc-
tion, and C. dactylon fed groups had the capacity to produce
the highest biomass.

The mass production of S. pr. prasiniferum was attempted
by Anand et al. (2008b) and Das et al. (2012). Both of these
two works projected around 10 Kg of dry biomass annually
assuming a single pair as a starting point which was fairly
higher than our finding of 3.55 Kg. Here it should be noted
that we did not use any environmental chamber for the present
study.We should also mention that even this lower biomass is
encouraging because if we could obtain more than three
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Adult individuals ≈ 29.61

Males ≈ 16.88 Females ≈ 12.13
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Males ≈ 214.86 Females ≈ 162.10

Eggs hatched ≈ 5945.83
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4800.07
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(1.70 Kg)

Total females ≈ 28520.28 
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Fig. 4 The conceptual model of
projected annual biomass of
S. prasiniferum starting with a
single pair and fed with
C. dactylon
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kilograms of dry biomass only from one pair annually, we
could produce hundreds of kilograms of S. pr. prasiniferum
biomass in an insect mini-livestock farm with bigger
area. We hope that our findings will hearten the farmers
at the grassroots level to take up insect farming as a
start-up since they will obtain a good biomass even
without environmental chamber. However, other acridid
species such as Oxya sp. should be given trial in future
because of their ability to produce higher biomass and
find out whether they can also provide better production
without the aid of environmental chamber.

Lastly it should be noted that in the present study the rear-
ing had been done for only one generation and the same trend
was utilized for the calculation of the annual biomass.
However, practically this could not be the case in nature.
Insect production is very much dependant on temperature,
photoperiod and humidity, that cannot be the same throughout
the year (Ma et al. 2017). Thus, survival, growth, life span,
and reproductive potential will have season wise varia-
tion that may lead to a quite different biomass with
respect to the findings of the present study. Nevertheless, the
present work mainly focused on whether mass produc-
tion of S. pr. prasiniferum is possible without using any
costly apparatus. The findings were much encouraging
and demand future works on the assessment of the eco-
nomical aspects of acridid farm building, maintenance
and production cost which was out of the scope of this
paper. We conclude with the hope that in near future
realistic acridid grasshopper farms might be built where
a tangible annual biomass will be attained to feed the
livestock.
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Both, zinc and copper play important roles in human metabolic processes. In humans, zinc (Zn) is required directly for the
chemical catalysis and/or maintaining the structure of nearly 10%  of total body proteins. It plays a significant role not only in
immune defence but also takes part in DNA and protein synthesis, growth and development throughout the life span as well
as in tissue repair. On the other hand, copper (Cu) is crucial to strengthen the skin, epithelial tissue, connective tissue and
blood vessels. Cu helps to increase the level of haemoglobin, melanin and myelin in our body. Both of these trace metals
possess antioxidant like properties. However, it is necessary to balance the optimal concentration of Zn or Cu in blood se-
rum to avoid the associated organ damage. Excess zinc intake increases the incidence of chronic kidney disease (CKD) which
is harmful to normal renal function and thus elevated the risk of prostate cancer. Similarly, the one and only reason for heart,
kidney and liver failure including Wilson disease is the excess amount of copper. Both of these trace metals are responsible
to deal with brain diseases. Thus, there are many “faces” of Zn and Cu in the maintenance of cellular network including
immunomodulatory regulation and infection prevention. Zinc appears to inhibit the enzymatic processes of viral protease and
polymerase, as well as different physical processes for instance virus attachment, inflammation, and viral uncoating. Ideally,
the clinicians should monitor zinc status of the individuals and advice for the supplements when necessary, otherwise defi-
ciency of these micronutrients could lead to the onset of severe secondary diseases.

Keywords: Zinc, copper, immunomodulatory, signalling network, viral infection.

Introduction
It has been estimated that nearly two to four grams of

zinc (Zn) is distributed throughout the human body1. Even
though copper (Cu) is considered as the third most abun-
dant trace metal [next to iron and zinc], its total amount in
the human body ranges only between 75–100 mg2. Zinc and
copper ions are involved with numerous aspects of cellular
metabolism via electrochemical oxidation and reduction re-
actions. The proportion of copper to zinc is clinically more
significant than the concentration of both of these trace met-
als3. Like oxidation and reduction reactions in electrochemi-
cal cell, copper and zinc metal ions play similar role in pres-
ence of human cell plasma, where the electron movement
occurred in Zn and Cu through an electrically conducting

pathway as an electromagnetic wave – leading to a better
model for the cellular neurotransmission process.

Zn has versatile functions in physical improvement, en-
zymatic catalysis and signal transduction of biological sys-
tem. Under certain circumstances the attachment of zinc to
membrane is followed by binding with redox-active metals
(like iron and copper), not only but also zinc acts as an es-
sential component of both intracellular and extracellular Cu/
Zn superoxide dismutase (Cu/Zn-SOD). The behaviour of
zinc like an antioxidant is controlled by means of various
regulators such as NF-B, p53, AP-1, and some other enzy-
matic actions during cellular signal transduction at multiple
cell levels. Several studies have shown that Zn supplement
is helpful to improve the pathological conditions4.
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Zn is a crucial metal indispensable for proper assembly
and progress for functioning of nearly about 2800 macro-
molecules and more than 300 enzymes. Around 83% of zinc
proteins carry out enzymatic catalysis in prokaryotic organ-
isms5. Eukaryotic organisms also use Zn for various biologi-
cal purposes such as the regulation of zinc-related proteins
in catalytic reactions (47%), DNA transcription (44%), pro-
tein transport (5%), and signalling pathways (3%). Zn is es-
sential in stabilization of the membrane construction mecha-
nism, and it supports to maintain membrane integrity against
damages due to changes in osmotic potential, platelet ag-
gregation, and other progressions6. Subsequently, the ex-
tensive shortage of Zn is associated with several health con-
sequences for example weaknesses, growth and develop-
ment retardation while it is required for proper immune, re-
productive, and neurosensory systems4,5.

Importance of zinc in human biochemical reactions:
Zinc does not contribute to redox active reaction under

physiological conditions in contrast to other transition met-
als. It is designated as the second most abundant trace metal,
found in eukaryotes second only to iron. It operates as a
Lewis acid to receive a pair of electrons. Zinc remains as a
stable ion in an organic medium and it is reported to be a
perfect metal cofactor for reactions like proteolysis and the
hydration of carbon dioxide with the necessity of redox-stable
ion. The crystallization of insulin with zinc was the first proof
of Zn-proteins/peptides combination7, while the zinc finger
motif was first identified within the transcription factor TFIIIA
of Xenopus. Human genome encodes almost 10% of the
zinc proteins, which remarkably points out the physiological
importance of zinc in cellular biology. After the initial recogni-
tion of zinc from erythrocyte carbonic anhydrase, it has been
reported to appear within all six classes of enzymes defined
in the enzyme commission (EC). The functioning of several
enzymes, transcriptional factors, and other proteins shows
an essentiality towards zinc; there exists a possible interac-
tion between these proteins and Zn through  definite regions
like zinc-finger, LIM, RING finger domains etc. In the interior
part of protein structure, zinc is coordinated by nitrogen, oxy-
gen, and sulfur atoms with distinct coordination numbers8. It
is suggested from zinc proteome analysis that nearby 9% of
proteins in eukaryotes are zinc proteins with the number sig-
nificantly enhanced in higher organisms. The number of zinc-
binding motifs in zinc proteomes is governed by the intramo-

lecular zinc binding sites although it is a difficult task to rec-
ognize them9.

Physiological role of  zinc in immune homeostasis:
The essentiality of zinc was first predicted in the year of

1869 while studying the growth of Aspergillus niger. At length
of time, consistent growth of plants, rats and birds was found
to be regulated by an indispensable role of Zn. Subsequently,
different hazardous problems like immune deficiency, diar-
rhoea, alopecia, brain dysfunctions, uncoordinated healing
process of wound, loss of appetite, liver disease, chronic
inflammation, certain neuropsychological abnormalities such
as emotional instability, irritability, and depression etc. are
triggered by zinc deficiency, although up to 1961, zinc was
not considered as a vital micronutrient for human body. Maxi-
mum zinc deficit cases are identified from the elderly, vegans/
vegetarians people or the individual with chronic diseases
like lymphopenia, liver cirrhosis or inflammatory bowel dis-
ease, defective lymphocyte responses from the developing
countries like Africa and Asia while its global approximation
varies from 17% to 20%. Mainly, zinc tends to be accumu-
lated in the skeletal muscles and bones10. So, for the main-
tenance of proper Zn-balance in our body, zinc intake is nec-
essary in our diet on a daily basis keeping it in mind that
excess may be harmful. Different health related aspects like
eye lesion and wound in skin, disorder in taste, alopecia,
impaired immune function, deceleration in growth may arise
from zinc deficiency while the excessive Zn-intake shows
toxicity such as nausea, vomiting, fever, headaches and
chronic kidney disease (CKD). Zinc supplementation is po-
tential enough to reduce the occurrence of pneumonia in
children from developing countries, diarrhoea, infections and
to improve immunity11. It is also useful in boosting the growth
of children and in reducing impaired vision as well as the
muscle atrophy12. Zn also successfully reduced the time scale
of symptoms caused by rhinovirus. Herpes simplex virus
(HSV) infection can be effectively treated with zinc sulfate13.
Infection caused by rhinovirus can be successfully inhibited
by binding of zinc to virion. Reproductive cycle of HIV-1 vi-
rus14, vaccinia virus15, and polioviruses can also be hindered
with in vitro zinc treatment. It was evidenced that zinc at its
lowest concentration (10 M), showed 800-fold reduction in
RSV virus when studied in vitro. Zn transporters function as
intracellular signal transducers and Zn also acts like a
neuromodulator in synaptic transmission. Zn homeostasis is
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maintained by a number of Zn transporters which signifies
proper cellular functioning.

Zinc homeostasis in human body:
There are two different types of intracellular zinc pools (i)

protein-bound zinc and (ii) loosely bound Zn2+ i.e. “free” zinc.
Very small amount of zinc exists as free-zinc ions due to
toxicity of zinc within cells and majority of zinc belongs to the
first type. Mature human body possesses nearly 2–3 g zinc.
Skeletal muscle cells can store upto 60% zinc, nearly 30%
zinc is accumulated in case of bone cells, 5% in the cells of
liver and skin while the rest 2–3% in other tissues. Less than
1% of the total body zinc is derived from blood serum. The
albumin protein combines loosely with nearly 80% of serum
zinc and the other 20% is tightly combined with 2-macro-
globulin protein16,17. Human body can adjust with a ten-fold
increased Zn, consumed on a daily basis for the maintenance
of homeostasis. Almost, nearly 0.1% of the whole Zn is added
in regular diet (breast milk for children). The strict regulation
of Zn absorption from food mainly occurs in the duodenum
and jejunum; the absorption rises up to 90% when there is
inadequate accessibility of dietary Zn. In case of excess Zn
intake, it is released from the gastrointestinal tract and is
also discarded through shedding off mucosal epithelial cells18

and renal excretion19. Generally, in mammals, over 30 pro-
teins, together with ZnT and ZIP transporters, function prop-
erly to maintain systemic zinc homeostasis; however, hu-
moral mediators have not been recognized in case of zinc
mediated metabolism (Fig. 1).

Distribution of zinc within cell:
Nearly 50% zinc is distributed within cell cytoplasm, 30–

40% in nucleus and 10% in membrane20. Total cellular zinc
concentration varies between 10–100 m range while the
cytosolic concentration fluctuates between picomolar and low
nanomolar range. In case of intracellular organelles, mito-
chondrial free zinc concentration have been quantified as
0.14 pM21, 0.2 pM concentration have been reported from
mitochondrial matrix22, 0.9 pM from ER, and approximately
0.2 pM from the Golgi23, although elevated level of zinc (~300
pM and 5 nM) concentrations have been reported from mito-
chondria and the ER24. So, the zinc balance is maintained
through a complex sequence of uptake, distribution, stor-
age, and efflux along with a central role of ZnT and ZIP trans-
porters at cellular and subcellular level. Both of these trans-
porters cause movement of zinc between vesicles and or-
ganelles of cell cytosol, leads to buffer disorder, a condition
which is termed as “buffering” and “muffling”25.

Distribution of zinc within cellular vesicles/granules:
Excess amount of labile zinc is considered as chelating

agent due to its accumulation within cells and tissues. Re-
lease of zinc from synaptic vesicles is predicted within the
range of approximately 100 to 300 M. Beside, soft tissues
(200 nmol/g wt on average), zinc tends to be aggregated
within the tissues of prostate gland at a 3- to 15-fold higher
range than the range reported from other26. However, a
massive reduction of higher zinc level found in prostate can-
cer and carcinoma is an indication of its significance in meta-
bolic activity of prostate gland. Accumulation of higher con-
centration of zinc within the -cells of pancreas is manda-
tory for crystallization of insulin molecule. Correspondingly,
higher zinc content is also reported from GH containing
dense-core secretory granules of anterior pituitary cell line,
epithelial and myoepithelial cells of submandibular salivary
gland, sperm cells, exocrine cells of pancreas, pigment epi-
thelial cells of retina, paneth cells of intestine and mast cells.
Various processes occur within subcellular compartments due
to zinc accumulation. At the time of meiotic maturation from
prophase I to metaphase, higher amount of zinc is introduced
and concentrated within the cortical granules of oocytes,
necessary for growth detention following meiosis I. During
egg activation, accumulated zinc is discarded from the oo-
cyte to reduce zinc bioavailability immediately after intracel-
lular calcium oscillations, termed as “zinc spark”27. Zinc also
tends to be aggregated within subcellular compartments
during specific pathological situations.

Fig. 1. Schematic representation of immuno-physiological effect of
Zn homeostasis in cell.
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Metallothionein and MTF-1 – storing house of zinc within
cytosol:

61–68 amino acids together with 20–21 cysteines form
MTs, which can combine up to 7 equivalents of zinc as well
as another metal cations with a valence of two. 5–15% of
zinc is tied up by MTs located in the cytosol. Approximately
12 MTs from humans and 4 MTs from mice are reported. In
case of mammals, the MT molecule is divided into two zinc
binding domains:  and  domains. MTs also serve as zinc
acceptors and donors. In the promoter region of MTs excess
zinc can tie up metal-response element-binding transcrip-
tion factor-1 (MTF-1) and metal response element (MRE, 5’-
TGCRCnCGGCCC-3’)28 leading to a significant increase in
MT-I and MT-II expression in mice. In vertebrates MT genes
are induced in response to zinc by metal-responsive tran-
scription factor-1 (MTF-1) comprising 6 C2H2 zinc finger motifs
which show a significant contribution towards zinc sensing
and metal responsive transcriptional activation. Zinc finger
motif also acts as DNA-binding domains with increased level
of cellular zinc. MTF-1 maintains zinc homeostasis to increase
the transcription of host genes – MTs, ZnT1, and ZnT228–30,
which are related with the reduction of zinc induced toxicity
as well as additional suppression of a set of genes such as
zinc transporter ZIP10. But in later situation, Pol II move-
ment is physically spoiled. MTF-1 is indispensable for liver
development of embryo.

Antiviral effect of zinc:
Several in vitro studies have suggested the antiviral na-

ture of zinc where concentrations are necessary for the mea-
surement of antiviral activity. Antiviral zinc concentrations can
extend upto mM concentrations whereas human plasma zinc
concentration ranges between 10–18 M. The antiviral po-
tency of zinc depends on its availability although it is defi-
nitely virus-specific (Fig. 2). The details of antiviral effects of
zinc are given below:

Herpesviridae: Restriction of the protein ubiquitination
pathway can inhibit the herpes simplex virus reproduction
and a reduction in NF-B activity accompanied by zinc iono-
phore pyrithione. Remarkably a decreased repetition as well
as extent of disease outbreak was revealed from the perfor-
mance of several relevant zinc application studies in hu-
mans31,32. The effectiveness of recent implementation, along
with in vitro studies indicates the coating of entire HSV virus
particle by unbound zinc to prevent infection. Mechanisti-

cally, zinc ions retard Human alphaherpesvirus 3, usually
referred to as the varicella-zoster virus by their in vitro inac-
tivation. Both HSV and Varicella-Zoster virus, the members
of Alphaherpesvirinae subfamily, are genetically related, and
possess identical inhibition strategy.

Picornaviridae: Before 1980, it was revealed that zinc can
inhibit picornavirus, encephalomyocarditis virus (EMCV),
poliomyelitis causing virus – poliovirus, foot and mouth dis-
ease virus (FMDV). In case of coxsackievirus B3 which be-
longs to picornaviridae family, zinc hinders the autocatalysis
to encode 3C protease from its precursor 3CD protease to
inhibit viral polyprotein processing33. Zinc seems to bind and
alter the viral polyprotein tertiary structure of EMCV33.

Flaviviridae: Flaviviruses are mainly transmitted by in-
sects. Mosquito-borne diseases caused by dengue virus and
West Nile virus, as well as the hepatotropic virus such a hepa-
titis C virus are grouped under flaviviridae family. In vitro stud-
ies confirmed the diminished level of HCV replication (mainly
inhibition of HCV RdRp) (approximately 50% by 100 M
ZnSO4) by zinc salts; however, in case of E. coli, the IC50
value is near about 60 M34.

Togaviridae: Togaviruses mainly involve the viruses which
are transmitted by arthropod vectors like mosquitoes in
the Semliki forest, Western equine encephalomyelitis caus-
ing agent, and Chikungunya virus. Receptor-mediated en-
docytosis, with the subsequent virus and endosomal mem-
brane fusion, as well as the release of new virion particle
into the cytoplasm are the steps involved in viral replication.

Fig. 2. Schematic representation of the mechanistic approach of Zn
as antiviral agent.
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Zinc has been revealed as an efficient inhibitor of Semliki
forest virus and sindbis virus’s membrane fusion using lipo-
somal vesicle35, RBCs36, and BHK Strain 21. To inhibit mem-
brane fusion step of viral replication process, at low
endosomal pH, zinc ions form a complex with one (i.e. enve-
lope glycoprotein 1) of the two enveloped glycoproteins of
virus through specific histidine residue37.

Retroviridae: Viruses belonging to retroviridae family are
identified on the basis of their capability for the transcription
of RNA into DNA utilizing reverse transcriptase (RT) and there-
fore permitting incorporation of new DNA into the host cell
genome. The integrated genome of virus called provirus within
host cell DNA thus becomes the major barrier to virus heal-
ing pathway specifically for HIV-1, with the production of spe-
cific infection within host deprived of any symptom i.e. re-
mains dormant. It is well established that there is a correla-
tion between the cellular concentration of Zn ion and CD4+ T
cells count in HIV infection37. The inhibition of the HIV-1 pro-
tease38, and viral transcription was reported to be inhibited
by zinc. However, stimulation of zinc influx into monocytes
by HIV remains inconsistent.

Papillomaviridae: HPVs, the oncogenic viruses, can stimu-
late proliferation in basal epithelial cells, give rise to swell-
ing. Although cutaneous swelling is limited as well as non-
dangerous, genetic variants of HPV (HPV-16 and -18) are
the main source of cancer that occurs in the cells of
the cervix39. E6 and E7 genes of HPV encode oncoproteins
and both of them are important components for cell prolif-
eration and apoptosis by reviving the degeneration of tumour
suppressor’s p53 and pRB, respectively40. Although nuclear
zinc appears to boost up HPV replication, treatment with
exogenic zinc (CIZAR, zinc chloride and citric acid anhydrous)
can successfully prevents construction of E6 and E7 genes
and regain the role of tumour suppressor’s p53 and pRB
causing cell death of cervical malignant cells. Although down
regulating mechanism of E6 as well as E7 expression by
zinc is unknown, but zinc induction may lead up to a barrier
in different part of viral life cycle.

Zn-Cu homeostasis in health:
It has been reported that a competition between copper

and zinc absorption occurs in small intestine41. After binding
with protein metallothionein, both of these elements are ab-
sorbed by the cells facing the small intestine. Over expres-
sion of metallothionein production in the enterocytes is due

to Excessive zinc ingestion. After tie up of zinc or copper
with metallothionein, its movement through the enterocyte
gets blocked. Zinc absorption is regulated by stimulating the
synthesis of this protein. Copper possesses a higher affinity
for metallothionein than zinc42 and so it displaces zinc from
metallothionein and thus undergoes a preferential binding to
the metallothionein, with leftover in the enterocytes; when
the intestinal cells are discarded, they lost in faces. Thus,
due to mucosal blockage zinc gives rise to a negative cop-
per balance. Failure to mobilize adsorbed Cu from the intes-
tinal cells forms the basis of Menkes syndrome. High doses
of zinc given for a longer period in patients, causes an ab-
normality with Wilson disease which is decreased by the in-
corporation of Cu into ceruloplasmin by the reduction in bil-
iary excretion of Cu43. Myeloid hyperplasia has been shown
in the bone marrow due to zinc-induced copper deficiency.
Oral zinc ingestion causes suspiciously high toxicity com-
parative to copper – a process to influence copper deficiency.
In case of humans, multiple antagonistic side effects involve
a reduction in copper-dependent enzymes for instance su-
peroxide dismutase, ceruloplasmin, and cytochrome c oxi-
dase; fluctuations in immunological constraints, cholesterol,
and its lipoprotein distribution.

Zinc and copper are the most important element which
act as ion cofactor in receptors, proteins, different enzymatic
reactions and hormones44. This Zn-Cu duo can reduce the
oxidative stress by stimulation of metallothionein synthesis
to form structural ions of SOD45–47. This duo has the essen-
tial role in redox potential mechanism and their imbalanced
ratio may be the main cause for an improved susceptibility to
oxidative damage48–50, although acute Zn depletion causes
a decrease in innate and adaptive immunity, chronic insuffi-
ciency with increased inflammation51. Contrarily, excess Cu
may be related with an inflammatory response, though it is
not clear whether copper has pro-oxidant or antioxidant like
effects. Deactivation of unbound radical as well as preven-
tion of associated damage promoted by the antioxidant prop-
erties of copper. In opposition to that, unbound radical in-
duced cellular damage may be triggered by the pro-oxidant
like behaviour of copper. This is because ceruloplasmin, as
the key copper-containing protein, has been exposed to act
both as an antioxidant and pro-oxidant in different situations52.

Maintenance of the dietary ratio of copper-zinc is very
important as higher intake of Zn can affect Cu absorption
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and the raised levels have been reported to introduce a nega-
tive impact on health status. Zinc acts as a signalling mol-
ecule to promote different types of cellular proliferation and
growth. If the Zn level decreases with the increased level of
Cu, intracellular and extracellular anti-oxidant defence mecha-
nism will be highly affected. According to a research, meta-
bolic and endocrine alterations with enhanced aging might
be an indication of “survival” reactions to genotoxic stress
that could stimulate tumorigenesis53.

Physiochemical effect of Zn on COVID-19:
Since December 2019, there was a rapid outbreak of a

virus named as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), causing coronavirus disease-
19 (COVID-19) to almost every country of the world. But until
now there is no inhibition strategy to keep control of SARS-
CoV-2 infection due to lack of approved vaccines or pharma-
ceutical therapies. Due to the role of zinc as immune modu-
lator in infection as well as its nature like antiviral agents, it is
regarded as one of the optional treatments for COVID-19.
Inhibition of proteolytic processing of replicase polyproteins
by Zn was reported previously. In fact, it was shown that zinc
can inhibit the RNA dependent RNA polymerase (RdRp) ac-
tivity of Hepatitis E virus. Moreover, it was also shown that
zinc ionophores blocked coronavirus RdRp activity as well
as coronavirus replication54. Chloroquine (CQ) and
hydroxychloroquine (HCQ), which are generally prescribed
for the treatment of malaria and associated inflammatory
conditions, might be an alternative tactic because both of
these drugs behave like weak bases with an elevated pH
level and tend to accumulate within endosomes, lysosomes,
or golgi vesicles55. In case of SARS-CoV-2, during the repli-
cation procedure within host cell, specifically the increased
pH of lysosomes, could restrict the pH-dependent phases
like membrane fusion and viral uncoating. This elevated pH
within intracellular compartments seems to inhibit SARS-CoV-
2 replication, because it requires acidification of endosomes
for appropriate functioning. Therefore, it is assumed that an
inhibiting effect of CQ and HCQ might be important for the
treatment of SARS-CoV-2 infected patients. Earlier findings
revealed that chloroquine as a zinc ionophore, increases Zn2+

flux into the cell56. Treatment with zinc supplementation with-
out chloroquine shows some positive effects in treatment57.
Theoretically, such effectiveness of Zn with substantial lower
toxicity may also be detected by means of additional zinc

ionophore activity of quercetin and epigallocatechin-gallate58.
Targeting Zn ions in viral protein structure is another approach
for modulation of COVID-19. Zn helps in protein destabiliza-
tion of MERS-CoV and SARS-CoV59. Zn-ejecting agents (e.g.
antialcoholism drug disulfiram) may be used as potential
antiviral agents for SARS-CoV-2 treatment by ejecting
Zn2+ from the predicted target site to inhibit viral replication.
SARS-CoV-2 utilizes angiotensin-converting enzyme 2
(ACE2) for entry into host cells. So, modification of ACE2
receptor was also thought as the potential therapeutic strat-
egy in COVID-19. It is also reported the susceptibility of 100
M zinc to reduce the activity of recombinant human ACE-2
in rat lungs. The consequence of zinc on SARS-CoV-2 and
ACE2 interaction appeared to be only imaginary even though
this concentration is close to the physiological values of total
zinc60. Impaired mucociliary clearance caused by HCoV
229E, induced ciliary dyskinesia although neither HCoV 229E
nor HCoV-OC43 infection triggered a substantial reduction
in ciliary beat frequency. Improvement of length of cilia from
bronchial epithelium of Zn-deficient rats61, as well as in-
creased ciliary beat frequency was boosted by Zn supple-
mentation. We therefore postulate that zinc supplement will
enhance nCoV-2019 induced dysfunction via mucociliary
clearance.

Conclusion
There is a well-organized system within human body for

proper management and regulation of vital trace metals. But
once this system fails to operate accurately, anomalous lev-
els of trace metals can be a significant threat to human health.
Zinc as a vital trace element, performs many fundamental
activities of cellular metabolism, significant to all forms of
life. Generally, over 300 enzymes possess the essentiality
of zinc for their proper functioning. This trace metal is also
assisted with improved immune mechanism, faster wound
curing, synthesis of DNA or protein and cell division. The
antioxidant like properties of zinc may defend against faster
aging. On the other hand, copper permits many critical en-
zymes to function properly and thus achieves an important
place in metabolism. It basically maintains the firmness of
skin, blood vessels, epithelial and connective tissue all over
the body. It also takes part in the production of hemoglobin,
myelin, melanin and collagen. Copper behaves both as an
antioxidant and a pro-oxidant. Zinc acts like an intracellular
signalling molecule with an important role in cell-mediated
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immune response and oxidative stress. At the same time,
zinc deficiency is the cause of many long-term illnesses which
is needed to be altered to evade complications. Different types
of diseases can be prevented with supplements, and at the
same time certain types of medications cause disturbed Cu
and Zn concentrations which may results in onset of other
diseases. Therefore, it is very much necessary to keep a
well-maintained balance between Zn and Cu than their indi-
vidual concentration in blood serum.
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Abstract

Electrochemical communication during biofilm formation has recently been

identified. Bacteria within biofilm‐adopt different strategies for electro-

chemical communication such as direct contact via membrane‐bound mole-

cules, diffusive electron transfer via soluble redox‐active molecules, and ion

channel‐mediated long‐range electrochemical signaling. Long‐range electrical

signals are important to communicate with distant members within the bio-

film, which function through spatially propagating waves of potassium ion

(K+) that depolarizes neighboring cells. During propagation, these waves co-

ordinate between the metabolic states of interior and peripheral cells of the

biofilm. The understanding of electrochemical communication within the

biofilm may provide new strategies to control biofilm‐mediated drug re-

sistance. Here, we summarized the different mechanisms of electrochemical

communication among bacterial populations and suggested its possible role in

the development of high level of antibiotic resistance. Thus, electrochemical

signaling opens a new avenue concerning the electrophysiology of bacterial

biofilm and may help to control the biofilm‐mediated infection by developing

future antimicrobials.
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1 | INTRODUCTION

Bacteria are the unicellular organisms; they lack in-
tracellular membrane compartmentalization, but they
possess an outer cell envelope [1]. The extracellular
membrane of the bacteria plays an important role in their
overall physiology. The outer cell surface of bacteria
mediates exchange processes and adhesive properties.
Such processes involve different types of electrochemical
and immunological interactions occurring on the cell

membrane. These different types of interactions help in
cell growth, cell division, and biological communication.
The bacterial outer surface is formed by different mac-
romolecular components such as carboxylate, phosphate,
and amino group that are ionized in different environ-
mental conditions (e.g., pH) [2]. Such ionization pro-
cesses are responsible for an electrostatic interaction on
the cell periphery [1]. Bacteria are present in aqueous
nutrient environments, and therefore they must be hy-
drated outside to transport nutrient and waste particles
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[3]. Physicochemical factors of bacterial surfaces, such as
electrostatic charge, are important with respect to overall
polarity, to maintain and protect the hydrophilicity of
bacterial cell surface for essential functioning of the cell.
The net surface charge of a bacterial cell can be measured
on the basis of zeta potential [4]. Zeta potential is the
electrical potential of the common boundary between the
bacterial surface and the aqueous environment [5]. Zeta
potential can be measured by calculating cellular elec-
trophoretic movement in an electric field [1]. Recently,
Czerwińska‐Główka and Krukiewicz [6] have summar-
ized the electrochemical methods to characterize the
biofilm over conventional techniques for monitoring
their growth and development.

When bacterial cells are cultured at different physio-
logical conditions (with varying pH), the cell surface ac-
quires a net negative electrostatic charge [1], as shown in
Figure 1. Positive counterions first attach to the nega-
tively charged surface, forming a rigid layer called the
Stern layer. The surface continues to attract more positive
ions, but now these counterions experience repulsion
from other counterions in the vicinity and by the Stern
layer itself. Again, there is a competition between coun-
terion neutralization and molecular motion, and as a
result of such competition, an interfacial electrical diffuse
layer is formed. Stern layer and diffuse layer are together
called a double layer [7]. In the inner region, the Stern
layer contains the surface charge as well as electro-
statically bound counterions. The outer region extends
into the aqueous environment, which contains a more
diffuse distribution of anions and cations. This condition

of the environment with varying pH contributes to elec-
trostatic interactions between the cells and other charged
surfaces [8]. Measurement of zeta potential can provide
an approximate measure of the potential of the Stern
layer in bacteria.

The bacterial outer cell envelope consists of different
ionized phosphoryl and carboxylate molecules, which are
the cause of bacterial net electronegativity as the surface
charge. In Gram‐positive bacteria, the cell wall is formed
by peptidoglycan, which influences inner electro-
negativity, because there exist substituted phosphoryl
groups, with teichoic and teichuronic acid residues as
substituents, as well as unsubstituted carboxylate groups
[9]. In contrast, Gram‐negative bacterial peptidoglycan is
encapsulated within the periplasmic space and the outer
membrane. Therefore, these are not exposed to the ex-
tracellular environment. However, in Gram‐negative
bacteria, phosphoryl and 2‐keto‐3‐deoxyoctonate carbox-
ylate groups of lipopolysaccharide, present in the outer
membrane, serve as the negative electrostatic surface
charge, which is present in the outer region of the outer
membrane [10]. In Gram‐positive and ‐negative bacteria,
although different surface layers are found in the exterior
of the cell walls, they similarly affect cell surface charge
properties at physiological pH. Extracellular poly-
saccharides are present in the bacteria, which are natu-
rally acidic in nature and may be attached with the cell
surface as relatively compact capsules. In contrast, diffuse
slime layers, which are loosely associated with the cell
surface, consist of symmetric paracrystalline arrays,
which are visible only with the help of electron

FIGURE 1 The molecular and electrical structure of the cell wall. The molecules present in the bacterial membrane play a role
in the production of electric charge on the cell wall. A double‐layer (Stern layer and diffuse layer) structure of a bacterial cell, which
is cultured at different physiological conditions, is presented. Positive counterions first attach to the negatively charged surface and
form a rigid layer called the Stern layer. The surface continues to draw more positive ions, but these counterions experience
repulsion from other counterions in the surrounding area and by the Stern layer itself. So, there is a competition between counterion
neutralization and molecular motion; such competition results in the formation of an interfacial electrical diffuse layer
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microscopy [11]. They are formed by divalent cation‐
stabilized protein or glycoprotein subunits, which are
associated noncovalently in a lateral way on the cell wall
surface in an extensive diversity of bacteria. These
charged components of the bacterial membrane have
created the basis of electrochemical communication be-
tween the inner and outer surface [12].

Often some bacteria grow by adhering to each other,
and they also adhere to a fixed surface to form bacterial
biofilm. These adherent cells are submerged in a slime
layer. Bacteria within biofilm can communicate their
behavior through different forms of coordination [13–16].
Quorum sensing is a way for the cell‐to‐cell signaling
process in bacteria [17]. Recently, it has been established
that bacterial cell‐to‐cell communication mechanism is
dependent on ion channel‐mediated electrical signaling
[18]. This electrical signaling has enabled cell‐to‐cell
communication within a biofilm community [16,18]. It
has been observed that Bacillus subtilis biofilm can en-
ergetically communicate extracellular potassium signals,
which creates electrical waves that spread through the
biofilm and organize metabolic states, thereby accumu-
lating cooperative ability [16,18]. This K+ channel‐
mediated electrical signaling communication occurs be-
tween the interior and peripheral cells. The electrical
signal is generated by different organisms, and its at-
traction seems to be a genetic mechanism that allows
cross‐species interactions.

On the other hand, the peptidoglycan layer is broader
than Gram‐negative bacteria, whereas the lipopoly-
saccharide layer in Gram‐positive bacteria is just vice
versa. Bacteria require proton motive force for their
growth and sustainability. The proton motive force is
produced in the bacterial cell membrane during energy
generation. This proton motive force in the inner mem-
brane produces bacterial electrochemical signaling and
generates the potential charges in the membrane [19]. In
the free‐living planktonic state, bacteria have the ability
to form the biofilm, and sessile cells adhere to the sub-
strate and strengthen the biofilm [20].

However, electrical signals can control the direct
bacterial motility by changing the membrane potential.
Such long‐range electrical signaling could deliver a gen-
eric mechanism for bacterial societies and control the
motile behavior of unsociable cells.

2 | DIFFERENT PHYSIOLOGICAL
PROCESSES OF BACTERIAL
ELECTRICAL COMMUNICATION

To maintain the optimum cell function of a unicellular
organism, it is important to control the interfacial

physiology of these organisms. Ionized phosphoryl and
carboxylate substituents are present on the outer cell
envelope of macromolecules, due to which bacterial cell
surfaces have a net negative electrostatic charge. The
major electrical signaling communication in biological
systems is the action potential in neurons, which is
communicated by ion channels [21]. Several years of re-
search on ion channels have provided important insights
into the structural basis of such neuronal signaling
[22,23]. In particular, the prokaryotic K+ channels kcsA
provided the first physical information on ion discern-
ment and conductance [24]. Recently, it has been docu-
mented that bacteria have many significant classes of
other ion channels such as chloride channel, sodium
channels, ionotropic glutamate receptors, and calcium‐
gated potassium channels [25–28]. However, the inherent
role of ion channels in bacteria has mostly remained
unclear [29,30]. Different types of ion channels present in
bacteria are not only responsible for cellular processes,
but these ion channels are also responsible for electro-
chemical communication between their own environ-
ments. These ion‐specific channels of bacteria also have
unique functions like extreme acid‐resistant response and
osmoregulation [31]. It also remains indistinct that these
ion channels can maintain other unique functions in
prokaryotes. The study of the bacteria in their native
background, the biofilm community, may reveal new
signs about the function of ion channels in bacteria.
Bioelectrochemistry is a very well‐known phenomenon
in human system, but in bacteria, bioelectric currents
particularly exist in an agglomerated form in the biofilm.
During biofilm formation, bacteria are able to produce
electric field at the time of their movement and they
jump due to the amount of electric potential on the
biofilm [6].

3 | ELECTROCHEMICAL
COMMUNICATION DURING
BIOFILM FORMATION

Bacterial biofilm are prearranged communities com-
prising billions of densely crowded cells. Such commu-
nities can display an interesting macroscopic three‐
dimensional coordination [32–34]. Usually, biofilm are
formed under different environmental stress situations
including nutrient limitation [35]. In any group of mi-
croorganisms in a biofilm, cells are stuck to each other
and often to a surface. A slimy extracellular matrix is
composed of extracellular polymeric substances (EPS),
in which the adherent cells are embedded. In the bio-
film, the cells produce the EPS, which are typically
a polymeric cluster of DNA, lipids, extracellular
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polysaccharides, and proteins. When bacterial commu-
nities grow larger, due to the high growth of the per-
ipheral cells in the biofilm, the nutrient supply of the
interior cells becomes inadequate. When there is nu-
trient deficiency, the interior cells are protected by the
peripheral cells, which remain in a critical situation for
the survivability due to the presence of different external
challenges. In a bacterial community, an important
confrontation occurs between the opposing stresses for
biofilm growth and upholding the capability of pro-
tected (interior) cells. The identification of electro-
chemical communication mechanisms present in the
bacterial biofilm community is responsible for the sus-
tainability of the protected interior cells, which is
important to understand biofilm development [36].

However, it is not clear how microscopic bacteria can
successfully interconnect in large distances. To examine
this question, scientists have studied B. subtilis microbial
community, revealing that these bacteria show metabolic
oscillations activated by nutrient limitation conditions
[16]. The oscillatory dynamics results from long‐range
metabolic co‐dependence among the cells in the interior
and periphery of the biofilm [16]. Specifically, the interior
and peripheral cells of the biofilm share ammonium ions
but compete for glutamate. Therefore, biofilm growth
stops intermittently due to the increase in nutrient
availability for the protection of interior cells. Re-
markably, glutamate and ammonium ions are both
charged metabolites, which leads to cellular uptake of
these compounds, which is recognized by the proton
motive force and transmembrane electrical potential. In
bacterial motility, membrane potential plays a common
role in their communication [37,38]. Consequently, the
metabolic coordination in the biofilm community among
the interior and peripheral cells might be involved in
electrochemical signaling.

For the measure of electrical signaling, scientists
used the fluorescent cationic dye thioflavin T to quantify
the membrane potential within the bacterial biofilm
community. Within the biofilm community, thioflavin T
is used for the measurement of global alternations in
membrane potential. Thioflavin T is a highly positively
charged molecule and it is attracted to cells due to the
negative membrane potential of the bacterial cell. The
experimental result shows that thioflavin T increases
inside the cell when the cell becomes more negative,
and thus thioflavin T is inversely related to the mem-
brane potential [18]. These membrane potential oscil-
lations are highly coordinated among the most distant
areas of the biofilm. Actually, biofilm community or
bacterial cells can transfer charge particles in their
membrane, which occurs only for electrochemical
signaling communication.

4 | BACTERIAL ION CHANNEL ‐
MEDIATED ELECTRICAL
SIGNALING

The ion channels of the bacterial membrane possess
different ion‐transferring mechanisms by the electro-
chemical signal. It is evidenced that YugO (K+ channel)
in B. subtilis is important for biofilm formation [39]. This
potassium flux pump has an intracellular TrkA domain,
which is regulated by the metabolic state of the cell
[40–42]. For better understanding the hypothesis, wild‐
type and YugO‐deleted mutant strains were used, which
revealed that extracellular K+ increased for the wild‐type
strain, but not for the mutated strain. Consequently, the
metabolic limitation could form the primary trigger for
YugO activation. Specifically, the fundamental metabolic
oscillations are determined by glutamate limitation [16],
which is due to the release of K+ and the elimination of
glutamate. The neighboring cells become depolarized due
to the presence of K+ outside the cells, restraining glu-
tamate uptake, which creates additional nitrogen limita-
tion, and thus metabolic stress is generated. These cyclic
consequences occur due to cell–cell transmission of the
potassium signal. These findings hypothesized that glu-
tamate limitation can trigger potassium signal via the
YugO potassium channel [43].

In B. subtilis, YugO also has a role in the active pro-
pagation of the potassium signal. Wild‐type and YugO
mutant strains have transient bursts of external K+ con-
centration (300‐mM KCl). As can be predicted, K+ causes
short‐term membrane potential depolarization in both
strains. However, in the wild‐type strain, this primary
depolarization is naturally monitored by a protracted
hyperpolarization phase, which was not observed in the
YugO mutant strain. This period of hyperpolarization is
complemented by an increase in extracellular K+ ions.
This YugO was triggered by intracellular potassium, be-
cause when an equal concentration of sorbitol (an un-
charged solute) was used, but it did not stimulate an
equal response, producing purely osmotic effects.
Therefore, YugO seems to have a role in propagating the
extracellular potassium signal within the biofilm [18].

The K+ channel shows the electrochemical activity and
the mechanism is experimentally observed in the form of
propagating pulses of electrical activity. A temporary de-
polarization is monitored by hyperpolarization in reaction
to native proliferations in extracellular potassium con-
centration. Additionally, the model demonstrates that
long‐range proliferation of these excitations does not show
a decrease in the amplitude of membrane potential oscil-
lations. The bacterial cells release intracellular potassium
when they are in a metabolically stressed condition, and
this extracellular potassium generates more metabolic
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stress on neighboring cells. B. subtilis cotransported glu-
tamate with two protons by the GltP transporter, and this
process is influenced by the proton motive force [37].
Potassium‐mediated depolarization of the membrane po-
tential can permanently decrease the electrical module of
the proton motive force, [44] and thus lower glutamate
acceptance and intracellular ammonium retention [37,38].
Consequently, this potassium‐intermediated signaling
could proliferate metabolic stress on distant cells. With the
increase of cells in glutamine, the response to extracellular
potassium can be reduced. Glutamate and ammonium
requirement can be compensated by two main factors: an
uncharged metabolite and a favored nitrogen source [45].
Hence, potassium‐mediated ion channel of bacteria is
formed by an electrical signal that controls the metabolic
stress. In Bacillus sp., the YugO channel transfers the ion
and creates an effective electrical communication between
distant cells [26].

5 | CROSS ‐SPECIES
COMMUNICATION

Biofilm refer to the compressed relationship of micro-
organisms and their environment. The chemical signal-
ing mechanism in a bacterial communication network is
quorum sensing. Recently, it has been revealed that
electrical signaling is mediated through the ion channels
of bacterial cells. Long‐range behavior of bacteria is also
influenced by their signaling mechanism. As a result, in a
bacterial community, long‐range cross‐species commu-
nication has been possible. This considerable result has
provided a new example to examine the complex coex-
istence of biofilm societies and distant cells, with a
probable scope of application in synthetic biology.

In bacterial motility, membrane potential plays a
common role in signal communication [46]. Therefore, a
new suggestion is that the process of attraction based on
persuading alterations in membrane potential can apply
to other bacteria as well. To answer this hypothesis, sci-
entists studied the interaction of Pseudomonas aeruginosa
cells with the pre‐existing B. subtilis biofilm and de-
monstrated that the motile P. aeruginosa cells are inter-
mittently attracted to the B. subtilis biofilm during
electrical oscillations. It has been experientially proved
that a difference in the period of electrical signaling
within the biofilm is directly coordinated by the period of
P. aeruginosamagnetism to the biofilm edge. This implies
that the mechanism of electrically arbitrated attraction is
not restricted to B.subtilis cells, therefore allowing cross‐
species interaction also [43].

Bacterial ion channels generated long‐range electro-
chemical signals; for example, K+ channel generates a

rapid response in the cell motility, because any bio-
chemical synthesis or any complex signaling networks
are not required in this response. This study also pro-
poses a new hypothesis that cross‐species signaling oc-
curs in long range and is generic in nature, where no
exact receptor or signaling pathways are required. The
result of this effort leads to many motivating questions
concerning the result of the newly invented signaling
procedure over the quorum‐sensing bacterium in the
multifaceted coexistence of the biofilm communities and
neighboring cells [43,46,47].

The bacterial ion channel‐mediated signaling me-
chanism results in a quick response in cell motility of even
physically distant cells, due to its individuality on a mul-
tifaceted signaling network. Consequently, due to distant
species electrochemical signaling, bacteria from diverse
species are involved and incorporated in a pre‐existing
biofilm. Therefore, the complex coexistence of a biofilm
with its neighboring cross‐species societies has led to an
increase in many fascinating features of the signaling
mechanism in the secretive microorganism community.

6 | ELECTRICAL
COMMUNICATION DURING
INTERSPECIES ‐SPECIFIC
CROSSTALK

When an electron is moved between different species of
microbes, is known as interspecies electron transfer (IET)
mechanism. This IET mechanism has been established
on the basis of obliging behaviors and community pur-
poses. IET mechanisms depend on the circulation of
redox chemical species or direct interaction in cell ag-
gregates. Following IET, bacteria generate their mem-
brane potential and proton motive force as one of their
communicative way among bacterial communities [48].

In growing biofilm, bacteria surrender their freedom
and settle into large stationary societies. Suel and collea-
gues grew a biofilm of B. subtilis to understand the com-
munication process within the bacterial cells with the outer
cells, when to divide or relax. The biofilm of B. subtiliswere
treated with fluorescent markers that were energized by
potassium and sodium ions, and the potassium marker lit
up, as ions flowed out of starved cells. The biofilm cells also
released K+, refreshing the signal, when the ions reached
closer to them. The signal flowed outward in this way until
it reached the biofilm's edge, and in response to the signal
border, cells stopped dividing until the intramural cells
received a feed, after which they stopped releasing po-
tassium. Suel's team then created mutant bacteria without
potassium channels, and they found that the mutant cells
did not grow in the same stop–start manner of wild‐type
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cells. Like neurons, to communicate electrical signals,
bacteria evidently use K+ [18,43,47].

The significant flow of electrons through a small cable
is called an electric current. In bacteria, the pili act as
nanowires, which transfer electrons to the surrounding
environment. Flagella are the extracellular projection of
bacteria, which transfer electrons to electrodes, which are
called bacterial nanowires. Bacterial nanowire formation
was established by atomic force and transmission elec-
tron microscopy and by electrochemical techniques, and
its conductive nature was investigated. It can be observed
from analyzing marine bacteria that live in the mud at
the bottom of the sea that an electric current is propa-
gated through the layers of mud. Cyclic voltammetry
(CV) and electrochemical impendence spectroscopy
(EIS), nondestructive voltammetry techniques, suggest
that bacterial nanowires could be the source of electrons,
which may be used in various applications, for example,
microbial fuel cells, biosensors, organic solar cells, and
bioelectronic devices. Underneath the layer of mud,
bacteria generate energy, and the electrons thus released
reach the top layer, where they subsequently react with
O2. These electrons travel a distance of 12 mm, which is
10,000 times of body length of bacteria [16,43,46].

In contrast, Bacillus sp. uses a K+ channel to convert
free‐swimming cells to their static society. Remarkably,
the bacteria attract not only Bacillus sp. but also other
dissimilar species. Bacteria seem to live in diverse com-
munities, not just in monocultures. These two Bacillus
species exchange potassium signals, and two Bacillus
biofilm can “time‐share” nutrients also. In an experiment,
where two bacterial communities have been employed and
allowed to utilize glutamate, the biofilm are allowed to
ingest the desired nutrients more professionally. As a re-
sult of the sharing of two different bacterial communities,
the biofilm grew more rapidly than they could have if the
bacteria had consumed the nutrients without the inter-
ference of any other bacteria [18]. When the ion channel
was modified, they gave weaker signals in the biofilm
community and they were not properly able to coordinate
their feeding and grew more slowly. Therefore, it is clear
that the same species of different bacteria also commu-
nicate by generating electrochemical signals [44].

7 | ELECTRICAL
COMMUNICATION DURING
INTRASPECIES ‐SPECIFIC
CROSSTALK

Bacteria within biofilm communities can organize their
behavior through cell‐to‐cell signaling. However, it re-
mains uncertain if these signals can stimulate the

behavior of distant cells that are not part of the com-
munity. In B. subtilis biofilm community, there is a K+

channel‐mediated electrical signaling communication
between the interior and peripheral cells. An electro-
chemical potassium signal is generated inside the biofilm,
which alters the membrane potential of distant cells, thus
leading to their motility [16,18].

This electrical signal is generated by different organ-
isms, and the attraction seems to be a generic mechanism
that allows cross‐species interactions. B. subtilis biofilm
released the electrical signal by its ion channel and
P. aeruginosa cells became attracted to this electrical
signal. Through the long‐range electrical signaling, the
cells of the bacterial community can coordinate their own
behavior and also affect the behavior of different bacteria
at a particular distance [43,46].

The communication mechanisms between the biofilm
and distant cells occur between the evolutionarily distant
bacteria, and are therefore not restricted to cells from a
single species. In a biofilm community, the effect of ex-
tracellular K+ on membrane potential is communal
among all cells, and therefore communication is physical
in nature (Figure 2). The long‐range cross‐species sig-
naling is generic and it does not require specific receptors
or any signaling mechanism. Stimulatingly, due to cross‐
species attraction, bacteria from a different species can be
assimilated into a pre‐existing biofilm. In cross‐species
bacterial community, they have different membrane po-
tential and thus generate electrochemical signal by their
membrane ion channels. This electrochemical signal
might be their way of communication [16,18,43].

8 | ELECTROCHEMICAL
SIGNALING VIA MEMBRANE
POTENTIAL AND RESISTANCE
DEVELOPMENT

In recent years, bacterial electrophysiology has been
demonstrated to have important roles in the various
physiological processes like cellular proliferation, elec-
trochemical communication, persister cell formation, and
antibiotic resistance [49–52]. Electrochemical signaling
via K+ channels, together with resultant membrane po-
tential, which is specific for different bacterial commu-
nities, is a way of electrochemical communication in
bacterial biofilm. Biofilm formation is also stimulated by
a variety of natural products including surfactin, which
induces potassium leakage that triggers multicellularity.
Potassium leakage stimulates a membrane protein ki-
nase, KinC, which regulates the genes involved in the
biofilm formation [53]. Interestingly, surfactin possesses
antimicrobial activities, but it generates the chances for
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resistance development against itself and other anti-
microbials by induction of genes involved in biofilm
formation via potassium leakage. In addition, potassium
leakage results in depolarization of membrane potential
that might play role in resistance development against
positively charged antimicrobials. Next, bacterial biofilm
formation and cell‐to‐cell communication within biofilm
have already been reported for their role in the devel-
opment of drug resistance [47,54]. Electrochemical sig-
naling in bacterial biofilm has also demonstrated to have
a role in cell‐to‐cell communication via differences in
membrane potential [18,43]. However, a direct link be-
tween electrochemical signaling in bacterial biofilm and
its role in drug resistance development is missing.

During IET in bacterial biofilm, which is important
for cell‐to‐cell communication, a high membrane poten-
tial is generated in biofilm, which is key to biofilm matrix
production [55]. Furthermore, it has been shown that
bacterial membrane potential dynamics in biofilm facil-
itates electrical signaling in both intra‐ and intercellular
levels. This membrane potential derived from electrical
signaling is found to be proportional to cellular pro-
liferation capacity [51]. The increase in membrane po-
tential induces a higher cellular proliferation, which
helps in the development of resistance and required an-
timicrobials that are more potent. In a recent report, it
has been confirmed that K+ transport system of Staphy-
lococcus aureus plays an important role in resistance
development against aminoglycoside antibiotics and ca-
tionic antimicrobial peptides [56]. In conclusion, here we
have suggested that disruption of electrochemical sig-
naling by targeting bacterial cell membrane potential
could be a promising alternative to confront the rapid
emergence of multidrug resistance [57].

9 | CONCLUSION

Electrophysiology is a well‐known branch of neu-
rosciences. In the recent past, multiple studies have

shown that bacterial communities like biofilm utilize
electrochemical signals for communication, based on the
fundamentals of electrophysiology. K+ channels are the
major channels that help in long‐distance electro-
chemical communication in biofilm and in developing a
dynamic membrane potential across interior and per-
ipheral cells within the biofilm. This resultant dynamic
potential propagated in the form of electrical pulses be-
tween the distant cells of biofilm induces biofilm for-
mation. The electrochemical communication within
biofilm may also be involved in the measurement of
electrical resistance or development within the bacterial
communities by membrane depolarization and induction
of multicellularity. Therefore, electrochemical control of
biofilm may develop as a potential biofilm treatment
strategy and confront multidrug‐resistant biofilm‐
forming bacterial pathogens.
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Introduction
Nanoscience are the emerging field in modern technol-

ogy with numerous applications in biomedical and manufac-
turing of new smart materials1. In the last two decades’
nanotechnology integrates with the mechanical and electronic
engineering to develop micro/nano-electromechanical sys-
tems (MEMS/NEMS) devices, which have diverse applica-
tions in different fields of science and engineering. These
devices are potentially applicable for different sensing, actu-
ating as well as biomedical analysis purposes2. Recently
quantum dots have acquired much attention in biological
fields owing to its unique size, tunable light absorption and
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emission properties3. Further, biocompatible nanomaterials
have many applications in biomedical purposes such as or-
thopedic, cardiovascular, contact lenses, catheter, prosthetic
replacement, etc.4,5. Past three decades, extensive research
has been carried out to develop nanomedicine and nanosci-
ence based biomedical sensor and instruments6,7. Metallic
nanoparticles have unique optical, electrical and biological
properties, that have attracted significant attention in appli-
cations, like catalysis, ultrasensitive chemical and biological
sensors, bio-imaging, targeted drug delivery and fabrica-
tion8–15. It also comprise of large surface area to volume
ratio, unique quantum size, having excellent magnetic proper-
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ties, heat conductivity additionally to some catalytic and anti-
microbial properties16. Nanoparticles are often synthesized
via various chemical and physical routes like chemical re-
duction17–19, photochemical reduction20–24, electrochemical
reduction25,26, heat evaporation27,28, etc. A series of reduc-
ing agents like sodium or potassium borohydrate, hydrazine
and salts of tartrate, or organic ones like sodium citrate, vita-
min-C, or amino acids are used to get oxidized. Several stud-
ies have reported shape and size dependency of silver
nanoparticles formation on capping agents like dendrimer29,
chitosan30, ionic liquid31, and poly(vinylpyrrolidone) PVP32.
These capping agents control the nanoparticle growth via
reaction confinement within the matrix or through preferen-
tial adsorption on specific crystal facets. But, these ap-
proaches are costly and hazardous, with the involvement of
toxic, non-environment-friendly agents. Hence, evaluation of
the risk of these nanoparticles to human health becomes
critical. Multiple studies have shown the increase of leuko-
cytes number, neutrophils, in the lungs and bronchoalveolar
lavages during airway exposure of nanoparticles in in vivo
models of inflammation. The neutrophil counts act as
biomarkers for inflammation. Therefore, selection of a syn-
thesis route that minimizes the toxicity and increases the
stability of nanoparticle leads to enhanced biomedical appli-
cations of silver and gold nanoparticles. The development of
better experimental procedures for the synthesis of
nanoparticles employing variety of chemical compositions
and controlled polydispersity offers considerable advance-
ment33. Methods of nanoparticle fabrication through differ-
ent physical and chemical process as mentioned above have
their demerits as they produce enormous environmental con-
taminations and unsafe byproducts. Thus, there’s a neces-
sity for “green chemistry” that ensures clean, non-toxic, and
environment-friendly nanoparticles production34. Nowadays
nanomaterials are produced by industries for commercial
applications with enormous benefits. While there lies an enor-
mous potential of nanomaterials for fulfilling human require-
ments, sidewise it also correspond to potential risks to hu-
man health35.

In recent times, eco-friendly approaches have been de-
veloped to engineer stable nanoparticles with intelligible
morphology and configured constricted sizes36. Additionally,
owing to the high demand for precious metals like silver and
gold and their oxides is of great significance and interest37,38.

Bio-inspired synthesis of nanoparticles is an advanced, cost-
effective, environment-friendly approach over chemical and
physical methods, without any inclusion of high pressure,
energy, temperature, and toxic chemicals39. For example,
plant leaf extract is used for the biosynthesis of silver and
gold nanoparticles for pharmaceutical and biomedical appli-
cations, without employing any toxic chemicals in the syn-
thesis protocols40. Eco-friendly acceptable reducing and cap-
ping agents are considered to be an effective one for “green”
synthesis nanoparticles41. The fabrication process also ne-
cessitates the use of non-toxic solvents to make eco-friendly.
Generally in this technique, microwave retains a constant
temperature of the solvent systems. In conventional extrac-
tion techniques hexane, ethanol and water are used for the
collection of bioactive molecules42. But hexane and ethanol
are immensely problematic due to their instability as well as
environmental and health hazards43. To overcome this prob-
lem, researchers developed the supercritical fluid (SCF) ex-
traction technology to avoid toxic organic solvents in green
technology. SCF possesses physical properties intermedi-
ate between CO2 gas and a liquid at a temperature and pres-
sure above of its critical point. Supercritical CO2 is non-po-
lar, non-toxic, non-flammable, and has low critical tempera-
ture. In this regard, nanomaterials, including metal
nanoparticles, carbon nanotubes, quantum dots, and other
active nanomaterials can be used to develop biosensors
against a broad spectrum of microorganisms for the formu-
lation of a new generation of antimicrobial agents.  Among
noble metals, silver (Ag) and gold (Au) nanoparticles syn-
thesis via marine algae are used as a broad-spectrum anti-
microbial agent towards a variety of pathogens in the bio-
medical field44. Many microorganisms are used for the syn-
thesis of nanoparticles such as cyanobacteria, eukaryotic al-
gae, and fungi. Biosynthesis of nanoparticles by plant ex-
tracts are better source in comparison to the various biologi-
cal processes often considered as eco-friendly substitutes
of chemical and physical methods1,5. Seaweeds with rich in
organic and inorganic is used widely in agriculture, pharma-
ceutical, biomedical, and nutraceutical industries for consist-
ing high amount of vitamins and minerals45,46. Among sev-
eral genera of microalgae, Spirulina platensis is blue-green
algae of the cyanobacteria family grown in temperate water
in the whole world. A blue-green algae has served as food
with high protein content and nutritional value from ancient
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times47. The algae produce novel and potentially useful
bioactive compounds48,49. The bioactive materials have
gained significant attention in recent years and have been
used considerably in the development of new pharmaceuti-
cal products, food products, renewable bio-energy and bio-
medical applications50–52. However, antibiotic resistance is
a global issue that lowers these drugs’ effectiveness via ge-
netic mutation or gene acquisition. Therefore, new classes
of antibiotics with novel structural diversity are required to
battle this trend. Now food preservation is dealing with  se-
vere concern of microorganisms mediated spoilage along
with fall in quality and nutrition worldwide53. Recently,
nanoparticles are used in various industries like electronics,
aerospace, cosmetics, textile, and even in food. Conse-
quently, the chance of human exposure to nanoparticles is
rising, heading towards the time when nanoparticles will even-
tually be present in blood circulation interacting with immune
blood cells.

Advantages and growth of nanotechnology
Recently, research and development in nanotechnology

have seen exponential growth due to advantages in different
fields like drug delivery, cell imaging, material improvement,
medical devices for diagnosis and treatment. More powerful
computers are being designed using nonmaterial having
faster in speed and consuming very less power, long-life
batteries.

The term nanocomputers framed in several ways, using
mechanical, electronic, biochemical, or quantum nanotechno-
logy. Circuits consisting of carbon nanotubes can maintain
the computer system more advance. Carbon nanotubes are
also commercially used in sports equipment, with light weight
and high strength. Nanoparticles in fabrics improve the wa-
ter-resistance, stain resistance, and flame resistance, with-
out putting on extra weight, stiffness, or thickness of the fab-
ric54. Nanoparticles are used in medical products for dermal,
oral or inhalation applications. Tiny insize, corresponds to
higher surface area of nanomaterials offering greater strength,
stability, chemical, physical, and biological activity. The car-
bon-based nanomaterials (fullerenes and nanotubes) are
employed in thin films, coatings, and electronics. The metal-
based nanomaterials (nanosilver, nanogold) and metal ox-
ides (titanium dioxide (TiO2)) are useful for food, cosmetics,
and drug-related products. The dendrimers are nano-poly-

mers, an ideal candidate for drug delivery. Composites such
as nanoclays are formed with a combination of nanoparticle
with other particles. Many beverage bottles are made up of
plastics with nanoclays. The nanoclay reinforcement in-
creases penetration resistance to oxygen, carbon dioxide,
moisture and thus increases shelf life and thus nanoclays
are also being used in packaging. It helps to improve vehicle
fuel efficiency and corrosion resistance by using diamond-
like-nanocomposite (DLN) materials that are lighter, stron-
ger, and high chemical resistant55,56. The DLN film exhibits
biocompatibility in nature, which have potential applications
as a coating material for biomedical purpose. Few
nanoparticles are also used in water filter technology that
can remove heavy metals, kill viruses and bacteria. These
cost-effective, portable water-treatment systems are ideal for
the improvement of drinking water quality in developing coun-
tries. Now a day, most sunscreens also contain nanoparticles
for effective absorption of light including the more danger-
ous ultraviolet range and pass the other wavelengths, which
is healthy for skin. Recently, nanosensors are able to detect
a toxic chemical at very low levels, for example, single mol-
ecule detection, out of billions of molecules57,58. In medical
science, the detection of single biomolecules has tremen-
dous applications for DNA/RNA sequencing and disease
analysis. The nanobiosensors can be used to precisely iden-
tify particular cells or substances in the body for different
diagnostics purposes. Current research is focused on pre-
paring the smaller, highly sensitive and cost-efficient
biosensors. The new biosensors are updated to even detect
odors specific diseases for medical diagnosis, pollutant de-
tection, and gas leaks for environmental protection.

Nanoparticles in pharmaceutical products facilitate im-
proved absorption within the human body along with easy
delivery, often in association with medical devices. For ex-
ample, magnetite, a metal oxide has great potential applica-
tions in nanomedicine. Nanoparticles can assist targeted
delivery of chemotherapy drugs to specific cells, i.e. cancer
cells. Superparamagnetic iron oxide nanoparticles (SPIONs)
and ultra-small superparamagnetic iron oxide (USPIO) have
also proved its significance for targeted drug delivery59.
Nanoparticles can improve the water-solubility of weakly
soluble drugs. It can increase drug half-life, modify pharma-
cokinetics, perk up bioavailability, diminish drug metabolism,
assist to controlled and targeted drug delivery, and also com-
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bined drug delivery60–64. According to the data by the In-
ternational Agency for Research on Cancer (IARC), estimates
nearly 13.1 million deaths due to cancer by 2030. It is obvi-
ous that the low survival rate occurs not because of scarcity
of potent, natural, or synthetic antitumor agents but owing to
inadequate drug delivery systems. This develops the require-
ment of technology advancement to need to develop carri-
ers and delivery systems, capable of targeted and efficient
delivery of the chemotherapeutic agents without unwanted
systemic side effects65. The solid lipid nanoparticles and
nano-emulsions are the most employed lipid-based drug
delivery particles. However, nanosilver based commercial
products are capturing market.

of global nanomaterials market volume (in kilo tons) and rev-
enue (in USD Billion), which is estimated from 2014  to 2022,
is shown in Fig. 2(a). Other statistical surveys from two dif-
ferent agencies (see Fig. 2(b) and Fig. 2(c) (BCC research))
also confirmed the rapid increase of global nanotechnology
market of nanomaterials, nanotools and nanodevices,
etc.68,69. Some important key points are summarized below
about the advantages and growth of nanotechnology. The
key benefits of nanotechnology are:

(i) Reduction of size of any material, machine or equip-
ment.

(ii) Reduction of amount of energy and resource.
(iii) Helps to clean up the existing nano-pollution.
(iv) Able to secure economy once it can be fully imple-

mented.
(v) Can alter the basic of technology for human, in its

matured phase.
(vi) Early stage detection of some diseases.
(vii) Improvement of the drug therapeutic index by increas-

ing efficacy and/or reducing toxicities.
(viii) Targeted delivery of drugs in tissue-, cell- or or-

ganelle-specific manner.

Fig. 1. Technological tsunami due to nanotechnology.

The newly developed nanomaterials for theranostics are
being employed alone or in association with “classical” drugs,
e.g. cytostatic drugs, or antibiotics. Theranostics is a com-
bined term for nanomaterials with diagnostic and therapeu-
tic properties64. Fig. 1 shows Technological tsunami occurs
due to nanotechnology in the fields of energy storage, de-
fense and security, metallurgy and materials, electronics, op-
tical engineering and microelectromechanical systems
(MEMS), biomedicine and drug delivery, agriculture, food sci-
ence, cosmetics and paints, textile, etc.66. According to Zion
market research analysis in 201767, there is a rapid increase

Fig. 2. Global nanotechnology review for nanomaterials, nonotools
and nanodevices market from 2011 to 2017 (in Million USD).
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(ix) Enabling sustained or stimulus-triggered drug release.
(x) More sensitive cancer diagnosis and imaging.
(xi) Better pharmaceutical properties like stability, solu-

bility, and half-life of drug molecules.
(xii) Approaches to develop synthetic vaccines.

Limitations of nanotechnology
Nanomaterials are being employed in different industries

and everyday life. Therefore, the interplay of nanomaterials
and human surroundings is worth scientific exploration.
Nanomaterials with several benefits can be toxic in nature.
Various studies also confer with the above-mentioned effects,
indicating the potential toxicological effects on human envi-
ronment60. Different toxic and hazardous effects of
nanotechnology are briefly discussed below.

Potential routes for nanomaterials to enter into human
body:

Nanomaterials can enter into human body in various ways.
Potential routes nanomaterials entry into human body are
ingestion, inhalation and skin absorption70. Many nano-
materials are employed in drug transport or cell imaging via
intravenous entry to the human body. In the body,
nanomaterials are translocated throughout the body by blood
circulation. For the purpose, the nanoparticles must fulfill the
requirement of permeability across the barrier of blood ves-
sel wall. Absorption through the skin serves as an alternate
route of entry for nanoparticles inside a human body. The
skin is the largest organ of the human body, provides a large
surface area for interactions with the external environment.
TiO2 nanoparticles can take either route for entry i.e. the
lungs or gastrointestinal tract. Nanomaterials can enter into
the body through skin due to various reasons, such as use
of medicine, cosmetics, ointments and use of clothes con-
taining nanomaterials, occupational contact in industry etc.
Soaps, shampoos, toothpaste, hair gels, creams, and some
cosmetics containing the nanosilver, which can enter into
the body through skin. Cream or solution containing silver
nanoparticles is used for treatment of wounds, burns, etc. to
prevent infections and damaged skin and the size of
nanoparticles drive the penetrating ability in cell. The smaller
the nanoparticle, has a greater penetrating ability. The
inhaled particulate matter gets accumulate  in human respi-
ratory tract, while one major portion of those inhaled par-
ticles gets deposited in the lungs. Nanoparticles also have

the potential to travel across the placenta in pregnant women
to the fetus along with other organs i.e. brain, liver, spleen
and induce lung inflammation and heart disease70. The pul-
monary inflammation is due to the inhalation of nano-sized
urban particulate matter appear due to the oxidative stress,
imposed by these particles in the cells60,71,72. The first re-
ported nanoparticle is nano-silver, which can damage DNA
molecules. Silver nanoparticles have the most harmful ef-
fects on the most sensitive biological groups60,73–76. This
nanoparticle can penetrate into blood through the skin. Sil-
ver binds with the thiol group of some proteins. If silver com-
plexes with thiol groups are located near-skin region, it gets
readily available to get reduced either by visible or UV light
into metallic nanosilver particles. This results in immobiliza-
tion of silver nanoparticles in the skin. Further, the effect of
nano copper-induced renal proximal tubule necrosis in kid-
neys has been reported by Liao and Liu77.

Toxicity of nanomaterials:
Greater the human exposure of nanomaterials presents

in environment, greater is the harmful effect on human health.
The assessment of the cytotoxicity of nanomaterials assists
in proper elucidation of their biological activity. Gerloff et al.78

reported the cytotoxicity of various nanoparticles such as zinc
oxide (ZnO), SiO2, and TiO2 on human Caco-2 cells. Shen
et al.79 showed the human immune cells are prone to toxic-
ity due to ZnO nanoparticles80. The ZnO nanoparticles dam-
age mitochondrial and cell membranes in rat kidney ultimately
leading to nephrotoxicity80. Generally, nanomaterial toxicity
mechanism comprises reactive oxygen species formation and
genotoxicity. But as described earlier, toxicity of ZnO
nanoparticles particularly affects immune cells. Various
nanomaterials with their diverse sizes alter mitochondrial
function. For example, ZnO nanoparticles generate Zn2+ ions,
which disrupts charge balance in electron transport chain in
the mitochondria and therefore triggers reactive oxygen spe-
cies generation. Nanosilver particle has a genotoxic effect.
Nanosilver (~20 nm) has a genotoxic effect on human liver
HepG2 and colon Caco2 cells. It has also increased mito-
chondrial injury as well as loss of double-stranded DNA helix
in both cell types81. TiO2 nanoparticles inhalation, resulted
in pulmonary overload in rats and mice with inflammation82,83.
The cytotoxic and genotoxic effects of TiO2 nanoparticles on
human lung have been reported by Jugan et al.84. TiO2
nanoparticles are genotoxic and it can induce pathological
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damage of the liver, kidney, spleen, and brain. Du et al. re-
ported cardiovascular toxicity of silica nanoparticles in rats85.
The surface coating of quantum dots causes toxicity to the
skin cells including cytotoxicity and immunotoxicity86.
Nanosilver is used in wound dressings, affects both
keratinocytes and fibroblasts. Fibroblasts show higher sen-
sitivity towards nanosilver than by keratinocytes. Again, iron
oxide nanoparticles rapidly get endocytosis on cultured hu-
man fibroblasts and interrupt the function. Citrate/gold
nanoparticles have shown toxicity on human dermal fibro-
blasts87. Carbon nanotubes have high toxicity and produce
harmful effects on human. The nanoparticles can penetrate
into the lungs, then reached blood and act as barrier for the
circulation of blood into brain. They can also enter inside
other organs like bone marrow, lymph nodes, spleen, or heart.
Sometimes, nanoparticles can incite inflammation along with
oxidant and antioxidant activities, oxidative stress, and
change in mitochondrial distribution. These effects depend
on the type of nanoparticles and their concentrations69. Cop-
per nano particles (diameter 40 nm and 60 nm) have harm-
ful effect on brain cell at low concentration. It activated the
proliferation of the endothelial cells in brain capillaries. Ag
nanoparticles (25, 40, or 80 nm) influenced the blood-brain
barrier, causing a proinflammatory reaction, which might in-
duce a brain inflammation with neurotoxic effect. Smaller Ag
nanoparticles (25 nm and 40 nm diameter) can induce cyto-
toxic effect at a greater rate compared to larger nanoparticles.
Nanoparticles also have harmful effects on the brain cell of
the mouse and rat. The high concentration of nanoparticles
can affect brain blood fluxes, with consequent cerebral
edema. Pathogenic effects of Ag-nanoparticles (25, 40, and
80 nm diameter), Cu-nanoparticles (40 and 60 nm) and Au-
nanoparticles (3 and 5 nm) on the blood-brain barrier of pig
have been reported88. Silver nanoparticles (45 nm) influenced
the acetylcholine activity via nitric oxide generation; it induces
hyperactivity of rat tracheal smooth muscle89. It is also re-
ported that Ag-nanoparticles (25 nm) produced an oxidative
stress after the injection into the mouse. The nanoparticles
were aggregated in the kidneys, lungs, spleen red pulp and
in the nasal airway, with no observable morphological
changes apart from nasal cavity90.

Very few cells do not undergo morphological changes
after withstanding the air-liquid interface culture for an ex-
tended duration. Au-nanoparticles (5 nm and 15 nm diam-
eter) penetrated into the mouse fibroblasts, where they re-

mained stocked. Only the presence of 5 nm Ag-nanoparticles
disrupted cytoskeleton resulting in narrowing and contrac-
tion of cells. Many engineered nanomaterials, such as TiO2,
magnetite iron, CeO2, carbon black, SWCNTs, and MWCNTs,
also might cause different levels of inflammatory reactions,
including enhanced pro-inflammatory cytokines expression,
target inflammation-related genes, and micro-granulomas
formation91,92. The intra-tracheal administration of MWCNTs
with variable length and iron content in hypertensive rats Led
to the lung inflammation with increased blood pressure and
lesions in abdominal arteries along with accumulation in
multiple organs i.e. liver, kidneys, and spleen post 7 days
and 30 days exposure93. Maneewatttanapinyo et al. studied
acute toxicity of colloidal silver nanoparticles administered
in laboratory mice and observed neither any mortality any
acute toxicity symptoms after a limited dose of 5.000 mg/kg
post 14 days of oral administration. No differences could be
observed in among groups after hematological and biochemi-
cal assessment and the histopathological study. The instilla-
tion of silver nanoparticles at the concentration of 5.000 ppm
developed a transient eye irritation for 24 h. The application
of these nanomaterials on skin did not produce any micro or
macroscopic toxicity94. The schematic mechanism of silver
nanoparticles toxicity in human body is shown in Fig. 395.
Liver and spleen are maximum exposed organs to
nanomaterials owing to the prevalence of phagocytic cells in
the reticuloendothelial system. Also, the organs with high
blood flow such as kidneys and lungs can be affected.

Fig. 3. Mechanism of silver nanoparticles toxicity (Abbreviations:
NPs – nanoparticles; ROS – reactive oxygen species; Ag+ –
silver ions) Redrawn from95.
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Health hazards in human:
In spite of having many benefits and uses the nano-

materials may cause health hazards to humans owing to very
small size. The large absorption surface of lung, the thinner
air-blood barrier, and comparatively less inactivation of en-
zymes leads to faster entry for particles into the systemic
blood circulation at higher drug concentrations. Additionally,
intentional uptake, exposure of particles carried by the wind
from the environment, and nanoparticles released at manu-
facturing units may also cause health hazards for human.
Usually, the biological effects of nanomaterials are based on
their size, composition, shape and also on their electronic,
magnetic, optical, and mechanical properties. Presently, the
influence of nanotechnology on human health and environ-
ment is still controlled. Most of the studies assessed the out-
comes of unintentional and accidental exposure (inhalation,
medical procedures, or accidental ingestion) and focused on
local effects only66,67. Though, along with introducing
nanomaterial-based biomedical procedures, it is mandatory
to analyze their toxicity at a systemic level. Centuries be-
fore, Paracelsus said, “everything is a poison, and nothing is
a poison, it is only a matter of a dose”. For nanomaterials, it
is applicable in both the aspects of dose and particle size68.
There is a huge demand for the use of nanomaterials in vari-
ous applications, ranging from diagnostic technology, bio-
imaging, to gene/drug delivery96–98. Therefore, intended or
unintended human exposure to nanomaterials is unavoid-
able and has greater prospects of exposure in the future.
Therefore, a branch of science is developing, named
“nanotoxicology”, the study of toxicity of nanomaterials.
Nanotoxicology assess the role and safety of nanomaterials
on human health. Several anthropogenic sources like power
plants, internal combustion engines and other thermo-deg-
radation reactions also generate nanoparticles and there-
fore develop the need to assess them as well69.

Hazards in nanomedicine:
The nanomaterials represent a variety of biomedical ap-

plications, however, there is some potential risks factor re-
lated to the toxic issue. For example, cytotoxicity, genotoxicity,
oxidative stress and inflammation have been reported on in
vitro and in vivo models for testing nanoparticles. The differ-
ence in the size of nanomaterial and bulk comes with the
differences in properties and toxicity as well. Nanomaterials
are tremendously beneficial yet can be toxic. Ag, ZnO, or

CuO nanoparticles are frequently used as bactericides79. But
waste disposal in the environment can also negatively affect
non-target organisms.

Hazards in medical instrumentation:
Nanomaterials are involved in medical interventions like

prevention, diagnosis, and treatment of diseases. With de-
velopment of science and technology, more accurate and
multi functional medical diagnostic equipment are being fab-
ricated for easy and safe operation. The ‘lab-on-a-chip’ tech-
nology facilitates instantaneous point-of-care testing, enhanc-
ing the standards of medical care. Nanomaterial based thin
films on implant surfaces improve the wear and resist infec-
tion. But until now, these medical nanodevices are not 100%
hazard free due to manufacturing processes, not following
guidelines of nanotoxicity and also operating without the as-
sessment of long term effects of nanotoxicity.

Hazards in food product:
Nanotechnology is used to produce advanced food prod-

ucts and smart packaging technology99–101. In this way, the
possibility of direct exposure of nanomaterials with human
beings is enhanced and different types of long-term or short-
term toxicity may occur102,103. Nanoparticles and diamond-
like nanocomposite (DLN) thin films are used in food pack-
aging to reduce UV exposure and prolonged shelf life. Due
to very few articles being reported in this area, further re-
search is needed to fully explore the potential use of these
nanoparticles for food products and medical treatments.

Environmental nanopollution and its effect in society:
Environment conservation is a challenging task. Its vast-

ness and complexity make this even more difficult. As the
production of nanomaterials is growing multiple issues con-
cerning nanotechnology arise as environmental pollution and
industrial exposure. Nanoparticles serve as pollutants in die-
sel exhaust or welding fumes, presenting new toxicological
mechanisms104,105. It also makes us face pollution in macro,
micro, and nano-scale. New branches of electronics are also
creating new sources of occupational exposure hazard. The
circumstances produce new challenges for both classical
toxicology and nanotoxicology. Though nanotechnology is
improving the living standard, simultaneous increase in wa-
ter and air pollution has also occurred. As the origin of this
pollution lies in nanomaterials hence termed as
“nanopollution”. Nanopollution is extremely lethal to both
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underwater flora and fauna and organisms living on soil. The
pollutants can enter in human body in multiple ways. Cellu-
lar mechanisms can get affected by nanomaterial toxicity,
which mainly comprises reactive oxygen species generation
and genotoxicity105,106. The nanoparticle’s exposure on hu-
mans can occur unintentionally by environmental particles
(e.g. air pollution) and deliberately because of a diversity of
consumer products, cosmetics, and medical products con-
taining nanoparticles. The release of nanoparticles during
the manufacturing process may result in exposure on work-
ers via dermal, oral, and inhalation routes. Exposure to air
pollutants, such as ultrafine particles, is known to cause in-
flammatory air-way diseases and also cardiovascular prob-
lems in humans107. Pope et al.108 stated that even very very
low amount of ambient nanoparticle exposure, have a mo-
mentous consequence on mortality. To decrease nanopollu-
tion, scientists and researchers used nanotechnology to de-
velop nanofilters, which can eliminate almost all airborne
particles109.

Economic and social disruption due to rapid use of
nanotechnology:

As the speed of nanotechnology development is grow-
ing, as a consequence the job opportunities are decreasing,
arising the problem of unemployment in fields like industrial
sector, manufacturing, and traditional farming110. Nano-
technology-based devices and machines have replaced hu-
mans to furnish the job more rapidly and efficiently, which
has pointed out the importance of manpower in the field of
practical work. Increasing growth and instant performance
of nanotechnology have compromised the worth of commodi-
ties like diamond and oil. As an alternative technology i.e.
nanotechnology has a detrimental effect on the demand as
substitutes have more efficiency and do not need fossil fu-
els. Diamonds are losing the worth due to greater availability
from nanotechnology-based fabrication methods. Currently,
manufacturing companies are equipped for the production
of the bulk of these products at a molecular scale, followed
by disintegration to create new components.

At present, nanotechnology involves high investment
technologies; raising the cost daily. The high cost is the re-
sultant of intricate molecular structure and processing charges
of the product. The whole process makes it difficult for manu-
facturers to randomly produce dynamic products using
nanotechnology. Currently, it is an unaffordable business

owing to huge pricing of nanotechnology-based machines.
Hence, nanotechnology can also bring financial risks as
manufacturers have to invest large sum of money for setting
up nanotech plants. The manufacturers have to face a huge
loss if by any chance the manufactured products fail to sat-
isfy the customers. Alternate options such as recovery of the
original product or maintenance of the nanomaterials are also
a costly and tedious affair. Further, nanotechnology does not
leave any byproducts or residues, generally basis for the small
industries, therefore creating huge risk of extinction for small
scale industries. As an outcome, the quantity of sub-prod-
ucts of coal and petroleum is deteriorating. Another gigantic
threat (like Covid-19 pandemic situation), which is born with
the arrival of nanotechnology. It can make the easy accessi-
bility of bio-chemical weapons or nano-bio engineered bio-
logical weapons. Nanotechnology is making these weapons
more powerful and destructive. Unauthorized criminal bod-
ies or corrupt politicians can steal the formulations and may
reach these hazardous weapons easily and they can easily
destroy our civilization111.

Effect of nanotechnology on microorganisms, animals,
and plants:

Some nanomaterials are not only hazardous to human
beings but are also harmful to the existence of different mi-
croorganisms, animals, and plants. Man-made nanopollution
is very much unsafe for living microorganisms, animals, and
plants under the water or on the earth. As a result, many
microorganism’s families have completely disappeared from
the world. Recently, due to rapid application of nanotechno-
logy in the agriculture sector without proper nanotoxicological
analysis, many plants are directly exposed to nanotoxicity
and animals are indirectly exposed. Thus, in last two de-
cades, a vast number of valuable plants and animals are
completely disappeared from our world.

Key points about limitations of nanotechnology:
Some key points about limitations of nanotechnology are

summarized below:
(i) Still at its infancy stage.
(ii) More research and developmental work need to be

done.
(iii) Expensive technology till now.
(iv) Creates environmental nanopollution.
(v) Huge initial cost for implementation.
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(vi) Resistance from culture perspective, activists, jour-
nalists and even within the government.

(vii) Knowledge limitation from many industries and
misperception among many fields about its capabilities.

(viii) Nanomaterials are not regulated by the government.
(ix) Requirement of large investment and research but

yield is still a limiting factor.
(x) Some nanoparticles may be toxic to humans.
(xi) Nanotechnology  made weapons are more powerful

and more destructiveby increasing the explosion potential.
(xii) Lack of employment in the fields of traditional farm-

ing, manufacturing, and industrial sector.

Safety and security of nanotechnological developments
Nanotechnology is an extensively expanding field. Re-

searchers, scientists, and engineers are getting high suc-
cess to produce nano-materials and take the advantages of
improved properties, such as higher strength, lighter weight,
increased electrical conductivity, and chemical reactivity with
respect to their macro equivalents112. Human health con-
cerns are also growing due to nanomaterials. The attempts
of technological manipulations raise vocational risk to the
workers in case of accidental exposures. Major cases of poi-
soning occur during coatings on the products. These micro
or nano particles penetrate inside the brain, while in contact
with humans and to lungs during inhalation. So it is matter of
ethical issue. The problem can be addressed by using
nanoscale materials to overcome the negative effects of mi-
cro or nano particles coatings in industry and health sectors.
Academic and industry experts suggest that there exists
ambiguity regarding the toxic effects of releasing
nanoparticles into the environment. It is also noteworthy that,
there is a lack of knowledge of nanoparticles interactions
with humans and environment. Similar to most of the emerg-
ing technologies nanotechnology and nanochemistry indus-
tries have both benefits and challenges. To get maximum
benefits the challenges must be overcome, managed and
endured. Mesoporous silicates, alone or in combination with
other inorganic or organic counterparts have been extensively
explored for targeted drug delivery and cancer treatment.
Even though the long-term toxicity of the nanoparticles is
subjected to controversies and doubts, the use of gold and
silver nanoparticles have provided more advantages in com-
parison to other actual alternatives (cytostatics). Conse-

quently, there is a growing interest in developing in vitro as-
says for nanotoxicology study113, it is strongly encouraged
to use primary human cells as a source for in vitro study with
nanoparticles since different origins of cancerous cell lines
complicate data interpretation for human risk evaluation. Till
now, the environmental effects and the toxicity of nano-
materials to organisms are in infancy state. The evaluation
methods need to be cost-effective rapid, and quantity effi-
cient.

Current policy and regulation status
The social implications of nanotechnology comprise of

many fundamental aspects like ethics, privacy, environment,
and security. Occasionally, the negative impacts on environ-
ment are too adverse to handle that the people simply give
up. However, nanoscience researchers are still optimistic to
see light of hope on the other side of the tunnel. Environ-
mental clean-up is possible via design and manipulation of
atomic and molecular scale of materials. It would develop
cleaner energy production, energy efficiency, water treatment,
and environmental remediation. Nanoscale fluid dynamics
deciphers flow of nanoparticles in environment as a result of
interactions with biological and environmental systems. Re-
searchers are keen to understand the transportation of
nanomaterials in association with environmental contami-
nants through groundwater systems. For food authenticity,
safety, and traceability, every food company should need to
use smart labels at stronger and innovative functional light-
weight packaging. Now, each developed and developing
countries have a separate policy and regulation for the use
of nanotechnological products and applications. Explicit ini-
tiatives on nanotechnology must be needed to pledge that,
the prospects provided by nanotechnology are not misused
and research does not become bitty. The ambiguity, compli-
cation, and diversity of nanotechnology mean that any such
initiative should not be a strictly predetermined closed pro-
gram. Flexibility will be needed to stay side by side of devel-
opment as they arise.

Challenges and future trends in using nanomaterials
in humans

Nanotechnology-based production uses very little man-
power, land, maintenance and it is cost-effective, high pro-
ductivity with modest requirements of materials and energy.
The extensively growing field offers scientists and engineers
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a great opportunity to manipulate or alter the materials at
nanoscale to yield benefit of enhanced material characteris-
tics like enhanced strength, lightweight, higher electrical con-
ductivity, and chemical activity in comparison to their large-
scale counterparts. However, for biomedical applications, the
toxicity evaluation of nanomaterials should be performed.
Broadly, detailed physicochemical characterization of
nanomaterial should be performed before and during any
toxicity study. Important properties that can control
nanomaterial-induced toxicity, including size and shape of
the nanomaterials, coating, chemical composition, crystal
growth, nanomaterials purity, structure, surface area, sur-
face chemistry, surface charge, agglomeration, and solubil-
ity should also be taken care. Measurements should be per-
formed in full stable state of nanomaterials in the most rel-
evant test medium, i.e. aggregation status and ion release
from metallic nanomaterials. Various engineered materials
should be tested for their multidisciplinary tiered toxicity us-
ing diverse models and experiments114,115. Therefore, the
first step in the genotoxicity is an assessment of physico-
chemical properties of nanomaterials. The validation of the
proposed tiered approaches is still waiting for future. The
researchers are continuously trying to increase the relevant
database with an increasing number of publications (papers,
reviews, or even patents) every year116, particularly market
share of the nanotechnology products is also growing up to
thousands of billions of Euros117. Balanced use of the
nanotechnologies/nanomaterials must be arranged, to opti-
mize the opportunities/risks factors. Further research related
to the size and shape, capping agents, receptors immobili-
zation onto the metal nanoparticles are still a matter of keen
interest with high necessity. Surface plasmon resonance can
be tuned by varying sizes, shape of the nanomaterials and
different surface functionalization of both silver and gold
nanoparticles can reduce the toxicity and enhance a variety
of biomedical applications in future. For example, CNT toxic-
ity can be reduced via functionalization, surface coating, and
stimulation of the autophagic flux. The amino functionalization
decreases the CNT toxicity to the cells118, along with albu-
min coating for SWCNTs119.

Conclusions
Nanoparticles can enter and get distributed around the

human body very easily. After entering into human, it moves
within the body and creates cellular toxicity. Then it attacks

respiratory system, cardiovascular system, brain, skin, gut,
and other organs. Again, some nanomaterials kill harmful
bacteria within body and some of them kill good bacteria and
live-cell of human body. Nanoparticles with different sub-
stances are used in SIM cards of cell phones or sunscreens.
When these are used, free nanoparticles get released in the
environment (air, water or soil). Engineering fields like civil
and electronics also create new occupational health risks;
making new potentially toxic nanomaterials. The toxicity of
nanoparticles depends on their shape, size, and chemical
composition. Centuries before, Paracelsus quoted, “every-
thing is a poison, and nothing is a poison, it is only a matter
of a dose”. In regards to nanomaterials, the quotes hold value
for both dose and particle size. The new interdisciplinary in-
vestigations explore the potentially harmful effects of these
useful NPs and help in environmental preservation. Owing
to smaller size the inhalation of nanomaterials imposes harm-
ful effects on human health. The inhalation causes severe
injury to the lungs and can also become fatal. The deteriora-
tion of lungs can be observed even after 60 s of nanoparticle
inhalation. Therefore, for sustainable nanotechnology devel-
opment, it is mandatory to evaluate and spread knowledge
about the short term and long term exposure benefits and
hazards for nanomaterials. To conclude, nanotechnology has
the potential to impact society, both positively or negatively.
Its consumers, producers and dealers include all the mem-
bers of the society and all stakeholders; so we should collec-
tively raise the voice in its various growth and commercial-
ization phases. Currently, nanotechnology is in its infancy
stage with a significant lack of awareness about its effects
on humans and the environment. As civilization moves for-
ward, the vital query is: how should we manage the risks and
uncertainties of this emergent technology? Is anyhow COVID-
19 pandemic situation manmade? If not, we can face such
type of situations due to careless application of nanotechno-
logy in different fields. However, all these limitations can be
overcome itself by the rapid research on each such suspected
fields of nanotechnology.
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 Basics of Foam Science – A Brief Review 
Abstract: Wet foam is a very common example of soft matter. In wet foam, molecules are 
more structured than in liquids but more random than they are in solids. Recently, physics of 
foam has become a rapidly developing branch in science and engineering. A deeper 
understanding is crucial for many technological applications of wet foam. Hence, in this 
article, the basic structure and properties of foam are reviewed based on the literature survey 
of published research work. Some research works, available in the literature, in which 
optical probes have been used to study the structure, properties and dynamics of foam. In 
this article, wet foam is used to study the basic structure and properties of foam for better 
understanding.  Raman Spectroscopy and Diffusing wave Spectroscopy have been used on 
wet foam to establish its structure and properties are also reported.  Finally, in conclusion, 
recent scientific, technological and commercial applications and future prospects of wet 
foam are proposed to build impulse on the wet foam science more to enrich our day to day 
life with the modern concepts of nanofoam technology. Recently, due to rapid increase of 
nanotechnology, different metallic (Cu, Au, Ni, Pt, Pd etc.) or nonmetallic (C) solvent-
assisted nanofoam have modernized the structure, properties of foam science and hence 
have accelerated its day to day technological applications. 
 

Keywords: Wet foam, Rheology, Coarsening, Liquid drainage, Collapse, Raman 
Spectroscopy, Diffusing wave spectroscopy, nanofoam. 
 

INTRODUCTION: 
Imagine opening a carbonated cold drink bottle or a soda can after 

shaking it: almost instantaneously, gas bubbles rise and crowd together at the surface of the liquid forming a soft foam. 
Inside the bottle or can, carbon dioxide is dissolved in liquid at high pressure. Shaking of the container results in the 
creation of a large number of little bubbles as the agitation unbinds the carbonation from the solution. By opening the 
container, these gas bubbles rise to the liquid surface to release carbon dioxide into the surrounding air. Similar incident 
also occurs at the time of washing or shaving with soap. These are the common examples of sort lasting wet foam. the 
history of foam can be traced from the publication in 1873 titled Statique Experimentale et Theorique des Liquides 
soumis aux seules Forces Moleculaires by the Belgian physicist Joseph Antoine Ferdinand Plateau (Plateau, J.A.F. 
1873). This book summarizes the previous history of foam research and also presents author's own work, which laid the 
foundation for the future studies. Soft foam is a very common example of soft matter (a matter which is neither liquid nor 
solid, but something in between). In foam, molecules are more structured than in liquids but more random than they are 
in solids. Foam physics has become a rapidly developing branch in science. This is due to the fact that the physics of 
foam is, as yet, ill-understood. Further, a deeper understanding is crucial for many technological applications of foam. 
There are a number of models are available in the literature to simulate the bubble growth in foam in two or three 
dimensions, its bubble size distribution and most essential properties of foam (Glazier, J. A. Glazier, J. A. et al., 1990; 
Lim, K. S., & Barigou, M. 2005; Magrabi, S. A. et al., 1999; Monsalve, A., & Schechter, R. S. 1984; Lemlich, R. 1978; 
Hutzler, S., & Weaire, D. (2000; Ganan-Calvo, A. M et al., 2004; Kabla, A. et al., 2007; Gardiner, B. S. et al., 1999; 
Gardiner, B. S. et al., 2000; Sun, B. et al., 2015; & Tenneti, S. et al., 2013). There are also a lot of experiments with wet 
foam in the literature to establish its essential properties (Feitosa, K. et l 2006; Saint-Jalmes, A. et al., 2000; Barik, T. K., 
& Roy, A. 2009; Bandyopadhyay, P. et al., 2008; & Barik, T. K. et al., 2009). Recently, carbon nanofoam is one of the 
lightest solid materials known today, having a density of ~2 mg/cm3. It has an extremely high surface area and is a good 
electrical insulator. It is fairly transparent, quite brittle and can withstand very high temperature. Highly uniform samples 
of carbon nanofoam from hydrothermal sucrose carbonization were studied by helium ion microscopy (HIM), X-ray 
photoelectron spectroscopy (XPS), and Raman spectroscopy (Frese, N. et al., 2016). Facile synthesis of Ni nanofoam 
using aqueous solutions at room temperature is studied for flexible and low-cost non-enzymatic glucose sensing (Iwu, K. 
O. et al., 2016). Once more, hierarchical NiCo2O4 nanosheets are grown on Ni nanofoam as high‐performance electrodes 

for supercapacitors (GAO, G. et al., 2015). Cu nanofoams are also fabricated using a simple powder-metallurgy method 
which is useful for potential energy applications (Jo, H. et al., 2014). Bimetallic Pd/Pt nanostructures deposited on Cu 
nanofoam substrate by galvanic replacement are also fabricated as an effective electrocatalyst for hydrogen evolution 
reaction (Rezaei, B. et al., 2015). Gold nanofoams were synthesized in the Deep Eutectic Solvent (DES) with no 
templates, seeds, or additives (Jia, H. et al., 2015). Thus, there are many such foam with different advanced technological 
applications are reported in recent literature, but this article is focused to study the basic structure and properties of foam. 

 
 

Article History 

  Received:        19. 01.2021 
   Revision:         31. 01.2021 
  Accepted:        12.02.2021    
  Published:        25.02.2021 

Author Details 
Tarun Kumar Barik 

Authors Affiliations 

Department of Physics, Achhruram Memorial 
College, Jhalda, Purulia-723202, West Bengal, 
India   

Corresponding Author* 
Tarun Kumar Barik 

How to Cite the Article: 
Tarun Kumar Barik (2021).  Basics of Foam 
Science – A Brief Review .IAR J Eng Tech, 
2(1), 55 -64. 



 

Tarun Kumar Barik, IAR  J Eng Tech; Vol-2, Iss- 1 (Jan-Feb, 2021):55-64 

56 

 
 

 
Basic Structure of foam: 

Foam is a two-phase cellular structure either of gas 
and liquid (liquid foam) or of gas and solid (solid 
foam). Here, in this article, we shall concentrate only on 

liquid foam. Liquid foam consists of a collection of gas 
bubbles surrounded by thin liquid films. A typical 
microscope image of wet foam (Gillette shaving foam) 
is shown in Fig. 1. 

  
 

 
Fig. 1: A typical microscope image of Gillette shaving foam. 

 
For better stability, some surface active substances 

(i.e. surfactants) are used while preparing liquid foam. 
There are mainly two types of liquid foam depending 
upon its liquid content (a) dry foam has less liquid and 
consists of thin films between bubbles. These bubbles 
take the form of polyhedral cells and have a poly-
disperse distribution and (b) wet foam, which has high 
liquid content. All bubbles in wet foam are spherical in 
shape and nearly mono-disperse at the initial state. In a 
statistical analysis of  bubble size distribution using 
Gillette shaving foam shows coarsening of bubbles and 
the change in bubble size distribution in wet foam with 
ageing. It also shows an increase in polydispersity of 
foam with aging and the growth of larger bubbles at the 
cost of the smaller bubbles, during ageing (Barik, T. K., 
& Roy, A. 2009). In a foamy network, the three liquid 
films from three nearby bubbles meet to form a 
scalloped-triangular channel, which is known as Plateau 
border. Only four Plateau borders meet at a region 
shared by four neighboring bubbles making equal 

angles and this region is known as the vertex. In foam, 
the Plateau borders and vertices form a continuous 
network. The law of Plateau defines few rules, which 
are necessary to obtain an equilibrium configuration of 
a foamy network. These rules are: 
 
 Rule 1: For dry foam, three films of three nearby 

bubbles intersect at a time with an angle of 120o to 
each other. In two dimensions, this applies to the 
lines, which define the cell boundaries. 

 
 Rule 2: For dry foam, four bubbles meet and form 

a symmetric tetrahedral vertex. The angle between 
the films is called the Maraldi angle. 

 
 Rule 3: In wet foam, Plateau border joins the 

adjacent films by smooth surfaces.  
 Typical schematic diagrams of dry and wet foam 

with the construction of the corresponding Plateau 
border network are shown in Fig. 2. 

 

 
Fig. 2: Schematic representations of dry and wet foam with Plateau border network. 
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In dry foam, the polyhedral bubbles are with slightly 

curved edges and faces. Any polyhedron (whose closed 
surface is topologically equivalent to that of a sphere) in 
three dimensional space obeys Euler's theorem, U – E + 
F = 2, where, U, E and F are the number of vertices, 
edges and faces of the polyhedron, respectively. For dry 
foam bubbles, the polyhedral geometry is further 
restricted by Plateau's rules. The coordination numbers 
of Plateau's laws enforce 2E = 3U and therefore, E = 3F 
- 6 follows for any foam polyhedron. In other words, for 

polyhedra in foam any of the three quantities U, E and 
F determines the other two. The fascinating properties 
of foam arise from its topological changes via T1 and 
T2 processes. While in the T1 process, a fourfold vertex 
dissociates into a stable threefold vertex (Fig. 3(a)), a 
three-sided cell may disappear by the T2 process, as 
shown in Fig. 3(b) [26]. With this introduction to the 
basic structure of wet foam, its essential properties are 
discussed in brief below. 

 

 
Fig. 3: Schematic representations of topological changes in liquid foam via (a) T1 process and (b) T2 process (Dennin, 

M., & Knobler, C. M. 1997) 
 
Properties of foam: 

To study the properties of foam, we have chosen 
wet foam for easy undersanding. In the following 
sections of this article, the four most essential properties 
of foam: (i) Rheology, (ii) Coarsening, (iii) Liquid 
drainage and (iv) Collapse, are briefly reviewed. A 
study about the structure and dynamics of wet foam 
using optical probes are also reported in the following 
sections. 
 
Rheology: 

Foam has unique rheological properties. The 
mechanical response of liquid foam to an applied force 
is complex, exhibiting both elastic and viscous 
character (Kraynik, A. M. 1988). Under low applied 
shear stress, foam behaves like an elastic solid. 
However, with an increase in stress it becomes 
progressively plastic; beyond a certain yield stress, the 
foam flows along with topological changes. The flow is 
intermittent and mediated by non-linear rearrangement 
events in which several neighboring gas bubbles 
suddenly hop from one tightly packed configuration to 
another. Such characteristics of foamy structure 
strongly depend on the bubble size, liquid fraction, 
viscosity and interfacial tension. The schematic stress-
strain relation for the liquid foam is shown in Fig. 4. 

Both two and three dimensional foam can be accurately 
simulated using various models (Weaire, D., & Hutzler, 
S. 1999). The computer simulation results provide the 
correlation between the shear modulus and gas/liquid 
fraction in the tightly packed gas bubbles (Bolton, F., & 
Weaire, D. 1990; Feng, S. et al., 1985; Hutzler, S. et al., 
1995; Princen, H. M., & Kiss, A. D. 1986). For 
example, the model based on bubble-bubble interaction 
takes into account the pair-wise quadratic potential 
energies for connecting bubbles in the low compression 
limit. The bubble-scale model, proposed by Durian and 
his co-workers, explains the foam mechanics by solving 
the equation of motion of the individual disk (two 
dimensional projection of spheres) and assuming a 
harmonic potential for interaction between the bubbles 
(Durian, D. J. 1995; & Durian, D. J. 1997). The effect 
of liquid flow under low shear has been taken into 
account by including the viscous term. The model 
provides a connection between the complex 
macroscopic rheological behavior of foam and its 
underlying microscopic structure. Other models are also 
available in the literature, in which, the various aspects 
of the stress-strain relation have been dealt with 
(Glazier, J. A., & Weaire, D. 1992; Weaire, D., & 
McMurry, S. 1996; Khan, S. A., & Armstrong, R. C. 
1986; Jabarkhyl, S. et al., 2020; Ptaszek, P. 2013). 
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Fig. 4: A schematic diagram of the stress-strain relation for liquid foam. 

 
Coarsening: 

Foams are of broad scientific interest for their 
ability to fill space efficiently with a random packing of 
bubbles and for the coarsening of this disordered 
structure with time. Coarsening is the gradual change of 

foam structure due to gas diffusion through the films 
from smaller bubbles to larger bubbles following the 
well-known Laplace-Young law. This law relates the 
pressure difference to the mean curvature for a surface 
in equilibrium. From Laplace-Young law, the  

    

 

 
Fig 5: The mutual repulsion (disjoining pressure) between the two surfaces of a thin liquid film. 

 

Balance in pressure difference inside a bubble, ΔP, can be expressed as: ΔP =  
  

 
 ; where α is the surface tension of 

liquid film and r is the mean local radius of curvature of the film surface. r is related to the two principal curvatures r1 

and r2 as: 
 

 
 

 

  
 

 

  
. For wet foam, the bubbles are spherical and hence r1 = r2. At equilibrium, the Laplace pressure is 

balanced by the disjoining pressure of the films, which originates from the mutual repulsion between the two surfaces of 
the thin liquid film (see Fig. 5). In case of wet foam the gas diffusion takes place only through the liquid films not 
through the Plateau borders (In Ref. [20], see p. 98). The increase in the average bubble size with time can be obtained 
from the fact that the rate of change of a bubble's volume is proportional to its surface area and to its Laplace pressure 
difference with respect to a certain mean or critical bubble radius rc. 

 
 Thus, 

   

  
     (

 

  
 
 

 
)  

 
for any dimension d. for d=3, 

  

  
 (

 

  
 
 

 
)  

 
Thus, the large bubbles, r > rc, grow in size, whereas the smaller bubbles r < rc shrink. If ra be the average bubble 

radius, then we have 
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Which implies that ra (t)   
 

  . In general, the time-scale of evolution of the average bubble radius can be expressed 
as: 

   (    )
 
  

  
Where, t0 is an initial constant. For an infinite foam 

network the coarsening process has no end. Thus, one 
can identify the asymptotic scaling behavior of foam 
with ageing. In 1952, von Neumann demonstrated that 
the time evolution of bubbles in a two dimensional 

foam only depends on the number of its sides, n, rather 
than on the size or shape of the bubbles (Von Neumann, 
J. 1952). The rate of change of area, An, of the nth 
bubble is given by the von Neumann's law 

 
 

   
  

 
  

 
  (   )  

 
where,   and k are the permeability constant and 

surface tension for the liquid films. The significance of 
the above equation for n = 6, is that the area of the 
hexagonal bubbles remain constant until they encounter 
a topological change. A number of models are available 

in the literature to simulate the bubble growth in foam 
in two or three dimensions (Bolton, F., & Weaire, D. 
1990; Glazier, J. A., & Weaire, D. 1992; Patzek, T. W. 
1993; Avron, J. E., & Levine, D. 1992; & Feitosa, K. et 
al., 2006). 

 
 
Liquid drainage: 

The liquid between the bubbles can drain out in 
response to gravity or due to adjacent film rupture to 
settle into a equilibrium profile. This phenomenon is 
known as drainage. For fairly dry foams, the liquid is 
distributed in (a) the flat films that separate two 
neighboring bubbles, (b) the long Plateau borders and 
(c) the scalloped-tetrahedral vertices (Bikerman, J. J. 
1973; Prud’homme, R. K., & Khan, S. A. 1996; & 

Weaire, D. et al., 1997). During drainage, the flow of 
liquid out of foam is assumed to be confined to the 
network of Plateau borders and/or vertices and it slows 
down as equilibrium is approached. Due to the density 
mismatch between gas and liquid, the bubbles rise and 
collect at the top and the liquid accumulates at the 
bottom. The liquid also flows because of the capillary 
effect, which is related to the gradient of liquid fraction 
in a column of foam. Such a gradient of liquid fraction 
implies an existence of a pressure gradient in the liquid 
foam. Thus, a capillary flow is induced by bringing 
liquid from high liquid fraction regions to regions with 
low liquid fraction. Liquid drainage in a column of wet 
foam has been modeled by non-linear partial 
differential drainage equation, which expresses liquid 
conservation as it flows in response to gravity, 
capillarity and viscous forces (Weaire, D. et al., 1997; 
Bhakta, A., & Ruckenstein, E. 1997; & Koehler, S. A. 
et al., 1998). However, the analytical solutions of the 
nonlinear equation can only be obtained by ignoring the 
capillary term. Durian et al., designed an experiment, 
minimizing the capillary effect during drainage, to 
verify the drainage equation (Saint-Jalmes, A. et al., 
2000). A generalized drainage equation for arbitrary 
shape of the container is also available in Ref. (Saint-
Jalmes, A. et al., 2000). The complex draining action in 
a wet foam prompted many experiments in which the 
drained liquid has been measured as a function of time. 

In the experiments based on `forced drainage', a 
constant input of external liquid at the top of the foam 
column maintains a constant flow of liquid throughout 
the foam. On the other hand, for `free drainage' 
experiments, no external liquid is added on the top of 
foam surface. Free drainage is the unavoidable fate of 
aqueous foams under earth's gravity (Bikerman, J. J. 
1973; & Prud’homme, R. K., & Khan, S. A. 1996). 
Drainage of liquid in wet foam has been studied using 
various optical techniques, like absorption or 
transmission measurements. A detailed review is 
available in (Saint-Jalmes, A. 2006). Free drainage with 
slow as well as fast coarsening of gas is a coupled 
phenomenon in wet foam (Saint-Jalmes, A. 2006; & 
Patzek, T. W. 1993). In spite of a thorough endeavor to 
understand the free drainage process in wet foam, the 
problem is still not well understood (Saint-Jalmes, A. et 
al., 1999). 
 
Collapse: 

Usually, most liquid foams do not last for long, as 
the bubbles collapse by the rupture of the exposed 
liquid films. Many factors like liquid drainage, 
coarsening, evaporation, impurities and additives are 
responsible for foam collapse. The study of foam 
collapse has a great practical importance because it 
deals with the stability of the film. Topological change 
in foam structure due to the bubble growth by film 
rupturing is less studied in the literature and remains 
very poorly understood. A crucial feature of liquid foam 
is that it irreversibly evolves with time. The spherical 
bubbles in fresh foam take the form of polyhedra while 
minimizing the energy of the system. The evolution of 
the bubbles in foam with time can be described by the 
above four mutually coupled mechanisms. 
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Measurement of properties of wet foam with light: 
Structure and properties of foam have been probed 

extensively using various optical techniques. Here we 
mention some of the earlier works, where light has been 
used to measure the size, wetness, movement of bubbles 
and other properties of foam. Diffusing wave 
spectroscopy (DWS) is the most commonly used optical 
tool to study the behavior of foam (Miri, M. F., & Stark, 
H. 2004; Gittings, A. S., & Durian, D. J. 2006; Gopal, 
A. D., & Durian, D. J. 1999; & Höhler, R. et al., 2003). 
This technique is an extension of Dynamic light 
scattering technique for a strongly scattered medium, 
where the propagation of light is described by the 
diffusion approximation (Weitz, D. A. et al., 1993). The 
autocorrelation function of the multiple scattering of 
light is calculated by dividing the photons into separate 
diffusive paths. The distribution of these paths and the 

probability that the photon will follow a path of a given 
length is determined through the diffusion equation of 
light. The total correlation function is then determined 
by summing the contributions from all possible paths 
with weighted probabilities, assuming that each path is 
uncorrelated with the other path. The fluctuations of the 
transmitted scattered light result from the variation in 
total optical path length. The decay of the temporal 
autocorrelation function of the intensity of the scattered 
light, which reflects the temporal evolution of the path 
length, provides the dynamics of the medium. DWS has 
been extensively used to study bubble size and liquid 
fraction in wet foam. Using this technique the static 
transmission coefficient (T) of light through foam of a 
given thickness has been measured. Diffusion of light is 
characterized by the transport mean free path, l*, of the 
transmitted light. It has been shown that 

 

  
   

  
 

 
(considering the large thickness of the foam, L, and 

no absorption of light by foam). Using this relation, 
average bubble diameter da can be estimated from the 
relation    (       )   (Saint-Jalmes, A. et al., 
1999). The scaling behavior of the bubble growth, 
discussed in the above section-3, has been verified 
experimentally with the average bubble diameter 
growing in time as tz, with             (Durian, D. 
J. et al., 1991). It is reported that the changes in the 
packing conditions during the coarsening process give 
rise to a dynamical process that also exhibits temporal 
scaling. In Ref. (Vera, M. U. et al., 2001), Vera et al., 
used the multiple scattering of light by aqueous foam to 
study the coupling between drainage and coarsening 
mechanisms. Other than confirming the fact that the 
transport mean free path is proportional to the bubble 
diameter, authors have shown that the liquid fraction in 

foam is proportional to 
 

  
. Furthermore, DWS is a 

potential tool to study the viscoelastic behavior of foam 
(Mason, T. G. et al., 1997). The technique has also been 
applied to model foam subjected to shear stress. The 
observed data reflect the local rearrangement events in 
the foam (Earnshaw, J. C., & Wilson, M. 1995). Along 
DWS, various other optical techniques have been used 
to study the behavior of wet foam. The change in the 
degree of depolarization of a collimated, polarized 
incident light on non-absorbing foams has been studied 
by Wong et al., (2002). It is observed that the denser 
media (with a large number of bubbles) tend to 
depolarize the incident beam more. The degree of 
depolarization can be correlated to the bubble size 
distribution in wet foam. Durian and his coworkers used 
the photon channelling experiments to study the 
absorptivity and liquid fraction in foams (Gittings, A. S. 
et al., 2004). The authors added a dye to the continuous 
liquid phase for the absorption of diffuse photons in the 

aqueous foams and studied the absorption mechanisms 
under different experimental conditions. 
 
Study Wet foam by Raman scattering: 

In this thesis, we have studied the properties of the 
soft Gillette shaving foam, using a optical spectroscopic 
technique, based on Raman scattering. Raman 
spectroscopy is a powerful noninvasive tool to probe 
the structure and dynamics of a system at the molecular 
level. Our aim is to investigate, if this technique can be 
used to study the effect of ageing on molecular structure 
and to characterize the stability of wet foam. In 
addition, Raman scattering is caused by 
deformation/stretching of different vibrational bonds of 
molecules. Thus, if macroscopic and microscopic 
properties in foam are related, one expects that the 
analysis of Raman line profiles can be used to probe the 
elastic properties of wet foam, indirectly, by studying 
its molecular behavior. The main hindrance in using 
Raman spectroscopy to probe wet foam arises due to 
multiple scattering of light within the bubbles, which 
masks the Raman signal from the foamy structure, to a 
large extent. The signal to noise ratio in the spectrum is 
always poor in this case. Thus, in the literature, we do 
not find too many articles on Raman studies of wet 
foam. The most significant one is by Goutev and 
Nickolov (1996), where the authors have studied the 
microstructure of stable three-dimensional foam on the 
basis of its molecular behavior. Based on Raman 
measurements of foam, authors have shown that (a) two 
distinct phases can exist in wet foam|a lamellar phase 
(with an ordered multilayer structure of surfactant 
molecules) and an isotropic phase, (b) in fresh foam 
small bilayer lamellae are dispersed in foam films and 
with ageing they self-organize around the bubble in 
large shell-like bilayer structures. It is to be noted that 
the quantitative estimates of the structure and properties 
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of liquid foam depend on the liquid fraction and the 
chemical constituents. However, the generic features 
are expected to remain same for all. Since, the other 
groups have worked on various aspects of foam using 
Gillette shaving foam as their sample (Durian, D. J. et 
al., 1991a; Durian, D. J. et al., 1991b; Earnshaw, J. C., 
& Jaafar, A. H. (1994; Goutev, N., & Nickolov, Z. S. 
1996), it is preferable to use the same material for 
further investigation while using a new experimental 
technique. Therefore, we have chosen the Gillette foam 
in our work. The basic ingredients of Gillette shaving 
foam are triethanolamine stearate with small amount (< 
1%) of sodium lauril sulphate, polyethylene glycol 
lauril ether and emulsified liquid hydrocarbon gases. 
These ingredients are kept in an aqueous solution under 
high pressure. The foam is produced after expansion of 
the above mixture in air. It is reproducible and stable 
over the duration required for an optical measurement. 
For Raman measurements this commercial foam offers 
an extra advantage|when laser light is incident on foam 
it undergoes multiple scattering. In order to obtain the 
optimum Raman signal, the mean free path, l*, [ 
      average diameter of the bubbles (da)] of light 
within the foam should be comparable with the slit-
width of the spectrometer collecting the scattered light 
(Nieto, M. I. et al., 2014). The mean diameter of 
bubbles in fresh Gillette shaving foam is close to 30 µm 
and the maximum diameter, which we have studied, is 
  350  m|comparable with the slit-width of our 
spectrometer (  100  m) in order of magnitude. Below 
we discuss the basic principle of Raman scattering and 
also the instrument used by us for the Raman 
measurements. Different recent researches on wet foam 
have explained the gross properties of wet foam in light 
of its characteristic molecular structure using Raman 
spectroscopy. They have related the observed shift in 
the low frequency Raman peak position of the 
methylene rocking mode with the variation in internal 
stress in the system. The analysis of Raman data over 
the range between 1000 cm-1 and 1450 cm-1 indicates 
the gradual structural change of wet foam from all-trans 
conformation to crystalline structure with ageing 
(Kraynik, A. M. 1988). Drainage of water from wet 
foam is discussed and in addition to free water 
molecules, which drain out with ageing of foam, water 
clusters of only a few water molecules are also present 
in foam. It is also shown that the correlation between 
the internal stress and the characteristics of a vibrational 
mode in wet foam. Thus the capability of the Raman 
spectroscopy to reveal the crystallinity in foamy 
materials is established (Bandyopadhyay, P. et al., 
2008; & Barik, T. K. et al., 2009).  
 
 
 
 
 

CONCLUSION: 

In conclusion, the basic structure and properties of 
wet foam are reviewed in the light of present scientific 
literature to reveal interesting essential properties of wet 
foam. The optical probes (specially, Raman 
spectroscopy and Diffusing wave spectroscopy) used to 
study the wet foam are also briefly discussed.  There are 
huge applications of solid foam compared to wet foam 
reported in the literature. Similarly, recent researches 
suggest that wet foam has also the huge possibilities in 
different technological applications like fire 
extinguishing, food processing, commercial chemicals 
and cosmetics, agricultural fields, biomedical fields, 
environmental safety and toy-making industries etc. 
(Nieto, M. I. et al., 2014; Takahashi, M. et al., 2009; & 
Subagyono, D. J. et al., 2011). Recently, the higher 
density foams like carbon nanofoam, however, show an 
advanced graphitization degree and a stronger sp3-type 
electronic contribution, related to the inclusion of sp3 
connections in their surface network (Frese, N. et al., 
2016). Again, by employing Ni nanofoam flexible and 
highly sensitive glucose sensors have been produced on 
a plastic substrate with excellent performances (Iwu, K. 
O. et al., 2016). A high‐performance electrode for 

supercapacitors is also designed and synthesized by 
growing electroactive NiCo2O4 nanosheets on 
conductive Ni nanofoam (Gao, G. et al., 2015). 
Again,Cu nanofoams are also very much useful for 
potential energy application (Jo, H. et al., 2014). The 
gold nanofoams with no capping agents have more 
catalyst active sites and excellent catalytic efficiency 
(Jia, H. et al., 2015). The main objective of this article 
is to review the structure and properties of foam to 
attract more research attention towards foam technology 
and develop this field for more scientific, technological 
and commercial applications for our day to day life. 
Diffusing wave spectroscopy and Raman spectroscopy 
are quick and noninvasive tool to measure the strain and 
hence, the stability of a wet foam (Bandyopadhyay, P. 
et al., 2018; & Barik, T. K. et al., 2009) and hence, 
these spectroscopic techniques can act as optical probe 
to study the properties of foam. Some papers use 
Gillette shaving foam to study wet foam characteristics. 
But, the composition of commercial shaving foams (like 
Gillette foam) is quite complex and its physicochemical 
properties are ill defined; it is worth to study the wet 
foam using simple foamy materials with well controlled 
composition, specially made in a laboratory. Further 
experiments on known surfactants will also indicate if 
the observed behavior of the wet foam originates from 
the characteristics of the surfactant itself or from its 
foamy structure (Jabarkhyl, S. et al., 2020; de Moraes, 
E. G., & Colombo, P. 2014; & Zhao, J. et al., 2018). 
Furthermore, using the experimental method stated in 
(Bandyopadhyay, P. et al., 2018) at different heights of 
the column of foam, one can experimentally study the 
coupling between coarsening and drainage of liquid in 
wet foam.  
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Generally, the non-bonding interactions provide the stability to the host-guest complexes without affecting the
molecular identity of macrocyclic host and guest (probe) molecules. As a result, macrocyclic-based systems are
far more deserving candidates over the ionic systems, as the chance of chemical bleaching is suitably dodged
due to the weaker non-bonding interaction. The present article intends to highlight an unconventional and
completely innovative designing strategy to validate the operation of a highly protective opto-chemical keypad
lock driven by the macrocyclics. Herein, we have utilized the reversible photoswitching phenomenon between
two prototropic forms (cationic and neutral) of Harmine (HM) regulated by the dual macrocyclic components,
CTAB and β-CD. Most interestingly, methodology provides the choice of the selection of emission detector one
at a timebetween two available emission channels (416 and 365nm),which have been considered as the “optical
inputs”. Substantial emission intensities of the probe at the respective emission channels have been treated as the
“optical outputs”. On the basis of a cautious literature survey,we anticipate that, this kind of designing for a highly
protective opto-chemical security device driven by the macrocyclic “chemical inputs” has never explored yet.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

As representative of superior alternative of the silicon basedmodern
computing technology, numerous molecular interactions with versatile
analytes based smart molecular systems having potential to execute bi-
nary logic operations are attracting special attentions in recent times
[1–7]. Several researchers developed and utilized various small molecu-
lar systems as the multipurpose building blocks for multidimensional
digital applications like data storage [8–10] and data processing
[11–14], switches [15,16], wires [17,18], and molecular machines
[19–22]. One of the premium applications of molecular logic circuits is
its implementation for the designing of password protected molecular
security devices and specifically molecular keypad locks [23,24].

Information protections at themolecular level assisted by extremely
secure keypad locks are capable to create and process strong passwords
for separate end-users. Currently used security devices utilize silicon-
based electronic circuits that need the input of password ‘keys’ manu-
ally for protection of data against illegal information invasion. Limited
numbers of keys/digits reduce the level of security of the current

security gadgets. Compared to current silicon-based password systems
that use limited alphabets (A-Z), characters (@,%,# etc.) and numbers
(0-9) as input keys, opto-chemical molecular security devices were ex-
pected to bemore secure as they needed to be operated through optical
parameters and chemicals as input keys. These newer opto-chemical se-
curity systems are evolving as next-generation security gadgets, as
hackers require the exact information of the chemical component
(s) used in a particular device along with exact optical parameter(s).
Endless optical and chemical options and countless possibilities of
their combinations make opto-chemical security systems extremely
complex and almost impossible to crack, over the conventional
silicon-based password circuitry.

Counteracting the social stipulation, scientists engaged themselves
with enormous efforts to design keypad locks at the molecular level
based on the photo-physical responses [23–26]. These keypad locks
are generally constructed based on different optical responses received
from the interactions of probe molecules with ions/molecules. In this
context, we note that among large number of available molecular key-
pad lock reports, the use of macrocyclic component/s in molecular
logic arena are feeble [27–31]. To the best of our knowledge concern,
only one report [30] of chemical security device based on macrocyclics
as the chemical inputs is available till date.

Previously, we have studied and reported the structural switching of
the cationic and neutral forms of Harmine, HM (Scheme 1) in presence
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of CTAB and β-CD in water medium [32,33]. Our current investigation
utilizes the same probe (HM) for the construction of molecular keypad
lock by using the fluorescence responses upon interaction between
macrocyclic components with HM, individually and sequentially. For-
ward and reverse structural switching of HM upon sequential interac-
tions with CTAB followed by β-CD (macrocyclic ‘inputs’) resulted in
changes of the associated fluorescence intensities at 365 nm & 416 nm
(optical ‘outputs’). Among many possibilities, a different set of input-
output combinations have compiled to produce different sets of pass-
words. Interaction of macrocyclics with the probe molecule is assumed
non-covalent [34–36]. In comparison to the previously reportedmacro-
cyclic based keypad lock [30], we propose our lock system seems to be
more superior, appealing, and more realistic since it can generate, pro-
cess, and authenticate a series of passwords accessible for different
end-users.

2. Materials and methods

HMand β-CDwere procured from Aldrich (Missouri, USA) and used
as received. Surfactant, CTAB was procured from Lancaster (England)
andused as received. HPLC gradewaterwas used throughout the exper-
iments. Steady-state fluorescence experiments were carried out on
Hitachi F-7000 spectrofluorometer (Tokyo, Japan) keeping the slit
ratio 1 (Ex. slit = 5 nm, Em. slit = 5 nm) and PMT voltage at 500V.
For all fluorescence measurements, a cuvette of 10 mm width was
utilised. Concentration of stock HM was 0.335 mM. Pre-weighted
β-CDs were gradually added into the cuvette owing to its very low sol-
ubility in water, and sonicated for plenty times to obtain thermally
equilibrated homogeneous solutions. All other fluorescence measure-
mentswere also carried out after proper thermal equilibration of the re-
sultant solution in quartz cuvette through suitably stirred on amagnetic
stirrer. Throughout the experiments, temperature was kept constant at
300 K.

3. Results and discussion

It is well established in our previous report that addition ofmacrocy-
clic components in a proper chronology leads to switching between the
cationic and neutral forms of HM in water medium [33]. In lieu of fur-
ther detailing, to design the molecular keypad lock, in this present re-
port we have only considered the typical emission spectral changes of
HM after the sequential interactions with CTAB and β-CD. In water me-
dium, with λexc of 300 nm, pure HM exhibited a sharp single emission
band at 416 nm, accounted well for its cationic form [37]. With gradual
increase ofmacrocyclic CTABmicelles concentrations, drastic changes in
the emission properties of HM were observed. Initial intensity of the
existing 416 nm cationic band significantly decreased with simulta-
neous appearance of a new blue-shifted band close to 365 nm, through
a discrete isoemissive point. As per the existing literature, this 365 nm
band is well elucidated for the neutral form of HM [36]. Interestingly,
with further addition of another macrocyclic component, β-CD within
the micelle bound HM, the initial cationic band at 416 nm was almost
restored with the outlay of neutral band at 365 nm i.e., almost reverse
switching of spectral response was observed (Fig. 1).

In this report, our proposed opto-chemical lock operates through
manual entry of a five-digit password and its successive authentication

by the system i.e., the end-user needs to press exactly five input keys in
correct sequence for successful password authentication. To construct
and track the primary operational trajectory of a functional password,
the most important directive is one needs to press ‘D4 or D3’ key ini-
tially, and after each successive entry of chemical inputs, ‘C or B’, on
the system (Fig. 2). Therefore, according to the assigned trajectory of
this opto-chemical security device, a general format of the opto-
chemical password must follow the sequence as ‘D4 or D3’ at first,
then ‘C or B’, again ‘D4 or D3’ key, again ‘B or C’ and finally ‘D4 or D3’
again to complete and generate a unique optical pattern as the output
response. After each pressing of the optical input key, excitation light
(λexc = 300 nm) must remain “ON” for a pre-fixed time. Within this
time-window, corresponding emission must be recorded at the step-
correlated detector. Finally, corresponding to that emission intensity, a
bar would be generated at the recorder. Ultimately, after completion
of a 5-digit password entry, following the proper password trajectory
(Fig. 2), a bar pattern would be generated at the recorder.

The back-to-back entry of similar kinds of input keys i.e. optical (D3/
D4) or chemical (C/B) during the course of a password entry led to the
violation of the preset trajectory pattern embedded within the system.
For example, if the end-user does not follow the password format and
presses D4/D3 key immediately after entering D3 key or C/B key after
entering B key. It would ultimately lead to an erroneous opto-
chemical trajectory that will mismatch with the preset password

Scheme 1. Molecular structure of HMwith indicated neutral and cationic forms.

Fig. 1. Fluorescence spectral responses of HM in water upon interactions with CTAB and
β-CD sequentially; [HM] = 0.5 μM; [CTAB] = 14 mM; [β-CD] = 3.2 mM; λexc = 300 nm;
temp. = 300 K.

Fig. 2. Password trajectory of the HM system with some specific sequence of password
entry. Some typical password recognition patterns have been displayed herein.
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trajectory stored within the system. At those situations, the system
would display an “error” message, immediately after the wrong entry
and alert the administrator for an unauthorized attempt for access.
Therefore, it will be an additional advantage of this proposed opto-
chemical security device over the conventional chemical password sys-
tems [23–25,30,38] that the system could be programmed to alert the
administrator for any incorrect key pressing at any step, even before
the completion of the password entry, smartly minimizing the chances
of password hack through trials.

Ultimately, tracking the above-described guidelines for password
compositions, the dual macrocyclics tuned HM system would be able
to construct, recognize and authenticate 16 distinct passwords with re-
spective 16 unique emission intensity bar patterns (Fig. 3). These exclu-
sive passwords as the combinations of optical and chemical input keys
could be assigned to different end-users for login and other authentica-
tion purposes. Any arbitrary entry of opto-chemical input keys beyond
the pre-assigned password to a particular end-usermust fail to generate
an exclusive pattern at the recorder. Only a valid opto-chemical pass-
word entry with the correct sequence without any error at any step
would successfully operate the lock. Therefore, our proposed system is
quite flexible and robust to support and authenticate unique passwords
for different end-users on the single chemical platform.

In tune with these advantages, against the illegal invasion this
proposed macrocyclics driven opto-chemical security system would
perform a dual defence mechanism. At first, during the course of pass-
word entry the end-user requires to match/follow the preset password
trajectory or exact password sequence of the input keys and secondly it
is required to put the exact assigned opto-chemical password, in order
to open the lock. If any anomaly found at any step during the course
of password entry, the system will alert the administrator. With these

absolute advantages, our proposed macrocyclic component based
molecular security device is more promising, versatile, and highly se-
cure compared to so far reported macrocyclics driven lock [30] through
supporting a greater number of passwords formultiple users and a step-
wise monitoring feature preventing unauthorized access through
adopting trials.

In tune with our previous report [37], to illustrate the operational
principle of the proposed macrocyclic based molecular keypad lock, let
us have a look at the detailed operational mechanism. Suppose an
end-user has been assigned with a five-digit password '23452' for
login purpose. Now, the end-user needs to press the input keys of that
password in the proper sequence. Incipiently, upon pressing the “ON”
button the lock starts working. Then the end-user enters the password
'23452' on the physical PIN pad of the lock. As the first character of
the password '2' is entered, the system is so programmed that it recog-
nizes it as ‘D3’ input and the detector responsible to measure the emis-
sion of HMat 365 nmgets activated. Similarly, the next consecutive four
keys, '3', '4', '5' & '2' of the password could be assigned as 'C', 'D4', 'B' &
'D3' input keys, respectively, to the system. As the user enters these
password keys in sequence, the system performs next four sequential
and independent operations. Complete five-step operations performed
by the system could be presented as follows: Step 1) pressing of
key '2': system measures the emission intensity of pure HM at 365 nm
and at the recorder subsequent bar is generated; Step 2) pressing
of key '3': incorporationof CTABwithin theHMtakesplace; Step3)press-
ing of key '4': the system monitors the emission of HM-CTAB complex
at 416 nm and the corresponding bar is generated at the recorder;
Step 4) pressing of key '5': addition of β-CD to the HM-CTAB solution
takes place; Step 5) finally, pressing of key '2': the emission intensity of
HM-CTAB-β-CD solution is measured at 365 nm and the corresponding

Fig. 3. Derived combinational bar patterns for passwords considering output responses of HM at 365 and 416 nm and altering chemical (CTAB and β-CD) and optical (D4 and D3) inputs;
those, in turn, could authenticate the respective opto-chemical passwords.
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bar is recordedwith the sequence. After successful entry of the complete
password, a unique pattern is generated at the recorder with a set of
three bars, guided by the stepwise entry of individual and alternate
chemical and optical inputs. These unique bar patterns resulting from se-
quential chemical and optical inputs (Fig. 3) ultimately make different
distinct passwords recognized and authenticated by the system to
open the lock.

Other arbitrary entry of password keys by unauthorized users would
not be validated as the system fails to generate recognizable and au-
thenticated bar patterns at the recorder and ultimately denies the ac-
cess. Moreover, the lock would not respond if the end-user uses a
password less than five digit. Further, if the end-user enters the input
keys of the password assigned to him/her in any other arbitrary way
(say 24352); the system will immediately alert the administrator as it
would fail to meet the stipulated opto-chemical trajectory. A pictorial
layout of the above said operational mechanism is given below (Fig. 4).

Virtue of this security device lies in the fact that all possible bar pat-
terns generated following the above-prescribed guidelines are unique
and easily distinguishable against each password (Fig. 3). Beyond such
16 possible unique input-output guided bar patterns, the versatility of
the keypad lock could be enhanced farther by increasing the number
of unique passwords. If we consider the repeated additions of the
same substrate at the two addition steps then the allowed and unique
passwords should be 32. Further, considering “addition of nothing” at
each addition step as a third option, as many as 72 different and unique
passwords could be generated. Hitherto, round about all the reported
molecular keypad locks were proposed based on the interactions of a
particular molecule with a specific set of ions [23–25]. In the ionic envi-
ronment, it was observed that the structural switching of the main de-
vice molecule from one state to another was about irreversible and
the molecule more or less lose its originality after only a few cycles of
operations. Compared to such ionic components based molecular lock,

the superiority of our proposed macrocyclics driven molecular keypad
lock is that the structural switching of our devicemolecule is completely
guided by macrocyclic induced non-ionic chemical environments and
the interactions are purely non-covalent rather guided by mildly elec-
trostatic and hydrogen-bonding interactions.

4. Conclusion

A new concept to design molecular keypad lock has been demon-
strated on the dynamic switching of HM between cationic and neutral
prototropic forms in the presence of macrocyclic chemical inputs,
CTAB andβ-CD. Since, HMgenerates dual-band ratiometric emission re-
sponses during such differential interactions, the choice of a detector for
emission intensity measurement, either at 416 nm or at 365 nm, were
considered as optical inputs and designated as D4 or D3, respectively.
Finally, different set of emission intensities at the specifiedwavelengths
were considered as optical outputs. Stepwise changes in the intensity
values next to the entry of a full-course opto-chemical password were
so arranged with step sequencing that specific bar patterns were cre-
ated against each individual password. Reported macrocyclics based
opto-chemical password protection system features formidable security
characteristics in terms of non-identifiable chemical and optical ele-
ments, error detection during password entry along with reversibility,
reusability, energy efficiency, and rapid response. This report might be
sighted as a wide-ranging tactic towards the designing of molecular se-
curity devices for a category ofmolecules, specifically, othermembers of
the β-carboline family like, harmane, norharmane, proving similar opti-
cal switchability as that of HM, in course of differential interactionswith
these macrocyclic inputs.

Author contributions

TM and AM conceived the idea and coordinated the project. MK,PP,
RM carried out the experiments. TM and MK prepared the graphics.
TM and AM co-wrote the manuscript.

Declaration of Competing Interest

“There are no conflicts to declare.”

Acknowledgements

Research reported in this paper was supported by Department of
Science and Technology, Govt. of India under the award number of DST
YSS/2015/000904, dated 17-Nov-2015 sanctioned to TapasMajumdar.
Authors also thankUniversity of Kalyani for funding throughDST PURSE
and DST-FIST (level-2, SR/FST/CS-II/2019/96, Dt. 07.01.2020) programs.
M. K. gratefully acknowledges CSIR, Govt. of India for his senior research
fellowship. P. P. sincerely acknowledges CSIR, Govt. of India for his junior
research fellowship.

References

[1] A.P. de Silva, H.Q.N. Gunaratne, C.P. McCoy, A molecular photoionic AND gate based
on fluorescent signalling, Nature 364 (1993) 42–44.

[2] L.M. Adleman, Molecular computation of solutions to combinatorial problems, Sci-
ence 266 (1994) 1021–1024.

[3] V. Balzani, M. Venturi, A. Credi, Molecular Devices and Machines: A Journey into the
Nanoworld, Wiley-VCH, Weinheim, 2003.

[4] A.P. de Silva, M.R. James, B.O.F. McKinney, D.A. Pears, S.M. Weir, Molecular compu-
tational elements encode large populations of small objects, Nat. Mater. 5 (2006)
787–790.

[5] R. Beckman, E. Johnston-Halperin, Y. Luo, J.E. Green, J.R. Heath, Bridging Dimensions:
demultiplexing ultrahigh-density nanowire circuits, Science 310 (2005) 465–468.

[6] J.E. Green, J.W. Choi, A. Boukai, Y. Bunimovich, E. Johnston Halperin, E. DeIonno, Y.
Luo, B.A. Sheriff, K. Xu, Y.S. Shin, H.R. Tseng, J.F. Stoddart, J.R. Heath, A 160-kilobit
molecular electronic memory patterned at 1011 bits per square centimeter, Nature
445 (2007) 414–417.

Fig. 4. Operational layouts of the proposed keypad lock considering an authenticated
specific five-digit password, '23452', as an example.

M. Karar, P. Paul, R. Mistri et al. Journal of Molecular Liquids 331 (2021) 115679

4

http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0005
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0005
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0010
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0010
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0015
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0015
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0020
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0020
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0020
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0025
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0025
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0030
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0030
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0030
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0030
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0030


[7] M. Karar, P. Paul, B. Biswas, A. Mallick, T. Majumdar, Excitation wavelength as logic
operator, J. Chem. Phys. 152 (2020) 075102–075110.

[8] M. Irie, Diarylethenes for memories and switches, Chem. Rev. 100 (2000)
1685–1716.

[9] J.Y. Jiang, S. Wang, W.F. Yuan, L. Jiang, Y.L. Song, H. Tian, D.B. Zhu, Highly fluorescent
contrast for rewritable optical storage based on photochromic bisthienylethene-
bridged naphthalimide dimer, Chem. Mater. 18 (2006) 235–237.

[10] S.J. Lim, J. Seo, S.Y. Park, Photochromic switching of excited-state intramolecular
proton-transfer (ESIPT) fluorescence: A unique route to high-contrast memory
switching and nondestructive readout, J. Am. Chem. Soc. 128 (2006) 14542–14547.

[11] D. Margulies, G. Melman, A. Shanzer, Fluorescein as a model molecular calculator
with reset capability, Nat. Mater. 4 (2005) 768–771.

[12] Y.C. Zhou, H. Wu, L. Qu, D.Q. Zhang, D.B. Zhu, A new redox-resettable molecule-
based half-adder with tetrathiafulvalene, J. Phys. Chem. B 110 (2006) 15676–15679.

[13] U. Pischel, Chemical approaches to molecular logic elements for addition and sub-
traction, Angew. Chem. Int. Ed. 46 (2007) 4026–4040.

[14] J. Andreasson, S.D. Straight, S. Bandyopadhyay, R.H. Mitchell, T.A. Moore, A.L. Moore,
D. Gust, Molecular 2:1 digital multiplexer, Angew. Chem. Int. Ed. 46 (2007)
958–961.

[15] P.R. Ashton, V. Balzani, J. Becher, A. Credi, M.C.T. Fyfe, G. Mattersteig, S. Menzer, M.B.
Nielsen, F.M. Raymo, J.F. Stoddart, M. Venturi, D.J. Williams, A three-pole supramo-
lecular switch, J. Am. Chem. Soc. 121 (1999) 3951–3957.

[16] A.P. de Silva, H.Q.N. Gunaratne, T. Gunnlaugsson, A.J.M. Huxley, C.P. McCoy, J.T.
Rademacher, T.E. Rice, Signaling recognition events with fluorescent sensors and
switches, Chem. Rev. 97 (1997) 1515–1566.

[17] R. Ziessel, A. Harriman, Building photoactive molecular-scale wires, Coord. Chem.
Rev. 171 (1998) 331–339.

[18] A. Harriman, R. Ziessel, Making photoactive molecular-scale wires, Chem. Commun.
(1996) 1707–1716.

[19] N. Koumura, R.W.J. Zijlstra, R.A. van Delden, N. Harada, B.L. Feringa, Light-driven
monodirectional molecular rotor, Nature 401 (1999) 152–155.

[20] C.D. Mao, W.Q. Sun, Z.Y. Shen, N.C. Seeman, A nanomechanical device based on the
B–Z transition of DNA, Nature 397 (1999) 144–146.

[21] C.P. Collier, E.W. Wong, M. Belohradsky, F.M. Raymo, J.F. Stoddart, P.J. Kuekes, R.S.
Williams, J.R. Heath, Electronically configurable molecular-based logic gates, Science
285 (1999) 391–394.

[22] M. Asakawa, P.R. Ashton, V. Balzani, A. Credi, G. Mattersteig, O.A. Matthews, M.
Montalti, N. Spencer, J.F. Stoddart, M. Venturi, Electrochemically induced molecular
motions in pseudorotaxanes: a case of dual-mode (Oxidative and Reductive)
dethreading, Chem. Eur. J. 3 (1997) 1992–1996.

[23] D. Margulies, C.E. Felder, G. Melman, A. Shanzer, A molecular keypad lock: A photo-
chemical device capable of authorizing password entries, J. Am. Chem. Soc. 129
(2007) 347–354.

[24] W. Sun, C. Zhou, C.H. Xu, C.J. Fang, C. Zhang, Z.X. Li, C.H. Yan, A fluorescent-switch-
based computing Platform in defending information risk, Chem. Eur. J. 14 (2008)
6342–6351.

[25] S. Kumar, V. Luxami, R. Saini, D. Kaur, Superimposed molecular keypad lock and
half-subtractor implications in a single fluorophore, Chem. Commun. (2009)
3044–3046.

[26] J. Andre Asson, U. Pischel, Molecules for security measures: from keypad locks to ad-
vanced communication protocols, Chem. Soc. Rev. 47 (2018) 2266–2279.

[27] U. Pischel, V.D. Uzunova, P. Remon, W.M. Nau, Supramolecular logic with macrocy-
clic input and competitive reset, Chem. Commun. 46 (2010) 2635–2637.

[28] M. Karar, P. Paul, S. Paul, B. Haldar, A. Mallick, T. Majumdar, Dual macro-cyclic com-
ponent based logic diversity, Dyes Pigments 174 (2020) 108060–108066.

[29] A.P. de Silva, I.M. Dixon, H.Q.N. Gunaratne, T. Gunnlaugsson, P.R.S. Maxwell, T.E.
Rice, Integration of logic functions and sequential operation of gates at the
molecular-scale, J. Am. Chem. Soc. 121 (1999) 1393–1394.

[30] C.P. Carvalho, Z. Domınguez, J.P. Da Silva, U. Pischel, A supramolecular keypad lock,
Chem. Commun. 51 (2015) 2698–2701.

[31] B. Daly, T.S. Moody, A.J.M. Huxley, C. Yao, B. Schazmann, A. Alves-Areias, J.F. Malone,
H.Q.N. Gunaratne, P. Nockemann, A.P. de Silva, Molecular memory with down-
stream logic processing exemplified by switchable and self-indicating guest capture
and release, Nat. Commun. 10 (2019) 49.

[32] M. Karar, S. Paul, A. Mallick, T. Majumdar, Interaction behavior between active hy-
drogen bond donor-acceptors as a binding decoration for anion recognition: exper-
imental observation and theoretical validation, Chemistryselect 2 (2017)
2815–2821.

[33] M. Karar, S. Paul, A. Mallick, T. Majumdar, Shipment of a photodynamic therapy
agent into model membrane and its controlled release: A photophysical approach,
Chem. Phys. Lipids 210 (2018) 122–128.

[34] A. Chakraborty, D. Seth, P. Setua, N. Sarkar, Photoinduced electron transfer reaction
in polymer-surfactant aggregates: photoinduced electron transfer between N,N-
dimethylaniline and 7-amino coumarin dyes, J. Chem. Phys. 128 (2008) 204510.

[35] P. Das, A. Mallick, A. Chakraborty, B. Haldar, N. Chattopadhyay, Effect of nanocavity
confinement on the rotational relaxation dynamics: 3-acetyl-4-oxo-6,7-dihydro-
12H indolo-[2,3-a] quinolizine in micelles, J. Chem. Phys. 125 (2006), 044516, .

[36] D. Chakraborty, A. Chakraborty, D. Seh, N. Sarkar, Effect of alkyl chain length and size
of the headgroups of the surfactant on solvent and rotational relaxation of Coumarin
480 in micelles and mixed micelles, J. Chem. Phys. 122 (2005) 184516.

[37] T. Majumdar, B. Haldar, A. Mallick, A strategic design of an opto-chemical security
device with resettable and reconfigurable password based upon dual channel
two-in-One chemosensor molecule, Sci. Rep. 7 (2017) 42811–42817.

[38] M. Karar, P. Shit, B. Halder, A. Mallick, T. Majumdar, Multifunctional logic applica-
tions of a single molecule: a molecular photo-switch performing as simple and com-
plex gates, memory element, and a molecular keypad lock, Chemistryselect 3
(2018) 5277–5282.

M. Karar, P. Paul, R. Mistri et al. Journal of Molecular Liquids 331 (2021) 115679

5

http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0035
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0035
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0040
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0040
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0045
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0045
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0045
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0050
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0050
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0050
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0055
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0055
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0060
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0060
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0065
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0065
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0070
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0070
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0070
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0075
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0075
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0075
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0080
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0080
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0080
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0085
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0085
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0090
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0090
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0095
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0095
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0100
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0100
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0105
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0105
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0105
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0110
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0110
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0110
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0110
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0115
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0115
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0115
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0120
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0120
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0120
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0125
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0125
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0125
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0130
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0130
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0135
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0135
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0140
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0140
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0145
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0145
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0145
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0150
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0150
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0155
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0155
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0155
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0155
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0160
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0160
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0160
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0160
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0165
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0165
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0165
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0170
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0170
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0170
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0175
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0175
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0175
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0180
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0180
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0180
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0185
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0185
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0185
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0190
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0190
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0190
http://refhub.elsevier.com/S0167-7322(21)00404-9/rf0190


A J CSIAN OURNAL OF HEMISTRYA J CSIAN OURNAL OF HEMISTRY
https://doi.org/10.14233/ajchem.2021.23025

INTRODUCTION

A chemical industry is in need of technology having maxi-
mum activity as well as selectivity towards organic synthetic
reactions. Similarly, the requirement is also to adopt “clean”
chemical processes having minimum impact on the environ-
ment. Hydrogenation and oxidation of organic functional group
with high activity and selectivity is one of such requirement.
Heterogeneous catalysis plays an important role in wide variety
of industrial processes. The most important synthetic use of
heterogeneous catalysts are for common synthetic organic trans-
formation. The heterogeneous catalysts can be either oxides
[1-6] or metals [7-11]. Most synthetically useful catalytic proc-
esses are run over metal catalysts [10-12]. The metal catalyst
can be composed of a single metallic component or a mixture
of metals [12]. Either of these types can be supported or unsup-
ported. Metal catalysts are used primarily for hydrogenation, hydro-
genolysis, isomerization and oxidation reactions, etc. [13-16].

The catalytic activity of dispersed metals on an oxide sup-
port is influenced by a number of factors. These include size,
shape, extent of dispersion, relative amount of metals present,
chemical nature of support and strength of interaction between
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the support and metal [17]. A support can alter the behaviour
of metal in a number of ways. Several explanations have been
given to understand enhanced activity of metal doped oxide
supported catalysts [18]. They are easily prepared and can be
characterized without too many difficulties. Due to this, metal
catalysts are generally preferred for basic research. The active
catalytic species is believed to be finely dispersed metal particles
of sizes in the nano region. Lots of research works have been
done on metal-support interaction in supported metal catalysts.
Yet the exact nature of active site and the exact role of the support
in terms of metal-support interaction are less understood.

Synthetically important organic reaction: Organic synth-
esis is a key step for the preparation of fine chemicals, pharma-
ceuticals, agrochemicals, food additives, dyes and pigments.
An important factor in developing synthetic reactions is choosing
the reaction route to the final product. Catalytic routes have
been proven to be one of the most effective ways in simplifying
the reaction routes to these compounds by increasing selectivity
and reducing waste and hazardous materials handling [19-21].
Additionally, reactions should proceed under mild conditions
to reduce the costs of energy. The ultimate aim is of course to
adopt a green synthetic route for organic transformations. In
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this context, good catalyst performance can be characterized
by: (i) high activity and selectivity; (ii) little or no alteration
of activity and selectivity with time; (iii) low sensitivity of
activity and selectivity to contaminant in the feedstock; and
(iv) favourable separation properties.

Organic synthetic chemists are in search of more active,
selective and environmentally benign catalyst for their synth-
esis applications. Alkylation or arylation of aromatic or aliphatic,
dehydrogenation, dehydration, hydrogenation, selective oxid-
ation and isomerization are important organic synthesis reactions.
A number of new precious catalysts are used for this type of
synthetic reactions [22-24].

The alkylation of aromatic compounds is extensively used
in the synthesis of various intermediates, fine chemicals and
petrochemicals [25]. The necessary feature of this reaction is
the replacement of the hydrogen atom of aromatic compound
containing alkyl group derived using an alkylating agent. If
acid catalyst is used, a replacement occurs in the aromatic ring
and base catalyst replaced at side chain of the ring [26]. The
commercial alkylations are acid catalyzed [25,27,28]. These
include acidic halides such as AlCl3, BF3, acidic oxides, HF,
H2SO4 [27], H3PO4 and zeolites [28]. The intramolecular
isomeri-zation and the transfer alkyl groups between aromatic
molecules are also catalyzed by acid catalysts [29-31].

Dehydrogenation of aromatic hydrocarbons (ethylbenzene,
diethylbenzene) and alcohols are also industrially important.
The ethylbenzene dehydrogenation (EBDH) products are styrene
and H2 [32,33]. Iron oxide is mainly used as a catalyst for the
production of styrene [32]. The incorporation of V, Ce and Mo
improved the catalytic properties of iron oxide [34]. Catalytic

dehydrogenation of primary and secondary alcohols gives
corresponding aldehydes and ketones [34,35]. A large number of
solid metal oxide catalysts have been effectively used for alcohol
dehydrogenation [36,37]. Most of the oxide catalysts posses
also dehydration activity and in some of them, such as alumina,
the dehydration predominates [35]. The ratio of the dehydration
and dehydrogenation depends on catalyst preparation and its
purity. However, some exhibit only dehydrogenation activity,
such as oxides of copper, zinc, chromium, iron, etc. [36-40].
Metals are also used as dehydrogenation catalysts. Copper is
used most frequently, while silver is applied in the combined
dehydrogenation-oxidative dehydrogenation processes for
production of formaldehyde from methanol or acetaldehyde
from ethanol. Noble metals Pt, Pd, Ru, Ir can also be used as
oxidative-dehydrogenation catalysts [41-43].

Hydrogenation is the addition of H2 molecule to a multiple
bond (C=C, C≡C, C=O, C=N, C≡N, N=O, N=N, N≡N, etc.)
to reduce it to a lower bond order (Fig. 1). Catalysts are required
for the reaction to be usable as the non-catalytic hydrogenation
takes place only at very high temperatures.

Platinum, rhodium, palladium and ruthenium form various
highly active catalysts and operate at low hydrogen pressures
and low temperatures [44-46]. Moreover, inexpensive metal
catalysts, based on nickel (such as Raney nickel [47,48] and
Urushibara nickel [49]) are established as economical alter-
natives for expensive catalysts. However, they often provide slow
catalysis or operate at high temperatures. Two broad families
of catalysts, homogeneous and heterogeneous, are simultane-
ously important for catalytic hydrogenation. The rhodium based
Wilkinson’s catalyst and the iridium based Crabtree’s homo-
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geneous catalyst are exclusively used as hydrogenation catalyst
[50-53].

Heterogeneous catalysts for hydrogenation are more
common in industrial synthetic reactions. As in homogeneous
catalysts, the activity of the catalyst is adjusted through changes
in the environment around the metal, i.e. coordination sphere.
Different faces of a crystalline heterogeneous catalyst show
distinct activities. Similarly, the activity of the heterogeneous
catalysts are affected by their supports, i.e. the material on which
the heterogeneous catalyst is bound [53,54]. A number of new
precious catalysts such as Pd/C [55], Pt/C [56] and immobilized
Rh [57] catalyst have been successfully commercialized in recent
years.

Selective oxidation of functional group is another indus-
trially important catalytic reaction (Fig. 2). Catalytic oxidation
in the liquid phase is widely used in bulk chemicals manu-
facture [58] and become increasingly important in the synthesis
of fine chemicals.

A traditional process involving stoichiometric inorganic
oxidants is receiving increasing environmental pressure [59].
Generally, in the liquid phase, catalytic oxidation employs
soluble complexes or metal salts combined with inexpensive
and clean oxidants such O2, H2O2, or RO2H [20,21].

However, compared with their homogeneous counterparts,
heterogeneous catalysts present the advantage of facile recycling
and recovering. Large-scale selective oxidation is based on
heterogeneous metallic catalysts. Silver is exclusively used as
an epoxidation catalyst for the production of ethylene epoxide

from ethylene. Palladium is used as oxidative coupling catalyst
for the production of vinyl acetate from ethylene and acetic
acid. Cu, V, Mn, Ru, etc. are also used as oxidation catalysts
for the cycloalkanes, cycloalkenes, benzene and benzyl alcohol
[26,60-62].

Common organic hydrogenation reactions: The most
common use of catalysts in organic synthesis is the hydroge-
nation of functional groups. The number of books and reviews
published in this area underscores the synthetic importance of
these reactions [63-66]. Hydrogenation is commonly a chemical
reaction between molecular hydrogen (H2) and another comp-
ound or element, usually in the presence of a catalyst. Hydro-
genation of organic functional groups can be categorized into
(a) addition of hydrogen across single bonds leading to cleavage
of functional groups (hydrogenolysis), (b) addition of hydrogen
to unsaturated groups as, for example, in the hydrogenation
of ketone to alcohol and (c) removal of oxygen by hydrogen,
for example, aromatic nitro to aniline (Fig. 3). Alkenes, alkynes,
aromatics, heteroaromatics, ethers, ketones, esters, acids and
amides can all be hydrogenated to industrially or synthetically
important chemicals.

Catalytic hydrogenation can either be heterogeneous or
homogeneous. Metal salts and complexes have provided some
homogeneous hydrogenating agents [67-70]. The major disad-
vantage of the large-scale utilization of metal salts and comp-
lexes is their high cost. Due to the inefficient and stoichiometric
nature of reactions, for hydrogenation, large quantities of metals
or metal salts are required. Furthermore, separating products
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from large volumes of metal complex or salt solutions can be
inefficient and laborious. These disadvantages can be elimi-
nated by using supported or unsupported heterogeneous metal
catalysts, which leads to the easily separation of products and
catalysts from reaction mixtures.

Metal-based catalysts are the most active for heterogen-
eous transfer hydrogenation. Palladium is highly active for the
hydrogenation of alkynes or alkenes into alkanes and most
commonly used catalyst for hydrogenolyses (benzylic and allylic
C=O and C=N bonds, carbon-halogen and het=het, where het
= N,O). For the hydrogenation of double bonds (C=N, C=C,
and C=O), platinum is highly active [71,72]. When Pt is used,
hydrogenolysis does not occur [17]. Under mild conditions,
rhodium based catalysts are employed for the hydrogenation
of aromatic compounds [73]. By contrast, at high pressures
and temperatures, ruthenium usually is employed for the hydro-
genation of carbonyl functional groups and aromatic comp-
ounds. Nickel, especially Raney nickel, is suitable for the hydro-
genation of nitriles to amines and carbonyl groups (ketones
and aldehydes) [74]. Under rather harsh conditions, copper-
based catalysts are utilized in the hydrogenation of esters into
the corresponding alcohols [75].

The catalytic activity of metals depends mainly on three
factors (i) catalyst selection, (ii) reaction medium, (ii) reaction
condition [76]. The order of the influence of these factors on
selectivity is, in general, catalyst > reaction medium > reaction
conditions. Catalyst selection depends on metal selection,
chemical compassion of support, catalyst particle size, particle
morphology and oxidation state of metal. The metal influences
both the characteristic adsorption/desorption and the surface

reaction. So a right choice of metal is very important for an
efficient catalytic reaction. Supports interact with the metal,
which influences its structural (morphology and size) and elect-
ronic properties, thereby results a lot the catalytic reactions.
The rate of the hydrogenation reaction depends on metal particle
size and shape or morphology. The smaller the particles, the
larger the surface area and thus the activity increase. The
catalytic hydrogenation reactions are mainly run in liquid
solvent medium. The solvent polarity and hydrogen adsorption
capacity and acidity of the medium influence the catalytic
reactions. The activity can also depend on the reaction tempe-
rature and pressure.

Metal catalysts can be finely divided, pure bulk metal, a
skeletal or porous type (Raney Ni), nanoparticles and metals
dispersed on different supports or carriers such as inorganic
oxides (BaSO4, CaCO3, SiO2 and Al2O3), carbon (charcoal),
polymer, asbestos and zeolites. Some variations found in the
metal catalytic activity in supported and free finely divided
(blacks) forms results from various ageing treatments and prep-
aration methods. Finely divided metals forms are prone to
agglomeration, and in the long run, lose the catalytic activity.
This agglomeration can even be accelerated through substrate
action or substrate polymerization onto catalysts [77]. Metal
precipitation on the support surface is advantageous because
it results in a more uniform cluster or particle size of atoms than
unsupported metals do and because it provides a large active
surface area for the given metal mass (high specific surface
density). Metal nanoparticles supported on mesoporous silicas
[78,79], hydroxylapatites [80], porous carbons [81,82], zeolite
[83], alumina [84] and titanium oxides [85] have been reported
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to be highly active for various hydrogenation reactions. The
direct synthesis of nanoparticles is limited and preparatory
procedures are difficult. So supported metal catalysts are useful
for hydrogenation reactions.

Hydrogenation of molecules containing single functional
group is a common synthetic transformation. The selective
hydrogenation of one functional group in presence of other
groups is very important for the synthesis of industrially impor-
tant chemicals. But if the functional groups have relatively
similar or close activities, selectivity can sometimes be achieved
by manipulating reaction condition or using proper catalysts.
Therefore, recent research effort has been focused strongly
on maximizing the catalytic efficiency of the precious metal
catalyst by optimizing their physico-chemical properties
[86,87], forming alloy structures [72], developing new catalyst
supports [88], adding promoters [89,90] and modifying the
metal-support interactions [91]. Both heterogeneous [92] and
homogeneous metal catalysts [93] have been used in hydrogen-
ation reactions for several decades.

Common organic oxidation reaction: Like hydrogena-
tion, the oxidation of organic functional groups is an important
synthetic reaction [58,59]. Most oxidation reactions are run
using inorganic oxidants such as permanganate and chromium
oxide. The disposal of their reduction products is environmen-
tally unacceptable [20,21]. In the manufacture of bulk chemicals,
catalytic oxidation has become very important due to its low
impact on the environment. The conversions of alkenes, alkanes,
alcohols, ketones, epoxides and aromatic compounds into the
more valuable oxygen containing materials are important
synthetic reactions in industries [58-62].

Many reactions are run either in vapour phase or in liquid
phase and the reaction conditions are usually specific for the
production of specific products. Various new catalytic systems
have been developed for the oxidation in gas phase and in
liquid phase using organic peroxides, H2O2 or O2 as an oxidant
[81-83]. The catalytic oxidation reactions are run either by free
radical auto-oxidation process or by oxygen transfer process.
One-electron oxidants, e.g., Cu(II), Mn(III), Co(III), Ce(IV),
Fe(III), etc. catalyze free radical auto-oxidation processes by
promoting the decomposition of alkyl hydroperoxides into chain
initiating alkoxy and alkyl peroxy radicals in one-electron
transfer processes (Scheme-I, reactions 1 and 2). Strictly spea-
king the metal ion acts as an initiator of free radical auto-
oxidation, which proceeds further via reactions 3-5, which does
not involve the catalytic species.

ROOH + MII → MIII(OH) + RO• (1)

MIIIOH + ROOH → MII + RO2
• + H2O (2)

RO• + R′H → ROH + R′• (3)

R′• + O2 → R′O2
• (4)

R′O2
• + R′H → R′O2H + R′• (5)

Scheme-I: Mechanism of metal catalyzed auto-oxidation

Metal ions which catalyze oxygen transfer reactions with
H2O2 or RO2H can be divided into two types based on the active
intermediate: a peroxometal or an oxometal complex [92]
(Scheme-II). Peroxometal pathway is usually favoured over
early transition elements with d0 configuration, e.g. Mo(VI),
W(VI), V(V) and Ti(IV). On the other hand, over the late or
first row transition elements, e.g. Cr(VI), V(V), Mn(V), Ru(VI),
Ru(VIII) and Os(VIII), the oxometal pathway is usually followed.
Some elements, e.g. vanadium involve both oxometal and per-
oxometal pathways depending on the substrate.

MX + RCO2H

-HX

-ROH

OXOMETAL PATHWAY

PEROXOMETAL PATHWAY

M
O

R

M O

X

MOR  +  SO

MX + SO

Scheme-II: Peroxometal vs. oxometal pathways [92]

Heteroatom oxidations and olefin epoxidation are the
reactions involving peroxometal routes. By contrast, oxometal
species exhibit the broader range of activities, such as allylic
and benzylic oxidations. Peroxometal routes do not involve a
change in the metal oxidation state, i.e., activity is not restricted
to only variable valence elements and the metal behaves as a
Lewis acid. By contrast, the oxometal pathway involves a two-
electron redox reaction of metal ions. Furthermore, most metals
that catalyse oxygen transfer through oxometal or peroxometal
pathways can catalyze one-electron transfer by using peroxides.
Consequently, free radical processes frequently compete to a
lesser or greater extent with oxygen transfer. When alkyl hydro-
peroxides are employed as oxidants, heterolytic versus homo-
lytic processes are distinguished by using a suitable investi-
gated molecule [93]. The unsupported metals usually form
soluble peroxo complexes with H2O2 or peroxide so these reac-
tions, in reality, homogeneously catalyzed [94]. Separations
of the final products thus become very difficult. Supporting
the metals in inorganic oxides (such as SiO2, Al2O3) [95,96] or
zeolite [96-98] only served to facilitate the dissolution of the
metal species by dispersing the metal over the surface of the
support and making it more accessible to the peroxides.

Different types of oxide supported metal catalysts such
as Fe/MgO [99], Fe/Al2O3 [100], Co/Fe2O3 [101], Cu/Al2O3

[102], Cu/SiO2 [103], V/SiO2 [104] and Mn/Al2O3 [105] have
been reported to be efficient systems for the production of
industrially and chemically important products. These catalysts
are usually prone to deactivation before the oxidation is comp-
leted. The deactivations are thought to be caused by either
oxidation of the metals or blocking the active metal surface
by the strong adsorption of the reaction byproducts or decrease
of active metal component through metal leaching during
oxidation.

A number of procedures have been employed to minimize
this deactivation. Most of the early work in this area used large
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amount of large sized metal particles [106]. These larger metal
particles are more resistant to oxidation than the smaller particles
present on the supports [107]. In addition, the large quantity
of catalyst ensures that some active species will still be available
towards the end of the reactions. The adsorption of byproducts
can be eliminated by using more selective catalyst or changing
solvent or reaction conditions [108]. Adding another metal
particle/s significantly reduce the deactivation [109-112]. The
metal leaching can be controlled by using proper support where
metal support interaction is strong [113]. The metal leaching
is also resisted by adopting specific preparation procedure and
incorporating with other metals [114]. Association of two or
more active metals can perform well in a reaction system with
the enhanced degree of interaction of the components over a
support with new redox and acid properties [115].

Selective oxidations via heterogeneous catalysis occupy
a predominant place in both science of catalysis and synthetic
based modern industry. These processes, such as benzene to
phenol, benzyl alcohol to benzaldehyde, cyclohexane or cyclo-
hexene to corresponding alcohols and carbonyl compounds
have been extensively studied [116-119]. Ru, Pd, Mn, Fe, Co,
Ni, V and Cu supported catalysts have been extensively used
as catalyst for this type of reaction with H2O2 or tert-butyl
hydrogen peroxide (TBHP) as the oxidant [120-122]. Still there
are a large number of opportunities to develop suitable sup-
ported metal catalysts for this type of reaction.

Supported metal catalysts in organic synthetic reaction:
Catalytic reaction can be run over supported or unsupported
metal catalysts. The active sites on a heterogeneous catalyst
are found on its surface. Usually, the efficient catalysts have a
large catalytically active surface exposed to the reaction medium.
One way to maximizing the active surface of a catalyst is it
can be used as a very fine powder as unsupported catalyst. The
unsupported metals are found in variety of forms; single crystals,
colloids, powders, blacks, skeletal and nanoparticles. Single
crystals were used somewhat routinely in the early catalytic
research for developing the mechanism in vapour phase reactions
[123]. Since most of the synthetic reactions are run in liquid phase
these single crystal metal catalysts find little use in the study
of synthetic reactions. Black or powder is a metallic powder
obtained by the reduction of metal salt or condensation of metal
vapour [47]. But they are usually composed of relatively large
particles having a low surface area and poor activity [17,48].
Skeletal metals are produced by leaching out one component
of an alloy and leaving the active species behind in the form
of porous materials having a high surface area [47-49]. How-
ever, heating of unsupported catalysts usually results in sintering
or agglomeration of the small particles into larger, less efficient
entities [124]. The most common way to minimizing metal
catalyst sintering is to distribute the active component over a
porous, thermostable, inert support. The support may be inor-
ganic oxides, active carbon, polymers and zeolites.

Catalysts with a supported metal comprise 0.1-20 wt.%
metal from group 8 or 9, which is dispersed on the support
surface, usually a high-surface area oxide [125]. These catalysts
are widely used in industries and research laboratories. Because
an active metallic phase exists as extremely small particles

with a dispersion degree (i.e., the fraction of atoms exposed to
the surface) of 10-100%, these catalysts are effective. These
catalysts are widely separated from each other and firmly anch-
ored to supports. Thus, they do not readily sinter or coalesce.

The activity of the dispersed catalyst particles in these
supported catalysts is influenced by a number of factors, prim-
arily the relative amount of catalytically active materials present,
the surface area of the support, nature of the support and the
strength of support-catalyst particles interaction. Metal catalysts
with a low metal loading are generally composed of very small
crystallites widely scattered over the surface of the support.
Such crystallites generally have a high dispersion and the metal
is efficiently used as catalyst. As the metal load increases, the
crystallites become close to each other and frequently get larger
in size. Thus the crystallites are become more resistant to thermal
sintering. Obviously, if the catalyst crystallites are came in
contact to each other then thermal coalescence can be expected
to take place with a resulting loss of active surface area. The
low metals loaded highly dispersed catalysts provide a maximum
surface area per unit mass of metal. While the catalysts having
larger number of catalyst particles spread over the support
surface also provide a maximum metal surface area per volume
of catalyst.

Generally noble metal catalysts have low metal loads and
high metal dispersion, while catalysts containing the less expen-
sive base metals have higher metal loadings. The surface area
of a support is directly related to pore size, distribution and
volume. The maximum surface area for the support or catalyst
is the best possible arrangement. The surface area is not only
associated with external surface of the particles but also with
the surface of all the pores within the particles. A particle with
small diameter pores will have a higher surface area than one
with larger diameter pores having both the same total pore
volume.

In case of vapour phase reaction involving molecules,
catalyst particles having a large number of smaller pores and
higher surface areas are preferred. Reactions of larger mole-
cules are usually run in a liquid medium. For such reactions
catalysts having smaller pores are inefficient since the diffusion
restraints would severely hinder the reaction. Catalysts have
larger pores with the catalytically active sites located near the
surface of the support particles. So diffusion of the reactants
to the active sites will not be a significant factor in the reaction.

Synthetic routes to oxide supported metal catalysts:
The metal components are dispersed over the oxide support
by various methods that include impregnation, precipitation
and coprecipitation, deposition precipitation, ion-exchange,
sol-gel, incipient wetness impregnation, spray drying, freeze
drying, etc. [126,127]. However, all these processes are involved
and sometimes require special equipment and are time
consuming. Patil et al. [128,129] introduced a novel technique,
the single-step solution combustion method, which involved
the combustion of the metal salts with organic fuels, for the
preparation of different fluorite, perovskite, spinel and mixed
oxides [130,131].

Some advantages and disadvantages associated with the
conventional methods which are coprecipitation and deposition-
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precipitation are beneficial for synthesizing catalysts having
high metal loadings (e.g. >10 wt.%) and those having low metal
loadings of 0.01-5 wt.%, respectively. A limited coprecipitation
cannot be applied to SiO2 but supports Al2O3 because these
hydroxide precursors or metal oxides cannot be coprecipitated
using noble metal hydroxides. The sol-gel method can be used
instead of coprecipitation for the SiO2 support. Deposition-
precipitation can be applied to basic metal oxides having the
point of zero charge (PZC) of >5 pH. On the surfaces of supports
of acidic metal oxide having PZC of < pH 5, noble metal hydro-
xides cannot be precipitated.

Metal-support interaction in supported metal catalysts:
The concept of a metal-support interaction (MSI) is one of the
oldest in heterogeneous catalysis. Initially, it was thought that
the support material is inert and serves simply as a vehicle for
keeping the catalytically active species separated and thus,
minimizes sintering. This is accomplished because catalyst
crystallities are formed some type of chemical bond to the
support material by so they are not free to migrate across the
surface and agglomerate or coalesce with other crystallities to
form larger particles. Since, the catalyst particles are anchored
to the support through some form of bonding the support can,
potentially, also influence the activity of the catalyst [132].

This support effect can be assumed as taking place in two
distinct ways. First, the support could modify the electronic
character of the catalyst particles. This could affect the adsor-
ption and reaction characteristic of the catalytically active sites.
Another possibility is that the shape of geometry of the catalyst
particles. The electronic effect could change the activity of
the sites on the surface while geometric effect would modify
the number of active sites present. The first specific suggestion
of how the catalytic properties of a metal might be influenced
by the support came about 85 years ago by Adadurov (1935).
He proposed that metals would be polarized by the surface of
oxides containing highly charged cations [133]. The catalytic
property of the supported metal catalyst is strongly influenced
by the metal support interaction [134-136]. According to Bond’s
proposition, the metal-support interactions are of three types,
namely strong (SMSI), medium (MMSI) and weak (WMSI)
[137]. As has been discussed, the SMSI is ascribed to transition
metals supported on reducible oxides like CeO2, TiO2, BaTiO3,
etc. [138-143]. The metal-support interaction is increased with
more reducible support. The weak metal-support interaction
(WMSI) is generally associated with non-reducible oxides such
as SiO2, Al2O3, ZrO2, etc. [144-147]. But the classification is
not so straightforward. There are instances of SMSI effect in
non-reducible oxide supports [148,149]. The difference between
the two categories lies in the facts that MSI is induced under
more serve conditions and the property of the catalyst is less
pronounced in case of nonreducible oxides.

The catalytic activity of noble metals is decreased signifi-
cantly as the metal-support interaction increase with reducible
support. Several explanations are given for the deactivation
behaviour associated with SMSI [150,151]. Four models are
proposed for the origin of SMSI, namely, electron transfer,
morphological effects, alloying and decoration [152]. Even
after extensive studies, a fundamental understanding of the origin

of the SMSI effect remains unclear and it is still a subject of
current research [153].

Conclusion

From the foregoing discussion, it is suggested that there
is lot of scope towards design of effective catalytic formu-
lations. The preparation of industrially or synthetically important
active catalyst for hydrogenation and oxidation reactions has
been the constant motivation of researchers in this area of
catalysis as outlined above. Inorganic oxide supported noble
or base metal catalysts are extensively used as active catalyst
for the synthetic organic reactions. It must be kept in mind
that the sources of noble metal are limited and also the extra-
ction procedure is costly, which in turn increases the cost of
noble metals or its salts. Thus, urge is to reduce the amount of
noble metal in the catalyst. But this should not affect the catalyst
activity adversely. Conventional dispersion of metal compo-
nent as zero-valent metal gives rise to finely dispersed nano-
crystallities of size ~3-5 nm on oxide surface. Further reduction
of metal crystallities size to ~1 nm will further increase the
dispersion with lower amount of metal doping and hence the
rate of reaction will be enhanced. Whatever may be the size of
the crystallite, only the metal atoms at the surface of it takes
part in chemisorption and catalytic action. The highest possible
dispersion with highest activity can be achieved by dispersing
each metal atom at the surface, which is not possible by the
conventional methods of dispersing metals since due to metal-
metal interaction, agglomerated metal crystallites are formed
in the end. Thus the catalyst is multiphasic in nature. To make
use of each metal atom as the adsorption site, the metal atoms
should be placed at particular lattice positions. If the metals
are substituted in support lattice in the form of metal-ion by
using proper support or proper catalytic preparation methods,
then the predominant electronic interaction will be a strong
ionic interaction between metal ion and the oxide support.
This means that substitution of metal ion in the support lattice
is to be achieved forming single phase metal-ion substituted
oxide. The metal ions in its positive oxidation state can easily
be reduced by other oxidizable substances. Therefore, if the
metal is dispersed as ionic form and if one is able to keep the
oxidation state in positive state, in principle oxidation can be
carried out over such ionically dispersed catalyst. The questions
which automatically arise are: (i) How to substitute metal in
its ionic form; and (ii) whether the catalytic capability would
be the same in its oxidized state and in the zero-valent metallic
state? So it is still challenging to prepare an efficient catalyst
for synthetically important organic reactions in 21st century.
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The Rarh Bengal of India has huge potential for development of geotourism due to its diverse
landscape consisting of hills, dome shaped inselberges, tors, dams, badlands, springs, waterfall,
ravines etc. The combination of vast dense forest and diverse flora and fauna with various geo-
morphic features has created a prosperous and complex geodiversity in the Rarh region. How-
ever, the potential of geotourism in the region has not yet fully developed. The main objective
of this study is to emphasize the potential for geotourism in the Rarh region of West Bengal
and to determine the existing status and geotourism prospective of geosites in this region. In
this paper, the authors have proposed an inventory of geosites in the Rarh region and analyzed
the vast potential of geotourism among them. A comparative analysis of the selected sites has
been carried out by applying the Modified Geosite Assessment Model (M-GAM), which has ex-
posed the most suitable geosites for the development of future geotourism. The M-GAM pro-
vided the significant assessment of both Main Values and Additional Values of the sites
according to the status of each sub-indicator in the valuation model assumed by tourists. The
results of this study reveal information about the major aspects of the development of each
geosites and identify which sites need more attention and better management in future, so
that the region becomes much attractive to larger number of tourists and becomes a well-
known geotourism destination.

© 2021 Beijing Normal University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The “geotourism: approach was developed in the late 1980s after the recognition by the geologists of schools, universities and
museums in United Kingdom (Hose, Markovi, Komac, & Zorn, 2011). The term “geotourism” has been invented rather recently
and was first coined in 1995 by Thomas A Hose, Professor of Earth Science at the University of Bristol in the United Kingdom
(Antic & Tomic, 2017; Grover & Mahanta, 2018). According to Thomas A Hose (2005), the definition of geotourism is “to ensure
the value and social preservation of geological and geomorphological sites and their materials and to provide interpretative facilities and
services for the use of students, tourists and other casual recreationalists” (Hose, 2005, p 27; Hose, 1997, p 2955). This definition
clearly represents that the key focus of geotourism is on interpretation, promotion and preservation, which are all significant el-
ements for the development of geotourism. According to Newsome and Dowling (2010), geotourism is an arrangement of natural
area tourism that specially focuses on landscape and geology and their interpretation, promotion and conservation with the help

International Journal of Geoheritage and Parks xxx (xxxx) xxx

⁎ Corresponding author.
E-mail address: mahatomanojkumar16@gmail.com. (M.K. Mahato).

IJGEOP-00070; No of Pages 10

https://doi.org/10.1016/j.ijgeop.2021.05.002
2577-4441/© 2021 Beijing Normal University. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Contents lists available at ScienceDirect

International Journal of Geoheritage and Parks
j ourna l homepage: ht tp : / /www.kea ipub l i sh ing.com/en/ journa ls /

in te rnat iona l - j ourna l -o f -geoher i tage-and-parks/

Please cite this article as: M.K. Mahato and N.C. Jana, Exploring the potential for development of Geotourism in Rarh Bengal,
Eastern India using M-GAM, International Journal of Geoheritage and Parks, https://doi.org/10.1016/j.ijgeop.2021.05.002

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijgeop.2021.05.002
mahatomanojkumar16@gmail.com
https://doi.org/10.1016/j.ijgeop.2021.05.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
http://www.keaipublishing.com/en/journals/international-journal-of-geoheritage-and-parks/
http://www.keaipublishing.com/en/journals/international-journal-of-geoheritage-and-parks/
https://doi.org/10.1016/j.ijgeop.2021.05.002


of appreciation and education. The definition of geotourism has evolved throughout the years, and Hose and Vasiljevic gave an
updated version of definition in 2012 (Jonic, 2018). According to them “geotourism is the providing of informative and service facil-
ities for geosites and geomorphosites and their surrounding topography together through their allied in-situ and ex-situ artifacts, to
build of constituency for their conservation by making appreciation, learning and research for current and future generations” (Hose
& Vasiljevic, 2012, p 25; Jonic, 2018, p 113). The definition and the approach of geotourism (Hose, 1995) was accepted and en-
dorsed by UNESCO in its preliminary geopark documentation (Hose et al., 2011; Patzack & Eder, 1998).

Geotourism is a nature of tourism that renovates its activities (Pereira, da Cunha, & Nascimento, 2018), involving abiotic ingre-
dients (geology, landscape, geomorphic forms, climate etc.), biotic components (flora & fauna) and culture (Dowling, 2013;
Wulung & Rajoendah, 2019). Geotourism is a comparatively new phenomenon based on old ideas about tourism and belongs
to a category of special interest tourism (Antic & Tomic, 2017). In the general sense, geotourism signifies the upgrade and protec-
tion of geological heritage care of tourism through the education and interpretation (Tomic, 2016). This is a new emerging type of
tourism that environmentally innovative (Dowling, 2013). It promotes geosites into a tourist destination and preserves the
geodiversity with the understanding of earth science. It has been proposed that greater concentration should be given to environ-
mentally innovative forms of tourism, which encourage both environmental and social obligation (Paskova, 2012). Geotourists
travel individually or in groups and they may visit whether these are natural areas or built-up areas, they opt the areas that
have geological attraction for tourism.

Rarh Bengal Region is a toponym for an area in the Indian subcontinent (Faridi, 2013), which lies between the Ganges Delta on
the east and Chhotanagpur Plateau on the west. The Rarh Bengal Region is very rich in terms of geodiversity existing in numerous
forms. This province is very rich with numerous hills, dome-shaped inselbergs, tors, dams, badlands, springs, waterfall and ra-
vines, which is located in a relatively small area. Besides, this territory is well-known lateritic landscape endowed with lots of
geoarchaeological sites (Chakrabarty & Mandal, 2019). These sites are outstanding representatives of this area's geodiversity.
Geotourism sites usually consist of all geological, geomorphological and pedological values produced through the formation of
the Earth's crust (Djurovic & Mijovic, 2006). All of these values are being present in the region of Rarh Bengal in India, which
has made this territory extremely promising for the development of geotourism in the future. Therefore, we can say that the
Rarh Bengal Region is underdeveloped in agriculture and industry, if geotourism was developed here, the region may be econom-
ically dependent on the combined influence of agriculture, industry and geotourism.

The main objective of this study is to explore the potential of geotourism in the Rarh Bengal of eastern India and to identify
the most suitable geosites for the development of geotourism. This study is based on the Modified Geosite Assessment Model (M-
GAM) provided by Tomic and Bozic (2014). M-GAM is a modified version of GAM (Geosite Assessment Model) by Vujicic et al.
(2011), where incorporate the opinions of the visitors or tourists (Pal & Albert, 2018; Tomic & Bozic, 2014). M-GAM has been
used to compare the existing status of selected sites and compare their geotourism potential.

This model has been applied to eleven geosites in the Rarh Bengal of eastern India. The results of the analysis provide infor-
mation on major areas of improvement and identify which areas need more attention and better management in future so that
the region can become a recognized geotourism destination, which will be able to mesmerize a large number of tourists in the
future years to come. So keeping in view of the above discussion, this paper has given emphasis an enquiry about how the
geosites are more potential for geotourism in Rarh Bengal.

2. Materials and methods

2.1. Study area

Rarh Bengal is a major part of the physiographical divisions of West Bengal, which lies between the Chhotanagpur Plateau in
the west of India and the Ganges Delta in the east of India. The Rarh Bengal is located in the southwestern part of the Indian state
of West Bengal, bounded by latitudes of 21°39′43” N to 24°35′51”N and longitudes of 85°49′27″ E to 88°28′43″E (Fig. 1). Purulia,
Bankura, Jhargram, Birbhum, Paschim Bardhaman, Purba Bardhaman and Paschim Medinipur are located in Rarh Bengal. In addi-
tion to, promotion of geotourism can generate employment opportunities for towards pandering rural economy in these districts
of Rarh Bengal. Rarh Bengal is diversified with number of hills, dome-shaped inselberges, tor topography, undulating upland, val-
leys, erosional plain and ravines; the regions is characterized by lateritic land surface and sub-tropical monsoon type of climate
with very high day temperatures during the summer months reaching up to 47 °C (Purulia district in January 2020) (IMD, Kol-
kata). The region is not favorable for agricultural development and any capital-intensive industry due to the deficit of adequate
water. However, the area has great potentially for tourism promotion (Chakrabarty & Mandal, 2018, 2019) because of its richness
in terms of geodiversity existing in numerous forms.

The proposed geosites inventory comprises eleven geosites located throughout the Rarh Bengal in India (Fig. 1. & Table 1). In
addition to these geosites, many other sites can be included in the geotourism activities. However, priority should be given to the
eleven selected geosites at the initial stage of geotourism development in this region, as they already have some infrastructural
necessities for tourism development along with their attractiveness and accessibility.

2.2. Methodology

The methodology of this study is based on the Modified Geosite Assessment Model (M-GAM), provided by Tomic and Bozic
(2014). The M-GAM method has developed based on previous geosite assessment methods established by different authors
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(Bruschi & Cendrero, 2005; Coratza & Giusti, 2005; Erhartic, 2010; Hose, 1997; Jonic, 2018; Pereira, Pereira, & Caetano Alves, 2007;
Pralong, 2005; Reynard, 2008; Reynard, Fontana, Kozlik, & Scapozza, 2007; Serrano & Gonzalez-Trueba, 2005; Tomic, 2011; Tomic,
Markovic Slobodan, Antic, & Tesic, 2020; Vukovic & Antic, 2019). It combines the views of both side's tourists and experts with
equal importance, in such a way, no one is favored in the evaluation process (Tomic et al., 2020; Vukovic & Antic, 2019). The
M-GAM has been efficaciously tested and applied several times for the appraisement of various geosites (Bozic, Tomic, & Pavic,
2014; Boskov et al., 2015; Antic & Tomic, 2017; Ticar et al., 2018; Vukoicic, Milosavljevic, Valjarevic, Nikolic, & Sreckovic-
Batocanin, 2018; Antic, Tomic, & Markovic, 2019).

The M-GAM contains two basic indicators: Main Values (MV) and Additional Values (AV), which are furthermore divided into
12 and 15 sub-indicators respectively and each indicator is individually denoted by a value from 0.00 to 1.00. This category is cre-
ated due to two common types of values: the Main Values - which are mostly generated by the natural properties of the geosite
and the Additional Values - these are mostly human-induced and created by modifications in its use by visitors. The Main Values
consist of three groups of sub-indicators: (i) scientific/educational values (VSE), (ii) scenic/aesthetic values (VSA) and (iii) protec-
tion (VPr). In addition, Additional Values are divided into two groups of sub- indicators: (iv) functional values (VFn) and
(v) touristic values (VTr). The structure of indicators and sub-indicators of Main Values and Additional Values are shown in
Table 2a and grades values in Table 2b.

Fig. 1. Location of proposed geotourism sites of the Rarh Bengal.

Table 1
Proposed geosites in the Rarh Bengal of eastern India.

Geosites label Geosites name Geographical location

GS1 Ajodhya Hills and forest reserve area
23°06′25.53″N to 23°21′30.46″N
85°57′22.53″E to 86°14′08.87″E

GS2 Murguma Dam and nearby Hills 23°18′54.29″N to 86°03′01.24″E
GS3 Joychandi Pahar 23°31′21.07″N to 86°40′01.08″E
GS4 Baranti Hill & Dam 23°35′20.19″N to 86°49′58.16″E
GS5 Garhpanchkot 23°37′06.65″N to 86°45′45.60″E
GS6 Susunia Hill 23°23′42.51″N to 86°59′14.76″E
GS7 Mukutmanipur Dam 22°57′50.07″N to 86°47′20.39″E
GS8 Laljal Cave 22°44′55.24″N to 86°40′43.88″E
GS9 Gangani Ravine 22°51′28.68″N to 87°20′22.96″E
GS10 Khoyai 23°41′30.43″N to 87°40′23.32″E
GS11 Mama Bhagne Pahar 23°47′06.98″N to 87°22′19.50″E
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The sum of the grades 0.00 to 1.00 of the 12 sub-indicators of Main Values and 15 sub-indicators of Additional Values are de-
fined using the following simple equation (Eq. 1):

M − GAM ¼ MV þ AV ð1Þ

Where, MV represents Main Values and AV represents Additional Values. Since the Main Values and Additional Values contain 3
and 2 groups of sub-indicators, so the values are determined by these two equation:

MV ¼ VSE þ VSAþ VPr ð2Þ

AV ¼ VFnþ VTr ð3Þ

This model is done for each sub-indicator after which the values are added up according to the M-GAM equation but this time
due to the adding of the importance factor (Im), it indicates a more objective and accurate result finally. Visitors in the same way
like the experts, determine a numerical value of this parameter for the Main Values and Additional Values of each of these

Table 2a
The structure of M-GAM.

Indicators/Sub-indicators Description

Main Values (MV)

Scientific/Educational value (VSE)
(1) Rarity Number of closest identical sites
(2) Representativeness Didactic and exemplary features of the site due to its own value and general configuration
(3) Knowledge on
geoscientific issues

Number of papers written in recognized journals, theses, exhibitions and other publications

(4) Level of interpretation
Levels of explanatory potential on Geological and geomorphological processes, phenomena, shapes and stages of scientific
knowledge

Scenic/Aesthetic values (VSA)

(5) Viewpoints
Number of viewpoints accessible by pedestrian path. Everyone must present a specific perspective and be located less than
1 km from the site.

(6) Surface Surface means the entire surface of the site. The quantitative relationship of each site with other sites is considered.
(7) Surrounding landscape
and nature

The quality of the panoramic view, the presence of water body and natural vegetation, the absence of human-induced
degradation, the vicinity of urban areas, etc.

(8) Environmental fitting of
sites

The level of contrast with nature, the contrast of color, the presence of size and shapes, and so on.

Protection (VPr)
(9) Current condition Current state of geosite
(10) Protection level State of protection by local groups, state govt., national govt., international organizations, etc.
(11) Vulnerability Vulnerability level of geosite
(12) Suitable number of
visitors

The proposed number of visitors entering the geosite at the same time according to the space, vulnerability and existing
status of the geosite.

Additional values (AV)

Functional values (VFn)
(13) Accessibility Opportunities of approaching to the site
(14) Additional natural values Number of extra natural values in the radius of 5 km (geosites are also included)
(15) Additional anthropogenic
values

Number of auxiliary anthropogenic values in the radius of 5 km

(16) Vicinity of emissive
centers

Proximity to emissive centers

(17)Vicinity of important road
network

Proximity to important road networks within a radius of 20 km

(18)Additional functional
values

Parking services and facilities, gas station, mechanical facilities etc.

Touristic values (VTr)
(19) Promotion Level and number of promotional agencies and resources
(20) Organised visits Total number of organised visits to the geosite annually
(21) Vicinity of visitors
centers

Proximity to the visitor center on the geosite

(22) Interpretative panels Interpretative features of text, graphics, size and volume of material, quality and decoration of surroundings etc.
(23) Number of visitors Number of annual visitors

(24) Tourism infrastructure
Additional infrastructural facilities for tourists (internal pathways, resting spaces, drinking water facilities, garbage cans,
toilets etc.)

(25) Tour guide service If existing, their level of skill, knowledge of local and foreign languages (speaking), explanatory skills etc.
(26) Hostelry service Hostelry service near to the geosite
(27) Restaurant service Hotel and restaurant service near to the geosite
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sub-indicators. These numeric values are marked as 0.00, 0.25, 0.50, 0.75 and 1.00. The importance factor (Im) is determined as
follows:

Im ¼
∑
K

K¼1
Ivk

K
ð4Þ

Where, Ivk is the assessment or score for each sub-indicator given by a visitor, whereas K is total number of visitors. Here the value of
Im can be any value from 0.00 to 1.00.

Finally, the equation of M-GAM is presented as follows:

M−GAM ¼ MV þ AV

Where; MV ¼
Xn

i¼1

Imi � MVi
ð5Þ

AV ¼ ∑
n

i¼1
Imi ∗ AVi ð6Þ

The M-GAM equation shows that the values of the Im of each sub-indicator determined individually by the visitors are mul-
tiplied by the values of each sub-indicator given by the experts. In this way, the value of each sub-indicator in the model is
determined.

Table 2b
Grades values of M-GAM.

Sub-indicators Grades (0.00–1.00)

0.00 0.25 0.50 0.75 1.00

1 Common Regional National International The only occurrence
2 None Low Moderate High Utmost

3 None Local publications Regional publications National publications
International
publications

4 None
Processes are moderate level,
but the detection is difficult
to interpret to non-experts

Good examples of processes,
but difficult to interpret to
non-experts

Processes are moderate
level, but easy to
interpret to the average
visitor

Good examples of
processes and easy to
interpret to the average
visitor

5 None 1 2 to 3 4 to 6 > 6
6 Small – Medium – Large
7 – Low Medium High Utmost
8 Unfitting – Neutral – Fitting
9 Completely damaged

(due to the various
activities of human)

Extremely damaged (due to
the natural processes)

Moderate level of damaged
(with necessary
geomorphological features
are preserved)

Slightly damaged No damage

10 None Local Regional National International

11
Irrevocable (with the
probability of total
loss)

High (can be damaged
simply)

Moderate (can be damaged by
any of the natural processes
or human activity)

Less (can only be harmed
by human activity)

None

12 0 1 to 10 11 to 20 21 to 50 > 50

13 Unreachable
Low (walking with special
equipment through expert
tourist guide)

Moderate (via bicycles and
other means of transport that
uses muscle power)

High (by car)
Utmost (by bus, train,
helicopter, etc.)

14 None 1 2 to 3 4 to 6 > 6
15 None 1 2 to 3 4 to 6 > 6
16 > 100 km 100 to 50 km 50 to 25 km 25 to 5 km < 5 km
17 None Local Regional National International
18 None Low Medium High Utmost
19 None Local Regional National International
20 None < 12 per year 12 to 24 per year 24 to 48 per year > 48 per year
21 > 50 km 50 to 20 km 20 to 5 km 5 to 1 km < 1 km
22 None Low quality Medium quality High quality Utmost quality
23 None Low (< 5000) Medium (5001 to 10,000) High (10,001 to 100,000) Utmost (> 100,000)
24 None Low Medium High Utmost
25 None Low Medium High Utmost
26 >50 km 25 to 50 km 10 to 25 km 5 to 10 km < 5 km
27 >25 km 10 to 25 km 5 to 10 km 1 to 5 km < 1 km
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Survey was conducted in March 2019 to study various geotourist sites and calculated the importance factor (Im) for each sub-
indicator in this model. The questionnaire contained 27 sub-indicators or questions and every visitor was questioned to rate the
importance of all sub-indicator on a five-point Likert scale (ranging from 0.00 to 1.00), it was done in the same way as the experts
did. A total of 164 visitors completed the questionnaire. However, the main fact is that all the geosites of Rarh Bengal have not yet
become such a popular tourist destination and the analyzed Baranti hill and dam, Khoyai and Laljal cave are not visited by more
than 500 visitors every year. Thus, it can be said that the size of the sample is sufficient for judgment and decision-making.

3. Results and discussion

For this study, previously described eleven geosites of the Rarh Bengal were evaluated by applying the M-GAM method. The
final results of this assessment are shown in Tables 3 and 4 as well as in Fig. 2. The comprehensive analysis of the results is com-
prised the assessment of the Main Values and Additional Values of the geosites. The Main Values contain 12 sub-indicators of
geosites associated with scientific/educational values (VSE), scenic/aesthetic values (VSA) and protection (VPr). The Additional
Values contain 15 sub-indicators of geosites related to functional values (VFn) and tourist values (VTr).

Table 4 and Fig. 2 show that the Main Values of Ajodhya Hills and forest reserve area is highest, which is 9.21, followed by
Garhpanchkot is 9.00, Mukutmanipur Dam is 9.00 and Gangani Ravine is 8.65 respectively. All these geosites have extremely
high scientific/educational values (VSE) and scenic/aesthetic values (VSA), especially in case of rarity (SIMV1), representativeness
(SIMV2), level of interpretation (SIMV4), viewpoints (SIMV5), surrounding landscape and nature (SIMV7) and environmental fitting
of sites (SIMV8); while SIMV2 and SMIV5 at Mukutmanipur Dam, SIMV4 at Garhpanchkot and SIMV5 at Gangani Ravine are slightly
lower. These four geosites have the highest Main Values due to the high values of the importance factor (Im) for these sub-
indicators. Although the Susunia Hill has the best in representativeness (SIMV2), environmental fitting of sites (SIMV8), accessibil-
ity (SIAV1), annual number of organised visits (SIAV8) and tourism infrastructure (SIAV12), it is at a lower end of scale in
geotourism development due to its lower Main Values. The main reason for this is the very low scenic/aesthetic values (VSA), es-
pecially the surface (SIMV6) is very low, the surrounding landscape and nature (SIMV7) is moderate and there are no separate
viewpoints except a temple and a spring in the hill. Similarly, the main reason for the lesser Main Values (6.00) in Laljal Cave
is resulted from the lower scenic/aesthetic values (VSA) (1.31). Khoyai also has very low scenic/aesthetic (VSA) (1.73) and protec-
tion (VPr) (1.60) values, so its Main Value is very low (5.95). Moreover, for Murguma Dam and nearby Hills Joychandi Pahar,
Baranti Hill & Dam and Mama Bhagne Pahar, the values of all the main indicators present a consistent level in terms of its differ-
ent values i.e., scientific/educational values (VSE), scenic/aesthetic values (VSA) and protection (VPr).

The geosites with the lowest Main Values are Susunia Hill (5.67), Khoyai (5.95) and Laljal Cave (6.00). The values of the sub-
indicators underlying to Main Values of these geosites, such as surface (SIMV6), knowledge on geo-scientific issues (SIMV3), view-
points (SIMV5) and surrounding landscape and nature (SIMV7) are very low, although knowledge on geo-scientific issues (SIMV3)
is much higher in the Laljal Cave due to its geological significance. The main reason why visitors visit these geosites is that these
are located on the way to other important geosites in the area. The sites like Susunia Hill, Joychandi Pahar, Baranti Hill & Dam and
Garhpanchkot are located side by side, so tourists visit all the sites together. Tourists visit Khoyai as it is located near important
cultural center like the Santiniketan.

In terms of protection values (VPr), these four geosites i.e., Ajodhya Hills and forest reserve area, Murguma Dam and nearby
Hills, Garhpanchkot and Mukutmanipur Dam have the highest protection values (VPr), each of which has the equal value
(2.51). These four are followed by Joychandi Pahar (2.36), Gangani Ravine (2.36), Baranti Hill & Dam (2.34), Mama Bhagne
Pahar (2.29) and Susunia Hill (2.12) etc. respectively. The four geosites with the highest protection values are protected on a na-
tional level, and they are located in rural environment far away from the urban center, so they do not suffer any damage. Khoyai
is the site with the lowest protection values (VPr), which is 1.60. Even though it is under national level of protection, the values of
current condition (SIMV9) and vulnerability (SIMV11) are much lower due to the presence of excessive erosion prone lateritic soil.

In terms of Additional Values, the highest value is seen in the Ajodhya Hills and forest reserve area (8.17), which is followed
by Joychandi Pahar (7.57), Mukutmanipur Dam (7.02),

Garhpanchkot (6.64), Gangani Ravine (6.22) etc. respectively. Although the functional values (VFn) of these sites are almost
the same, the greater disparity in tourist values (VTr) has led to diversity among them. In addition, Laljal Cave and Baranti Hill
& Dam are located in very remote areas, so the value of their all sub-indicators in the Additional Values (AV) is much lower.

In case of functional values (VFn), Garhpanchkot, Khoyai, Ajodhya Hills and forest reserve area, Gangani Ravine, Joychandi
Pahar and Mama Bhagne Pahar have highest values, which are 3.35, 3.03, 3.00, 2.94, 2.90 and 2.85 respectively. There are
ample facilities to reach these six sites, they are connected to the important road network of national highways and state high-
ways and the location away from the big urban centers has increased their functional values (VFn). Therefore, their values of ac-
cessibility (SIAV1), vicinity of important road network (SIAV5) and vicinity of emissive centers (SIAV4) are at the utmost or greatest
level on the five-point Likert scale. Moreover, the score of additional functional values (SIAV6) of these sites ranges from high to
the utmost. To reach the three sites of Laljal Cave, Baranti Hill & Dam and Murguma Dam and nearby Hills, visitors has to take
private car on rural roads, which are inaccessible to big buses; again during the rainy season no visitors can go due to the bad
condition of the road, so their functional values is lowest.

Lastly, from the point of view of tourist values (VTr), it can be seen that its values is the lowest in Laljal cave (0.58), which is
followed by Baranti Hill & Dam (1.83), Khoyai (1.93), Mama Bhagne Pahar (2.08), Susunia Hill (2.45) and Murguma Dam and
nearby Hills (2.51) etc. respectively. Although promotion (SIAV7), annual number of organised visits (SIAV8) and annual number
of visitors (SIAV11) are present in lower range at Laljal cave, but others sub-indicators of tourist values (VTr) are completely
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Table 3
Sub-indicators values given by experts for each analyzed geosite.

Main indicators/sub-indicators Values given by experts (0 to 1) Im Total value

GS1 GS2 GS3 GS4 GS5 GS6 GS7 GS8 GS9 GS10 GS11 GS1 GS2 GS3 GS4 GS5 GS6 GS7 GS8 GS9 GS10 GS11

Main values

(I) Scientific/Educational values (VSE)
1. Rarity (SIMV1) 1.00 0.50 1.00 0.75 1.00 0.50 1.00 1.00 1.00 0.75 1.00 0.95 0.95 0.48 0.95 0.71 0.95 0.48 0.95 0.95 0.95 0.71 0.95
2. Representativeness (SIMV2) 1.00 1.00 0.75 1.00 1.00 0.75 1.00 1.00 1.00 0.50 0.50 0.79 0.79 0.79 0.59 0.79 0.79 0.79 0.59 0.79 0.79 0.40 0.40
3. Knowledge on geo-scientific issues (SIMV3) 1.00 0.50 1.00 0.75 1.00 0.50 1.00 0.75 1.00 1.00 0.50 0.66 0.66 0.33 0.66 0.50 0.66 0.33 0.66 0.50 0.66 0.66 0.33
4. Level of interpretation (SIMV4) 1.00 1.00 1.00 0.50 0.75 0.50 1.00 0.50 1.00 1.00 1.00 0.85 0.85 0.85 0.85 0.43 0.64 0.43 0.85 0.43 0.85 0.85 0.85

(II) Scenic/aesthetic values (VSA)
5. Viewpoints (SIMV5) 1.00 0.50 0.50 0.50 1.00 0.50 0.75 0.50 0.50 0.25 0.50 0.83 0.83 0.42 0.42 0.42 0.83 0.42 0.62 0.42 0.42 0.21 0.42
6. Surface (SIMV6) 1.00 0.75 0.50 0.50 1.00 0.00 1.00 0.00 1.00 0.50 0.50 0.84 0.84 0.63 0.42 0.42 0.84 0.00 0.84 0.00 0.84 0.42 0.42
7. Surrounding landscape and nature (SIMV7) 1.00 1.00 0.75 1.00 1.00 0.50 1.00 0.50 1.00 0.25 0.50 0.91 0.91 0.91 0.68 0.91 0.91 0.46 0.91 0.46 0.91 0.23 0.46
8. Environmental fitting of sites (SIMV8) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.50 1.00 1.00 1.00 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.44 0.87 0.87 0.87

(III) Protection (VPr)
9. Current condition (SIMV9) 1.00 1.00 1.00 1.00 1.00 0.75 1.00 1.00 1.00 0.50 0.75 0.89 0.89 0.89 0.89 0.89 0.89 0.67 0.89 0.89 0.89 0.45 0.67
10. Protection level (SIMV10) 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.50 0.75 0.75 0.75 0.67 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.34 0.50 0.50 0.50
11. Vulnerability (SIMV11) 0.75 0.75 0.50 0.75 0.75 0.75 0.75 0.50 0.50 0.25 0.75 0.58 0.44 0.44 0.29 0.44 0.44 0.44 0.44 0.29 0.29 0.15 0.44
12. Suitable number of visitors (SIMV12) 1.00 1.00 1.00 0.75 1.00 0.75 1.00 0.75 1.00 0.75 1.00 0.68 0.68 0.68 0.68 0.51 0.68 0.51 0.68 0.51 0.68 0.51 0.68

Additional values

(I) Functional values (VFn)
13. Accessibility (SIAV1) 1.00 0.75 1.00 0.75 1.00 1.00 1.00 0.75 1.00 1.00 1.00 0.87 0.87 0.65 0.87 0.65 0.87 0.87 0.87 0.65 0.87 0.87 0.87
14. Additional natural values (SIAV2) 1.00 0.50 0.50 0.50 1.00 0.50 0.75 0.50 0.75 0.25 0.50 0.67 0.67 0.34 0.34 0.34 0.67 0.34 0.50 0.34 0.50 0.17 0.34
15. Additional anthropogenic values (SIAV3) 1.00 1.00 0.75 0.50 1.00 1.00 0.75 0.25 0.50 1.00 0.50 0.48 0.48 0.48 0.36 0.24 0.48 0.48 0.36 0.12 0.24 0.48 0.24
16. Vicinity of emissive centers (SIAV4) 0.00 0.00 0.50 0.25 0.50 0.25 0.00 0.25 0.50 0.75 0.75 0.71 0.00 0.00 0.36 0.18 0.36 0.18 0.00 0.18 0.36 0.53 0.53
17. Vicinity of important road network (SIAV5) 0.75 0.75 0.75 0.50 0.75 0.50 0.75 0.50 0.75 0.75 0.75 0.74 0.56 0.56 0.56 0.37 0.56 0.37 0.56 0.37 0.56 0.56 0.56
18. Additional functional values (SIAV6) 1.00 0.50 1.00 0.50 1.00 1.00 1.00 0.25 1.00 1.00 0.75 0.42 0.42 0.21 0.42 0.21 0.42 0.42 0.42 0.11 0.42 0.42 0.32

(II) Tourist values (VTr)
19. Promotion (SIAV7) 0.75 0.75 1.00 0.50 0.75 0.50 0.75 0.50 1.00 0.75 0.75 0.56 0.42 0.42 0.56 0.28 0.42 0.28 0.42 0.28 0.56 0.42 0.42
20. Annual number of organised visits (SIAV8) 1.00 0.50 1.00 0.25 0.75 1.00 0.75 0.25 1.00 0.50 0.50 0.62 0.62 0.31 0.62 0.16 0.47 0.62 0.47 0.16 0.62 0.31 0.31
21. Vicinity of visitors centres (SIAV9) 1.00 0.50 0.25 0.00 0.25 0.25 0.00 0.00 0.25 0.00 0.00 0.81 0.81 0.41 0.20 0.00 0.20 0.20 0.00 0.00 0.20 0.00 0.00
22. Interpretive panels (SIAV10) 1.00 0.00 0.75 0.00 0.50 0.25 1.00 0.00 0.75 0.25 0.50 0.76 0.76 0.00 0.57 0.00 0.38 0.19 0.76 0.00 0.57 0.19 0.38
23. Annual number of visitors (SIAV11) 1.00 0.50 0.75 0.25 1.00 0.50 0.75 0.25 0.75 0.50 0.75 0.58 0.58 0.29 0.44 0.15 0.58 0.29 0.44 0.15 0.44 0.29 0.44
24. Tourism infrastructure (SIAV12) 0.75 0.00 1.00 0.50 0.75 0.75 1.00 0.00 0.50 0.25 0.25 0.70 0.53 0.00 0.70 0.35 0.53 0.53 0.70 0.00 0.35 0.18 0.18
25. Tour guide service (SIAV13) 0.00 0.00 0.50 0.00 0.00 0.25 1.00 0.00 0.00 0.00 0.00 0.63 0.00 0.00 0.32 0.00 0.00 0.16 0.63 0.00 0.00 0.00 0.00
26. Hostelry service (SIAV14) 1.00 0.50 1.00 0.25 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.73 0.73 0.37 0.73 0.18 0.00 0.00 0.18 0.00 0.00 0.00 0.00
27. Restaurant service (SIAV15) 1.00 1.00 0.75 1.00 1.00 0.25 1.00 0.00 0.75 0.75 0.50 0.72 0.72 0.72 0.54 0.72 0.72 0.18 0.72 0.00 0.54 0.54 0.36

GS1 - Ajodhya Hills and forest reserve area, GS2 - Murguma Dam and nearby Hills, GS3 - Joychandi Pahar, GS4 - Baranti Hill & Dam, GS5 – Garhpanchkot, GS6 - Susunia Hill, GS7 - Mukutmanipur Dam, GS8 - Laljal Cave, GS9 -
Gangani Ravine, GS10 – Khoyai, GS11 – Mama Bhagne Pahar.
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absent. On one hand, there are not any tourist guide, hostelry service, interpretive panels and such tourism infrastructure. On the
other hand, the sites with higher tourist values (VTr) are Ajodhya Hills and forest reserve area (5.17), Joychandi Pahar (4.67),
Mukutmanipur Dam (4.31), Garhpanchkot (3.29) and Gangani Ravine (3.28). These sites attract a large number of tourists and
organizations every year in the autumn, winter and spring seasons as they have high quality restaurants service including govern-
ment youth hostels and also have promotions from national to international level. Tourist guides of different languages are avail-
able in Joychandi Pahar and Mukutmanipur Dam, but they are inexperienced in foreign languages.

Based on the Main Values and Additional Values, all the sites of Rarh Bengal have been divided into three groups of sites with
the help of M-GAM matrix (Fig. 2). The first group has the highest Main Values and moderate Additional Values, it includes
Ajodhya Hills and forest reserve area, Mukutmanipur Dam, Gangani Ravine, and Garhpanchkot, all positioned in the Z32 field of
the matrix. The second group comprises sites with moderate Main Values and lowest Additional Values, which is located in the
Z21 field of the matrix in Fig.2. These sites are Murguma Dam and nearby Hills, Baranti Hill & Dam, Mama Bhagne Pahar, Khoyai
and Laljal Cave. The third group has the moderate Main Values and moderate Additional Values, it includes Joychandi Pahar and
Susunia Hill and is located in the Z22 field of the matrix in Fig.2.

Table 4
Overall position of the analyzed geosites by using M-GAM.

Geosites label Geosites name Main Values Additional Values Field

VSE + VSA + VPr ∑ VFn + VTr ∑

GS1 Ajodhya Hills and forest reserve area 3.25 + 3.45 + 2.51 9.21 3.00 + 5.17 8.17 Z32
GS2 Murguma Dam and nearby Hills 2.45 + 2.83 + 2.51 7.79 2.23 + 2.51 4.74 Z21
GS3 Joychandi Pahar 3.05 + 2.39 + 2.36 7.80 2.90 + 4.67 7.57 Z22
GS4 Baranti Hill & Dam 2.42 + 2.62 + 2.34 7.38 1.99 + 1.83 3.82 Z21
GS5 Garhpanchkot 3.04 + 3.45 + 2.51 9.00 3.35 + 3.29 6.64 Z32
GS6 Susunia Hill 1.82 + 1.74 + 2.12 5.67 2.65 + 2.45 5.1 Z22
GS7 Mukutmanipur Dam 3.25 + 3.24 + 2.51 9.00 2.71 + 4.31 7.02 Z32
GS8 Laljal Cave 2.66 + 1.31 + 2.03 6.00 1.76 + 0.58 2.34 Z21
GS9 Gangani Ravine 3.25 + 3.04 + 2.36 8.65 2.94 + 3.28 6.22 Z32
GS10 Khoyai 2.62 + 1.73 + 1.60 5.95 3.03 + 1.93 4.96 Z21
GS11 Mama Bhagne Pahar 2.53 + 2.16 + 2.29 6.98 2.85 + 2.08 4.93 Z21

Fig. 2. Position of the analyzed geosites in the M-GAM matrix.
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The key feature of M-GAM matrix is that sites with higher Main Values and higher Additional Values are suitable sites for the
successful development of geotourism. Again, the sites with lower Main Values and lower Additional Values are not suitable sites
for the development of geotourism. On the other hand, the sites that have lower Additional Values but the Main Values especially
the scientific/educational values (VSE) and scenic/aesthetic values (VSA) of which are higher, can also have the possibility to de-
velop geotourism by improving other necessary sub-indicators through further more investment (Bozic et al., 2014; Bozic &
Tomic, 2015; Jonic, 2018; Tomic et al., 2020; Vukovic & Antic, 2019).

Based on the M-GAM matrix, it can be said that the first group sites located in the Z32 fields have great potential for the de-
velopment of geotourism. It is seen that out of these, the Ajodhya Hills and forest reserve area has highest probability for the de-
velopment of geotourism, as it has vast area based on hilly and forested environment with more view points, improved
transportation and communication facilities, government hostelry service, restaurant service etc. Looking at the overall results,
it can be concluded that all the sites located in Z32 can attract a larger number of tourists through the improvement of promo-
tional activities, basic tourism infrastructure, visitor centers and tourist guide services etc. Located under Z22 field but at the
edge of Z32 field, the Joychandi Pahar has potentiality of geotourism like the first group sites. In the Z21 field, the Main Values
of Murguma Dam and nearby Hills and Baranti Hill & Dam are greater than 7.00, so it is possible for these sites to develop
geotourism by improving the values of sub-indicators of these sites.

4. Conclusion

In the view of above discussion, it can be concluded that Rarh Bengal in eastern India has many notable geosites with a lot of
potential for the development of geotourism. The sites in this region already have all the natural elements required for the devel-
opment of geotourism, but most of the sites lack tourist facilities. The M-GAM method evaluates the assessment of both Main
Values and Additional Values of each site according to their importance for tourists and the ultimate results has revealed that
there is plenty of room for geotourism improvement in these sites, especially in terms of the tourist values. It explicitly refers
to the investment for the improvement of tourism infrastructure based on the development of tourism as well as the enhance-
ment of management and planning. In addition, with all those enhancement as well as embodying the promotional activities,
these geosites could attract more visitors every year, which can benefit local community by creating new jobs and incomes to-
wards strengthening the local economy. However, the geotourim development at these sites needs to strictly adhere to the prin-
ciples of sustainable development as they belong to hilly and forested environments.
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In-beam spectroscopic technique using the fusion evaporation reaction52Cr(18O, 1p3n), at a beam energy of
72.5 MeV, was employed to explore the structural phenomena in66Ga, mainly at intermediate and high spins.
The experimental setup involved an array of 14 Compton suppressed Ge clover detectors, placed around the
target position to detect emittedγ rays from excited states. A new level scheme has been proposed, which is
enriched with more than 20 new transitions and is extended up to an excitation energy≈12 MeV. A few observed
intermediate spin states of66Ga are discussed in the framework of coupling of single-particle configurations with
the vibrational core of64Zn. Shell model calculations have also been performed with two different interactions,
viz., jj44bpn and jun45pn, for the interpretation of the observed level structure in66Ga.

DOI: 10.1103/PhysRevC.102.024328

I. INTRODUCTION

Complex excitations, including single-particle and collec-
tive ones, have been observed in Zn [1–8], Ga [9–12], and
Ge [13,14] isotopes, manifesting various shapes, which are
explained by simple theoretical models like the shell model,
the interacting Boson model, and cranked Nilsson Strutinsky
calculations. Nuclear level structures in65,67Ga are explained
in the framework of the interacting boson-fermion plus broken
pair model (IBFBPM), where low and medium spin nega-
tive parity yrast states are explained as originating from the
coupling of one quasiproton of the negative parity 1f or
2p orbital with the multiphonon vibrational states of64Zn
and 66Zn, respectively. High spin states in the former two
nuclei are mainly of three-quasiparticle nature, originating
from coupling of one proton with a broken neutron pair
excitations. A similar study on63Ga and65Ga by Weiszflog
et al. [9] revealed rotational-like structures built on 9/2+
and 19/2(−) states in both nuclei. Angular momenta of the
rotational states, built on the 9/2+ states, were reported to be
generated from the alignment of a neutron pair in theg9/2

orbital. As theg9/2 orbital is occupied by a single proton,
proton crossing is blocked by the Pauli exclusion principle.
All the observations in63,65,67Ga suggest that a large vari-
ety of phenomena emerge out of the competition between
single-particle and collective excitations, consisting of both

* Presently at Department of Physics, Salesian College, Siliguri
Campus, Siliguri 734001, India.

†buddhadev.mukherjee@visva-bharati.ac.in
‡Presently at IUAC, New Delhi, India.

vibrational and rotational degrees of freedom. Interestingly, in
68Ga, high spin states, viz., 9+, 11+, 13+, were compared re-
spectively with 9/2+, 13/2+, 17/2+ energy states of67Ga by
Singhet al. [12]. Configurations of these states in67Ga were
stated to be built predominantly from oneπg9/2 quasiproton
plus phonon configuration coming from the vibrational core
of 66Zn. Alternatively, it can be understood that 11+ and 13+
states of68Ga originate from the couplings of 9+ (πg9/2 ⊗
νg9/2) state of 68Ga with multiphonon vibrational states
of 66Zn.

In order to understand how this coupling of phonons with
single particles qualifies to yield the measured energy val-
ues, we have compared some already existing data with the
coupling configurations. Intermediate spin states of63,65,67Ga,
viz., 13/2+, 17/2+ and 21/2+ [9,11], are compared with
2+

1 ⊗ 9/2+, 4+
1 ⊗ 9/2+ and 6+1 ⊗ 9/2+ coupled states,

respectively, in Fig.1. As is evident from the figure, observed
states 13/2+, 17/2+, and 21/2+ of 63Ga are very close in
energy respectively to those states originating from couplings
of 2+

1 , 4+
1 , and 6+1 core states of62Zn [4] with the 9/2+ state

of 63Ga. Similarly, in the case of65Ga and67Ga, core states
are the multiphonon vibrational states of64Zn [7] and 66Zn
[15], respectively. In the case of65Ga, good agreement is
observed for 13/2+ and 17/2+ states but some discrepancy
appears at 21/2+, whereas in67Ga only the 13/2+ state is in
close proximity to the core-coupled state. This could be due
to the significant contribution arising from residual interaction
between the core and the particle with increasing spin and
mass number.

So, situated in between65Ga and67Ga, 66Ga is expected
to have a similar kind of systematics and intermediate spin
states will have complex structures, with contributions from
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FIG. 1. (a) Energy values of the observed 13/2+, 17/2+ and 21/2+ states in63Ga (data taken from Ref. [9]) are compared with the sum
energy values of 9/2+ state (of63Ga) coupled to, respectively, 2+

1 , 4+
1 , and 6+1 vibrational states of62Zn [4] forming, respectively, coupled states

13/2+, 17/2+, and 21/2+ in 63Ga. Here, energy values are quoted in keV. (b) Same as panel (a) but for65Ga, which has core states originating
from 64Zn [7] and 9/2+, 13/2+, 17/2+ and 21/2+ states from65Ga [9,11]. (c) Same as panel (a) but for67Ga, which has core states originating
from 66Zn [15] and 9/2+, 13/2+, 17/2+ and 21/2+ states of67Ga [11]. Please see text for details.

both single-particle and collective excitations. This kind of
investigation on observed levels in66,68Ga has been performed
and is described later in detail in the discussion section.

Earlier studies on66Ga were done with modest de-
tector setups using electron-capture decay and reactions
like 64Zn(α, pnγ ), 63Cu(α, nγ ), 64Zn(α, d ), 66Zn(p, nγ ),
66Zn(3He, t ), and 56Fe(13C, p2nγ ), which were used to ex-
plore only low and medium spin states [16–23]. The most
recent study by Bhattacharjeeet al., [10] was performed
using 15 Compton suppressed Ge clover detectors; the level
scheme was extended up to 21(+). Two bandlike structures
were observed, with the positive and negative parity bands
being described to have originated fromν(g9/2)3( f5/2)2 ⊗
π (g9/2)1( f5/2)2 andν(g9/2)2( f5/2)1 ⊗ π (g9/2)1( f5/2)2 config-
urations, respectively. As in63,65Ga and65Zn, the role of the
g9/2 neutron pair appears to be very significant in66Ga, as
its alignment along the rotational axis generates the angular
momenta of the high spin states in the bands. Here, we report
on an experimental investigation on medium and high spin
excitations of66Ga as well as its shell model description
mainly at low and intermediate spin values.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

In the fusion-evaporation reaction, an18O beam at 72.5
MeV was obtained from the 15-UD pelletron accelerator
[24] at the Inter University Accelerator Centre (IUAC), New
Delhi. An isotope of52Cr of thickness 1 mg/cm2 (isotopic
abundance≈99%), backed by 7 mg/cm2 gold, was used
as target. The emittedγ rays were detected in coincidence
with 14 Compton suppressed high-purity germanium (HPGe)
clover detectors of the Indian National Gamma Array (INGA)
[25]. Detectors were placed at three different angles, viz.,
123◦, 148◦, and 90◦ with respect to the beam direction. Time-
stamped data were collected in list mode with the help of the
computer-aided measurement and control (CAMAC) based
data acquisition softwareCANDLE [26]. Different symmetric
and angle dependentEγ -Eγ matrices from coincidence data
were constructed using analysis packages, viz.,RADWARE [27]
and INGASORT [28]. More details about the target, experi-
mental setup, and data analysis procedure can be found in
Refs. [5,29]. Multipolarity of a transition was determined
from the DCO ratio (RDCO) [30], which in the present INGA

geometry is defined as

RDCO = Iγ1 at 148◦ gated byγ2 at 90◦

Iγ1 at 90◦ gated byγ2 at 148◦
,

where Iγ1 is the measured intensity ofγ1 when the gating
transition isγ2. The expectedRDCO values for the stretched
quadrupole and the dipole transitions are≈1.0 (2.0) and
≈0.5 (1.0), for pure quadrupole (dipole) gates respectively.
In this work, RDCO values are measured by using stretched
E2 gates of 1189 (9+1 → 7+

1 ), 1268 (9+2 → 7+
2 ), 947 (13+1 →

11+
1 ), 1058 (15+ → 13+

2 ), and 1002 keV (14−1 → 12−
3 ) of

66Ga. Electric or magnetic nature ofγ -ray transitions was
determined from the polarization measurement [31,32], which
was analyzed by constructing two asymmetric matrices, one
with perpendicular and the other with parallel scattered events
(i.e., the events withγ rays scattered perpendicular or parallel
to the emission plane) of 90◦ detectors in one axis and
correspondingγ rays detected at all angles on another axis.
The asymmetry parameter was calculated as

�asym = a(Eγ )N⊥ − N‖
a(Eγ )N⊥ + N‖

,

wherea(Eγ ) represents the experimental asymmetry correc-
tion factor for clover detectors at 90◦ of the present INGA
setup and was determined from the ratio of the parallel (N‖)
and the perpendicular (N⊥) scattered events obtained from an
unpolarized source. It is defined as

a(Eγ ) = N‖(unpolarized)

N⊥(unpolarized)
.

The value of the asymmetry correction factor for the present
detector setup is found to be≈1.03(2) in the energy range
≈0.1–1.5 MeV using the standard152Eu radioactive source.
Electric (magnetic) type transitions will have positive (nega-
tive) polarization asymmetry (�asym) value, while a near zero
value of �asym indicates that there is a strong admixture.
Figures2 and 3 represent, respectively, the plots ofRDCO

and polarization asymmetry values for different transitions be-
longing to66Ga, which were observed in the measurements.
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FIG. 2. RDCO values for different transitions of66Ga (gated by
differentE2 transitions as mentioned in the text and in TableI) along
with those of selected transitions having definite multipolarities, viz.,
of 63Cu (Eγ = 365 and 1650 keV respectively, for 7/2− → 5/2−

and 13/2+ → 9/2+ transitions) and63Zn (Eγ = 640 and 1179 keV
respectively, for 9/2+ → 7/2− and 17/2+ → 13/2+ transitions),
populated in the fusion evaporation reaction. The latter four transi-
tions are used to fix the reference values in the current analysis and
to validate the same. For63Cu and63Zn the gating transitions are 342
(17/2+ → 13/2+) and 882 keV (13/2+ → 9/2+) stretchedE2 type,
respectively.

III. RESULTS AND DISCUSSION

A new level scheme of66Ga (Fig.4) has been proposed
in the present work, which is based on the coincidence rela-
tionship, relative intensity balance, angular correlation, and
polarization measurements of the emittedγ rays. Almost
all the transitions reported previously are observed in this
measurement. New transitions are marked with asterisks in
the level scheme. A total of 21 new transitions and 20 new

FIG. 3. Polarization asymmetry values (�asym) for different tran-
sitions in66Ga, measured in the present experiment. Here, the asym-
metry values of 1013 keV (7/2− → 5/2−) and 882 keV (13/2+ →
9/2+) transitions of63Zn and 899 (7/2− → 5/2−) and 1327 keV
(7/2− → 3/2−) transitions of63Cu are also plotted for the same
purpose as in the DCO plot (Fig.2).

levels have been placed in the level scheme. Transitions which
are in coincidence are shown in the typical gated spectra
(Fig. 5). Here, the gated spectra are generated through a
“logical AND” of the two single gates, which is a feature
available inRADWARE.

The 44 (1+ → 0+) and 22 keV (2+ → 1+) γ -ray transi-
tions, which decay respectively from the 44 (Iπ = 1+) and
66 keV (Iπ = 2+) states, as were reported previously [16,17],
are not observed in the present work as the energies are below
the measured energy threshold of theγ -ray spectrometer, we
used. So, the ground 0+ state is not shown in the new level
scheme. Najamet al. [20] argue, in part, for a spin of 2 for
the state at 66 keV based on the absence of feeding from a
0+ parent in electron-capture decay, as noted by de Boeret al.
[33]. Morandet al. [17] subsequently considered the argument
strengthened somewhat based on lifetime measurements made
in other works that suggested that the 22 and 44 keVγ rays are
M1 in nature, and thus that the 2+ assignment is firm. There
is a conflict between those authors and Evaluated Nuclear
Structure Data File (ENSDF) evaluators regarding this firm
2+ spin-parity assignment. However, lifetimes likely do not
adequately distinguish between 1+ → 1+ and 2+ → 1+ M1
transitions. So, these are probably considered to be weak
arguments by ENSDF evaluators and they also continue to
show the state at 66 keV as (2)+. To keep things simple in this
work, we have followed the assignment of Refs. [20] and [17],
and multipolarities of the higher spin states are determined
based on this assignment.

In this work the DCO ratios of many transitions are de-
termined using 1189 keV (9+ → 7+) E2 gate. Multipolarity
of the 1189 keVγ ray is adopted from the literature [10].
Determination of multipolarity of all the transitions (as given
in Table I) was not possible using a single gate, so other
transitions, which are stretched quadrupole in the 1189 keV
E2 gate, are used for this purpose.

Here, the states with energies 863, 414, and 162 keV decay
in cascade respectively by strong 448, 253, and 96 keVγ

rays to the 2+ state at 66 keV. The measured value of the
DCO ratio (RDCO) of 96 keV, and also the measuredRDCO

and polarization asymmetry (�asym) of 253 and 448 keVγ
rays suggest 3+, 4+, and 5+ spin-parity assignments for 162,
414, and 863 keV states respectively. MeasuredRDCO and
�asymof 834 and 935 keV transitions suggest a 5+ spin-parity
assignment for the 1350 keV state.

Figure5(a) indicates that the height of the 834 keV peak
is about one third of that of 935 keV peak. These transitions
decay from the 1350 keV level and have been found to be
present in the spectrum gated on 1189 and 1540 keV tran-
sitions that feed the 1350 keV level. However, the measured
intensity of the 935 keV transition indicates that the size of
this transition is significantly larger in the table than is seen
in the figure. This anomaly in branching is suggestive of the
possible presence of a weak doublet 834 keV transition which
could neither be properly identified nor be placed in the level
scheme due to the lack of sufficient statistics.

The state at 516 keV is assigned with a spin-parity 4+,
depending upon the measuredRDCO and�asymof the depopu-
lating 354 keVγ ray. The state at 1463 keV decays to that at
863 keV (5+) by a strong 601 keVγ -ray transition. Measured
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FIG. 4. Proposed level scheme of66Ga. Widths of the arrows are proportional to the relative intensity of the respective transition observed
in the present experiment. New transitions are marked with asterisks. The energies in the figure are in keV.

RDCO and�asymof the 601 keV transition suggest quadrupole
nature of thisγ ray, so a spin-parity 7+ is assigned to the 1463
keV state. This state at 1463 keV is fed by a strong 1189 keV
γ -ray transition depopulating the state at 2652 keV. Previous
observations predictedE2 nature for the 1189 keV transition,
so the state at 2652 keV is assigned with a 9+ spin-parity
value. The state at 3042 keV is depopulated by 390, 531,
1268, and 1579 keVγ rays to states at 2652 (9+), 2511, 1774,
and 1463 keV (7+), respectively. MeasuredRDCO and�asym

of the 1048 keVγ ray suggest 8+ spin-parity for the state at
2511 keV, so measured values of those for 531 and 1579 keV
transitions suggest a spin-parity value of 9+ for the state at
3042 keV. As a result, the 390 keV (9+ → 9+) transition could
be assumed to be dipole in nature, though it hasRDCO ≈ 1.0.
This is possible, as the�I = 0 transition will have the same
angular correlation as that of a quadrupole one.

A negative polarization asymmetry value has been ob-
tained for the 390 keVγ ray that decays from the 3042
keV level. Combining the measured values of polarization
asymmetry and the corresponding DCO ratio, the�I = 0, 390
keV transition can be characterized as a magnetic dipole type
with the probable presence of a very small admixture ofE2

component. Hence, the assignment ofM1(+E2) multipolarity
has been made for the 390 keV transition. The measuredRDCO

and�asym values of 1268 and 262 keVγ rays suggest 7+ and
6+ spin-parities for 1774 and 1512 keV states, respectively.

We would also like to mention here that the peak height
of 1268 keV transition as can be seen from Figs.5(c)–5(e)
is not in accordance with that of the 1579 keVγ ray as
far as the measured intensities of the two transitions are
concerned (see TableI). Both the transitions decay from
3042 keV level and the measured intensities suggest that the
height of the 1268 keV peak should be more than that of
the 1579 keV peak in the gated spectra of Figs.5(c)–5(e)
obtained with the gating transitions that feed the 3042 keV
level. It is worthwhile mentioning that the quoted intensities
of Table I for the 1268 and 1579 keV branches have been
obtained from the gated spectrum of the 253 keVγ -ray
lying below the 3042 keV level. The analysis of the gated
spectrum provides clear indication of a larger peak area of
the 1268 keV transition in comparison to that of the 1579
keV transition. The anomalies in the peak count for 1268
and 1579 keV transitions between the top gated and bottom
gated coincidence spectra may possibly reflect a missing
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FIG. 5. Background subtractedγ -γ coincidence spectra for66Ga in the sum gates of (a) 1189 (9+ → 7+) and 1540 keV (10− → 9+),
(b) 1189 (9+ → 7+) and 390 keV (9+ → 9+), (c) 1067 (10+ → 9+) and 1338 keV (12(+) → 10+), (d) 1285 (13+ → 12+) and 1058 keV
(15+ → 13+), and (e) 1058 (15+ → 13+) and 1163 keV (17+ → 15+) γ rays. New transitions are marked by asterisks (∗). The inset of (e)
contains the portion of 1058+ 1163 keV gated spectrum (from 1600 to 1800 keV in energy in thex axis, and 0 to 800 in counts in they
axis), which is expanded to show the presence of newly observed (weak) 1624 and 1706 keVγ rays. A few strong peaks are marked with “#”
symbols indicating contaminantγ rays or ones which could not be placed in the level scheme.

1268 keV doublet transition. This missing weak doublet tran-
sition is probably in coincidence with the 253 keVγ ray
and not in coincidence with either the cascade transitions of
1285, 1058, and 1163 keV or the cascade transitions of 1067
and 1338 keV. However, the doublet nature of the 1268 keV
transition could not be confirmed from the present analysis.

Spin-parities of both 1141 and 721 keV states are assigned
to be 4+ and 3+, depending upon the measuredRDCO of
372 and 420 keVγ rays. Here, the measuredRDCO and
�asym of 372 keV suggestE2 nature for this transition. No
information regarding the spin-parity of the 1141 keV state
was given by previous work. Also, the state at 721 keV was
assigned with a tentative spin 3 but definite positive parity
[i.e., (3)+] in Ref. [10], but, as mentioned, we assign definite
spin-parity to this state, from the derived multipolarity nature
of 372 (E2) and 420 keV (M1/E2) transitions. The 44 and
234 keV states are reported to be 1+ and 2+ by previous
observations [10,16,17,20,23]. Due to weak intensities of 190

and 487 keVγ rays, measurement ofRDCO and �asym of
these two transitions, depopulating the 234 and 721 keV states
respectively, was not possible.

MeasuredRDCO and�asym of 1363 keV transition predicts
its dipole nature to be of electric type, therefore a 10− spin-
parity is assigned to the state at 4015 keV. Following the
measuredRDCO and �asym of the 1540 keVγ ray and a
previous assignment [10], a 10− spin-parity value is confirmed
for the state at 4192 keV.

Here, a notable fact is that the 935 keVγ -ray transition
depopulating the 1350 keV (5+) state is visible in the spectrum
gated by 1189 and 1540 keVγ rays [panel (a), Fig.5], while
601 keVγ - ray depopulating the 1463 keV (7+) state is not.
However, this 601 keV transition is also in coincidence with
the 1189 and 1540 keVγ rays and has a strong peak area with
sufficient statistics. This 7+ state is an isomeric state with a
half-life of 57 ns. If the coincidence time window used during
the experiment was small compared to the 57 ns half-life then
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TABLE I. Values of the level energy (Ei) in keV, γ -ray energy (Eγ ) in keV, initial spin-parity (Iπ
i ) → final (Iπ

f ), intensity (Iγ ), DCO ratio
(RDCO), polarization asymmetry (�asym) and multipolarity assignment of theγ -ray transitions, as obtained in66Ga.

Level energya Gamma-ray energy Initial→final spin-parity Relative intensity DCO ratio Polarization asymmetry
Ei (keV) Eγ (keV) Iπ

i → Iπ
f Iγ RDCO �asym Assignment

161.5(4) 95.9(3) 3+ → (2)+ 100 0.62(7)b (M1 + E2)
234.02(23) 190.21(23) 2+ → 1+ 0.21(7)
414.4(4) 252.93(24) 4+ → 3+ 87.76(95) 0.42(4)b −0.09(1) M1 + E2

348.61(23)h 4+ → (2)+

515.5(4) 353.83(18) 4+ → 3+ 2.50(27) 0.43(7)b −0.09(1) M1 + E2
450.36(12) 4+ → (2)+ 3.04(29)

720.8(3) 486.74(20)h 3+ → 2+

655.37(18) 3+ → (2)+ 0.20(4)
862.6(4) 347.39(28) 5+ → 4+ 0.53(19) 0.70(25)b M1 + E2

448.22(19) 5+ → 4+ 29.82(53) 0.41(5)b −0.11(2) M1 + E2
701.1(3) 5+ → 3+ 0.68(12)

1140.8(4) 419.7(4) 4+ → 3+ 0.21(7) 0.60(28)c M1 + E2
726.40(19) 4+ → 4+ 2.75(22)

1349.5(4) 208.62(10) 5+ → 4+ 0.71(13)
486.94(15) 5+ → 5+ 3.88(24) 0.96(29)b −0.03(2) (M1 + E2)
834.13(13) 5+ → 4+ 3.29(38) 0.52(7)b ≈0 (M1 + E2)
934.89(16) 5+ → 4+ 40.96(68) 0.45(5)b −0.08(3) M1

1463.3(4) 113.70(24) 7+ → 5+ 12.33(34) 0.98(7)b Q
600.67(10) 7+ → 5+ 18.21(94) 0.85(8)b +0.05(1) E2

1512.2(4) 162.5(3) 6+ → 5+ 1.93(27) 0.54(13)c (D)
371.69(30) 6+ → 4+ 1.17(18) 0.86(32)c +0.10(3) E2
649.52(13) 6+ → 5+ 5.02(37) 0.77(27)c ≈0 M1 + E2

1773.9(4) 261.68(16) 7+ → 6+ 3.45(22) 0.65(7)c −0.34(16) M1 + E2
2511.3(4) 1047.90(11) 8+ → 7+ 4.41(32) 1.28(24)d −0.03(2) M1 + E2
2651.9(4) 1188.64(12) 9+ → 7+ 11.83(33) 1.06(10)d +0.08(3) E2
2790.7(5) 1327.36(22) 0.35(10)
3042.1(4) 390.24(12) 9+ → 9+ 6.06(26) 1.08(8)b −0.10(1) M1(+E2)

530.72(17) 9+ → 8+ 2.25(21) 0.53(7)d −0.03(1) M1
1268.20(16) 9+ → 7+ 4.88(25) 0.92(14)d +0.22(7) E2
1578.87(15) 9+ → 7+ 3.26(21) 1.12(13)d +0.03(2) E2

3181.7(5) 670.40(17) 0.90(14)
3249.1(7) 1899.6(5)h

3362.8(5) 710.92(24) (9+) → 9+ 0.72(16) 1.11(26)b −0.06(5) (M1 + E2)
3503.0(6) 851.1(4) (9+) → 9+ 0.31(11) 1.12(44)b (M1 + E2)
4015.2(4) 1363.41(10) 10− → 9+ 0.40(8) 0.54(8)b +0.03(2) E1

1503.79(18) 10− → 8+ 0.23(8) 1.07(60)f (Q)
4073.8(4) 1562.48(13) 0.60(8)
4109.0(4) 1066.81(14) 10+ → 9+ 1.16(14) 0.37(7)b +0.09(7) M1 + E2
4160.7(4) 1118.70(16) 11+ → 9+ 10.66(29) 1.05(10)b +0.11(2) E2
4192.0(4) 1540.08(14) 10− → 9+ 0.53(8) 0.69(9)e +0.10(2) E1g

4495.3(5) 1132.5(3) (11+) → (9+) 0.66(7) 1.07(36)b (Q)
4577.5(5) 1925.58(17) 10− → 9+ 0.49(8) 0.56(13)b E1g

4916.2(5) 755.58(12) 12+ → 11+ 0.95(10)
5000.0(5) 808.08(24) 12(−) → 10− 0.87(18) 0.83(14)b Q
5107.5(5) 946.75(12) 13+ → 11+ 5.90(22) 0.92(8)b +0.11(2) E2
5446.9(5) 1337.75(18) (12+) → 10+ 0.88(12) 0.85(27)b (Q)
5686.5(5) 1525.80(22)h 12− → 11+

5703.0(5) 595.45(13) (12+) → 13+ 3.56(50) 0.60(11)d −0.41(9) M1 + E2
5785.3(4) 1593.28(15) 12− → 10− 0.32(9) 0.93(30)b E2g

1770.04(12) 12− → 10− 0.87(25) 1.29(68)f E2
5844.0(5) 1770.22(25)h

6201.8(4) 498.77(19) 13+ → (12+) 2.17(29) 0.59(7)d −0.06(4) M1 + E2
754.81(18) 13+ → 12(+) 0.57(7)
1094.4(4)h 13+ → 13+

1201.85(17) 13+ → 12(−) 0.59(10) 0.57(15)b (D + Q)
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TABLE I. (Continued).

Level energya Gamma-ray energy Initial→final spin-parity Relative intensity DCO ratio Polarization asymmetry
Ei (keV) Eγ (keV) Iπ

i → Iπ
f Iγ RDCO �asym Assignment

1285.69(17) 13+ → 12+ 1.10(3) 0.57(16)b −0.11(5) M1 + E2
1624.34(23) 13+ → 10− 0.55(10)
1706.5(3) 13+ → (11+) 0.20(7)

6449.9(5) 746.87(22)h

6487.7(5) 1380.23(23)h

6787.7(5) 1002.41(16) 14− → 12− 1.89(22) 1.16(19)b +0.10(8) E2
6884.9(5) 1777.39(23)h

7132(3) 1445.8(26) 0.35(10)
7181.5(11) 2074h,i 14(−) → 13+

7186.5(11) 2079h,i

7259.7(5) 1057.87(12) 15+ → 13+ 5.05(30) 1.00(10)b +0.04(1) E2
8038.4(5) 1250.67(19) 16− → 14− 0.57(14) 0.82(17)f Q
8422.6(6) 1162.9(4) 17+ → 15+ 4.05(20) 0.88(9)b +0.07(2) E2
9578.4(11) 1540h,i

9861.6(7) 1438.95(20) 19(+) → 17+ 0.72(11) 1.03(10)e Q
11264.9(12) 1686.44(11) 0.34(9)
11659.3(7) 1797.7(3) 21(+) → 19(+) 0.67(11) 0.90(26)e Q

aLevel energies are obtained from least-squares fit to theγ energies using theGTOL code [22].
bGate onE2, 1189 keV.
cGate onE2, 1268 keV.
dGate onE2, 947 keV.
eGate onE2, 1058 keV.
fGate onE2, 1002 keV.
gCorroborated also with Ref. [10].
hIntensity measurement was not possible due to low statistics.
iγ -energy error of 1 keV was assumed to get least-squares fit level energy.

some of that coincidence intensity would be lost, but it was
≈250 ns. So, coincidence time window is probably not the
reason behind this. The reason for the disappearance of the
601 keV transition in the sum gate of 1189 and 1540 keVγ

rays is not confirmed in this work.
A positive parity band was observed by the authors of

Ref. [10], and was reported to be built on the 11+ state,
consisting of 947, 1058, 1163, 1439, and 1799 keVγ rays
depopulating, respectively, states at 5108 (13+), 6167 (15+),
7330(17+), 8769 (19(+)), and 10568 keV (21(+)). Now, it is
evident in the gated spectra (Fig.5) that 1058, 1163, and
1439 keVγ rays are in coincidence with 1338 and 1067 keV
transitions. So, a new linking transition of 755 keV (6202
→ 5447 keV) has been placed connecting former transitions
with 1338 and 1067 keV transitions depopulating the states at
5447 and 4109 keV, respectively. As a result, the previously
reported positive parity yrast band has been modified and
the energy values of the states depopulated by 1058, 1163,
1439, and 1798 keVγ rays have been changed to 7260
(15+), 8423 (17+), 9862 (19(+)), and 11 659 keV (21(+))
respectively. The state at 5108 keV decays to the 9+ (3042
keV) state via two strong 947 and 1119 keVγ rays in cascade.
The measured values ofRDCO and�asym of the former two
transitions suggest 13+ and 11+ spin-parity values for states
at 5108 and 4161 keV, respectively.

The state at 6202 keV, which is newly observed in this
work, decays mainly by fragmentedγ rays of 755, 499, 1094,
1285, 1202, 1624, and 1706 keV energy to the states at 5447,

5703, 5108, 4916, 5000, 4578, and 4495 keV, respectively.
The fragmented decay pattern of the former state suggests that
the wave function corresponding to this state is of complex
nature. This state decays to that at 5108 keV (13+) via the cas-
cade of two newly observed 499 and 595 keVγ rays as well
as by the direct 1094 keV transition. Measured values of the
DCO ratio of newly observed 1202 and 808 keV transitions
suggest a spin value of 13 for the state at 6202 keV, while the
measured values of DCO ratio and polarization asymmetry
of 499 and 595 keV transitions confirm positive parity for
this state. The state at 5703 keV is assigned with a tentative
spin-parity 12+, based on the assigned spin-parities of the
states at 6202 and 5108 keV, and further it is confirmed by
the measured DCO ratio and polarization asymmetry values
of 499 and 595 keV transitions.

Measured values of DCO ratio and polarization asymmetry
of 595 keVγ ray do suggest a 14+ spin-parity value for the
state at 5703 keV. But in that case measured values of DCO
ratio and polarization asymmetry of 499 keV transition would
suggest 15+ spin-parity for the 6202 keV state. As a result,
many of theγ -ray transitions depopulating this 6202 keV state
would have ambiguous multipolarities; for example, the 755
keVγ ray would beM3 in nature and the 1624 keV one would
beE5 in nature. So, a tentative 12+ spin-parity is assigned to
the 5703 keV state.

The state at 6202 keV also decays to that at 4161 keV
via the cascade of 1285 and 756 keVγ rays, and the mea-
sured values of DCO ratio and polarization asymmetry of the
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1285 keVγ ray predict a spin-parity of 12+ for the state at
4916 keV. Interestingly, the state at 6202 keV decays to that
at 4578 keV via a 1624 keVE3 type γ ray. TheE3 type
transition is observed for the first time in this nucleus in the
present work, but, due to very low intensity of thisγ ray,
measurements ofRDCO and�asym were not possible.

Here, an important fact is that the 499 and 595 keV
transitions should have similar peak areas when gated from
above, but the 595 keVγ ray appears with a nearly double
peak area compared to the 499 keVγ -ray as is evident from
gated spectrum (e) of Fig.5. This could be due to the presence
of a 595 keV doublet or could reflect missing transitions,
which is not confirmed by the present observation.

The spin-parities of the states at 8423 and 7260 keV are
estimated to be 17+ and 15+, respectively, from the observed
stretched electric quadrupole nature of both the depopulating
1163 and 1058 keVγ rays. The measuredRDCO value of
the 1439 keVγ ray suggests stretched quadrupole nature
of this transition but, as polarization measurement was not
possible due to low intensity of this transition, a tentative
positive parity is assigned to the state at 9862 keV. The state at
11 659 keV is assigned 21(+) spin-parity value, based on the
measuredRDCO value of the 1798 keV transition.

Placement of the state at 5447 keV was tentative in pre-
vious work [10], but its presence is confirmed in the present
experiment, as we could detect the depopulating 1338 keVγ

ray in strong coincidence with the 1067 keV transition and
other strong and weak transitions in cascade, as shown in the
gated spectra (Fig.5).

The 5446 keV level decays through a single branch of the
1338 keV transition. The level is found to be populated very
weakly in the present experiment. Hence, the extracted DCO
value of the 1338 keV transition is associated with a large
uncertainty and a tentative (12+) assignment has been made
for the 5446 keV level.

The state at 3363 keV is assigned with a tentative spin-
parity of (9+) based on the measured values ofRDCO and
�asym of the 711 keV transition decaying from the 3363 keV
level. Previously, it was assigned as 10+ [10]. The measured
values ofRDCO and�asym for the 711 keV transition suggest
that the state at 3363 keV could perhaps be assigned with
a spin-parity value of 11−, but in that case the 711 keVγ
ray would be ofM2 multipolarity which is supposed to be
less probable. Here, the measured uncertainty inRDCO also
suggests that the 711 keV transition may have considerable
mixing, so a tentative (M1 + E2) multipolarity is assigned to
this γ ray and the state at 3363 keV is assigned tentatively
with (9+) spin-parity. Following the same assumption, the
state at 3503 keV is also assigned tentatively with 9+ spin-
parity, though it is depopulated by the 851 keVγ ray which
hasRDCO ≈ 1.0. The state at 3363 keV is connected to that
at 6202 keV via two newly observedγ rays in cascade, i.e.,
1133 and 1706 keV. The new state at 4495 keV is assigned
with a tentative spin-parity 11+, on the basis of the measured
value of DCO ratio of the 1133 keVγ ray transition. The
negative parity state at 8038 keV decays to that at 4192 keV by
1251, 1002, and 1593 keVγ rays in cascade. MeasuredRDCO

and�asympredict stretched quadrupole nature of electric type
for the 1002 keVγ ray and the measuredRDCO for 1251

and 1593 keV transitions suggest quadrupole nature. The
negative-parity band has been extended up to an excitation
energy≈11 MeV by placing two new transitions, viz., of 1540
and 1686 keV, in cascade above the state at 8038 keV.

The 9+ state of66Ga at 2652 keV has a single-particle
origin from contributions of both the 1g9/2 proton and 1g9/2

neutron. So, the coupling of the 9+ state with the 2+, 3+,
4+, 6+, and 8+ states of64Zn, which has one proton and
one neutron less than66Ga, can produce, respectively, 11+,
12+, 13+, 15+, and 17+ states of66Ga. In order to search for
the possibility of such coupling, we have compared (Fig.6)
the observed energy states with 11+, 12+, 13+, 15+, and
17+ spin-parity values of66Ga with those originating from
coupling of 9+ state (at 2652 keV) of66Ga with 2+, 3+,
4+, 6+, and 8+ states of64Zn [7,22]. In Fig. 6, a similar
comparison is made in68Ga, for standardization purpose. In
68Ga, the energies of 9+, 11+, 13+, 15+, and 17+ states are
taken from Ref. [12] and the National Nuclear Data Center
(NNDC) [34]. In the case of68Ga, coupled states are coming
from the coupling of the 9+ state of68Ga at 2894 keV with
2+

1 , 2+
2 , 4+

1 , 6+
1 , and 8+1 states of66Zn [15]. As is evident from

Fig. 6, the observed states are in close proximity in energy
with the coupled states in the case of68Ga, compared to66Ga.
Variation in energy with spin for the observed states follows
the same pattern as that of the coupled states, in the case of
68Ga, but does not follow the pattern in the case of66Ga. The
energy states at 12+ and 17+ are lower in energy with respect
to 9+ ⊗ 3+

1 and 9+ ⊗ 8+
1 coupled states, respectively,

whereas the energy values of yrast 11+, 13+, and 15+ states
are higher than those of 9+ ⊗ 2+

1 , 9+ ⊗ 4+
1 , and 9+ ⊗ 6+

1
coupled states, respectively. All the observed states are lower
in energy values compared to the coupled states, in the case
of 68Ga. The reason behind this behavior could be due to the
complex interaction nature between the core and particles in
the case of66Ga compared to68Ga. As far as the residual
interactions between the core and particles are concerned, we
may infer from this observation that66Zn is behaving more as
a pure core than64Zn. This nature of the vibrating core, in the
case of68Ga, gives rise to a platform for more simple kinds of
excitations at intermediate and high spins, compared to66Ga.
Therefore, a complex nature of excitations in66Ga draws
special attention to explore the fundamental single-particle
configurations related to its structure.

IV. SHELL MODEL CALCULATIONS

In order to understand the observed nuclear structure
in 66Ga, shell model calculations have been performed
in the present work using two different interactions, viz.,
jun45pn [35] and jj44bpn [36]. The shell model code
NUSHELLX@MSU [37] was used for this purpose. With the
56Ni core, the valence space for the calculation consists of
2p3/2, 1f5/2, 2p1/2, and 1g9/2 proton and neutron orbitals. The
effective Hamiltonian jun45pn [35] has been obtained from
a realistic interaction based on the Bonn-C potential, with a
total of 133 two-body matrix elements and four single-particle
energies modified empirically so as to fit 400 experimental
energy values of 69 nuclei with mass numbersA = 63–96.
In the derivation of this effective Hamiltonian, experimental
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FIG. 6. A comparison of observed states with coupled states in66,68Ga. Panel a: Observed energy states of 11+
1 and 11+2 in 66Ga obtained

from the present experiment. Panel b: Calculated sum energy of the 9+
1 state of66Ga (2652 keV, observed in the present experiment) plus 2+

1 ,
2+

2 of 64Zn [7,22], producing coupled states 11+
1 and 11+2 of 66Ga. Similarly, panels (c and d), (e and f), (g and h), and (i and j) for different

mentioned states in66Ga. Here, the observed states compared are 11+, 12+, 13+, 15+, and 17+ of 66Ga. Panel k: Observed energy states of
11+

1 and 11+2 in 68Ga [12]. Panel l: Calculated sum energy of 9+ state of68Ga [12] plus 2+
1 , 2+

2 of 66Zn [15], producing coupled states 11+
1 and

11+
2 of 68Ga. Similarly, panels (m and n), (o and p), and (q and r) for different mentioned states in68Ga. Here, the observed states compared

are 11+, 13+, 15+, and 17+ of 68Ga. Each arrow represents the energy difference between the observed and coupled states (true for all pairs>

100 keV apart, for visualization purpose). See text for details.

data are not taken fromN = Z nuclei, specifically the Ni and
Cu isotopes, because the model space may not be sufficient to
describe the collectivity expected in these nuclei. The single-
particle energies for this Hamiltonian are−9.8280,−8.7087,
−7.8388, and−6.261 MeV, respectively for the 2p3/2, 1f5/2,
2p1/2, and 1g9/2 orbitals. The effective Hamiltonian jj44bpn,
due to Brown and Lesitskiy [36], is a realistic interaction
based on the Bonn-C potential, which has been obtained by
fitting binding energies and excitation energies in the Ni, Cu,
and Zn isotopes and nuclei close toN = 50. The single-
particle energies are taken to be−9.6566,−9.2859,−8.2695,
and −5.8944 MeV for the 2p3/2, 1f5/2, 2p1/2, and 1g9/2

orbitals, respectively. Previous calculations for63Zn [5], 63Cu
[29], and60,62,64,66Zn [38] with similar interaction and model
space have produced very good agreements.

Observed levels in the present experiment, which are as-
signed with definite or tentative spin-parities, are compared
with shell model calculations in Fig.7. Those observed levels
which are not assigned with spin-parities are not compared
with calculated levels. The dominant particle configurations,
constituting the wave functions of the levels, are represented
in TablesII andIII .

We have calculated occupation probabilities of protons
and neutrons for two different interactions, and the results
of these calculations are presented in Figs.8–13. The wave
function of a shell model state is the superposition of dif-
ferent orbitals included in the valence space, and occupation
probability corresponding to an orbital indicates the fraction
of the total number of valence nucleons (either protons or
neutrons) occupying that particular orbital. So, an occupation
probability gives the strength of individual contributions of
different orbitals (2p3/2, 1f5/2, 2p1/2, and 1g9/2 orbitals in the
present calculation) of both the protons and neutrons in the
total wave function.

Shell model calculations with jj44bpn interaction predict
the first 1+ state at just 27 keV higher in energy value with

respect to the observed value, but it is 142 keV higher in
energy value as obtained by using the jun45pn interaction.
So, the jj44bpn interaction produces the energy of the 1+ state
better than the jun45pn interaction. The energy of the first
excited 3+ state is better predicted by the jun45pn interaction
than by the jj44bpn interaction but both fail to produce
the energy value of the second excited 3+ state, giving a
result ≈350 keV lower in energy than the experimental
value. The configuration of the first excited 3+ state is
predicted to be [(π (p3/2)3] jp=3/2 ⊗ [ν( f5/2)3(p3/2)4] jν=5/2

(probability ≈13%) by jun45pn (Table III ). Energies
of the first and the second excited 5+ states are well
predicted by the jun45pn interaction, while they are
overpredicted by the jj44bpn interaction. The predicted
configurations by the jun45pn interaction for these states are
[π ( f5/2)1(p3/2)2] jp=5/2 ⊗ [ν( f5/2)3(p3/2)4] jν=5/2 (probability
≈15%) and [π (p3/2)3] jp=3/2 ⊗ [ν( f5/2)3(p3/2)4] jν=9/2

(probability ≈11%), respectively. Neither interaction could
produce the energy values of the first and the second excited
7+ states, and shell model calculated values are far above the
observed values. It is evident from the occupation number
plots (Figs.8 and9) that significant contributions are coming
from theg9/2 proton and neutron orbitals in the case of the first
7+ state, as calculated by the jj44bpn interaction. From the
configuration tables of wave functions (TablesII andIII ), it is
clear that the configurations with the highest probability for
the first excited 7+ states are [π (p3/2)1(p1/2)1(g9/2)1] jp=5/2 ⊗
[ν( f5/2)2(p3/2)4(g9/2)1] jν=9/2 (probability ≈2%) and
[π ( f5/2)1(p3/2)2] jp=5/2 ⊗ [ν( f5/2)3(p3/2)4] jν=9/2 (probability
≈11%) as predicted by jj44bpn and jun45pn interactions,
respectively. Both interactions predict a full alignment of
angular momenta contributed by both types of nucleons, i.e.,
proton and neutron, in forming the 7+

1 state. No particular
configuration appears to be dominant in forming the wave
function for the first 7+ state; rather, there is large competition
between different configurations.
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FIG. 7. Comparison of the observed levels of66Ga with shell model calculations using jj44bpn [36] and jun45pn [35] interactions. Newly
observed levels in this experiment are identified with asterisks (∗). The energies in the figure are in keV.

The first 2+ excited state is predicted by both interactions
to be at 0 keV, whereas the experimental energy value
is 66 keV. The second excited 2+ state is overpredicted
by the jj44bpn interaction and is underpredicted by the
jun45pn interaction. Energy values of the three 4+ states,
as calculated using the jj44bpn interaction, are in moderate

agreement with the observed values, whereas the jun45pn
interaction predicts the proper value of 415 keV for the first
excited 4+ state, and the second and the third excited 4+
states are also well predicted by the jun45pn interaction
in comparison with jj44bpn. Configurations corresponding
to these 4+ states, as given by calculations using jun45pn

FIG. 8. Calculated occupation probabilities of thef5/2, p3/2, p1/2, andg9/2 orbitals for the positive parity states for protons in66Ga. The
occupation probabilities are calculated from the shell model using the jj44bpn interaction. Please see text for details.
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TABLE II. Configurations with the highest probabilities of different states in66Ga, calculated by the shell model usingf5/2pg9/2 model
space with jj44bpn interaction.

Spin-parity(jπ ) Configuration Probability

Positive parity
1+ π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 9.03

2+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 3.59

3+
1 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 3.44

3+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)4(p3/2)3(p1/2)0(g9/2)0 4.23

4+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 4.32

4+
2 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 5.44

4+
3 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 1.56

5+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 9.33

5+
2 π ( f5/2)0(p3/2)2(p1/2)1(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 4.92

6+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)4(p3/2)3(p1/2)0(g9/2)0 5.17

7+
1 π ( f5/2)0(p3/2)1(p1/2)1(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 1.93

7+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 6.87

8+ π ( f5/2)2(p3/2)1(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)0(g9/2)2 2.45

9+
1 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 4.13

9+
2 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 4.24

9+
3 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)0(g9/2)2 5.63

9+
4 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)2(p1/2)1(g9/2)2 2.78

10+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 4.10

11+
1 π ( f5/2)2(p3/2)0(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 3.15

11+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 3.73

12+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 8.48

12+
2 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 4.88

12+
3 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 2.11

13+
1 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 5.07

13+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)1(p3/2)4(p1/2)0(g9/2)2 6.29

15+ π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 10.58

17+ π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 16.62

Negative parity

10−
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 2.76

10−
2 π ( f5/2)1(p3/2)1(p1/2)1(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 3.61

10−
3 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 8.99

12−
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 5.51

12−
2 π ( f5/2)1(p3/2)1(p1/2)1(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 6.43

14−
1 π ( f5/2)2(p3/2)0(p1/2)0(g9/2)1 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 11.78

14−
2 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)2(p1/2)1(g9/2)2 12.58

16− π ( f5/2)1(p3/2)0(p1/2)1(g9/2)1 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 9.19

interaction, are [π (p3/2)3] jp=3/2 ⊗ [ν( f5/2)3(p3/2)4] jν=5/2

(probability ≈20%), [π ( f5/2)1(p3/2)2] jp=5/2 ⊗
[ν( f5/2)3(p3/2)4] jν=5/2 (probability ≈13%) and
[π (p3/2)3] jp=3/2 ⊗ [ν( f5/2)2(p3/2)4(p1/2)1] jν=7/2 (probability
≈6%). It is evident that first excited 4+ state originates
from the maximum alignment of proton and neutron angular
momenta, whereas the other two 4+ states arise from the
partial alignment. The 6+ excited state is overpredicted in
energy value by both interactions. Here, both occupation
number plots (Figs.8–11) and configurations of wave

functions (TablesII and III ), show that the 6+ state arises
mainly due to the occupation of protons and neutrons inf5/2

andp3/2 orbitals.
With ten valence particles and with large model space,

many possible configurations arise for a given total angular
momentum, as there are many different ways to distribute
valence particles among thef5/2, p3/2, p1/2, andg9/2 orbitals
which add up to the same spin value. So, a large number of
configurations to compete with each other for the construction
of the wave function for a particular state, and it is evident
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TABLE III. Configurations with the highest probabilities of different states in66Ga, calculated by the shell model usingf5/2pg9/2 model
space with jun45pn interaction.

Spin-parity(jπ ) Configuration Probability

Positive parity
1+ π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 12.27

2+ π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 15.02

3+
1 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 12.59

3+
2 π ( f5/2)0(p3/2)2(p1/2)1(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 12.91

4+
1 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 20.43

4+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 12.53

4+
3 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 6.32

5+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 15.20

5+
2 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 10.86

6+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 9.90

7+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 11.22

7+
2 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)4(p3/2)3(p1/2)0(g9/2)0 20.98

8+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 10.52

9+
1 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 8.06

9+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 18.88

9+
3 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 5.38

9+
4 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 2.35

and

π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)0(g9/2)2 2.35

10+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)0(g9/2)2 6.65

11+
1 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 5.05

11+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 5.74

12+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 12.30

12+
2 π ( f5/2)2(p3/2)1(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 4.12

12+
3 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 6.90

13+
1 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 5.36

13+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 9.39

15+ π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 6.19

17+ π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 15.28

Negative parity

10−
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 9.55

10−
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 7.72

10−
3 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 9.51

12−
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 14.64

12−
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 8.40

14−
1 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 9.04

14−
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 12.95

16− π ( f5/2)1(p3/2)0(p1/2)1(g9/2)1 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 8.12

that, for almost all the lower excited states up to 9+
3 and 6+,

as calculated respectively by jun45pn and jj44bpn interactions
in 66Ga, the dominant contributions come from thef p shell.
It is evident from the wave function tables (TablesII andIII )
that, up to the 6+ spin state, the probability of a particular
dominant configuration is significantly larger when calculated
using the jun45pn interaction compared to that using jj44bpn.

The energy values of 3+1 , 4+
1 , 4+

2 , 4+
3 , 5+

1 , and 5+2 states,
as calculated using the jun45pn interaction, are in better
agreement with the experimental values, whereas only that of
the 2+2 state calculated using the jj44bpn interaction is in good
agreement with the observation. So, as far as the lower excited
states are concerned, the jun45pn interaction is more efficient
than the jj44bpn interaction in producing the level structure.
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FIG. 9. Calculated occupation probabilities of thef5/2, p3/2, p1/2, andg9/2 orbitals for the positive parity states for neutrons in66Ga. The
occupation probabilities are calculated from the shell model using the jj44bpn interaction. Please see text for details.

The first excited 9+ state is well reproduced by the
jj44bpn interaction but the other three 9+ states are
overpredicted by the same interaction. Here, all the
9+ excited states are overpredicted by the jun45pn
interaction. Among the different 11+, 12+, 13+, and
15+ states, the energies of the second 11+, second 12+,
and first 13+ states, respectively, with configurations
[π ( f5/2)1(p3/2)2] jp=5/2 ⊗ [ν( f5/2)3(p3/2)2(g9/2)2] jν=17/2

(probability ≈4%), [π ( f5/2)1(p3/2)1(g9/2)1] jp=15/2 ⊗
[ν( f5/2)2(p3/2)4(g9/2)1] jν=9/2 (probability
≈5%), and [π ( f5/2)1(p3/2)1(g9/2)1] jp=17/2 ⊗
[ν( f5/2)2(p3/2)4(g9/2)1] jν=9/2 (probability ≈5%) are, as
predicted by the jj44bpn interaction, in good agreement with
the experimental values, whereas only the energy state of
15+ with the configuration [π ( f5/2)1(p3/2)1(g9/2)1] jp=17/2 ⊗
[ν( f5/2)4(p3/2)2(g9/2)1] jν=13/2 (probability ≈6%) is well
reproduced by jun45pn interaction. As far as intermediate and
high spin positive parity states are concerned, energy values
calculated by both the interactions are in moderate agreement
with the observed values but, compared to jun45pn, the
jj44bpn interaction is more able to reproduce the intermediate
and high spin structure within the givenf5/2pg9/2 model
space. In all the intermediate and high spin states in66Ga,
contributions to the wave functions are mainly dominated

by the f5/2, p3/2, andg9/2 proton and neutron orbitals, as is
obvious from the occupation probability plots and from the
tables of configurations.

Higher spin states like 19+ and above, for which the energy
values as calculated by both interactions are greater than 1
MeV compared to the observed values, are not shown in
configuration tables or occupation plots. So, it could be argued
that a new mode of excitations is appearing at such high spin,
which is different from single-particle nature. Large mixing of
various orbitals at higher spins, predicted by the shell model
calculations, also confirms the nature of a typical onset of
collective behavior. A significant contribution, coming from
g9/2 proton andg9/2 neutron orbitals, is very prominent, as
reflected in the occupation number plots.

Three 10− negative parity states are underpredicted in
energy by both interactions, and the configurations for
these states are mainly contributed from the protons in
f5/2 and p3/2 orbitals and the neutrons inf5/2, p3/2,
and g9/2 orbitals. The second and the third 12− excited
states, as calculated by the jj44bpn interaction, are in good
agreement, whereas the first 12− excited state is overpre-
dicted by the same interaction. Here, all the 12− states
are underpredicted by the jun45pn interaction. The sec-
ond excited 14− state is well predicted by the jun45pn

FIG. 10. Calculated occupation probabilities of thef5/2, p3/2, p1/2, andg9/2 orbitals for the positive parity states for protons in66Ga. The
occupation probabilities are calculated from the shell model using the jun45pn interaction. Please see text for details.
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FIG. 11. Calculated occupation probabilities of thef5/2, p3/2, p1/2, andg9/2 orbitals for the positive parity states for neutrons in66Ga. The
occupation probabilities are calculated from the shell model using the jun45pn interaction. Please see text for details.

interaction, whereas the first 14− state is underpredicted by
271 keV in energy. The main configuration of the first ex-
cited 14− state, as predicted by the jun45pn interaction, is
[π (p3/2)2(g9/2)1] jp=9/2 ⊗ [ν( f5/2)3(p3/2)2(g9/2)2] jν=19/2 and
that of second excited 14− state is [π ( f5/2)1(p3/2)2] jp=9/2 ⊗
[ν( f5/2)3(p3/2)3(g9/2)1] jν=19/2. So, for the first excited 14−
state, contributions ofg9/2 orbitals for both protons and neu-
trons are significantly large with respect to the second 14−
state, and this is also obvious from the occupation number
(calculated using the jun45pn interaction) plot (Fig.13). The
energy of the 16− state is in moderate agreement with the
jj44bpn calculation but is well underpredicted by jun45pn.
The configuration of this state is mainly originating from
protons and neutrons in thef5/2, p3/2, andg9/2 orbitals. The
occupation number plots (Figs.8–13) also suggest that, for
both kinds of interaction, the contributions coming from both
protons and neutrons in theg9/2 orbitals are significantly large
for high spin positive and negative parity states. Hence, a
variety of structural effects are expected due to the occupancy
of the shape drivingg9/2 orbitals. The low spin positive parity
states up to 4+ are mainly due to the occupation of protons
in the p3/2 orbital, and those above are due to protons in the
f5/2 and p3/2 orbitals up to spin value≈8h̄, as obtained from
the calculations using the jun45pn interaction. Significant
contributions in wave functions for low spin positive parity
states up to 8+ originate from neutrons occupying thef5/2

and p3/2 orbitals. For high spin positive (13+ to 17+) and
negative (14− and 16−) parity states, angular momenta are
mainly generated by the (π f5/2p3/2g9/2)3 ⊗ (ν f5/2p3/2g9/2)7

configuration, as predicted by both interactions. It is also

evident from the calculations with both interactions that the
participation of thep1/2 orbital for the generation of both low
and high angular momentum states is insignificant.

V. CONCLUSION

A new level scheme of66Ga has been proposed in this
present work, which is enriched with 21 new transitions and
20 new levels. Some of the previously observed states, without
any definite spin-parities, are assigned with definite or tenta-
tive values in this work, from the measured values of DCO
ratio and polarization asymmetry of depopulating transitions.
Multipolarities of many new transitions are determined from
the measurements. The level scheme has been extended up to
≈11.6 MeV in energy. Some intermediate spin states of66Ga
are explained in the framework of coupling of single-particle
configurations with the vibrational core. Shell model calcula-
tions have also been performed inf5/2pg9/2 model space using
two different interactions, viz., jj44bpn and jun45pn. Compar-
ative study shows that the jun45pn interaction is more efficient
in explaining the lower excitations than jj44bpn. Both inter-
actions are in moderate agreement in explaining intermediate
spin states. With an improved set of the two-body matrix ele-
ments and incorporating the fullf pg9/2 model space, i.e., in-
cluding the 1f7/2 orbital for calculations, a more accurate de-
scription may be obtained. High spin states above 15+ are ob-
served to be different from the single-particle nature, and it is
probably the collective degrees of freedom that come into play
at such high spin. More experimental investigation is required
to confirm the nature of the collectivity at such high spin.

FIG. 12. Calculated occupation probabilities of thef5/2, p3/2, p1/2, andg9/2 orbitals for the negative parity states for protons and neutrons
in 66Ga. The occupation probabilities are calculated from the shell model using the jj44bpn interaction. Please see text for details.
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FIG. 13. Calculated occupation probabilities of thef5/2, p3/2, p1/2, andg9/2 orbitals for the negative parity states for protons and neutrons
in 66Ga. The occupation probabilities are calculated from the shell model using the jun45pn interaction. Please see text for details.
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Excited states in66Zn were investigated through the in-beamγ -ray spectroscopic techniques using the
52Cr(18O, 2p2n) fusion-evaporation reaction at a beam energy of 72.5 MeV. Theγ -rays emitted by the de-
exciting nuclei were recorded in coincidence mode using the 14 Compton suppressed Ge clover detectors of
the Indian National Gamma Array. With 14 new transitions being identified, the level scheme of66Zn has been
extended up to the excitation energy≈12.3 MeV and spin≈17 h̄. A rotational band, associated with the two
quasineutrons from the 1g9/2 orbital, has been found to exhibit a band crossing with the ground-state band at
a spin of 6¯h. The evolution of the collectivity and shape transition in this nucleus have been discussed in the
framework of the total Routhian surface calculations and in comparison with the neighboring68,70Ge nuclei.

DOI: 10.1103/PhysRevC.102.064313

I. INTRODUCTION

Nuclei in the mass regionA ≈ 60–70 having its Fermi
surfaces lying in between that of theN = Z = 28 doubly
magic 56Ni and the semi-magicN = 40 subshell gap are
known to exhibit a complex interplay of the single-particle
and the collective modes of excitation. While the single par-
ticle excitation involves the valence nucleons outside the56Ni
core, the collective excitation has been attributed to the gaps
observed in the Nilsson energy diagram atN = Z = 34, 36
for the oblate deformation andN = Z = 38 for the prolate
deformation. In this mass region, the high-j unique parity
1g9/2 orbital is found to play a major role in the configuration
of high spin states and it has been attributed in producing
several exciting high spin phenomena [1–8]. Collective struc-
tures arising out of the different quasiparticle configurations
based on theπ1g9/2 and/orν1g9/2 orbitals have been found
to give rise to the different kinds of shape evolution with the
increasing spin. In this mass region, the octupole correlations
are also expected due to the presence of orbitals satisfying
�L = �J = 3 criterion, arising out of the 2p3/2 (L = 1) and
the 1g9/2(L = 4) orbitals around the Fermi surface.

Lying in the transitional region encompassing the dou-
bly magic spherical56Ni and the strongly deformed Sr, Kr
isotopes,66Zn is an interesting candidate for studying the
phenomena of shape transitions from the spectroscopic point
of view. In the neighboring nuclei, the alignment of the neu-
trons and protons in the 1g9/2 orbitals have been observed

* Present address: Forensic Science Laboratory, 37/1/2 Belgachia
Road, Kolkata-700037, India.

†buddhadev.mukherjee@visva-bharati.ac.in
‡Present address: Inter University Accelerator Centre, New Delhi.

leading to the band crossing between the collective structures
of different configurations [9–14]. Several superdeformed and
terminating bands have been reported in the lighter Zn and
other slightly heavier even-even68,70Ge isotopes [3,4,9–12].
These observations have motivated us for studying the nuclear
structure in66Zn, the latest studies of which date back to the
1970s. Furthermore, most of the previously reported level-
structure investigations were performed using theβ-decays
[15,16], transfer reactions [17] or light-ion induced reactions
[18–22] with modest experimental setups. Moreover, Morand
et al. [23] have measured the lifetimes of a few yrast states
in 66Zn via the Doppler shift attenuation method (DSAM),
while Cleemannet al. [21] have measured lifetimes of some
of the negative parity levels using the recoil Doppler method
(RDM).

In this article, we report for the first time on the high spin
states in66Zn populated using a heavy-ion induced reaction.
The emittedγ -rays were detected with a high resolution and
efficient array of high-purity germanium (HPGe) clover de-
tectors. The level scheme of66Zn has been revisited using
the γ -γ coincidence technique and extended significantly
in the present work. A collective band based on two 1g9/2

quasineutrons has been found to exhibit a band crossing with
the ground-state band at a spin of 6¯h. The evolution of the
collectivity and shape transition in this nucleus have been dis-
cussed in the framework of the total Routhian surface (TRS)
calculation and compared with the neighboring68,70Ge nuclei,
which have similar kind of collective features.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The fusion evaporation reaction52Cr(18O, 2p2n) at a beam
energy of Elab = 72.5 MeV was used to populate the high
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spin states in66Zn. The 18O beam was delivered by the
tandem accelerator of Inter University Accelerator Center
(IUAC), New Delhi [24]. The isotopic52Cr target of thick-
ness≈1.0 mg cm−2 was prepared by evaporation on a197Au
backing of thickness≈8 mg cm−2. The γ -rays emitted by
the de-exciting nuclei were recorded in coincidence mode
(two- or higher-fold ofγ transitions) by the 14 Compton
suppressed HPGe Clover detectors of the Indian National
Gamma Array (INGA) [25] at IUAC. A total of about 2× 109

events, in which at least two clover detectors have fired in
coincidence, were collected in a list-mode format using the
CANDLE [26] data acquisition software. Further analysis of
the coincidence data were performed using the INGAsort [27]
and the RADWARE [28] suites of program. The multipolarity
of the observed transitions were determined from an angular
correlation analysis using the method of directional correla-
tion from oriented states (DCO) [29]. To determine the electric
or the magnetic nature of theγ -ray transitions from the co-
incidence data, the polarization asymmetry of the Compton
scattered photons was measured [30,31]. More details of the
experimental set up and the procedure of data analysis can be
found in Refs. [32–34].

III. RESULTS AND LEVEL SCHEME

Based on the known ground-state spin-parity,γ -γ coin-
cidence arguments, intensities ofγ -rays, angular correlation
and the polarization analysis, we have proposed a new level
scheme of66Zn, which is shown in the Fig.1. The new
transitions found in this work are marked with the asterisks
(*) and the tentative spin-parity assignments are given in the
parentheses. TableI summarizes the experimental information
on the level structure of66Zn, obtained in this work. The
level scheme has been extended up to an excitation energy
of ≈12.3 MeV and spin≈ (17+)h̄. Fourteen newγ -ray tran-
sitions have been identified and placed in the level scheme
of 66Zn, apart from confirming the tentatively assigned spin-
parity of the established levels reported in the previous studies
[19–21].

The previously established [19–21] 4+, 6+, and 8+ levels
of the ground-state band at the 2450, 4179, and 5205 keV,
respectively, have been confirmed in this work following the
coincidence relationship, intensity arguments, RDCO and the
polarization asymmetry values of the 1411, 1729, and 1026
keV γ -ray transitions. Above the 8+ level, two levels have
been reported to decay by a cascade of 1086 and 1226 keVγ -
ray transitions, spin-parity of which were assigned tentatively
in the previous investigation [20]. The angular correlation
and polarization measurements of these transitions confirm
the tentatively assigned spin-parity of the 10+ to the 6291
keV level and 12+ to the 7517 keV level. Above the 12+
state, several new levels have been identified and placed in
the level scheme on the basis ofγ -γ coincidence analysis. A
new state has been identified at 9304 keV which decays by a
1787 keVγ -ray transition to the 12+ level. The multipolarity
of this transition has been found to be quadrupole in nature,
evident from the DCO ratio with the gates on the quadrupole
transitions of66Zn. This state is also found to decay to the 10+
level via an intermediate (12+) level at 7918 keV by a cascade

FIG. 1. Proposed level scheme for66Zn as deduced from the
present investigation. All the transitions have been placed based
on theγ -γ coincidence relationships and the width of the arrows
corresponds to the relativeγ -ray intensity. The level energies and
the γ -ray energies are given in the units of keV. The newly identi-
fied transitions are marked with the asterisks(*) and the tentatively
assigned spin-parities are given in parentheses. See text and TableI
for more details.

of the 1386 and 1627 keVγ -ray transitions. Above the 9304
keV level, a new state has been identified at 9823 keV, which
decays to the 9304 keV level by a 519 keV transition. Though
the polarization asymmetry value could not be determined for
this transition, considering its RDCO and the intensity value,
the 9823 keV state is assigned with a spin-parity of (15+).
The level at 9304 keV is fed by a cascade of the 1576 and
1398 keVγ -ray transitions. A tentative value of spin-parity
(16+) has been assigned for the 10 880 keV level, whereas no
assignment could be made for the 12 278 keV level. The latter
level decays to the 9823 keV state via a cascade of the 1091
and 1364 keVγ -ray transitions. Three background subtracted
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TABLE I. Values of the level energies (Ei) in keV, γ -ray energies (Eγ ) in keV, initial (Iπi ) → final (Iπf ) spin-parity, relative intensities (Iγ ),
DCO ratio (RDCO), and polarization asymmetry (�asym) of theγ -ray transitions as obtained in this work for66Zn.

Level energy Gamma-ray energy Initial→ Final spin-parity Relative Intensitya DCO ratio Polarization asymmetry
Ei(keV) Eγ (keV) Iπ

i → Iπ
f Iγ RDCO �asym Assignment

1039 1038.91(13) 2+ → 0+ 100(3) 1.01(9)c 0.14(4) E2
1872 833.19(19) 2+ → 2+ 25.72(92) 0.88(8)b −0.16(6) M1(+E2)
2450 1411.14(15) 4+ → 2+ 62 < Iγ < 69 1.03(13)f 0.12(4) E2
2764 891.91(19) 4(+) → 2+ 3.77(26) 1.32(27)b (E2)
2826 1787.32(13)d 3(−) → 2+ <3
3077 627.20(18) (4+) → 4+ 8.00(38) 0.86(26)b (M1)

1205.21(14) (4+) → 2+ 2.13(21) 1.01(20)b (E2)
3746 668.80(21) 5− → (4+) 10.96(47) 0.77(13)b (E1)

920.34(17) 5− → 3(−) 2.81(23) 1.28(30)b (E2)
981.72(15) 5− → 4(+) 2.80(23) 0.46(20)b (E1)
1296.34(11) 5− → 4+ 40.15(140) 0.57(4)b 0.12(7) E1

4074 328.40(17) 6− → 5− 24.80(89) 0.70(5)b 0.11(9) M1 + E2
4179 1728.67(18) 6+ → 4+ 13.57(55) 1.09(13)b 0.13(8) E2
4250 176.34(14) 7− → 6− 11.97(50) 0.76(6)b M1 + E2

504.45(15) 7− → 5− 23.38(85) 1.05(9)b 0.08(5) E2
4812 738.45(15) (7−) → 6− 2.33(21) 0.83(27)b (M1 + E2)
5110 860.13(18)e 8(−) → 7− 1.30(18)

1035.90(17) 8(−) → 6− 4.20(27) 1.09(22)b (E2)
5205 1026.46(18) 8+ → 6+ 11.25(48) 1.06(14)b 0.04(2) E2

954.42(21) 8+ → 7− 15.23(60) 0.47(5)b E1
5463 1213.22(14) 9− → 7− 17.63(67) 1.13(13)b 0.08(1) E2
6075 1262.89(15) (9−) → (7−) 2.83(14) 1.20(27)b (E2)
6291 1085.65(10) 10+ → 8+ 19.75(74) 1.00(10)b 0.06(4) E2

827.80(13) 10+ → 9− 3.70(26) 0.45(10)c E1
6418 1308.15(23) → 8(−) 1.03(18)
6874 1411.11(13) 11− → 9− <4 1.10(18)c 0.05(1) E2
7517 1225.56(16) 12+ → 10+ 13.39(55) 1.06(16)b E2

642.77(16) 12+ → 11− 2.64(22)
7613 1537.97(19) → (9−) 0.65(11)
7918 1627.30(24) (12+) → 10+ 2.08(10) 0.78(20)f (E2)
8675 1800.63(31)e (13−) → 11− <1
8889 1371.75(22)e → 12+ <1
9304 1787.13(19) 14+ → 12+ <10 1.15(28)c (E2)

1385.58(18) 14+ → (12+) 0.77(17)
9823 518.74(19) (15+) → 14+ 5.90(32) 0.64(16)b M1 + E2
10880 1575.62(30) (16+) → 14+ 1.60(19) 0.83(14)c (E2)
11187 1364.41(21) (17+) → (15+) 0.72(17) 1.05(66)f (E2)
12278 1090.65(18)e → (17+) <1

1398.41(24)e → (16+) <1

aThe quoted error includes the fitting error plus an additional error of 3% taken due to the uncertainties in efficiency, background subtraction,
etc.
bGate onE2, 1039 keV.
cGate onE2, 1411 keV.
dMeasurement of RDCO and Intensity were not possible due to the presence of overlappingγ -energies.
eMeasurement of RDCO or Intensity were not possible due to the weak statistics.
fGate onE2, 1086 keV.

γ -γ coincidence spectra gated by the 1039, 1411 and 519 keV
transitions of66Zn are shown, respectively, in Figs.2(a)–2(c),
wherein most of the new transitions reported in the present
work can be seen.

Apart from the ground-state band structure, the positive
parity structures have also been established [19–21], which
are weakly populated in the present work. The 1872 keV level

decaying to the yrast 2+ level by the 833 keVγ -ray transition,
has been observed in conformity with the earlier spin-parity
assignment 2+. This state is fed by a 1205 keV transition
and a relatively intense 892 keV transition, both having the
quadrupole nature as evident from their DCO ratios. The (4+)
level at 3077 keV is fed by a 669 keV transition ofE1 nature
from the strongly populated 5− state at 3746 keV. It decays

064313-3



S. RAI et al. PHYSICAL REVIEW C102, 064313 (2020)

FIG. 2. Background subtractedγ -γ coincidence spectra for66Zn gated on (a) 1039 keV (2+ → 0+), (b) 1411 keV (4+ → 2+), which also
contains the contribution from the 1411 keV(11− → 9−) transition. The inset shows the newly identified 1801 keV transition along with the
1729 keV and the 1787 keV transitions, and (c) 519 keV ((15+) → 14+) transition. The inset shows the newly identified 1091 keV transition
along with the 1089 keV transition. Here, y-axis represents counts per 1.0 keV. New transitions are marked by the asterisks (*). Strong peaks
which are marked with the “#” indicate contaminantγ -rays and those marked by the “&” represent transitions which may belong to66Zn but
could not be placed in the level scheme due to the insufficient coincidence statistics. Here, the contaminantγ -rays are appearing from the
61,62Cu and67Ga nuclei which are also populated in the same fusion evaporation reaction.

via the 627 keVγ -ray transition to the yrast 4+ level at the
2450 keV and to the 1872 keV level via the 1205 keVγ -ray
transition.

The lowest negative parity state at 2826 keV which was
previously established as the 3− from angular correlation of
the de-exciting 1787 keV transition [19], is weakly populated
in the present reaction. Due to the presence of an overlapping
1787 keV transition, a firm spin-parity assignment to this state
could not be done. This state is fed by a weak 920 keV
transition from the 3746 keV level. The 3746 keV level is
strongly populated which decays dominantly to the 4+

1 state.
The RDCO and the polarization asymmetry values of the 1296
keV transition feeding the 2450 keV level confirm the 5−
spin-parity assignment to 3746 keV state. Above this level,
three strongly populated negative parity states, viz, the 6− at
4074 keV, 7− at 4250 keV and the 9− at 5463 keV, which
have been previously established, are confirmed as evident
from the electromagnetic nature of the 328, 504, and the 1213
keV transitions, respectively. This sequence is extended by
two new levels, one at 6874 keV with the spin-parity 11−
and the other at 8675 keV for which no spin-parity could
be assigned due to its weak intensity. The three members of
the negative parity sequence i.e, the 7−, 9−, and 11− states
are found to be connected to the yrast positive parity states,
namely 8+, 10+, and 12+, respectively, by the 955, 828, and
643 keV transitions. A negative parity sequence built on the
6−, 4074 keV state has been extended with the addition of
two new levels at 6075 and 7613 keV. Another cascade of
the 1036 and 1308 keV transitions feeding the 6− level is

observed in accordance with the previous work [20], however
spin-parity assignment could not be done for the 6418 keV
state due to the weak intensity of the transition decaying from
the state. A background subtractedγ -γ coincidence spectrum
gated by the newly identified 519 keV transition of66Zn is
shown in Fig.2(c), wherein most of the transitions reported in
the present work can be observed.

IV. DISCUSSION

66Zn has two protons and eight neutrons outside the doubly
magic core,56Ni. In the valence configurations, the active
orbitals are those of theN = 3, 2p3/2, 1f5/2, and 2p1/2 sub-
shells and theN = 4, 1g9/2 intruder subshell.66Zn, being
transitional nucleus, displays a complex spectrum and the
description of its level structure from the viewpoint of a
single model is difficult. Various theoretical approaches such
as the spherical shell-model [35], crude shell model [17],
deformed configuration mixing shell-model [36], Hartree-
Fock-Bogoliubov calculation [37] and the two-proton cluster
vibrator model [21,38] calculations have been used earlier to
understand the positive parity and the negative parity level
structures in66Zn.

Using the deformed configuration mixing shell model in
the p3/2 f5/2p1/2g9/2 model space, Ahalparaet al. have in-
terpreted fairly well the positive parity high spin states in
66Zn in terms of various configurations [36]. The observation
of the sudden dip in the B(E2) value of the 8+ → 6+
transition has been attributed to the band crossing between
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FIG. 3. Comparison of the yrast band and the negative parity
level structure of66Zn (present work) and68Ge [9]. Numbers along
the right side of the levels denote the level energies in keV and that
in the left denote the spin(in ¯h)-parity.

the ground-state band and the deformed excited state band
arising from the two particle-hole (2p-2h) excitation to the
1g9/2 orbital [36]. The ground-state band comprising of the
Jπ = 0+, 2+, 4+, 6+ states, has been assigned with the
configurationπν(p3/2 f5/2p1/2)10 and the excited state band
comprising of the 8+, 10+, 12+, 14+ states to the 2p-2h
(p3/2 f5/2p1/2)8(g9/2)2 configuration. Assuming a configura-
tion of [π (p3/2)2ν( f5/2p1/2)6]6+ ⊗ [ν(g9/2)2]8+ , a maximum
spin of 14h̄ can be obtained and the corresponding (terminat-
ing) state has been observed in our work. Beyond this state,
a change in the structure or shape transition can be expected
which could be predicted by the theoretical calculations. In-
terestingly, in their calculations, Ahalparaet al. predicted the
yrast 14+ level (unobserved experimentally at that time) to
lie at ≈9.4 MeV, which is very close to the experimentally
observed 9.3 MeV level in the present work. In the present
investigation, this band is also extended by the placement of
the three new connectingγ -ray transitions of 1787, 519 and
1364 keV.

In terms of the level energy, intensity, and decay pat-
tern, a great similarity of the level structure of66Zn with
the neighboring68Ge isotope is observed. A comparison of
the yrast and few negative parity level structure of66Zn
with the isotonic 68Ge is shown in Fig.3. This kind of

FIG. 4. Variation of the experimentally deduced kinematic mo-
ment of inertia as a function of the rotational frequency (¯hω) for the
yrast positive parity band in66Zn (present work). The corresponding
values of the neighboring68,70Ge [9–11,14] isotopes are also shown
for comparison.

comparison is useful in building the level structure system-
atics of nuclei in this mass region and in assigning the wave
function configurations to the analogous quantum states. In
68,70Ge, above the 6+ state of the ground-state band, two
8+ states appear leading to the forking of the ground-state
band into two quadrupole excited bands [9–11,39]. Theoret-
ical studies [40–42] have suggested this forking phenomena
as the band-crossing of the ground-state band with the two
excited deformed bands having the two-neutron (ν1g2

9/2) and
the two-proton (π1g2

9/2) quasiparticle configurations, respec-
tively. Interestingly in70Ge, the simultaneous band crossing
of the two-neutron aligned configuration and theγ band have
been reported leading to the forking of the ground-state band
[10].

FIG. 5. Experimental alignments of the yrast positive parity band
as a function of the rotational frequency for66Zn (present work) and
68,70Ge [9–11]. The reference rotor, which was subtracted, is based
on the Harris parameters,J0 = 6.0h̄2/MeV and J1 = 3.5h̄4/MeV3.
Please see text for details.
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FIG. 6. Calculated quasiparticle Routhians for protons in66Zn
as a function of the rotational frequency ¯hω obtained from TRS
calculation [44] for β2 = 0.34 andγ = −4.7◦. Green and blue
lines denote the positive parity, positive signature and positive parity,
negative signature, respectively, whereas the red and magenta lines
denote the negative parity, positive signature and the negative parity,
negative signature respectively. Please see text for more details.

Figures4 and5 show the variation of the experimentally
deduced kinematic moment of inertia and alignment, respec-
tively, as a function of the rotational energy for66Zn for
the observed yrast positive parity band consisting of 0+, 2+,
4+, 6+, 8+, 10+, 12+, and 14+ states. Here, the kinematic
moment of inertia and the alignment are defined, respectively,
asJ (1) = ix/ω and i = ix − iref. It is to be noted here, thatix
is thex component (rotational component) of the total angular
momentum andiref corresponds to the value of a reference
rotor. The expressions forix andiref are, respectively,

ix =
√

I (I + 1) − K2

and
iref = (J0 + ω2J1)ω,

whereK refers to the projection of the total angular momen-
tum on the symmetry axis.J0 and J1 represent the Harris
parameters. Here, the values of Harris parameters as accepted
in this mass region are taken from the Refs. [10,11].

In both figures, the corresponding quantities for the nearby
68,70Ge [9–11] isotopes are also shown for comparison. It is
evident that the variation of the kinematic moment of inertia
and the alignment as a function of the rotational frequency
(h̄ω) in 66Zn follow the same trend as that in68,70Ge, which
in turn indicates a similar intrinsic structure of the observed
bands in these three nuclei. The observed backbending in
68,70Ge have been understood to be due to the alignment

FIG. 7. Same as the Fig.6 but for the neutrons. Please see text
for details.

of a pair of neutrons in the 1g9/2 orbital [9,10]. As evident
from the plots in the Figs.4 and 5, the first alignment of a
pair of neutrons in the 1g9/2 orbital in 68,70Ge occurs at the
frequencies of≈ 0.60 MeV and≈ 0.5 MeV, respectively.

The alignment plot for66Zn indicates that there is a total
gain in the alignment of≈8h̄ at a frequency of≈0.6 MeV. To
understand the observed alignment, quasiparticle Routhians
for both the protons and neutrons have been calculated and
are plotted, respectively, in the Figs.6 and 7. The quasi-

FIG. 8. Excitation energy vs. spin plot for the yrast bands of
66Zn. Reduced transition probabilities B(E2) of the correspondingγ -
transitions, which are taken from the literature [43], are also plotted.
The dashed lines represent the extrapolation of the bands through the
second-order polynomial fitting.
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FIG. 9. Contour plots of the TRS calculations in66Zn for the zero
quasiparticle (vacuum) at the rotational frequency(¯hω) 0.100 MeV.
The energy separation between the two consecutive surface contours
is 250 keV.

particle Routhians are calculated using TRS codes based on
the Hartree-Fock-Bogoliuobov formalism [44], which is dis-
cussed later in this manuscript. These plots show that the first
crossing of a neutron pair is possible at ¯hω ≈ 0.55 MeV,
while that for a pair of protons is feasible at ¯hω > 0.70 MeV.
So, the band built on the 8+ (5205 keV) state extending to the
14+ can be understood to be due to the alignment of a pair of
neutrons in the 1g9/2 orbital.

Band crossing has also been reported in the lighter65Zn
isotope, where the two-proton alignment has been found to
be responsible for the observed band crossing at a rotational
frequency∼0.6 MeV [12] with the neutron alignment being
blocked. The TRS calculations of65Zn have predicted that
it undergoes a shape transition from a near oblate at lower
spin to triaxial at intermediate spin [12]. In 66Zn, the band

FIG. 10. Same as the Fig.9 but for the 2-ν quasiparticle band
(positive parity, positive signature) at ¯hω = 0.5 MeV in 66Zn.

FIG. 11. Contour plots of the TRS calculations for the con-
figuration π ( f5/2)2 ⊗ ν( f5/2)3(p3/2)4(g9/2)1 of the negative parity
quadrupole band like structure consisting of the 7− (4250 keV),
9− (5463 keV), and 11− (6874 keV) states in66Zn at a rotational
frequency(¯hω) 0.40 MeV. Here, the energy separation between the
two consecutive surface contours is 250 keV.

crossing of the ground-state band and the two-quasiparticle
band occurs at 6+, which is evident from the sudden drop
in the B(E2) value (<2.9 W.u.) for the 8+ → 6+, 1026 keV
transition [43]. The band crossing is also apparent from the
excitation energy vs spin plot for the yrast band illustrated
in Fig. 8. The reduced transition probability [B(E2)] values
for the transitions (J→ J-2) de-exciting along the yrast line,
which are taken from the literature [23,43] are also given in
the plot. The bands are extrapolated by using a second order
polynomial fitting and are given by dashed lines in the plot.
The configuration of the two-quasiparticle band is certainly of
a two-neutron character, i.e., (νg9/2)2, as the proton alignment
is known to occur at the higher frequencies and one can expect
it to undergo a similar shape transition as65Zn [12] along
the positive parity yrast band. However, the two-quasiproton
aligned band could not be observed in this nucleus. This may
be because of its light nature (Z = 30, N = 36), compared to
the68,70Ge, leading to the unavailability of theπ1g9/2 orbital
near the proton Fermi surface. The two-neutron quasiparticle
structure is well connected to the negative parity states (7−,
9−, 11−), respectively, by the 955, 828, and the 643 keV
transitions as seen from the level scheme. This may suggest
the fact that these negative parity states also have the similar
configurations as the positive parity band.

The TRS calculations for66Zn have been performed to un-
derstand the possible shape evolution using the Woods-Saxon
potential. The Hartree-Fock-Bogoliuobov code of Nazarewicz
et al. [44] has been used for the calculations. Equilibrium
shapes were calculated in theβ2-γ plane with the minimiza-
tion on theβ4 at different values of ¯hω. Shell corrections
have been taken into account and as a residual interaction, the
mono pole pairing force has been taken with the strength from
Ref. [44]. Figures9 and 10 show, respectively, the contour
plots for the zero quasiparticle and the positive parity, positive
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FIG. 12. Same as the Fig.11 at the rotational frequency (¯hω)
0.45 MeV.

signature two neutron quasiparticle sequence in66Zn. The
calculation predicts a collective oblate shape ofβ2 � 0.20 at
the lower frequencies up to ¯hω = 0.25 MeV albeit the flatness
of theγ plane indicates a possible triaxial shape as shown in
the Fig.9. With the further increase of the rotational frequency
the nucleus becomes moreγ soft in nature, which means
that the nucleus is triaxial in shape at intermediate spin. At a
higher frequency of ¯hω = 0.50 MeV, it assumes a collective
prolate shape having deformationβ2 = 0.34 (γ � −4◦) as
evident from the plot in Fig.10. These values ofβ2 = 0.34
and γ � −4◦ have been used to calculate the quasiparticle
Routhians (Figs.6 and7) from which the crossing frequen-
cies are estimated. The TRS calculations thus predict that
the alignment of a neutron pair drives the66Zn nucleus from
a collective oblate shape at the ground state via the triaxial
shape at the intermediate spin to a collective prolate shape at
the high spin.

FIG. 13. Same as the Fig.11at the rotational frequency(¯hω) 0.55
MeV.

The configuration of the negative parity band consisting of
the 7− (4250 keV), 9− (5463 keV), and 11− (6874 keV) states
is assumed to be ofπ ( f5/2)2 ⊗ ν( f5/2)3(p3/2)4(g9/2)1. This
configuration can generate a maximum angular momentum
value of 13¯h which is consistent with the observed highest
spin state of the band. Figures11, 12, and13 represent the
TRS plots for this configuration. As is evident from the plots,
the TRS calculations for the negative parity band predict an
evolution of shape from a moderately deformed (β2 ≈ 0.20,
γ ≈ 23◦) triaxial at h̄ω = 0.40 MeV to well deformed (β2 ≈
0.37,γ ≈ 3◦) prolate at ¯hω = 0.55 MeV.

V. CONCLUSION

Excited states of66Zn have been studied following their
population in a heavy-ion induced fusion-evaporation reaction
and using an array of the 14 Compton suppressed clover
detectors. Combining the measurement of the energy, angu-
lar correlation, linear polarization, intensity and coincidence
relationship of the emittedγ -rays, the level scheme of66Zn
has been constructed. With 14 new transitions being identi-
fied, the level scheme of this nucleus has been extended up
to the excitation energy≈12.3 MeV and a tentative spin of
(17+)h̄. Further, the positive parity [π (p3/2)2ν( f5/2p1/2)6] ⊗
[ν(g9/2)2] yrast band and the negative parity band correspond-
ing to the π ( f5/2)2 ⊗ ν( f5/2)3(p3/2)4(g9/2)1 configuration
have been identified up to their terminating states. A quali-
tative discussion of the observed band crossing phenomenon
and the structure of other levels were presented in the light
of various quasiparticle configurations which are based on
the existing theoretical studies for this nucleus and the other
neighboring nuclei (viz.68,70Ge). TRS calculations predict a
shape transition of this nucleus from a collective oblate at
h̄ω = 0.10 MeV to a collective prolate at ¯hω = 0.55 MeV via
triaxial shapes at the intermediate spins along the positive par-
ity yrast band. This shape transition has been attributed to the
alignment of a pair of neutron in the 1g9/2 orbital. Similar TRS
calculations corresponding to the negative parity quadrupole
band predict an evolution of the shape from the triaxial with a
moderate deformation to the prolate with a higher deformation
value. Thus, the present study points towards the established
fact that the unique parity 1g9/2 orbital unequivocally plays
a major role in the underlying structure of this nucleus as is
observed in this work.
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ABSTRACT 

This paper seeks to run back over the Stoic Seneca’s ethical precept: “live or life according to Nature” once 
again for the realization or restoration of sustainability. Though ancient Greek Stoicism is no longer 
existent, yet Stoic Seneca’s ethical precept has not been forgotten. Like tradition, the Nature embedded 
ethical precept of Stoicism should or can be defended, but not in the traditional way, since tradition 
defended in traditional way implies fundamentalism. 
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1. Introduction  

 

In the age of sustainability revolution, which has started its effective life since the 1970s, various 

preconditions, precautions, principles and/or policies are being adopted for the conservation of Nature. But, 

without clear-cut understanding of Nature, and the way of its conservation, how is it possible to conserve 

Nature?  Should we not decide today what nature is and how we should reorganize our way of living in 

relation to it before taking conservation action?  Though ancient Greek Stoicism is no longer existent, yet 

Stoic Seneca’s ethical precept: “live or life according to Nature” has not been forgotten. Like tradition, the 

Nature embedded ethical precept of Stoicism should or can be defended, but not in the traditional way, since 

tradition defended in traditional way implies fundamentalism. Today’s humanized or socialized Nature and 

ecology should or can be conserved or restored, but not in the traditional way. Nature, ecology and tradition 

are equivalent in the sense that these are erroneously treated as pre-given and independent of “humanization 

or socialization” (Konar, 2013). Their restoration should never deliberately be backed up by 

fundamentalism. This paper seeks to run back over the Stoic Seneca’s ethical precept once again for the 

realization or restoration of sustainability (Konar & Chakraborty, 2011). 
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2. Conflicting Perspectives of Nature 
 

Humans are advised by the Stoic ethical precept to “live according to Nature”. But, if conflicting 

perspectives of Nature are existent in the interdisciplinary literature, then Stoic ethical precept must involve 

conflicting pathways. Then, comes the problem of choice from the multitude of pathways. Now, our 

discussion will be concentrated on the conflicting perspectives of Nature on which the Stoic ethical precept 

is based. The perspective of Nature is shaped by social as well as ecological frameworks, since humans are 

impacted by both the social and ecological factors, given the natural instability indicated by natural 

catastrophes and natural stability indicated by the equilibrium of various natural life support systems. 

Further, the perspective of Nature is determined by the following two factors:  

(i) The ways of human interaction with the Nature determine the ways of human perception and 

interpretation of Nature  

 (ii) The ways of human perception and interpretation of nature determine how humans interact with the 

Nature.  

In this context Milton’s (1997) remark is noteworthy. He says that “cultural perspectives thus ……. guide 

human activity. This activity, in turn, yields experiences and perceptions, which shape people’s 

understanding of the world. The process is not unidirectional, but dialectical”.  

Moreover, how the perspective of Nature is embedded in the minds of the people should be looked at from 

two sets of peoples such as:  

(i) Peoples who act as analysts, scholars, researchers, authors or scientists (observers)  

(ii) Peoples who are studied by the former (observed).  

In this connection, the comment of Dawkins (1995) should be recalled: “we are just brought up in a culture 

that sees the world in a scientific way. They (tribe, who believe that the moon is an old calabash tossed into 

the sky, hanging only just out of reach above the treetops) are brought up to see the world in another way. 

Neither way is more true than the other”. In a similar vein, Dwyer (1996) has argued that the capacity of a 

particular society to develop a concept of Nature depends on whether they view their environment as an 

integrated whole or divide it into familiar and unfamiliar spaces, and this, in turn, depends on how they live 

in and their environment. He suggests that, in the fully integrated world of the Kubo, there is no sphere 

sufficiently distinct from the human world to merit the label Nature, while the Siane environment contains 

unused and familiar spaces, which might be so labeled. Further, Ingold (1996) says that hunter-gatherer 

communities do not have a concept of Nature because the world can only be Nature for a being that does not 

belong there. Similarly, Howell (1996) points out that the jungle in its totality as a material and spiritual 

world is …….cultural space, not natural. They (Chewong of Malay rainforest) move around in it with 

confidence derived from understanding and knowledge. In this case, the label is applied by the analyst, there 

is no suggestion that the people themselves would describe their environment in this way. 
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Various perspectives of Nature are existent in the interdisciplinary literature. However, Beck’s (1994) 

notion of Nature should be prioritized first as follows: 

 
Nature is not nature, but rather a concept, norm, memory, utopia, counter-image. Today more than ever, 
now that it no longer exists, nature is being rediscovered, pampered. The ecology movement has fallen prey 
to a naturalistic misapprehension of itself…. ‘nature’ is a kind of anchor by whose means the ship of 

civilization, sailing over the open seas, conjures up, cultivates, its contrary: dry land, the harbour, the 
approaching reef. 
 

Beck’s remark cannot cease us from searching for the definitions of Nature. For evidences show that A.D. 

Lovejoy was capable of counting over sixty different shades of meaning of Nature. The preferred notions of 

Nature are given below: 

 

One of the clearest statements of the idea of Nature has been depicted in English literature in terms of 

Pope’s Essay on Man as follows (Cuddon, 1998): 

 

Vast chain of being! Which  from God began, 
Natures ethereal, human, angel, man, 
Beast, bird, fish, insect, what no eye can see, 
No glass can reach; from Infinite to thee, 
From  thee to nothing. ---On superior pow’rs 
Were we to press, inferior might on ours; 
Or in the full creation leave a void, 
Where, one step broken, the great scale’s destroy’d; 
From Nature’s chain whatever link you strike, 
Tenth, or ten thousandth, breaks the chain alike. 

 

The classic work on the notion of Nature is found in A.O. Lovejoy’s The Great chain of being: A study of 

the history of an idea (1936). 

A considerable emphasis on imitating the law of Nature is seen in pope’s An Essay on Criticism (1711) 

[Cuddon, 1998] as follows: 

 

First follow Nature, and your judgement frame 
By her just standard, which is still the same; 
Unerring NATURE, still divinely bright, 
One clear, unchang’d and universal light. 

 

According to Whitehead (1953), “The whole life of Nature is dominated by the existence of periodic events, 

that is, by the existence of successive events so analogous to each other that, without any straining of 

language, they may be termed recurrences of the same event,” 

Ellen (1996) has identified three distinct senses in which Nature is understood in Western society: 

 (i) As space which is not human 
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(ii) As a category of things   

(iii) As inner essence, where Nature seen as (ii) and (iii) includes both human and non-human beings. 

Escobar (1997) views that Nature can no longer be seen as an essential principle and foundational category, 

an independent domain of intrinsic value and truth but as the object of constant reinventions, especially by 

unprecedented forms of technoscience. 

In the eyes of Sheldrake (1991), Nature is alive, which oppose mechanistic approach to Nature in which 

Nature is treated as an inanimate sources of natural resources. Sheldrake (1991) says that such a view is 

implicitly feminine, for the words Nature and natural have their origins in the mothering process. How 

Nature is seen through the eyes of the famous poet Hopkins [Dyson, 1995] will be obvious from the 

following lines of his poem Brothers: 

 

Ah Nature, framed in fault, 
There’s comfort then, there’s salt; 
Nature, bad, base, and blind, 
Dearly thou canst be kind; 
There dearly then, dearly 
I’ll cry thou canst be kind. 

 

Giddens’s (1994) conceivability of Nature is as follows: 

 

The paradox is that nature has been embraced only at the point of its disappearance. We live today in a 
remoulded nature devoid of nature… nature can not any longer be defended in the natural way…socialized 
nature is by definition no longer natural. The longing for a return to nature…. is a healthy nostalgia… 

Nature has come to an end in a parallel way to tradition…Instead of being concerned above all with what 

nature could do to us, we have now to worry about what we have done to nature. 
 
 
According to Vernadsky (1965), “The biosphere is the environment in which we live, it is the ‘nature’ that 

surrounds us and to which we refer in common parlance”. Lotka (1925) says that “The picture (of Nature ) 

we must keep before us, then, is that of great world engine or energy transformer composed of a multitude 

of subsidiary units, each separately and all together as a whole, working in a cycle”. 

“There is no state of nature, such as posited by Rousseau” (Giddens, 1994). 

According to Pope’s Essay on Man (Copleston, 1962): 

 

All are but parts of one stupendous whole, 
Whose body Nature is and God the soul. 

 
 

According to T. S. Eliot, “The external Nature is always an accomplice of the illusory reality” (Sen, 1967). 

But, William Wordsworth proves that Nature is always interesting because of its inherent truth and simple 

beauty (Sen, 1967). In The Creative Experiment, Bowra says that “The whole order of Nature seems to be 

breaking, and strange sounds and sights testify to the general decomposition” (Rosset, 1948). Stephen 
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Spender (1950) wanted to substitute the modern civilization with his desired nature of Nature and that is 

why he said: 

 

Unless, governor, teacher, inspector, visitor, 
            This map becomes their window and these windows 

                                           That shut upon their lives like catacombs, 
Break O break open till they break the town 

                        And show the children to green fields, and make their world 
Run azure on gold sands, to let their tongues 

                Run naked into books, the white and green leaves open 
                                          History theirs whose language is the sun 
 
 

What Nature teaches us and what ways of life we should follow will be amply clear from the remark of 

Kropotkin (1925):  

  

“Don’t compete! ---- competition is always injurious to the species, and you have plenty of reasons to avoid 
it!”. That is the tendency of Nature, not always realized in full, but always present. That is the watchword 

which comes to us from the bush, the forest, the river, the ocean. “Therefore combine --- practice mutual 
aid! That is the surest means for giving to each and all the greatest safety, the best guarantee of existence 
and progress, bodily, intellectual, and moral”. That is what Nature teaches us; and that is what all those 

animals which have attained the highest position in their respective classes have done. That is also what 
man--- the most primitive man --                                                                                                                                                                                                                                                    
has been doing; and that is why man has reached the position upon which we stand now….  
 
 
The Greek sophist Anaxagoras (Stace, 1972) argues that an antithesis is existent between Nature and man. 

Another Greek sophist Alcidamas of Elaea (Nersesyants, 1986) remarks that “God has set all men free; 

Nature has made no man a slave”. Regarding the relationship between the humans and Nature, the Greek 

philosopher Aristotle (384-322 BC) says that: 

 
If Nature is to be understood, we must keep in mind certain general points of view…..Nature seeks 

everywhere to attain the best possible….But if nothing in Nature is aimless or useless, this is not to be 

interpreted in a narrow anthropocentric spirit. It does not mean that everything exists for the use of man….It 

is true that, in a certain sense, everything else sublunary is for man. For man is the highest in the scale of 
beings in this terrestrial sphere….But this does not exclude the fact that lower beings have each its end. 
They exist for themselves and not for us” (Stace, 1972). He also adds that humanness can not exist apart 
from human beings, any more than heaviness apart from the heavy object. 
 
Nature can be conceived broadly from three perspectives such as (i) Traditional perspective, (ii) Modern 

perspective and (iii) New perspective. 
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2.1. Traditional Perspective of Nature 

 

If human “figure” and its “nose” (recall Gogol’s story, called, The Nose), which is an inseparable part of the 

“figure”, are respectively likened to the “Nature” and the “human”, then traditional perspective shows that 

“nose” has an independent existence, which means that “nose exists without an owner” and by analogy, it 

can be said that human society exists without Nature. Traditional perspective is determined by the nature of 

tradition, traditionalism and traditionalists. Tradition refers to the customs, beliefs, practices, ceremonials, 

rituals, etc. by which the past can be substituted for the present. Tradition is something, which is given, 

fixed, or constant, not variable; exogenous, not endogenous; autonomous, not induced; static, not dynamic, 

and unchallengeable. Tradition is assumed to influence human social life, which can not influence tradition. 

Human social life is exceptionally dynamic, while tradition is exceptionally static, though it is humanly 

constructed. Recently tradition is being detraditionalized and reconstructed or reinvented deliberately. The 

most important characteristic of traditional tradition is that tradition should or can be defended in the 

traditional way. Like rail lines tradition and Nature go in parallel way. They have vast similarities. The 

salient features of traditional perspective of Nature are as follows: 

 

If Earth is likened to a model, and if society is treated as endogenous variable (obviously dynamic), then 

Nature is looked upon as an exogenously and permanently fixed landscape. Symbolically, if Y stands for 

“index of Nature or Naturalness” measured along the vertical axis and X stands for “index of humanization 

or socialization” measured along the horizontal axis, then in the two-dimensional diagram, the mathematical 

function Y = F (X) can be represented by a straight line which is parallel to the X-axis. Nature refers to 

environment and events which is pregiven independently of human social actions. Nature is devoid of 

human social spheres. Nature is an autonomously given physical environment that persists only for 

absorbing social and ecological shocks. It is an external framework for human activity. It is looked at in an 

instrumental way. It is an external platform of social life and is pregiven and largely unchallengeable. It can 

or should be returned to its original state by human efforts. The metaphor of Nature as Mother Nature is 

seriously taken as valid. It is regarded as an object of beauty, separated from human social life. Nature 

should and can be defended in the natural way as it is “larger than human beings” (Goodin, 1992). It is a 

non-humanized physical objects or processes (or environment) given independently of human intervention. 

A return to an independent Nature is advocated by traditionalists. “How shall we live in a world of 

socialized or lapsed Nature?” is the moral question of traditionalists. Naturalness of Nature can be restored 

in the natural way. Socialization or humanization of Nature is the only cause of ecological crisis leading to 

the emerging threat of unsustainability. All humans should become conservative in the conservative way. 

For the return to natural Nature, traditionalists suggest to follow primitive civilizations and to abandon 

modern civilizations. As Naess (1972) says that “….. people will be able to live as ‘future primitives’, 

recovering ecological diversity as ‘dwellers in’ the land”. Similarly Goldsmith (1988) suggests that it is to 
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the traditional societies of the past that we must turn for inspiration. Nature should be defended against the 

inroads of economic expansionism, which threatened its inner harmonies as well as its beauties. The deep 

ecologists Porritt and Winner  seeks to call for a non-violent revolution to overthrow our whole polluting, 

plundering and materialistic industrial society and, in its place, to create a new economic and social order 

which will allow human beings to live in harmony with the planet (Dobson, 1990). According to 

traditionalists, living “close to Nature” implies more harmony with it than living in modern society. Hence 

primitive ethnoecologies and tribal communities comprising of hunter- gatherers, horticulturists, 

pastoralists, marginal peasants and the like are placed for admiration. Socialization or humanization of 

Nature leads to destruction of Nature. Urbanization and globalization backed up by scientific and 

technological revolution are discouraged. Defending of Nature in the natural way should be paralleled by 

the defending of tradition in the traditional way. The emphasis on a return to Nature also includes the 

revival of traditional medicine, substitution of herbs for modern drugs with the exclusion of modern medical 

methodology. Traditional perspective of Nature has its origin in Cartesian philosophy which indicates the 

dualistic view of a mind-body actor whose mind chooses between options available to the body in its lived-

in situation by a reasoning which transcends the situation, and which then makes the body execute its choice 

(Bird-David, 1997). Cartesian view also suggests the principles that (a) Everything is revisable, (b) We 

cannot be sure even about our most cherished ideas and (c) Science is supposed to produce certainties for 

us. Mastery over Nature means destruction of it, since humanized or socialized Nature is no longer natural 

by traditional definition. Local, small, diversified and primitive communities are adaptable more gracefully 

to Nature. So decentralization of cities and reconstruction of ethnoecologies are blissfully encouraged. 

Conservation of tradition should be coupled with conservation of Nature. So constructions of historical and 

aesthetical importance should be conserved in the conservative way in the name of conservation of Nature, 

since these are “larger than humans”. Conservation decisions and planning should be undertaken by 

reference to natural Nature, not humanized or socialized Nature. Scientific and technological civilization 

should be banned. Nature, ecology and environment are often confused. Villages are more natural than 

cities.  

 

There are authors who have spoken of the relation between human and Nature, but they have not clarified 

what Nature and Natural are. For example, according to Smith (1997) for sustainability we require living in 

peace and comfort within natural limits and preservation of the natural environment in its unaltered state. 

Living in harmony with natural environment has been suggested by Heang (1997). For sustainability, Posey 

(1992) has suggested to use the techniques for living in harmony with nature, obtaining favourable results 

without degrading or exhausting the environment. Living in harmony with surrounding is also the view of 

Lewis (1992). Man must bring himself into conformity with nature if he wants to exist as part of nature’s 

unity, and must fit his demands to nature’s availabilities (Reichel-Dolmatoff, 1976). Living in relative 
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harmony with nature, and living within the limit fixed as a challenge by nature ensures sustainability 

(Cavalcanti, 1997).  

 

Traditional perspective of nature is based on the following frameworks, paradigm, doctrines and/or isms:  

(a) Possibilism, which means that nature is seen as setting the limits on cultural development, as dictating 

what is possible (Kroeber, 1939; Stenning, 1957) 

(b) Cultural core or cultural ecology of Steward (1955) 

(c) Substantivism, which concerns itself with the economy as an instituted process (Sahlins, 1972; Polyani 

et al., 1957; Halperin, 1988) neglecting the individual. 

(d) Formalism, which concerns with the rational individual and the economy at large, as the aggregate of 

such individuals (Halperin, 1988). 

(e) Symbolism or economic symbolism (Sahlins, 1976; Mintz, 1985) 

(f) Instrumental rationality. 

(g) Old environmental determinism or anthropogeography (Geertz, 1963; Mason, 1896; Huntington, 1924). 

(h) Cultural materialism of Harris (1968). 

(i) Cultural relativism of Holy and Stuchlik (1981). 

(j) Social constructivism of Ingold (1992). 

(k) French structuralism of Levi-Strauss (1963). 

(l) Cultural economics of Gudeman (1986). 

(m) Ecosystem or ecological system (Rapport, 1971). 

(n) Cognitive anthropology (Tyler, 1969). 

(o) Ethnoecology (Hunn, 1985). 

 

2.2. Modern Perspective of Nature 

 

Giddens (1994) is eulogized for his significant contribution to the modern perspective of Nature. We are 

living today in a world in which the Nature is being humanized, socialized, remoulded, managed or 

denatured at an increasing rate. The naturalness of Nature is being faded out and instead, denaturing is 

taking its place. The humanized or socialized Nature is being substituted for Natural Nature. That is why 

today’s Nature should be designated as humanized, socialized, remoulded or managed Nature. By any 

criterion, Nature must be conserved, defended or safeguarded. But the way of conservation should be 

changed. Nature should and can not be defended in the natural way. Consevation of Nature should come 

from non-natural way. Both the Nature and tradition are alike in the sense that they need defending, since 

both are disappearing and as tradition should and cannot be defended in traditional way, similarly Nature 

should and cannot be defended in the natural way. Tradition defended in traditional way means 

“fundamentalism” which, is dangerous to the society and can arise in all the dimensions of human life. 
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Nature is going to an end in a parallel way to tradition. Conservation of tradition should effectively be 

separated from the conservation of Nature. Tradition should be preserved, but the ways of life with which 

they were associated should and cannot be preserved. For example, we might wish to preserve the local 

gibbet on account of its history, but not the practice of publicly hanging petty criminals on it (Giddens, 1994 

). Return to Nature does not necessarily mean the return of the present scientific and technological 

civilization to the early rude, crude or primitive society, as claimed by traditionalists. Modernists do not 

believe that communities comprising of hunter- gatherers, horticulturalists, pastoralists, peasants etc. are 

more natural than modern scientific and technological communities, for their living close to Nature. Because 

all are human productions and humans are part of Nature.  Traditionalist Goddin (1992) argues that “natural 

products or processes are larger than ourselves or humans”. But the modernist Giddens’s (1994) counter-

argument is that that we need something larger or more enduring than ourselves to give our lives purpose 

and meaning may be true, but this is plainly not equivalent to a definition of the natural. Mastery over 

Nature does not mean destroying it. Rather mastery can quite often mean caring for Nature as much as 

treating it in a purely instrumental or indifferent fashion. Conservation decision and planning should not be 

undertaken by reference to natural or original Nature, but to humanized or socialized Nature. We have to 

decide today what nature is and how we should organize our lives in relation to it. The longing for a return 

to original Nature is a healthy nostalgia, since Nature can never be returned in the natural way. Instead of 

being concerned above all with what Nature could do to us, we have now to worry about what we have done 

to Nature. Human constructions such as old buildings, churches, palaces, temples and similar things should 

be preserved only for their historical importance, not for the fact that they are “larger than ourselves” 

(Goodin, 1992) and not in the traditional way. We should all become conservative now, but not in the 

conservative way. Decision about what to conserve or to strive to recover should be determined by reference 

to denaturing of Nature and detraditionalization of tradition. We should seek to remoralize our lives in a 

situation where Nature and tradition can be reconstructed in deliberately conscious way. “How shall we 

live? in a world of lost tradition and socialized Nature” should not be treated as moral despair. We should 

not start to mistrust science and technology for the lost natural harmonies. Environment, ecology and Nature 

should not be confused. We can not go back to tradition which is ingrained the community, where tradition 

is defended in the traditional way.  History does not express the will of God but is the result of the active 

struggles, and creativity, of human beings themselves. The human authorship of history has been hidden by 

religious dogma and by the dead hand of tradition. The task ahead for humanity is to take hold of its own 

social development and direct it in a conscious way. We are or can become the masters of our own destiny 

(Giddens, 1994). 
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2.3. New Perspective of Nature 

 

The relationship between the Nature and the human society can be likened to the relationship between the 

Nation State and its government. Government is the subset of the Nation State in the sense that wherever 

government exists, there is also Nation State, but the converse is not true. Similarly, human society is the 

subset of Nature, which means that wherever human society exists, Nature follows suit, but wherever Nature 

exists human society does not exist. Nature should be divided into three zones such as (i) “free-entry zone”, 

(ii) “quasi-entry zone” and (iii) “no-entry zone”. So, Nature should be confined not only to the Earth, but a 

part of the outer space of the universe into which human intrusions are still going on and the rest part of the 

outer space, which is left untouched till now, should also be included in Nature. Because a part of the outer 

space of the universe is recently being humanized or socialized in terms of launching of variously artificial 

satellites and diverse explorations of space to satisfy the human common purposes. Besides, several natural 

satellites have already been humanized or socialized and many other natural satellites have remained under 

the queue of humanization or socialization for the common good or bad of the society. Thus, socialized as 

well as non-socialized parts of the universe should also be included into the new conception of Nature. 

 

Socialization of Nature is a matter of degree, like privatization of national economy, and mathematization of 

various disciplines or sciences. Though socialization of Nature is going up at an increasing rate, yet full-

fledged socialization of Nature is neither physically possible, nor socially desirable. So the moral despair 

that Nature has fully been denatured or exhausted, or in other words, Nature has ceased to exist, is a 

sophisticated nostalgia. Unless government ceases to exist how is it possible to realize full-fledged 

privatization of a national society? Should the national society not decide the degree of privatization 

consciously for the benefit or desirability of the society? Likewise, while mathematics itself is non-

mathematical, since literary or verbal reasoning is still existent in mathematics, is it possible to attain full- 

fledged mathematization of any science or discipline such as physics, chemistry or the like? If full-fledged 

socialization of Nature is possible by any means or criterion, then what name should be substituted for 

remaining non-socialized part of the infinite universe and will diverse non-anthropogenic natural 

instabilities cease from recurring? And by what name will non-anthropogenic natural instabilities be called? 

No scientist can predict the upper and lower limits of socialized Nature in the universe despite 

unprecedented boon of scientific and technological revolution. 

 

Socialization of Nature does not necessary lead to destruction of Nature or natural disequilibrium. All kinds 

of destructions of nature may be brought about by socialization of Nature, but the converse cannot be true, 

that is, all kinds of socialization of nature can never be directed to the destruction of Nature. Since human 

society is a subset of Nature so any kind of socialization of Nature means deliberate intrusion of human 

intervention into the non-socialized part of the universe. Such human intervention may involve two types of 
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socialization such as positive and negative. Both the deforestation and reforestation of Nature are the 

examples of socialization of Nature. But while the former should be called negative socialization, the latter 

the positive socialization of Nature. If the warfare and the age-old conflicts among diverse fundamentalisms 

can be ruled out by the conscious and morally optimistic efforts and if at least a few of the lost non-human 

species can be revived or reinvented by the newly invented technology or methodology, then should these 

kinds of socialization of Nature be labeled as destruction to Nature? Again the same kind of socialization of 

Nature may bring about either beneficial or destructive outcome depending upon the politics of the nation 

state or the scope of socialization. For example, the artificial communication satellite may be used to satisfy 

socially desirable purpose, say, needs of the scholars and the scientists for internet searching or socially 

undesirable purpose, say, bringing about future warfare. Since humans rank highest in the scale of species, 

so they should continue the process of socialization of Nature resorting rationality, morality and  

consciousness so long as the social instability and ecological instability cannot be wiped out and thereby the 

newly emerging harmony of socialized Nature can be reestablished,  since according to Wilkie (1993) 

“Human beings retain a moral value, which is irreducible.” 

 

The traditionalist insistence that living “close to Nature” (e.g. subsistence living of primitive and tribal 

communities comprising of hunter-gatherers, horticulturalists, pastoralists, small peasants etc.) is more 

natural than the living remotely from Nature (e.g. modern scientifically and technologically developed 

cities). But the question is: which is more natural, the primitive and tribal communities facing large scale 

poverty, hunger, malnutrition, illiteracy accompanied by high birth and death rates, or the modern developed 

communities devoid of some of the foregoing social instabilities? In truth, the degree of naturalness of any 

event or process should not be judged by reference to the natural or crude Nature, rather it should be judged 

by reference to socialized Nature. Which is more natural, a community “where there is no doctor” (Werner, 

1977), or a community where doctor is available for safeguarding the community’s health status? 

 

Preservation or conservation of tradition should not be confused with that of Nature. In the socialized 

Nature, there must be an effective separation between the two. For this confusion may lead to unexpectedly 

adverse outcomes. 

 

The socialization of Nature is also a natural process, since humans are embedded in the Nature. Through the 

universal process of evolution, which has not stopped yet, rather is continuing, it has become obvious to the 

humans that “Man is the highest phenomenon of Nature”, according to Greek Stoicism (Copleston, 1962). 

Owing to humans’ supremacy over the Earth, socialization of Nature has become naturally congealed in 

human nature. By the kind Nature’s gentlest boon, humans have been gifted with such qualities as 

consciousness, morality, rationality etc. by which they can socialize the Nature in the positive direction to 

bring about a transition to the dynamically social stability and ecological stability, given the constant threat 
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of exogenously determined non-anthropogenic natural instability. The Greek philosopher Heracleitus (535-

475 BC) said that “Everything in the universe has in it its own opposite” (Stace, 1972).  Further according to 

the principle of antinomy of terminology, concepts arise in science in pairs---every phenomenon must have 

a corresponding anti-phenomenon and every process must have a process with its opposite polarity. Thus, 

we cannot speak of the Nature or Natural without denoting its opposite---- anti-Nature or anti-Natural. 

Traditionalists backed up by fundamentalism insist that the opposite of Nature, Natural, Naturing or 

Naturalization is society (humanity), social (human), socializing (humanizing) or socialization 

(humanization). But they can be reminded that the latter is embedded in the concept of the former.  

 

3. Interpretation of Stoic Ethical Precept 

 

According to Stoics, the end of life is to attain happiness, which is possible in the Natural life or life 

according to Nature, which means the agreement of human action with the law of Nature. For man to 

conform himself to the laws of universe in the wider sense, and for man to conform his conduct to his own 

essential nature, that is, reason, is the same thing, since universe is governed by the law of Nature. While 

earlier stoics such as Zeno, Cleanthes, Chrysppus, et al. thought of Nature which man should follow, rather 

as the Nature of the universe, later Stoics such as Seneca, Epictetus, Aurelius, et al. tended to conceive 

Nature from a more anthropological point of view. The conflicting senses of the Stoic ethical maxim “live 

or life according to Nature” are as follows: 

 

By Nature, Cynics mean rather the primitive and instinctive, and so life according to Nature implies a 

deliberate flouting of the conventions and traditions of civilized society, a flouting that externalizes itself in 

conduct that is eccentric and not infrequently indecent. 

 

According to Stoics, life according to Nature indicates life according to the principle that is active in Nature. 

The ethical end of life lies in submission to the order and arrangement of the universe. Man is endowed with 

reason, the faculty which gives him his superiority over the brute and so for man life according to Nature is 

rightly understood to mean life according to reason. The end of life is a life which follows Nature, whereby 

is meant not only our own nature, but the Nature of the universe, a life wherein we do nothing that is 

forbidden by the universe i.e. by right reason. The ethical teaching of the Stoics thus declares that happiness 

is a life according to Nature, while a life according to Nature is a life according to right reason. 

 

By “live or life according to Nature”, the traditional perspective indicates that humans should live in 

accordance with the non-socialized, crude or natural Nature as primitive and tribal communities do, for 

maintaining globally ecological equilibrium or sustainability, irrespective of social sustainability or 

unsustainability. 
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But modern perspective expresses just opposite view, which means that humans as the part of Nature must 

live in accordance with the humanized or socialized Nature and socialization of Nature can not be stopped 

so long as humans survive in the Earth as the highest creature. 

 

Stoic Seneca’s ethical precept “live or life according to Nature” has been renamed by the new paradigm as 

“sustainability” provided that the negative autonomous socialization of Nature can be at least compensated 

(or overcompensated, not undercompensated) by the positive autonomous socialization backed up by human 

trinity “rationality, consciousness and morality”, treating such socialization as a sustained and dynamic 

process. This means that positive accommodating socialization of Nature must reproduce “socialized 

sustainability” (obviously renewed) on the assumption that society itself has been “optimally socialized” 

without any kind of fundamentalism.  

 

4. Should Society Sustain Stoic Ethical Precept? 

 

The Northern scholar Smith (1997) claims that “the notion of environmentally sustainable development was 

promoted in the 1970s most prominently by Herman Daly (1972) and ‘sustainable development’ as a 

concept is a product of the North”. But, retrospective evidences reveal that 1970s-Northern concept of 

“sustainability” is congealed in the ancient Greek Stoic ethical precept “live or life according to Nature”. So 

Greek Stoicism should be admired for the invention of the present day concept of sustainability. Regarding 

the foregoing question indicated by this section my suggestion is that the world in which today we live 

should be labeled as a “runaway world” (Giddens, 1994), which should be characterized by “global 

unsustainability syndrome” caused by increasing socialization of Nature, in which “negative socialization” 

is partly offset by the “positive socialization” (Konar, 2013) of Nature. In such a situation, we should stoop 

to the Stoic ethical precept under the following preconditions: 

(i) The first precondition to be remembered is that our Nature is the humanized or socialized Nature. 

(ii) Socialization of Nature can never be stopped. Its sustenance and dynamism are consistent with the 

sustained process of universally natural evolution and humanly induced various revolutions. 

(iii) Along with rationality, consciousness and intelligence, humans are also endowed with moral values by 

which they should be directed along such a pathway of continuous socialization of Nature so that the 

“negative socialization” (Konar, 2013) can be overcompensated by the “positive socialization” (Konar, 

2013) of Nature. 
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5. Concluding Comments 

 

Following Maxim Gorky (Borisov, 1986) who in praise of human reason, science and technology wrote: “In 

nature there is nothing more miraculous than the human brain, more amazing than the process of thinking, 

more precious than the fruits of scientific research”, it may be concluded that Stoic ethical dictum “ Live or 

life according to Nature” should be sustained for the potential transition to the world of  secularly renewed 

sustainability indicated by ecological (stability) sustainability coupled with social (stability) sustainability, 

given the exogenously determined non-anthropogenic Natural instability, through the socialization of Nature 

only in rational, conscious and moral pathway,  though the uncertainty expressed by Georgescu- Roegen 

(1971) that “no social scientist can possibly predict what kinds of social organization mankind will pass in 

its future” may be unavoidable and unchallengeable. 
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Abstract 

Two novel cyanobacteria (AP3 and AP3b) with thin cells and simple morphology were isolated from two islands of the In-
dian Sundarbans.  The 16S rRNA phylogeny data revealed the distinct lineage of AP3b which was nearest to the clade incor-
porating the genus Oculatella and Tildeniella.  Strain AP3 shared a common ancestor with the species Euryhalinema man-
grovii.  Additionally, the novel 16S rRNA gene sequences of strains AP3 and AP3b showed similarities about 98% and 93% 
respectively compared to those of established genera or species to which they were phylogenetically related.  Furthermore, 
the folding patterns of semi-conservative structures like D1-D1’, Box-B and V2 helices of 16S-23S ITS region for both 
strains AP3 and AP3b displayed significant variations and uniqueness when compared with their respective reference strains 
(Euryhalinema mangrovii for AP3 and all the genera of Oculatellaceae for AP3b).  Strain AP3 shared similar morphological 
features with its reference strain which confirmed its inter-species relationship.  The diagnostic features of AP3b including 
the presence of necridic cells, aerotopes and a cluster-like growth pattern were found to be very contrasting.  Altogether, 
these results substantiated the establishment of strain AP3b as a novel mono-specific genus named Aerofilum fasciculatum 
and strain AP3 as the second novel species under the genus Euryhalinema, referred to as Euryhalinema pallustris.

Keywords: Aerofilum, Euryhalinema, cyanobacteria, 16S-23S ITS, 16S rRNA, Sundarbans

Introduction 

Cyanobacteria are well diversified group of organisms and undergo speciation.  One of the main governing factors in their 
evolution is horizontal gene transfer which takes place among related cyanobacterial populations (Tooming-Klunderud 
et al. (2013).  This evolution is further indicated by substantial variations in the morphology and ecophysiological 
characters (Komarek & Anagnostidis 2005).  The speciation event promoted by the phenomenon of horizontal gene 
transfer depends on the environment of the organism and the degree of shared genes among the inhabiting species 
increases with increase in the extremities of the environment (Fuchsman et al. 2017).  The intertidal regions of the 
world’s largest mangrove forest, the Sundarbans are characterized by periodic changes in the physical parameters 
like water salinity, temperature, pH, carbon dioxide levels that can vary widely (Neogi et al. 2016).  The biofilm 
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forming cyanobacteria residing in this intertidal zone are adapted to this variable poikilotrophic environment, leading 
to alterations in their genomes which culminate into eventual diversification as novel organisms (Debnath et al. 2017).  
Recent investigations on the cyanobacterial diversity of the Indian Sundarbans has resulted in the description of 
novel genera and species like Leptolyngbya indica (Debnath et al. 2017:105), Oxynema aestuarii (Chakraborty et 
al. 2018:37), Euryhalinema mangrovii (Chakraborty et al. 2019:70) and Leptoelongatus litoralis (Chakraborty et al. 
2019:70).  These findings suggest that biofilm-forming cyanobacteria of the intertidal regions of the Indian Sundarbans 
hold the potential for further discovery of novel cyanophyta.
 Cyanobacterial systematics is currently founded on the polyphasic approach to taxonomy where the primary 
systematic position is determined on the basis of phylogeny established by the genetic markers, mainly 16S rRNA 
gene, located in the DNA sequence, supported by ecological variations and specific shared and derived morphological 
as well as ultrastructural features (Komarek et al. 2014).  Contemporary literature demonstrates that growth of 
phylogenetic trees representing the evolutionary relationships among the members of cyanobacteria is occurring 
continuously as evidenced by descriptions of many new genera and species.  Out of eight orders described by Komarek 
et al. (2014), Synechococcales is challenging because this order consists of members which are phylogenetically 
intermixed.  Leptolyngbyaceae and Prochlorotrichaceae are believed to be the most polyphyletic families in this 
order.  Sequences of many strains submitted in the National Center for Biotechnology Information (NCBI, http:/
www.ncbi.nlm.nih.gov/genbank/) database were named as “Leptolyngbya species” or “Leptolyngbyaceae”, although 
they were evolutionarily distinct from the Leptolyngbya generitype (Becerra-Absalon et al. 2018, Mai et al. 2018).  
These inappropriate names resulted in a polyphyly within the Leptolyngbya genus.  Although Leptolyngbyaceae 
and Prochlorotrichaceae families were subjected to many taxonomic revisions, further taxonomic reconsiderations 
following the polyphasic approach is required for many of these misnamed strains.  Over the last ten years, many new 
generic entities were separated from the polyphyletic genus Leptolyngbya.  These novel genera include Phormidesmis 
(Komarek et al. 2009: 53, Turichhia et al. 2009: 179), Nodosilinea (Perkerson et al. 2011: 1404), Haloleptolyngbya sp. 
(Dadheech et al. 2012: 272), Chroakolemma sp. (Becerra-Absalon et al. 2018: 204) and Albertania sp. (Zammit, 2018: 
483).  Furthermore, Mai et al. (2018) proposed a family-level taxonomic reorganization on the basis of the polyphasic 
approach which eventuated into the division of family Leptolyngbyaceae into four monophyletic families comprising 
of two novel families Oculatellaceae and Trichocoleaceae and two previously-described families Leptolyngbyaceae 
and Prochlorotrichaceae.  Mai et al. (2018) proposed six new genera under the novel family Oculatellaceae containing 
14 new species which established the family Leptolyngbyaceae as a well-defined and monophyletic clade.  Moreover, 
the family Prochlorotrichaceae was redefined by Mai et al. (2018) containing the genera Prochlorothrix, Nodosilinea, 
Halomicronema and some members without any specific generic identity.  Chakraborty et al. (2019) described two novel 
monospecific genera Euryhalinema mangrovii and Leptoelongatus litoralis which shared well-supported molecular 
phylogenetic relationships with the other genera of Prochlorotrichaceae.  Family-level taxonomic analyses based on 
phylogenetic relationship among the families under the Synechococcales order had established a monophyletic trend.  
Nevertheless, further revision for the establishment of monophyletic affiliation at the inter-generic level is essential 
owing to the presence of several unidentified generic entities.    Most of the filamentous taxa in the Synechococcalean 
order have a simple morphology but they are genetically very divergent.  Becerra-Absalon et al. (2018) specified 
the requirement of more in-depth taxonomical evaluation for the description of new genera and naming a genus is 
consequently followed by description of new species under it.  For instance, many genera like Oculatella, Oxynema, 
Nodosilinea were regularly revised and new species were subsequently added thus increasing the resolution of the 
phylogenetic clade.  In this context, all the strains with ambiguous identity and nomenclature like “Leptolyngbya 
species” (excluding the clade of Leptolynbya sensu stricto) and “Calothrix sp. 96/26 LPP3” which are till date 
incompletely studied, requires to be examined thoroughly.  This could be a resourceful approach for the establishment 
of complete monophyletic groups of genera under a family (Becerra-Absalon et al. 2018, Chakraborty et al. 2019).
 This article contributes to the alpha-level taxonomy of the family Oculatellaceae and Prochlorotrichaceae.  The 
present study aimed to investigate two strains, AP3 and AP3b isolated from the mangrove forest of the Indian Sundarbans 
by applying the polyphasic approach to taxonomy.  Through a combination of morphological, ultrastructural and 
molecular data as well as ecological considerations we propose that strain AP3 should be recognized as the second 
novel species of the newly established genus Euryhalinema (Chakraborty et al. 2019) as Euryhalinema pallustris sp. 
nov. while strain AP3b should be accepted as a monospecific novel genus Aerofilum fasciculatum gen. nov.
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Materials and methods

2.1 Study site, collection and maintenance of strains Strains AP3 and AP3b were obtained from the biofilms present 
on the soil surface of the Sagar and Lothian islands of the Indian Sundarbans respectively (Fig. 1).  The physical 
characteristics of the collection site were detailed by Pramanik et al. (2011).  The isolated cyanobacteria were purified 
and propagated in the laboratory and were checked in every stages of their growth period for the stability of their 
phenotypic characteristics at monthly intervals.  No changes were observed during the successive sub-cultures.  The 
pure cultures of the cyanobacteria were maintained in ASN III liquid medium (Rippka et al. 1979) as well as in solid 
medium.  The cyanobacteria were cultivated in a controlled environment having fluorescent irradiance (50 μmol 
photons m-2 s-1) with 12 : 12 hrs light : dark photoperiod at 25 ± 1 °C (Chakraborty et al. 2018, Chakraborty et al. 2019).  
Isolate AP3 having accession number MCC 3172 and AP3b bearing accession number MCC 3478 were deposited in 
the Microbial Culture Collection (MCC), India where they are being cryopreserved.

FIGURE 1. Map showing the location of sample collection sites of the Sundarbans forest located in the state of West Bengal, India.  

Samples were collected from the Sagar and the Lothian island of Indian Sundarbans.  Blue pin = Sagar island; Red pin = Lothian island 

 2.2 Light microscopy Morphological examination was carried out using a light microscope (Model DM750; 
Leica Microsystems, Buffalo Grove, USA) under 1000X magnification.  Photomicrographs of the filaments from the 
exponential as well as stationary phases of the life cycle of AP3 and AP3b were acquired by a camera (ICC50 HD) 
attached to the microscope (Chakraborty et al. 2018, Chakraborty et al. 2019).  Cellular dimensions were recorded by 
the aid of auxiliary software (LAS-EZ, Leica Microsystems) available with the microscope.
 2.3 Scanning electron microscopy One milliliter suspension of fresh filaments of test strains (AP3 and AP3b) 
were concentrated by centrifugation at 8000 rpm (Eppendorf 5810R, rotor F-34-6-38, Hamburg, Germany).  The cells 
were fixed in 3% glutaraldehyde for 2 hrs and successively washed in distilled water.  Cells were dehydrated applying 
enhancing concentrations of ethanol from 30% for 15 min to 100% for 60 min.  The samples were ultimately dried at 
the critical point and the grids were examined under a scanning electron microscope (Jeol JSM-6700F, Jeol, Tokyo, 
Japan) following Chakraborty et al. (2018) and Chakraborty et al. (2019).
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 2.4 Transmission electron microscopy About 1 ml suspension of fresh cyanobacterial cells from 8-10 days old 
cultures of the strains under examination were centrifuged at 8000 rpm (Eppendorf 5810R, rotor F-34-6-38, Hamburg, 
Germany).  The pellet was washed carefully in distilled water and successively pre-fixed in 2.5% glutaraldehyde 
and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.8) for 5-6 hrs at 4 °C.  The samples were rinsed in 0.1 
M phosphate buffer and the surplus fixative was washed off with the buffer.  Post fixation of the cells with osmium 
tetroxide (1% solution) was carried out for 60 minutes.  Subsequently, cells were dehydrated by passing through 
enhancing concentrations of ethanol.  Afterwards, samples were infiltrated and embedded in Araldite CY 212 (Agar 
Scientific, Stansted, UK) for incising of sections.  The resin blocks were polymerized by heat treatment at 50 °C 
overnight and then subjected to a second treatment at 60 ºC for 2 days.  An ultramicrotome was applied to cut thin 
sections of the samples.  Sections were contrasted with uranyl acetate and lead citrate and examined under a TECNAI 
G20 transmission electron microscope (FEI, Eindhoven, Netherlands) as described in Chakraborty et al. (2018) and 
Chakraborty et al. (2019).
 2.5 DNA extraction, PCR amplification and sequencing DNA was extracted from the exponential phase of 
growth of the axenic cultures of the test strains (AP3 and AP3b) using Gene JETTM Genomic DNA Purification Kit 
(Cat. No. K0721, Thermo Scientific, Waltham, USA) following the manufacturer’s instructions.  The DNA extracts 
were stored at -20 °C.  Polymerase Chain Reaction (PCR) was applied to amplify the partial 16S rRNA region and 
the associated 16S-23S ITS region as described in Chakraborty et al. (2018) and Chakraborty et al. (2019).  Briefly, 
we employed cyanobacterial specific forward primer CYA106F (5’-CGGACGGGTGAGTAACGCGTGA-3’) (Nubel 
et al. 1997) and universal reverse primer 1492R (5’-ACCTTGTTACGACTT-3’) (Lane 1991) for the amplification 
of 16S rRNA gene.  Forward primer 16SF (5’-TGTACACACCGGCCCGTC-3’) and reverse primer 23SR (5’-
CTCTGTGCCTAGGTATCC-3’) as designed by Iteman et al. (2000) were applied for the amplification of the 16S-23S 
ITS region.  The program used for the PCR reaction using primers CYA106F and 1492R was: 94 °C for 5 minute, 94 
°C for 1 minute, 72 °C for 2 minutes (30 cycles), followed by a 10 minute extension at 72 °C (Chakraborty et al. 2018, 
Chakraborty et al. 2019).  Amplified PCR products were stored at 4°C.  The PCR program for amplification of the 
16S-23S ITS regions were: initial denaturation at 95 °C for 5 min thereafter 30 cycles at 95 °C for 30 sec; 58 °C for 15 
sec; 72 °C for 40 sec and ultimate elongation step at 72 °C for 5 min (Chakraborty et al. 2018, Chakraborty et al. 2019).  
Reactions were carried out using Mastercycler Nexus Gradient PCR machine (Eppendorf, Hamburg, Germany).  PCR 
products were detected by standard agarose gel electrophoresis with ethidium bromide staining.  The PCR products 
obtained for 16S rRNA and ITS regions were cloned into plasmids containing the sites for their respective primers on 
either side of the insert site using InsTAcloneTM PCR cloning kit (Cat. no. K1213, K1214, Thermo Scientific, Waltham, 
USA).  The commercial vector used for insertion of the sequence was pCR 2.1 (Life Technologies, Invitrogen, USA).  
Competent E. coli DH5α cells were used for the transformation.  Colonies were selected by blue-white screening 
method and the plasmid DNA was purified and obtained from the resultant clones using Thermo Scientific GeneJET 
Plasmid Miniprep Kit (Cat. no. K0502, K0503, Waltham, USA).  Clones containing PCR products were digested with 
EcoRI and Hind III enzyme and run on an electrophoresis gel to estimate the size of the inserts.  Four clones for strain 
AP3b and three for strain AP3 were selected for sequencing.  Finally, sequencing was performed using an automated 
DNA sequencer (Genetic Analyzer 3500xL, Applied Biosystems, Waltham, USA) as described in Chakraborty et al. 
(2018) and Chakraborty et al. (2019).  The sequences of 16S rRNA and 16S-23S ITS regions of all the clones of the 
isolates AP3 and AP3b obtained were checked for its authenticity and reliability by determining the quality control 
values and any chimeric sequence, if present, using online software tool DECIPHER (http://www2.decipher.codes).  
Sequences were subsequently submitted to GenBank and their accession numbers are presented in Table 1.

TABLE 1. Gene sequences of the cyanobacterial test strains submitted in the NCBI database with their accession numbers.

Strain Id
NCBI Accession numbers

16S rRNA 16S-23S ITS

Euryhalinema pallustris AP3 clone 1 MT310717.2 MT310719.2
Euryhalinema pallustris AP3 clone 2 MT947790 MT943581
Euryhalinema pallustris AP3 clone 3 MT947791 MT943582
Aerofilum fasciculatum AP3b clone 1 MT310718.3 MT310720.2
Aerofilum fasciculatum AP3b clone 2 MT947792 MT943583
Aerofilum fasciculatum AP3b clone 3 MT947793 MT943584
Aerofilum fasciculatum AP3b clone 4 MT947794 NA
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 2.6 Examination of the 16S rRNA gene sequence and phylogenetic analysis The gene sequences of all the 
clones of the isolates under investigation (AP3 and AP3b) were examined by using Basic Local Alignment Search 
Tool (BLAST) and compared with the other sequences available in the robust database of the National Center 
for Biotechnology Information (NCBI, http:/www.ncbi.nlm.nih.gov/genbank/).  Additional sequences were also 
obtained based on the classification criteria involving the sequences of many recently described genera of the family 
Oculatellaceae as well as Prochlorotrichaceae within the order Synechococcales.  A consensus phylogenetic tree was 
constructed on the basis of the similarity values obtained in the BLAST hits and the sequences selected based on 
the classification criteria.  The taxa used in the construction of phylogenetic tree included in total 115 OTUs and 
Gloeobacter violaceus was selected as the outgroup.  The multiple sequence alignment of these OTUs was performed 
in the Clustal W program (Larkin et al. 2007).  Bayesian Inference (BI), and Maximum Likelihood (ML) analyses were 
performed using 16S rRNA gene sequences of the 116 OTUs with maximum of 1778 characters containing nucleotides 
and indels.  Maximum Likelihood (ML) tree was reconstructed using MEGA program package version 6.0 (Tamura 
et al. 2013) employing Kimura’s two parameter model of sequence evolution with gamma distributed evolutionary 
rates and an estimated proportion of invariable sites.  Bootstrap values to test the robustness of the phylogenetic tree 
for ML analysis were set to 1000 replications.  Bayesian Inference analysis was executed by submitting the alignment 
to MrBayes (Ronquist et al. 2012) on XSEDE (3.2.6) available on CIPRES Science Gateway v.3.3 (Miller et al. 2010) 
applying a GTR+G+I model of nucleotide substitutions.  Two independent runs with four chains were executed and 
each of the two runs was simultaneously conducted for 30 million Markov Chain Monte Carlo (MCMC) generations.  
Temperature was empirically set to 0.2 and permitted the sampling of trees after every 500 generations.  The Estimated 
Sample Size (ESS) of this analysis exceeded 300 for all parameters which are usually considered acceptable by all 
phylogeneticists (Drummond et al. 2006).  The final average standard deviation of split frequencies was lower than 
0.008.  The Potential Scale Reduction Factor (PSRF) value for all the parameters was 1.00 signifying the statistical 
attainment of the convergence of MCMC chains (Gelman & Rubin 1992).  The first 500 trees were rejected as burn-in 
phase and a 50% majority rule consensus tree was evaluated comprising posterior probabilities.  The resultant tree was 
visualized in the FigTree 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree) software.  . An array of 16S rRNA and ITS 
divergence rates among the sequences was studied by the computation of uncorrected p-distance for 16S rRNA and 
ITS regions in MEGA 6.0 and the output was used to calculate similarity matrix (as percentage) [100×(1-p)] for 16S 
rRNA data and a dissimilarity matrix (as percentage) (100×p-distance) for the ITS data.  16S rRNA sequences for both 
the studied strains were also utilized for examining the conserved regions and the secondary structures of its various 
helices following Rehakova et al. (2014) and to verify the quality of sequences for our strains by aligning them with 
other reference strains identified by Rehakova et al. (2014).  Sequences of the conserved regions were folded in M-fold 
web server (Zuker 2003).
 2.7 Analysis of 16S - 23S ITS secondary structures The sequences of 16S - 23S ITS regions were also utilized for 
the taxonomic resolution of the strains under investigation, AP3b and AP3 at the genus and species levels respectively.  
The complete ITS sequences for both strains were aligned with their respective reference strains (AP3 with its reference 
strain Euryhalinema mangrovii and AP3b with the other related genera belonging to the family Oculatellaceae) and all 
the variable as well as conserved regions were identified.  The complete ITS sequences of the reference strains were 
obtained from the NCBI.  The constituent ITS regions like D1-D1’ helix, Box- B, V2 and V3 helices were folded for 
AP3b and D1-D1’ helix, Box- B and V2 helices for AP3 by operating the M-fold web server, version 2.3 (Zuker 2003) 
and redrawn employing Adobe Illustrator 2020.  The secondary structures were created applying ideal conditions 
with the temperature fixed at default value 37 ˚C and the structure assigned as untangle loop fix.  Additionally, the 
sequence length of the various constituent regions of the ITS were determined and compared with their respective 
reference strains following Johansen et al. (2011).  The sequence lengths of the various constituent regions of ITS of 
the reference strains were obtained from Chakraborty et al. (2019) and Mai et al. (2018).

Results

3.1 Morphological characterization When provided with the ASN III medium, strains under investigation (AP3 and 
AP3b) displayed moderate growth in the Erlenmeyer flasks.  Strain AP3 formed a uniform, thin mat-like greenish 
biofilm attached to the surface of the flask.  Strain AP3b grew in clusters, appearing as fascicles (Komarek & 
Anagnostidis 2005) rather than forming a consistent biofilm attached to the surface.  Strains under investigation (AP3 
and AP3b) were characterized by light microscopy (Fig. 2).  Trichomes of AP3b appeared in clusters.  Individual 
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filaments consisted of a facultative sheath.  Trichomes were isopolar, uniseriate, unbranched, thin having cells slightly 
longer than their width, cell length ranged from 1.4 - 2.1 µm and width 0.9 - 1.1 µm.  Cells showed fine constrictions 
at their cross walls (Fig. 2c & 2d).  Trichomes were cylindrical, immotile, did not contain any heterocyte or akinete.  
Small disintegrated filaments were found as hormogonia which help in propagation of the cyanobacterial cells.  Cells 
of strain AP3 possessed dimensions 1.1 - 1.6 µm (length) and 0.4 - 0.5 µm (width) (Fig. 2a & 2b).  Cells of the filaments 
were much longer than their width.  General features were alike strain AP3b except that isolate AP3 was not covered 
by any mucilage sheath.  Scanning electron microscopy (Fig. 3) also demonstrated features that were similar to that 
revealed by light microscopy.  Presence of a facultative mucilaginous sheath covering the trichome of strain AP3b was 
confirmed by the scanning electron microscopy (Fig. 3e) while Fig. 3b shows the presence of a necridic cell (sacrifying 
cell) (Komarek & Anagnostidis 2005) separating from the terminal part of the parent trichome to form hormogonia.

FIGURE 2. Light microscopy of strain AP3 and AP3b (non-axenic cultures). a and b. Microphotographs showing the filaments of strain 

AP3. c and d. Microphotographs showing the filaments of strain AP3b. Filaments observed in a & c were from exponential phase and in 

b & d were from stationary phase of the growth period for the respective strains.  Scale = 10 µm

 The closest species to be compared with AP3 on the basis of phylogenetic data as well as morphometric analysis 
was the mono-specific genus Euryhalinema mangrovii under the family Leptolyngbyaceae recently described by us 
(Chakraborty et al. 2019).  The studied isolate AP3 showed high affinity with this genus in the morphological characters.  
Similarly, strain AP3b was found to be most closely related to Oculatella atacamensis as well as Tildeniella torsiva 
belonging to a recently described family Oculatellaceae (Mai et al. 2018).  Therefore, a morphometric comparison 
amongst AP3 and Euryhalinema mangrovii (Table 2) and a comparative account of morphological features of AP3b 
in contrast with the phylogenetically closest relative Oculatella atacamensis as well as other related genera of 
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family Oculatellaceae are presented (Table 3). Table 2 depicts that the strain AP3 showed most of the morphological 
features similar to its reference Euryhalinema mangrovii except their collection site which was two separate islands, 
geographically 10 kms apart.  Table 3 showed diagnostic morphological features of strain AP3b which were distinct 
from the other genera compared like the presence of aerotopes and fascicular growth pattern while some features like 
cellular dimensions, cellular constrictions, cell shapes and apical cell morphology in AP3b were shared with the other 
genera of the family Oculatellaceae.

FIGURE 3. Scanning electron microscopy of strains AP3 and AP3b. a, c and d. Filaments of strain AP3. b. Filaments of strain AP3b (non-

axenic) showing a hormogonium and a necridic cell. e and f. Filaments of strain AP3b showing presence of a facultative mucilaginous 

sheath. hg = hormogonium; nc = necridic cell; ms = mucilaginous sheath 
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TABLE 2. Comparative analysis of the morphological features of test strain Euryhalinema pallustris AP3 and reference 
strain Euryhalinema mangrovii.  Characteristics of previously described genus Euryhalinema mangrovii AP9F was obtained 
from Chakraborty et al. (2019).
Feature Euryhalinema pallustris AP3 Euryhaliema mangrovii AP9F
Thallus Thin biofilm of light greenish color Pale bluish-green color mats
Filaments Thin, long, unbranched, isopolar, straight Thin, long, unbranched, straight, isopolar
Mucilage sheath Absent Absent
Cell length (μm) 1.1 – 1.6 1.25 – 2.6
Cell width (μm) 0.4 – 0.5 0.4 – 0.6
False branching Absent Absent
Cell form Distinctly much longer than wide Distinctly much longer than wide
Cross walls Constricted Constricted
Trichome apex Rounded, not attenuated Rounded not attenuated
Habitat Sub-aerophytic, in the soils of intertidal area of estuary 

with salinity ranging from 1.7-1.8 %
Sub-aerophytic, in the soils of intertidal area of 
estuary with salinity ranging from 1.7-1.8 %

TABLE 3. Comparison of the features of Aerofilum faciculatum AP3b along with other related genera of the family 
Oculatellaceae.  Features of previously described genera were extracted from Osorio-Santos et al. (2014) (for Oculatella 
atacamensis) and Mai et al. (2018) (for other published genera of Oculatellaceae).

Aerofilum 
fasciculatum

Oculatella 
atacamensis

Pegethrix 
convoluta

Drouetiella 
hepatica

Timaviella 
radians

Tildeniella 
torsiva

Thallus Blue-green, 
trichomes appears 
in clusters like 
‘fascicles’

Thin mat, growing 
diffusely from the 
centre

Bright blue-green, 
radially spreading 
in the agar

Brownish 
or purplish-
brown floating 
mucilaginous 
mats

Thallus 
leathery, dark 
olive-brown 
to olive-green 
colour 

Bright 
blue-green 
colour colony 
spreading 
irregularly, 
fasciculated

Filaments Filaments long, 
straight, isopolar

Filaments flexuous, 
long, straight

Filaments long, 
fasciculated, 
sometimes form 
nodules, straight 
or bent

Filaments long, 
straight

Filaments 
relatively short, 
wide, forming 
radial colonies

Filaments 
flexuous or 
spirally coiled

Cell length (µm) 1.4 - 2.1 1.5 - 7.4 1.0 - 2.5 3.1 - 4.5 1.2 - 2.2 1.5 - 2.7
Cell width (µm) 0.9 - 1.1 1.5 - 2.3 1.3 - 2.5 2.8 - 3.7 1.8 - 3.7 1.7 - 2.5
Cell form Cells slightly 

longer than wide to 
isodiametric

Cells mostly longer 
than wide

Cells shorter than 
wide but after 
division longer 
than wide

Cells mostly 
longer than 
wide to 
elongated with a 
central at centre

Cells shorter 
than their width

Mostly 
longer than 
wide, rarely 
isodiametric

Cross walls Distinctly 
constricted

Slightly constricted 
with oblique wall 
formation

Slightly 
constricted

Slightly 
constricted

Distinctly 
constricted 

Slightly 
constricted

Sheath A thin facultative 
sheath present

Distinct sheath 
present

Distinct sheath 
present

Distinct, firm 
sheath present

Sheath 
diffluent, rarely 
distinct

Distinct, firm, 
thin sheath

False branching Absent Rarely present Infrequently 
present

Occasionally 
present

Present Rarely present

Apical cell Rounded end 
apical cell with 
homogeneous 
contents

Bluntly-rounded 
end apical cell with 
reddish-orange spot 
in the apex

Rounded apical 
cell

End cells with 
cylindrical-
rounded end

Round to 
conical round 
ended apical 
cell

Rounded end 
apical cells

Aerotopes Present Absent Absent Absent Absent Absent
Necridic cells Present Absent Present Present Absent Absent
Habitat Sub-aerophytic 

soil biofilm from 
intertidal estuarine 
region 

Rock-soil interface 
in Atacama Desert

Soil microbial 
layer from a seep 
wall in USENM, 
USA

Sub-aerophytic, 
found in 
limestone. 
Slovakia

Mats in the 
waterfall, 
Navajo 
Sandstone, 
USA

Sub-aerophytic 
mats on the 
limestone wall, 
Slovakia
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 3.2 Ultrastructural studies Transmission electron microscopic studies on the two strains under investigation 
were conducted.  The microphotographs of the sections of strains AP3 and AP3b revealed the pattern of thylakoidal 
arrangement as well as the granulation which were in agreement with the archetype of the thylakoids of the family 
Leptolyngbyaceae (Komarek & Anagnostidis 2005) as well as with the family Oculatellaceae (Mai et al. 2018).  The 
thylakoidal arrangement of strain AP3b was peripheral.  The presence of facultative sheath in the cross section was also 
confirmed by transmission electron microscopy (Fig. 4d).  The cross section of the cell also disclosed the presence of 
aerotopes which were colorless, nearly circular in shape, irregularly distributed throughout the cell and were of various 
sizes, 4-7 in numbers per cell (Fig. 4c).  Strain AP3 showed the presence of various granulations like carboxysomes 
and polyphosphate bodies (Fig. 4b) in the cross section of its cells.

FIGURE 4. Transmission electron microscopy of strain AP3 and AP3b. a and b. Cross-section of a part of filament of strain AP3 showing 

thylakoidal arrangement and granulations. c and d. Cross-sectional view of cell of strain AP3b showing aerotopes distributed throughout 

the cell. th = thylakoids; pg = polyphosphate granules; cb = carboxysomes; cw = cell wall; ms = mucilaginous sheath; gv = gas vesicles.

 3.3 Alignment of the 16S rRNA gene sequence and phylogenetic analysis A partial sequence of the 16S rRNA 
gene of AP3 (1282 nucleotides) and AP3b (1126 nucleotides) was obtained by the PCR as described in section 2.5. 
The sequences obtained for both the strains were checked and authenticated with appropriate quality control values 
as well as verified to be pure without any chimera.  The two sequences were compared with the other sequences 
available in GenBank.  The nearest hit showing highest similarity (about 98.2%) with strain AP3 was Euryhalinema 
mangrovii strain AP9F (Accession number MK402979) which was recently published as a monospecific genus by us 
(Chakraborty et al. 2019).  The second hit was with the cyanobacterium named ‘Calothrix sp. 96/26 LPP3’ (Accession 
number KM019977) having similarity around 97%.  This strain was incorrectly named and submitted in the GenBank 
and should be revised for a proper taxonomic affiliation (Chakraborty et al. 2019).  Barring these two cyanobacteria, 
others strains in the NCBI hits were found to be significantly distant from our isolate AP3 having similarities less 
than 94%.  Hence, it was decided to select Euryhalinema mangrovii as the reference strain for the test strain AP3 for 
further phylogenetic analysis and eventual proposal as a novel species under the genus Euryhalinema in this present 
communication.  Furthermore, the strain AP3 established itself as a sister taxon with the genus Euryhalinema and 
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along with ‘Calothrix sp. 96/26 LPP3’ formed a well-supported clade sister to the clade of genus Leptoelongatus 
litoralis.  L. litoralis was concomitantly a novel genus described by us (Chakraborty et al. 2019) from the same field 
area of the Indian Sundarbans.  The phylogenetic tree consisted of the members of Synechococcalean order including 
some of the genera of family Leptolyngbyaceae, almost all the genera of family Oculatellaceae (Mai et al. 2018) and 
key genera from the family Prochlorotrichaceae as proposed by Becerra-Absalon et al. (2018). 
 The closest relative of strain AP3b in the NCBI was a strain named Oculatella atacamensis (Accession number 
KF761587) which demonstrated about 93.82% genetic similarity.  The second top hit with proper designation mainly 
included the species of genus Tildeniella (KY498228) of the family Oculatellaceae with a similarity about 92.77%.  
Other hits also included genera of Oculatellacean members like Timaviella radians (KY078774) and Drouetiella 
hepatica (HM018689), displaying a range of 92-90% genetic similarity with the test strain AP3b.  This similarity (as 
percentage) was definitely justified in context to the threshold likeliness in between two genera, which should be less 
than 94.7% (Yarza et al. 2014).  Therefore, the morphological likeliness as well as the molecular similarity leads to the 
proposal that strain AP3b must belong to the family Oculatellaceae.  Species of the genus Oculatella, i.e., Oculatella 
subterranea (Zammit et al. 2012) and O. atacamensis (Osorio-Santos et al. 2014) along with other genera of family 
Oculatellaceae were selected as the reference strains solely on the basis of the genetic similarity of 16S rRNA gene 
sequence for further phylogenetic studies.  Subsequently, a consensus phylogenetic tree was constructed including all 
the clones of the strains under investigation (AP3 and AP3b) along with their closest relatives and other members of 
the family Oculatellaceae and Prochlorotrichaceae to justify the evolutionary relationship.  The outcome of the tree 
demonstrated that the clones of strain AP3b were clustered together in a well-supported clade under the family clade 
of Oculatellaceae and separated from its nearest relative Oculatella genus and other genus clades and formed a novel 
distant phylogenetic lineage according to BI and ML analyses supported by high posterior probability and bootstrap 
values (Fig. 5).  As the resulting trees from the ML and BI method provided closely matching topologies, only the ML 
tree is presented in Fig. 5 with the bootstrap values for node support along with the Bayesian posterior probabilities 
(Chakraborty et al. 2018, Chakraborty et al. 2019).  The expanded version of the phylogenetic tree can be viewed in 
Supplementary Figure S1.
 The analysis of p-distance for establishing an inter-species relationship between AP3 and Euryhalinema mangrovii 
AP9F showed 98.3% similarity for 16S rRNA data (Table 4) and a dissimilarity of their ITS regions about 10.6% among 
both the strains (Table 5).  The p-distance analysis for the sequences compared for AP3b revealed that the similarity 
(as percentage) varied in the range 89% to 93% similarity (Table 6) among the members of family Oculatellaceae 
including strain AP3b while the dissimilarity percentage for their ITS sequences displayed a range from 15.9% to 
30.7% (Table 7).  The various conserved helices of 16S rRNA were identified and folded for both the strains under 
investigation.  The folded conserved structures for the strains were represented in Supplementary Figure S2.  The 
aligned sequences of the conserved helices of 16S rRNA were also displayed as Supplementary Table S3. 

TABLE 4. Similarity (as percentage) of strain AP3 along with Euryhalinema mangrovii AP9F based on p-distance analysis 
of 16S rRNA gene sequence data.  Isolate studied in this investigation indicated in bold font.

1 2 3
1 Euryhalinema pallustris AP3 clone 1
2 Euryhalinema pallustris AP3 clone 2 99.9
3 Euryhalinema pallustris AP3 clone 3 100 99.9
4 Euryhalinema mangrovii AP9F 98.3 98.3 98.3

TABLE 5. Dissimilarity (as percentage) of strain AP3 and Eyryhalinema mangrovii based on p-distance analysis of 16S-
23S ITS gene sequence data.  Isolate investigated in this manuscript indicated in bold font. Only the operon with both tRNA 
genes were considered for each strain under comparison. 

1 2 3
1 Euryhalinema pallustris AP3 clone 1
2 Euryhalinema pallustris AP3 clone 2 0.00
3 Euryhalinema pallustris AP3 clone 3 0.20 0.20
4 Euryhalinema mangrovii AP9F 10.6 10.6 10.8
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FIGURE 5. Phylogenetic tree based on 16S rRNA gene sequences of total 115 OTUs belonging to 3 families of Synechococcalean order 

and Gloeobacter violaceus as outgroup.  Bootstrapping with 1000 resamplings was performed.  Support values are ML bootstrap/ BI 

posterior probability. Scores denoted by ‘-‘ for any node showed no support in that analysis.  The investigated strains with clones (AP3 and 

AP3b) are shown in bold.  Taxon name in quotation mark, e.g. “Calothrix” in our opinion represents an incorrectly submitted sequence and 

requires revision.  Collapsed clades can be viewed expanded in Fig. S1.  Designation of families according to Mai et al. (2018).
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TABLE 6. Similarity (as percentage) of strain AP3b and some strains of family Oculatellaceae based on p-distance analysis 
of 16S rRNA gene sequence data.  Isolate studied in this investigation indicated in bold font. 

1 2 3 4 5 6
1 Aerofilum fasciculatum AP3b
2 Oculatella subterranea VRUC192 92.8
3 Oculatella atacamensis ATA2-1-CV24 92.9 97.2
4 Pegethrix convoluta GSE-PSE-MK38-07D 89.0 92.7 92.1
5 Drouetiella hepatica UHER 2000/2453 89.5 92.9 93.2 93.6
6 Timaviella radians GSE-TBD6-7R 90.3 93.1 93.1 91.3 92.7
7 Tildeniella torsiva Lubos34 UHER 1998/13d 92.5 92.7 93.1 91.4 92.1 93.6

TABLE 7. Dissimilarity (as percentage) of strain AP3b and some strains of family Oculatellaceae based on p-distance 
analysis of 16S-23S ITS gene sequence data.  Isolate studied in this investigation indicated in bold font. Only the operon 
with both tRNA genes were considered for each strain under comparison.

1 2 3 4 5
1 Aerofilum fasciculatum AP3b
2 Oculatella atacamensis ATA2-1-CV24 15.9
3 Pegethrix convoluta GSE-PSE-MK38-07D 22.1 18.4
4 Drouetiella hepatica UHER 2000/2453 24.2 18.2 19.9
5 Timaviella radians GSE-TBD6-7R 30.7 22.0 21.2 20.6
6 Tildeniella torsiva Lubos34 UHER 1998/13d 23.4 17.9 21.8 22.8 23.8

 3.4 Analysis of 16S-23S ITS secondary structures The 16S-23S ITS sequence of strain AP3 (475 bp) showed 
87.92% similarity with its closest species, Euryhalinema mangrovii while the sequence of the strain AP3b (562 bp) 
showed 83.91% similarity with the nearest relative Oculatella atacamensis (KF761575).  The complete ITS region of 
the strains under investigation (AP3 and AP3b) consisting of distinct variable and conserved domains were compared 
with their respective reference strains to find out the molecular unlikeliness as well as resemblances.  This comparison 
is presented in Table 8.  Additionally, the structures of D1-D1’ helix, Box-B helix, V2 helix and the V3 region were 
folded and characterized for the strain AP3b and D1-D1’ helix, Box-B helix and V2 helix for AP3.  The examined 
strains possessed two definite operons, one having both the genes for tRNAile and tRNAala while the other operon 
lacked both the genes.

TABLE 8. Comparison of the nucleotide lengths of the ITS regions of Euryhalinema pallustris AP3 with Euryhalinema 
mangrovii and Aerofilum fasciculatum AP3b with other related genera of family Oculatellaceae.  Only operons containing both 
tRNA genes are reported in this table for each strain.  Data of reference strains Euryhalinema mangrovii and Oculatellacean 
genera were obtained from Chakraborty et al. (2019), Osorio-Santos et al. (2014) and Mai et al. (2018).
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Euryhalinema pallustris AP3 8 63 39 9 74 15 73 37 32 24 11 11 24 18
Euryhalinema mangrovii AP9F 8 63 36 12 74 7 73 34 32 19 11 7 20 16
Aerofilum fasciculatum AP3b 7 73 41 13 74 12 73 56 38 15 11 22 49 17
Oculatella atacamensis ATA2-1-CV24 7 62 37 11 74 8 73 33 33 15 11 23 52 14
Pegethrix convoluta GSE-PSE-MK38-07D 7 91 12 33 74 14 73 64 36 19 11 16 110 23
Drouetiella hepatica UHER 2000/2452 7 64 35 12 74 42 73 39 34 19 11 14 52 51
Timaviella radians GSE-TBD6-7R 8 81 42 22 74 14 73 41 33 18 11 14 59 34
Tildeniella torsiva UHER 1998/13D 7 66 33 14 74 11 73 35 49 18 11 15 92 16

 The conserved basal sequences of strain AP3 were identified as carried out for Euryhalinema mangrovii (Chakraborty 
et al. 2019).  The D1-D1’ helix of strain AP3 (65 nt) was characterized by the presence of one short terminal loop (5 
nt) followed by a large single bilateral bulge and two small bilateral loops.  A unilateral bulge (7 nt) near the basal stem 
region was present which was a conserved structure of the D1-D1’ helix in most of the Synechococcalean members; 
however, the sequences varied from species to species.  On the contrary, the D1-D1’ helix of the reference strain 
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Euryhalinema mangrovii consisted of 63 nucleotides and the structure depicted the overall pattern to be similar to the 
D1-D1’ helix of AP3 but there existed variations in sequences due to substitution of nucleotides (Fig. 6).  On the other 
hand, the complete structure of Box B helix for both AP3 and Euryhalinema mangrovii AP9F were almost similar 
with a length of 32 nt consisting of a terminal loop (6 nt) and a single nucleotide bulge near stem region.  Nucleotide 
substitution occurred in strain AP3 in two consecutive bases in the terminal loop and a non-canonical base pairing 
5’-G::U-3’ substituted a canonical base pairing 5’-A::U-3’.  The secondary structure of the V2 helix in case of strain 
AP3 contained 15 nucleotides with a 5 nt terminal loop and a basal stem.  This structure differed from the V2 region 
of Euryhalinema mangrovii having a very small helix of length 7 nt.

FIGURE 6. Comparative analysis of D1-D1’ helix, Box-B and V2 helix of 16S-23S ITS region of test strain AP3 (Euryhalinema pallustris) 

and reference strain Euryhalinema mangrovii. a-b. D1-D1’ helix. c-d. Box-B helix. e-f. V2 helix 

 Analysis of the ITS folded secondary structures of strain AP3b in comparison to other strains of family 
Oculatellaceae revealed that strain AP3b contained unique genus-specific features in the ITS structures.  The D1-D1’ 
helix for strain AP3b was 73 nt long, constituting of a small terminal loop (5 nt) followed by a large bilateral bulge 
and a small, 2 nt bulge in the middle of the helix.  A unilateral bulge near the basal stem existed which possessed 
a unique sequence of nucleotides which differed from the other genera under comparison (Fig. 7).  All the strains 
possessed the same basal sequence 5’GACC::CUGG3’ in the D1-D1’ helix.  Box-B helix domain of the ITS secondary 
structure of strain AP3b was 38 nucleotides long, with two small sized bilateral bulges and a terminal loop (5 nt) while 
the corresponding Box-B structure for other genera under comparison varied in length and differed in the structural 
features (Fig. 7).  The comparison of V2 and V3 helices of AP3b along with other Oculatellacean members (Fig. 8) 
displayed many variations among them.  V2 helix and V3 helix of strain AP3b were 12 nt and 49 nt long respectively.  
V2 helix possessed a terminal loop (4 nt) and a small basal stem.  V3 helix of AP3b showed a terminal loop (4 nt), two 
large bilateral bulges in the middle of the helix and a small, 2 nt unilateral bulge in the lower portion of the helix.  Fig. 
8 depicts an overall comparison of V2 and V3 helices of AP3b with other Oculatellacean members disclosing that these 
helices varied in length as well as sequence when compared among each other.

Discussion

This article describes the study and taxonomic characterization of two cyanobacterial strains using the polyphasic 
approach to taxonomy.  This study is a sequel to the investigation of Pramanik et al. (2011) who isolated eight 
cyanobacterial strains from the Sagar and Lothian islands of Indian Sundarbans and primarily assigned them to the 
LPP (Lyngbya-Phormidium-Plectonema) Group B and Oscillatoriales groups.  Further analysis on four of the eight 



CHAKRABORTY ET AL.178   •   Phytotaxa 522 (3) © 2021 Magnolia Press

cyanobacteria performed by Chakraborty et al. (2018) and Chakraborty et al. (2019) following the polyphasic approach 
to taxonomic analyses established Oxynema aestuarii sp. nov. (Microcoleaceae) as a novel species and Euryhalinema 
mangrovii gen. nov., sp. nov. as well as Leptoelongatus litoralis gen. nov., sp. nov. (Leptolyngbyaceae) as novel genera.  
These two novel genera were described by Chakraborty et al. (2019) under the family Leptolyngbyaceae by following 
Komarek et al. (2014) although Becerra-Absalon et al. (2018) defined the same family clade as Prochlorotrichaceae.  
Two other strains (namely AP3 and AP3b) from the collection of Pramanik et al. (2011) were compared with close 
members of the Euryhalinema and Oculatellacean genera on the basis of the polyphasic approach to taxonomic analyses 
incorporating molecular phylogenetic relationships.   Many phenotypic features overlapped between the investigated 
strains and the reference strains due to their simple morphology.  However, molecular phylogenetic analyses along 
with ecological considerations and some distinct cellular features (presence of aerotopes, fascicular growth pattern in 
case of AP3b) advocated that the strains AP3 and AP3b should be designated as novel species and genus respectively.  
The discussion of this work has been suitably divided into two sections, each of which includes the justification of the 
proposed taxonomic assignment of the two isolates investigated in this study, namely AP3 and AP3b.

FIGURE 7. Comparative analysis of D1-D1’ helix and Box-B helix of 16S-23S ITS region of test strain AP3b (Aerofilum fasciculatum) 

with the genera of Oculatellaceae family. a-g. D1-D1’ helix. h-n. Box-B helix.
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FIGURE 8. Comparative analysis of V2 and V3 helix of 16S-23S ITS region of test strain AP3b (Aerofilum fasciculatum) with the genera 

of Oculatellaceae family. a-g. V2 helix. h-n. V3 helix.

 We provided evidences based on the polyphasic approach to taxonomy to claim that isolate AP3 should be 
considered as a novel species under the genus Euryhalinema.  Following the cladistical information provided by Mai 
et al. (2018), the strain AP3 along with its proposed sister species AP9F (Chakraborty et al. 2019) fits well in the family 
Prochlorotrichaceae.  This was also supported by the analysis of the conserved helices of 16S rRNA performed in this 
article (Supplementary Table. S3).  Comparison of helix 23 and 27 of AP3 with the sequences for different within 
Synechococcales also showed affinity of AP3 with Prochlotrichaceae.  This analysis was an important observation 
for family affiliation (Mai et al. 2018).  In general, morphological data were corroborative with the phylogenetic 
studies (Chakraborty et al. 2019).  The comparison of strain AP3 with its reference strains was primarily focused on 
the molecular data.  The sequence similarity of the 16S rRNA gene sequence was found to be around 98.2% which 
was comparable to the recommended value to ascertain inter-specific differentiation (Yarza et al. 2014).  In a recent 
work reported by Jung et al. (2020), delineation of a novel species, Oculatella crustae-formantes from O. ucrainica 
was based on 98.8% genetic similarity of 16S rRNA sequence.  Similarly, other reports primarily, (Osorio-Santos et al. 
2014, Vinogradova et al. 2017, Mai et al. 2018) also followed the same threshold of less than 98.7% genetic similarity 
set by Yarza et al. (2014) for species delineation.  Hence, in this present study delineation of two species under a 
single genus (Euryhalinema) was primarily well supported by molecular evidence also combined with morphological 
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and ecological confirmations.  Phylogenetic tree (Fig. 5) also demonstrated well-supported clade to validate strain 
AP3 as the second and a novel species under the genus Euryhalinema.  The inclusion of a wrongly named strain 
“Calothrix sp. 96/26 LPP3” into the tree also indicated that it can further be established as a novel species under this 
clade following the polyphasic approach to taxonomic analysis (Chakraborty et al. 2019).  Molecular analysis for the 
delineation of species also involved the study of 16S-23S ITS secondary structures which was considered to be an 
essential evaluation criterion for the alpha-level taxonomy (Boyer et al. 2001, Johansen et al. 2011, Chakraborty et al. 
2018).  The output of the folded structures of D1-D1’ region, Box-B helix and V2 helix region revealed that the overall 
structure of Box-B helix was slightly different in the investigated strain AP3 when compared with Euryhalinema 
mangrovii; however the structure of D1-D1’ and V2 helices differed among the test and reference strains (Fig. 6).  The 
D1-D1’ helix comparison revealed nucleotide substitutions in five different positions in the strain AP3, while the basic 
conserved motifs remained alike.  These motifs were always conserved for the post-transcriptional processing of the 
ribosomal operon (Johansen et al. 2011).  The unilateral bulge near the basal stem showed a mutation which resulted in 
a different sequence in AP3 (5’-CAUCCCU-3’) in comparison to the Euryhalinema mangrovii (5’-CAUCCU-3’).  The 
terminal loop also contains a 2-nucleotide substitution as in AP3 (5’-GCC-3’) which differed from the reference (5’-
GUU-3’).  The stem region also contained minor substitutions which implied the sequential insertion-deletion events 
articulating the evolutionary changes during speciation (Johansen et al. 2011).  V2 region of AP3 was significantly 
longer than the V2 region in Euryhalinema mangrovii (Fig.6) with varying terminal loops among them.  However, 
only the structure of Box-B showed differences among their terminal loops with a substitution of 5’-GAA-3’ in AP3 to 
5’-GGG-3’ in the reference strain.  According to Johansen et al. (2011), the conserved and variable regions of the ITS 
sequences were not flexible like any morphological features.  Moreover, due to strong selection pressure the changes 
of the ITS regions were much more stable and hence reliable for species identity.  The separation of a novel species 
Leptolyngbya corticola from another species of the Leptolyngbya genus on the basis of the ITS folding patterns was 
described by Johansen et al. (2011).  Recent works in the taxonomical revisions of cyanobacteria also included the 
comparative analysis of dissimilarity (as percentage) of the ITS regions based on the p-distance analysis, especially 
to establish an inter-species relationship (Erwin and Thacker 2008, Osorio-Santos et al. 2014, Pietrasiak et al. 2014, 
Johansen et al. 2017, Shalygin et al. 2017, Gonzalez-Resendiz et al. 2018a,b, Mai et al. 2018, Vazquez-Martinez et 
al. 2018) with a threshold value of  >7% dissimilarity to be considered as separate species (Gonzalez-Resendiz et 
al. 2019).  The dissimilarity (as percentage) of ITS for AP3 and Euryhalinema mangrovii was observed to be 10.6% 
(Table 5) which reflected their status to be two different species under the genus Euryhalinema.  Gonzalez-Resendiz et 
al. (2019) showed that although the ITS secondary structures among the species do not show significant differences, 
still the separation of Desertifilum fontinale from the other species, D. tharense, D. dzianense and D. salkalinema was 
reported mainly on the basis of >3% dissimilarity in ITS regions by p-distance analysis.
 Morphological features of AP3 like absence of sheath, type of constriction in the cross walls and apical cell 
morphology were considered as synapomorphies that were in common with the species Euryhalinema mangrovii 
which further corroborated its assignment as a novel species under the same genus (Euryhalinema).  Only the cell 
size differed between AP3 and the reference strain which could be attributed to the variation in their habitats.  The 
morphological changes due to long-term culturing was not detectable, and therefore the difference in the cellular 
length could be considered as a diagnosable feature in this case.  This evidence was supported by the findings of Zhou 
et al. (2018), who described two novel genera based on the differences in cellular length which was considered as an 
autapomorphic feature.  Besides the genetic isolation, the ecological origin of both AP3 and Euryhalinema mangrovii 
also suggested that the two isolates must have evolved as two different species under the genus Euryhalinema because 
the two species were collected from two different islands of the Indian Sundarbans separated by 24 kms (Fig. 1).  Thus, 
AP3 and Euryhalinema mangrovii are two ecotypes isolated geographically. 
 The second strain investigated in this study was AP3b which was very interestingly proposed to be a new genus 
under the recently described novel family Oculatellaceae (Mai et al. 2018).  The affiliation to family Oculatellaceae of the 
strain AP3b was primarily supported by 100% similarity of helix 23 and 27 with family Oculatellaceae (Supplementary 
Table S3).  This claim is very well supported by various morphological, ultrastructural and molecular data examined 
in the present work.  Strain AP3b was found to be more than 6.2% variable (in terms of genetic variability compared 
with other genera) based on the 16S rRNA sequence data (Table 6) with the genus Oculatella atacamensis, Tildeniella 
torsiva and other Oculatellacean members.  All the clones of strain AP3bclustered together and were well separated 
as a lineage from the Oculatella and the Tildeniella genus clade.  Becerra-Absalon et al. (2018) had separated the 
novel genus Chroakolemma sp. from its closest relative Scytolyngbya timoleontis placed as the nearest clade in the 
phylogenetic tree on the basis of more than 5% genetic variability.  Additionally, Mai et al. (2018) described six new 
genera containing 14 new species under the novel family Oculatellaceae where genetic variation among the genera 
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belonging to same families was on average 6.7 – 8.5%.  Our strain AP3b also belonged to the clade next to the genus-
level clade of Kaiparowitsia and Oculatella, well-fitted phylogenetically under the family Oculatellaceae along with 
the other Oculatellalean genera.  Based on this evolutionary relationship of the strain AP3b with other genera in the 
phylogenetic tree, we considered all the genera of the family Oculatellaceae to be satisfactory representatives for inter-
generic comparative analysis with our strain AP3b.  Mai et al. (2018) further explained that the genera under the family 
Oculatellaceae revealed many autapomorphic specificities based on the study of the secondary structures of the ITS 
region.  The folded secondary structures of ITS region of strain AP3b also disclosed a substantial degree of dissimilarity 
in comparison to the other members of Oculatellaceae not only in its conformation but also in its sequence length.  The 
lengths of various regions of ITS of strain AP3b compared in Table 8 revealed that the conserved and variable regions 
of the members of Oculatellaceae possessed high variation where the length of various regions of ITS of each genus 
was specific.  The D1-D1’ helix which was considered to be highly conserved differed significantly between strain 
AP3b and the reference strains.  The basal sequence of the helix (5’GACC-GGUC 3’) was common to strain AP3b 
and all other compared genera (Fig. 7) which appeared to be a confirmed feature of the family Oculatellaceae (Mai et 
al. 2018).   The unilateral bulge near the basal stem of D1-D1’ helix for all of the strains in comparison was found to 
be varying in 1-2 nucleotides among the genera.  Similarly, in case of AP3b, a unique sequence 5’-AUCCCAA-3’ was 
observed (Fig. 7) which was dissimilar compared to any other genera of the Oculatellaceae family.  Moreover, only 
genus Pegethrix (Mai et al. 2018) possessed very large structure of the D1-D1’ helix (91 nt) and the corresponding 
structure of AP3b was found to be significantly longer than any other genera except Pegethrix.  The terminal loop also 
differed in size as well sequence when compared with the references (Fig. 7).  Box-B helix of strain AP3b was also 
noticed to be considerably longer than the Box-B helix of its closest related member genus Oculatella.  Besides the 
sequence variation of the terminal loop, AP3b also differed in possessing an extra small bilateral bulge in comparison 
to the genus Oculatella (O. atacamensis and O. subterranea).  Box-B helix length in the genus Tildeniella is very long 
and rest of the genera possesses comparably similar length of Box B.  So, in the complete Box-B helix comparison 
with other genera (Fig. 7), it is clear that the length of the Box-B helix in AP3b is unique, being of intermediate length.  
During the comparison of V2 and V3 helices among strain AP3b and other genera (Fig.8), these highly variable helical 
regions of the ITS showed a genus-specific conformation where the length of both helices (V2 and V3) for each genus 
were unique.  Moreover, as the homology in the sequences of V2 and V3 compared among the genera was very low, 
the patterns and number of bilateral bulges as well as the sequences of the stem regions showed significant variations.  
Considering the ITS region to be a genus-specific trait in family Oculatellaceae, the D1-D1’ helix, Box-B, V2 and 
V3 region represented in Fig. 7 and Fig. 8 presented significant divergences from strain Oculatella atacamensis as 
well as other Oculatellacean genera.  Alike the present investigation, comparison of ITS secondary structures of 
Oculatella subterranea with the type species of Leptolyngbya supported the separation of Oculatella subterranea as a 
monospecific genus from the Leptolyngbya genus (Zammit et al. 2012).  According to Mai et al. (2018) Oculatellaceae 
and Prochlorotrichaceae genera had very divergent characters and distinct autapomorphies which were genus specific.  
This observation was corroborative with our taxonomic assignment of strain AP3b.  There were more than one stable 
and contrasting features identified in the strain AP3b which can undoubtedly be considered as diacritical markers at the 
genus level.  These features included presence of aerotopes in the cross section of the cell causing buoyancy to float 
which was substantiated by the unique growth pattern of this strain appearing as a fascicle instead of forming mat-like 
biofilm.  Necridic cells were detected by scanning electron microscopy which were contrastingly absent in the reference 
strain.  The related genus Oculatella which was regarded as one of the reference strains for AP3b was characterized 
by the presence of an orange colored spot in its apical cell which was the most striking and genus-specific feature for 
genus Oculatella (Zammit et al. 2018).  This feature was completely absent in the strain under investigation (AP3b).  
Moreover, the cellular features of AP3b like nearly isodiametric shape along with the presence of necridia, aerotopes 
and distinctly constricted cross walls and the given discontinuity of these features in Tildeniella  and Oculatella were 
the morphological differences supported by the substantial genetic variability in 16S rRNA sequences.  Overall study 
of strain AP3b demonstrated that this strain consisted of a set of comparable morphological characteristics with respect 
to the genus-specific characters of the reference genera of Oculatellaceae which was justified by the position of strain 
AP3b under the family Oculatellaceae.  Genus can be defined as a group of one or more species bearing at least some 
morphological characters which distinguishes them from the species of other genera and must constitute a well-defined 
monophyletic clade (Mai et al. 2018).  Although, the simple morphology of strain AP3b was similar to the related 
genus Oculatella, however the studied characters like presence of aerotopes aiding to the fasicular growth pattern, 
presence of necridia, significant differences in the cell forms (cellular length to width ratio) and absence of any orange-
colored spot in the apical cell in any phase of its growth period were substantial and stable features to be considered as 
autapomorphic characters differentiating a species from another species of different genus.  Justifying the definition of 
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genus (Mai et al. 2018), and on the basis of the above-mentioned contrasting morphological features substantiated by 
the molecular data of unlikeliness with the closest member (sister clade), we propose the novel monospecific genus, 
Aerofilum fasciculatum under the family Oculatellaceae.

Conclusion

In this article AP3 was described as a novel species Euryhalinema pallustris sp. nov. (Prochlorotrichaceae) and AP3b 
as a novel genera Aerofilum fasciculatum gen. nov., sp. nov. (Oculatellaceae) based on the polyphasic approach to 
taxonomy.  This work is important as it corroborated the creation of well-supported monophyletic groups in their 
respective families.  This investigation also brings the world’s largest tidal mangrove forest, the Sundarbans to the 
forefront as a repository of novel cyanobacteria.  This intertidal region warrants further exploration for the discovery 
of new cyanophytes because fossil records indicate intertidal regions were locations of cyanobacterial diversification 
globally (Demoulin et al. 2019).

Description

Order: Synechococcales
Family: Oculatellaceae

Aerofilum Chakraborty et Mukherjee, gen. nov.

Thallus blue-green, growth like fascicles or bundles. Filaments isopolar, uniseriate, unbranched, cells slightly longer than their width, cell 

length ranged from 1.4 - 2.1 µm and width 0.9 - 1.1 µm. Cross walls have distinct constrictions. 

Type species (designated here): Aerofilum fasciculatum Chakraborty et Mukherjee

Etymology: The generic epithet “Aerofilum” is derived from Aero Greek for ‘air’ as the strain possesses gas vesicles 
(aerotopes) and filum Greek for ‘filament’.

Aerofilum fasciculatum sp. nov. Chakraborty et Mukherjee

Description Thallus blue-green, growth pattern appears like fascicles or bundles rather than forming a mat-like biofilm.  
Filaments isopolar, uniseriate, unbranched, cells slightly longer than their width, cell length ranged from 1.4 - 2.1 µm 
and width 0.9 - 1.1 µm.  Cross walls have distinct constrictions.  Trichomes were cylindrical, immotile, no heterocyte 
or akinete.  Small sized filaments known as hormogonia helps in propagation.  Necridic cells present.  Ultrastructure 
includes parietal thylakoids, aerotopes present.
 Holotype (designated here): Holotype (AP3b) deposited and cryopreserved in the Microbial Culture Collection 
(MCC), India having accession number MCC 3478.
 Type locality: Lothian island (21.39.1N 88.19.37E) of the Indian Sundarbans, India.
 Etymology: The specific epithet ‘fasciculatum’ reflects the growth pattern of the strain appearing to grow as a 
cluster or fascicles instead of forming a mat-like biofilm.

Order: Synechococcales
Family: Prochlorotrichaceae
Genus: Euryhalinema

Euryhalinema pallustris Chakraborty & Mukherjee sp. nov.

Description Thallus greenish in color, forming a mat-like biofilm.  Filaments typically unbranched, straight, isopolar, 
attached to the soil surface (mainly sub-aerophytic) growing as an extensive mat-like biofilm.  Cells of the intermediate 
trichome were larger in size than the cells towards apex, cells much longer than wide, cellular dimensions 1.1 - 1.6 
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µm (length) and 0.4 - 0.5 µm (width), mucilaginous sheath absent, cell contents homogeneous, green without any 
granulated appearance, aerotopes absent.  No heterocytes and akinetes.  Cell division takes place by asymmetrical 
binary fission.  Reproductive propagation by the help of hormogonia.
 Holotype: Holotype (AP3) deposited and cryopreserved in Microbial Culture Collection (MCC), India bearing an 
accession number MCC3172.
 Type locality: Sagar island (21.44.7N 88.7.2E) of the Indian Sundarbans, India.
 Etymology: The specific epithet ‘pallustris’ represents the swampy habitat of the strain from where it was 
collected.
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A B S T R A C T   

Nowadays, mushrooms with enhanced medicinal properties are being focused on finding such compounds that 
could modulate the immune systems of the human body. Mushrooms are extensively known for their antimi-
crobial, antidiabetic, antiviral, hepatoprotective, antitumor, and immunomodulatory properties owing to the 
presence of various bioactive components. However, a few of them are characterized and reported so far. Various 
polysaccharides, including β-glucans, are the principal constituent of the mushroom cell wall and play a sig-
nificant role in their biological activity. This review aimed to focus on a concise report on the extraction process 
of the active ingredients from a mushroom with some therapeutic applications. Here, we have briefly described 
the medicinal properties of some commonly used mushroom extracts or their derivatives. It is interesting to note 
that mushroom is a potential source of many bioactive products that boost immunity. Thus, the development of 
functional medicinal food is essential for human welfare.   

1. Introduction 

Mushrooms are widely cultivated worldwide due to their excellent 
medicinal properties. The mushrooms can be defined as aerial umbrella- 
shaped macrofungi, commonly found on the forest floor. However, most 
of the drugs synthesized nowadays are based on chemical functionali-
zation; some have deleterious effects on living systems. The concept of 
producing herbal drugs from natural sources is very primitive, 
authentic, and immensely important. Examples of such herbal drugs 
derived from natural resources may include digitoxin, morphine, pro-
gesterone, vinblastine, vincristine, taxol, etc. Unlike plant products, 
mushroom-derived bioactive components were also reported with 
enhanced bioactivity. Mushroom belongs to a large group of macro-
fungi, commonly known as Basidiomycetes, and a few from Ascomycetes 
(Moradali et al., 2007; Ferreira et al., 2010). Various bioactive com-
pounds were extracted from mushrooms as a source of an immuno-
modulatory agent. Agaricus spp. (button mushroom), Pleurotusspp. 
(Oyster mushroom), Lentinus spp. (shiitake mushroom) are commonly 
eaten in Asian countries, such as China, Japan, and India. Most 
well-known species with potential medicinal properties may include 

Ganoderma (Lingzhi), Lentinus (shiitake), Auricularia, Flammulina, Gri-
fola (Maitake), Trametes and Tremella, Pleurotus, Agaricus, Clitocybe, 
Antrodia, Trametes, Cordyceps, Xerocomus, Calvatia, Schizophyllum, 
Flammulina, Suillus, Inonotus, Inocybe, Funlia, Lactarius, Albatrellus, Rus-
sula, and Fomes spp (Acharya et al., 2018). Fig. 1 depicts some of the 
essential medicinal mushrooms that have been used as antitumor and 
anticancer agents. 

Most of the bioactive components extracted from mushrooms are the 
product of secondary metabolism. These metabolites are of low molec-
ular weight substances, principally produced in response to extracellular 
stress (Chaturvedi et al., 2018). It was reported earlier that 
mushroom-derived polysaccharides could inhibit cancer progression 
and therefore be recognized as an anticancer or antitumor agent. Cancer 
is considering the cause of second-most death worldwide after cardio-
vascular diseases (CVD) (Ayeka, 2018). It is estimated that death caused 
by cancer will be about thirteen million by 2030 (Ferlay et al., 2008; 
Torre et al., 2012). Cancer is a result of uncontrolled cell division and 
mainly spread into surrounding tissues. Such forms of cancer may result 
in visible growths, known as tumors, such as teratoma, leukemia, and 
others (Borchers et al., 2004; Zaidman et al., 2005; Ruddon, 2007). 
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Several factors, including genetic, biophysical, and biochemical pro-
cesses, may induce cancer progression and metastasis. The conventional 
treatment strategies for cancer include the application of various 
chemotherapeutic drugs. However, the available procedures negatively 
affect patients’ health; therefore, an alternative way to treat the disease 
is of great concern. 

According to some pharmacological studies polysaccharides has 
found as a primary bioactive compound of mushroom (Zhang et al., 
2007). Polysaccharides are bio-macromolecules forms by mono-
saccharide units linked together with glycosidic bonds, which may 
sometimes give a more complex structure (Daba and Ezeronye, 2003). 
The monosaccharide composition, their sugar sequence, linkage pattern, 
length, and nature of side-chain determine the polysaccharide structures 
(Tang et al., 2020a). Due to its high potential of structural variability, 
polysaccharides can carry the highest biological information (Wasser, 
2002). The most known polysaccharides of mushrooms belong to the 1, 
3-β-glucans family (Chaturvedi et al., 2018). The beta-glucan polymers 
often form a chain with β-(1 → 3) linkages with some occasional β-(1 → 
6) linkages. Isolated naturally occurring polysaccharides of mushrooms 
are both neutral and acidic (Zhang et al., 2007). Some polysaccharides 
consist of simple chains linked by glycosidic bonds, while in more 
complicated forms, it binds with protein and peptide ones. 

Besides the primary structure, a more complex chain structure also 
has important antitumor properties (Wasser, 2002). Although there is a 
predominantly occurrence of glucan that has been found, heteroglucan 
has also discovered. Glucans consist exclusively of D-glucose subunits, 
whereas heteroglucans consist of the side chain of monosaccharides 
(Zhang et al., 2007). Some most essential polysaccharides used in the 
field of medicine are lentinan extracted from Lentinan edodes, krestin 
from fruiting bodies of T. Versicolor, Schizophyllan from S. Commune, 
PSP from Tricholoma laboyense, polysaccharides from the fruiting body 
of H. Erinaceus, and Pleuran from P. Ostreatus (Zhu et al., 2015). In 
comparison to the total content of β-glucan highest percentage of 1, 
3-β-D-glucan and 1, 6-β-D-glucan detected as follows: G. cyanescens 
(54%), S. granulatus (49.8%), A. auricula-judae (47.9%), and S. Variegates 
(40.6%). A human cannot digest the most common polysaccharides from 
mushrooms, such as glycan, due to its beta bond, which cannot be 
broken down inside the body. Nevertheless, these molecules potentially 
trigger the immune system to be absorbed by the gastrointestinal tract. 
The antitumor activity of these polysaccharides is due to their potential 
to stimulate immune responses via macrophage or lymphocyte. β-glucan 
raised the secretion of various pro-inflammatory and anti-inflammatory 
cytokines, NK cells, T cells, macrophages, which interact with the tumor 

cells. Therefore, this review briefly discusses some commonly used 
mushroom-derived polysaccharides and their anticancer/antitumor 
properties. Moreover, a detail of extraction, purification, and potential 
application is also well-described in this article. 

2. Bioactive polysaccharides from mushrooms 

Various bioactive polysaccharides isolated from mushrooms are 
shown in Fig. 2. Glucan is the principal constituent of mushroom poly-
saccharides. Two glucose monomers bind together by the α- or 
β-glycosidic bond in C1–C3, C1–C4, or C1–C6mannersto produce glucan 
chain (Pandya et al., 2018). Heteroglycans may also produce by binding 
arabinose, fructose, mannose, xylose, etc. Polysaccharides sometimes 
bind with protein or peptide and form complexes (Cui and Chisti, 2003). 
Most of the essential polysaccharides are products of the C1–C3 bonding 
of glucans. 1–6 β-D glucans. Other polysaccharides, such as lentinen 
isolated from Lentinus ededos, krestin or (polysaccharide K, PSK) derived 
from T. versicolor, polysaccharide-protein complex (PSPC) from Tricho-
loma laboyense, Pleuran from P. ostreatus, also polysaccharides from 
fruiting bodies and mycelium of H. Erinaceus (Zhu et al., 2015). Lentinen 
derived from L. edodes is (1 → 3)-β-glucan containing five (1 → 
3)-β-glucose residues arranged in linear linkage along with two (1 → 
6)-β-glucopyranoside branches inside chains gives its structure (Pandya 
et al., 2018). Lentine is chiefly composed of beta-glucan, which shows 
potential antitumor activity. The molecular weight of lentinen is about 
400–800 KDa. Lentinen shows antitumor properties by enhancing 
cytokine secretion. Schizophyllan, another important 
mushroom-derived polysaccharide is having (1 → 3)-β-glucan. It con-
tains a β-glucopyranosyl group joined by a β-(1 → 6) linkage to every 
third or fourth residue of the main chain. The molecular weight of 
Schizophyllan is about 450 kDa (Zhang et al., 2014). The polysaccharide 
krestin derived from T. versicolor (Zhu et al., 2015) has a molecular 
weight of 94 kDa and is a beta-glucan-protein complex. It contains acidic 
amino acids like aspartate, glutamate, essential amino acids like lysine 
arginine, and neutral amino acids like valine and leucine. For every 
fourth glucose unit, there are (1 → 6)-β-glucopyranosidic side chains in 
(1 → 4)-β-glucan (Maehara et al., 2012). Maitake D-fraction obtain from 
Grifola frondosa contains β-D-glucan with β-(1 → 6) leading chains with 
β-(1 → 4) branches, it also contains more β-(1 → 3) leading chains and 
β-(1 → 6) branches (Matsui et al., 2001a,b). 

Usually, polysaccharides remain embedded with proteins forming 
polysaccharides protein complex, also known as PSPC. For example, T. 
lobayense consists of 54.3% polysaccharides and 35.9 % proteins. These 
polysaccharides are composed of galactose, glucose, arabinose, xylose, 
rhamnose, fucose, and mannose with corresponding proteins, such as 
aspartic acid, glutamic acid, serine, glycine, lysine, and threonine (Liu 
et al., 1995). The molecular weight is 154 kDa. GLPP was obtained from 
Ganoderma lucidum, which is reported as a polysaccharide-peptide. 
Ganderon that contains D-rhamnose, D-xylose, D-fructose, D-galactose, 
and D-glucose. GLPP stimulates interferon-γ (IFN-γ) and interfer-
on-inducible protein-10 (IP-10). Ganoderon is another important poly-
saccharide derived from G. lucidum, having a molecular weight of 20 
kDa. Similarly, G. applanatum contains several kinds of glucans with an 
average molecular weight of 300-1000 kDa (Xu et al., 2011). G. tsugae 
contains seven potential antitumor polysaccharides–protein complexes, 
out of which 2 are glucogalactans with similar protein content to 
mannose or fucose, and 5 are protein-containing (1 → 3)-β-glucan 
(Pandya et al., 2018). 

3. Extraction and purification of polysaccharides 

The extraction of polysaccharides is a crucial step for obtaining 
bioactive material with good quality and amount (Chen et al., 2018). 
There are several specialized methods for the extraction of poly-
saccharides (Pan et al., 2013) The selection method and purification 
procedure depend on the cell wall type (Mizuno, 1996). Hot water 

Fig. 1. Some of the well-known mushrooms with enhanced anticancer and 
antitumor properties. 
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extraction is a very popular, easy, and standard process for extraction. 
According to Yan et al. (2018), fruiting bodies are mixed with 95% 
ethanol (w/v, 1:10) to remove fat. The residues were now extracted with 
distilled water (w/v, 1:20) three times at 100 for 4hrs. Extracts now 
precipitated using 95% ethanol (4 vol) at 4 for 12h followed by 
concentrated under vacuum at 60. Now centrifugation at 4000 rpm done 
for 15min. After collecting the precipitate, it is re-dissolved in water 
(Yan et al., 2018). Three successive extractions can also extract poly-
saccharides with water (100 for 3h),2% ammonium oxalate (100 for 6h), 
5% sodium hydroxide (80 for 6h). The extraction with hot water gives 
water-soluble polysaccharides, and that of alkali gives water-insoluble 
ones. The mixture of extracted polysaccharides can be separated with 
a sequential extraction method (Tang et al., 2020c). Polysaccharides 
with different properties can be separated by cold and hot water, 
ammonium oxalate, HCl, Na2CO3, NaOH (2M and 4M concentration) 
sequentially (Colodel et al., 2018). Isolation of isolated pectin and 
hemicelluloses by cold water, boiling water, 1% ammonium oxalate 
solution, and 10% sodium hydroxide solution, successively was done by 
Jackson). 

For retaining the acetyl group, DMSO can be used before alkali 
treatment during the extraction of hemicelluloses. Extraction with the 
only alkali may remove the acetyl group. Water at room temperature or 
in boiling state or followed by alkaline solutions can easily extract D- 
glucans (Ruthes et al., 2015). In some studies, the optimum condition for 
alkaline extraction was found using NaOH (0.5 mol/L) at 60◦C for 2 h (Li 
et al., 2015 ; Jia et al., 2019). Several impurities like pigments, starch, 
and several small molecules may be associated with extracted poly-
saccharides. The impurities must be removed. Impurities like small 
molecules can be removed by dialysis (Du et al., 2018), ethanol pre-
cipitation (Ruthes et al., 2015; Smiderle et al., 2006), or ultrafiltration. 
Starch may be removed by α-amylase through the enzyme hydrolysis 
method (Chen et al., 2018b; Yi et al., 2019). Chloroform and n-butanol 
can be used to precipitate the protein molecules from polysaccharides. 
Although it has been reported that enzyme hydrolysis in mild doses is 
more effective for removing impurities (Zhang et al., 2014). 

Nowadays, some modified and new techniques have arrived for the 
separation of proteins. Freeze-thaw techniques target the changing of 
buffer environment to precipitate protein (Xiong et al., 2017). Pigments 

can be removed from polysaccharides by various methods like 
anion-exchange macroporous resin (Cao et al., 2019; Wang et al., 
2018a), organic solvents successive rinse and activated carbon adsorp-
tion (Chai and Zhao, 2016), hydrogen, using of peroxide (H2O2) (Chen 
et al., 2019; Kasipandi et al., 2019). Polysaccharides now finally frac-
tionate and purified by various methods like gradient ethanol precipi-
tation method (Hu and Goff., 2018), salt gradient fractionate method 
(Guan et al., 2015), using cetyltrimethylammonium bromide (CTAB) 
(Phélippé et al., 2019; Lei, 2016), ultrafiltration (Delcroix et al., 2015; 
Emami et al., 2018; Liu et al., 2018), ion-exchange column chroma-
tography (Henke et al., 2019; Chen et al., 2018c), gel-column chroma-
tography (Chen et al., 2018c; Han, 2018, Ghosh et al., 2019), affinity 
chromatography (Magdeldin, 2012), etc. Table 1 depicts some of the 
standard extraction techniques and their potential advantages and 
disadvantages. 

4. Antitumor and anticancer properties 

The β-glucans is the main compound which makes mushroom ther-
apeutically important (Baldassanom et al, 2017; Chen et al., 2014). 
Trametes robiniophila, Murill spp., Coriolus versicolor, Grifola frondosa, 
Flammulina velutipes, and many others show potential antitumor, anti-
cancer properties (Ayeka, 2018). Instead of directly arresting cancer 
cells, polysaccharides enhance the immunomodulatory effect of the host 
(Xu et al., 2015). In addition to chemotherapy, surgery the effects of 
beta-glucan can be used in immune-stimulatory and antitumor effects 
(Twardowski et al., 2015). β-glucan shows a direct inhibition effect on 
tumor metastasis and prevents oncogenesis, (Neergheen et al., 2020) 
and by inducing an immune response in the host, it shows its antitumor 
activity (Table 2) (Pandya et al., 2018a,b,c; Wang et al., 2017a; 
Hapuarachchi et al., 2017). Mushroom-derived polysaccharides and 
their protein complexes are significant sources of antitumor and 
immunomodulatory agents (Sarangi et al., 2006; Hong et al., 2004; 
Mizuno, 2002). The first report of the use of polysaccharides in anti-
cancer and antitumor therapy was reported by Nauts et al., in 1946, and 
the use of mushroom-derived polysaccharides was reported by Chihara. 
The first reported mushroom-derived polysaccharide was lentinan, 
which was effective against both mice and human cancer cells. Fig. 3 

Fig. 2. Examples of some mushroom derived active components.  
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demonstrates some of the mushroom-derived anticancer poly-
saccharides and their applications. Udchumpisai and Bangyeekhun 
show that polysaccharides isolated from Lentinus velutinus show cyto-
toxic effects against cancer cells. The polysaccharides show an effective 
anticancer property on human HeLa and HepG2 cell lines in a time and 
concentration-dependent manner. The underlying mechanism of 
β-glucan in triggering immune response is probably through the 

activation of complement-component receptor-3 (CR3) that systemati-
cally induce the neutrophil or NK cells response. The CR3 is primarily 
expressed by myeloid cells and NK cells which induce the production of 
various cytotoxic granules or enzymes (Hong et al., 2004). Recently, it 
was reported that the β-glucan-mediated antitumor effect is mainly due 
to the activation of C-type lectin receptor Declin-1 (CLRD-1), activation 
of several APCs, and pro-inflammatory macrophages (M1 type), 
respectively (Alexander et al., 2018) (see Table 3). 

Yukawa shows that the polysaccharides extracted from L. edodes 
have a cytotoxic effect on HepG2 cells. In this case, Polysaccharides 
treated cancer cells detached from the surface and became shrunken and 
rounded. According to Li et al. (2015), the viability of HeLa and A549 
cancer cells was 0%–67.9% when treated with 600 mg/mL of poly-
saccharide mushrooms extracts for 48h. B. Chen (2010) shows that 
polysaccharides extracted from Tremella fuciformis show a practical 
inhibitory effect on HepG2 cells, and at 50 mg/mL concentration, it 
shows 92% antitumor property. The proliferation of CD4+ T cells in 
scald mice infected by Pseudomonas aeruginosa can be changed by the 
polysaccharides extracted from T. fuciformis, resulting in a decline in 
IL-10 level (Shi et al., 2014). Chen et al. (2007) show that the skin pulp 
of two Bufo species showed potential antitumor property when it was 
treated with polysaccharides extracts from mushrooms like Polyporus 
umbellatus, Poria cocos. Both in vitro and in vivo experiments were 
performed by Weng and Yen) using G. lucidum, which shows anticancer 
property by modulation of kinase signaling. The apoptotic property of 
polysaccharide extract of G. lucidum on human gastric carcinoma cells 
was shown by Jang et al. (2010). Ishii et al. (2011) reported that α-(1 → 
4)-Glucan-β-(1 → 6)-glucan protein complex of A. Subrufescens shows a 
potential antitumor property. Water-soluble polysaccharides extracted 
from king oyster mushrooms were done by Liu et al. (2015a,b). The 
polysaccharide shows an inhibitory effect on tumor cells and serum 
cytokine IL-2, TNF-α, thymus and spleen indices, and LPS- or 
ConA-induced lymphocytes proliferation. The potent antitumor activity 
in A549 cells of water extracted polysaccharides from Fomes fomentarius 
was shown by Kim et al. (2015). Polysaccharides extracted from the 
Pleurotus ostreatus mycelia component show a significant inhibitory ef-
fect on the BGC-823 human gastric cancer cell line in vitro (Cao et al., 
2015). In another experiment, a water-soluble extract containing poly-
saccharide extracted from P. Ostreatus inhibits the invasion of Caco-2 
cells, that is, the colon cancer cells, through the basement membrane 
(Cojocaru et al., 2013). Polysaccharides polysaccharide POPS-1 from 
P. Ostreatus show potential antitumor activity against HeLa cells (Tong 
et al., 2009). Moharib et al. (2014) show that clinically induced colon 
cancer in HCT-116 cells shows anti-proliferative nature after treatment 
with Pleurotus Sajor-caju. Fan et al. (2011) show that crude extract of 
Agaricus brasiliensis has an apoptosis effect on CAL-27 (human oral 
cancer cell). An investigation on Maitake D-fraction by Alonso et al. 
(2017) and Alonso et al. (2018) showed the apoptotic effect on 

Table 1 
List of some potential antitumor and anticancer polysaccharides extracted from 
mushroom (Tang et al. SP 2020).  

Source mushroom Name of the polysaccharides References 

Agaricus 
subrufescens 

glucans Oshiman et al. 
(2002) 

Armillaria 
tabescens 

α-(1 → 6)-D-glucan Luo et al. (2008) 

Auricularia 
polytricha 

(1 → 3)-linked-β-D glucopyranosyl Song and Du 
(2010) 

Cordyceps sinensis Polysaccharides Sheng et al. 
(2011) 

Ganoderma 
lipsiense 

exopolysaccharides, glucans Lee et al. (2007a) 

Grifola frondosa Maitake D-Fraction Matsui et al. 
(2001) 

Hericium erinaceus xylan, glucoxylan, β-glucans Kim et al. (2011) 
Lentinula edodes Lentinan Zhang et al., 2011 

β-(1 → 3; 1 → 6)-glucan 
Chain of (1 → 4), (1 → 3) glucanose 
residues with side chains of (1 → 4) 
glucanose 

Zhang et al. 
(2011) 
Yu et al. (2010) 

Lentinus 
polychrous 

Polysaccharides Thetsrimuang 
et al. (2011) 

Lentinus strigellus Polysaccharides Lin et al. (2004) 
Phellinus igniarius Endo-polysaccharide Yang et al. (2009) 

Chen et al. (2011) 
Pleurotus 

citrinopileatus 
PCP-3A (Nonlectin glycoprotein) 
immunomodulatory protein 

Chen et al. 
(2010a) 

Sparassis crispa β- (1 → 3)-D-glucan Ohno et al. 
(2003) 

Schizophyllum 
commune 

Schizophyllan Hobbs (2005) 

Taiwanofungus 
camphorates 

Polysaccharides Chen et al. 
(2010b) 

Trametes versicolor Polysaccharide peptide 
Protein bound β-(1 → 3; 1 → 6)-glucan 
Polysaccharide-Kureha or 
polysaccharide-K, krestin 

Ooi and Liu 
(2000) 

Tremella fuciformis β-(1 → 3)-D-glucans, heteroglycans with 
α-(1 → 3)-mannan backbone & xylose- 
and glucuronic acid side chain 

Bin (2010) 

Tremella 
mesenterica 

GXM (glucuronoxylomannan α-(1 → 3)- 
mannan) 

Vinogradov et al. 
(2004) 
Wu et al., 2018 

Inonotus obliquus α-linked fucoglucomannan Mizuno et al. 
(1999)  

Table 2 
Advantages and disadvantages of some common extraction procedures of polysaccharides (Tang et al., 2020a,b,c).  

Purification methods Applicable polysaccharide fractions Advantages Disadvantages 

Gradient ethanol precipitation Fractions with large difference on Mw 
distribution 

Simple, inexpensive Low efficiency, unhomogeneous polysaccharides after 
purification 

Salt fractionation Fractions with large difference on Mw 
distribution 

Simple, inexpensive Low efficiency; easy co-precipitation 

CTAB method Fractions embracing neutral and acid 
polysaccharides 

Good selectivity for acid 
polysaccharide 

Low efficiency, requirement of desalting 

Ultrafiltration Fractions with large difference on Mw 
distribution 

Easy scale-up, high efficiency Low yield, time-consuming 

Ion-exchange column 
chromatography 

Fractions bearing different charge strength High purity of eluate, easy 
operation 

Time-consuming, expensive, sometimes the height of 
column bed 
may change when buffer pH changes 

Gel column chromatography Fractions with difference on Mw distribution Good separation effect, mild 
condition 

Expensive, inefficient, hard for scale-up 

Affinity column chromatography Fractions having matched ligand High purity, few steps Difficult to find a proper ligand for a given 
polysaccharide  
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Table 3 
An overview of some commonly used mushrooms as immunomodulatory agents with detailed emphasis.  

Name of the 
mushroom 

Bioactive compound Source Antitumor and anticancer activity Reference 

Agaricus bisporus α-glucans and β-glucans fruiting body Has potent Immunomodulation properties Kozarski et al. (2011) 
Boletus edulis Heteropolysaccharide with a 

Heterogeneous main chain 
fruiting body Potent immunomodulatory effect Wang et al. (2014) 

Dictyophora 
indusiata 

Heteroglycan, mannan, glucan from. fruiting body Antitumor activity Liao et al. (2015) 
Thekkuttuparambill et al., 
2007 

Pleurotus 
ostreatus 

polysaccharides 2 (POMP2), 
polysaccharides -1(POPS-1). 

mycelium Anticancer activity  

Cordyceps 
militaris 

β-glucan.  Inhibition of IL-1β, TNF-α, and COX-2 expression Smiderle et al. (2014) 

Pleurotus tuber- 
regium 

β-D-glucan Sclerotium, mycelium anti-breast cancer activity Zhang et al. (2006) 

Inonotus obliquus Glucan Fruiting body, mycelium Antitumor, immunomodulation Kim et al. (2005) 
Pleurotus 

citrinopileatus 
Galactomannan Fruiting body Antitumor Wang et al. (2005) 

Phellinus linteus Glucan Fruiting body Antitumor Kim et al. (2004) 
Polypours 

umbellatus 
Glucan Mycelium Antitumor, immunomodulation Yang et al. (2005) 

Agaricus blazei Fruiting body; Mycelium Glucan, heteroglycan, 
glucan protein, 
glucomannan-protein 
complex 

Antitumor activity Mizuno (1995) 

Agaricus bisporus Fruiting body α-glucans and β-glucans. Immunomodulation and antioxidative activities Kozarski et al. (2011) 
Auricularia 

auricula-judae 
(1 → 4)-linked 
D-glucopyranosyl main chain with (1 
→ 6)-linked 
D-glucopyranosyl branch at O-6 

Fruiting body. Antitumor activity Xu et al. (2012) 

Boletus edulis Heteropolysaccharide with a 
heterogeneous main chain (Glcp, Galp 
and Rhap) 

Fruiting body. Immunomodulatory activity Wang et al. (2014) 

Calocybe indica Heteropolysaccharide with a 
heterogeneous main chain (Galp 
and Glcp) 

Fruiting body Immunomodulatory andcytotoxic activities Mandal et al. (2011) 

Dictyophora 
indusiata 

Heteroglycan, mannan, glucan Fruiting body Antitumor and hyperlipidemia activity Liao et al. (2015) 

Ganoderma 
applanatum 

Glucan Fruiting body Antitumor activity Nakashima et al. (2013) 

Ganoderma 
lucidum 

hetero-β-D-glycans (glucurono-β-D- 
glucan, arabinoxylo-β-D-glucan, xylo- 
β-D-glucan, 
manno-β-D-glucan and xylomanno- 
β-D-glucan) 

Fruiting body Induced cell-cycle arrest and apoptosis Zhang et al. (2010) 

G. frondosa β-glucan  stimulates differentiation of haematopoietic progenitor 
cells, production of granulocyte colony-stimulating 
factor, and the recovery 
of peripheral blood leukocytes 

Wesa et al. (2015) 

Coriolus 
versicolor 

glucan fruiting bodies novel antitumor Awadasseid et al. (2017) 

Pleurotus 
pulmonarius 

Beta-glucan  Inhibit the leukocyte migration to injured tissues. Mice 
previously treated with beta-glucan showed a 
reduction of writhes  

Trametes 
versicolor 

glucan  improved survival and immune 
function in human randomized, controlled trials in 
cancer 
patients  

Coriolus 
versicolor 

polysaccharide K (PSK)  increased the survival of patients after curative gastric 
cancer 
resection over chemotherapy alone 

Oba et al. (2007) 

Amauroderma 
rude 

polysaccharide  inhibited tumour growth in mice via regulation of the 
immune 
system at the molecular and cellular levels 

Chang et al. (2015) 

Hericium 
erinaceus 

Polysaccharide  prevented migration of cancer cells of implanted colon 
tumors in mice to the lung 

Li et al. (2015) 

Coriolus 
versicolor 

polysaccharides  Shows anticancer property and shows anti-metastasis 
effects on mouse mammary 4T1 carcinoma 

Zhu et al. (2014) 

Phellinus linteus Hispolon Water-soluble polysaccharide 
(POPS-1)  

Induced apoptosis of breast- and bladder-cancer cell) 
Exhibited significantly lower cytotoxicity to human 
embryo kidney 293T cells than HeLa tumour cells 
compared with anticancer drug 5-fluorouracil 

Lu et al. (2009) 

Cordyceps taii Chlrophorm extract  has potent in vivo antitumor and antimetastatic 
activities 

Liu et al. (2015) 

Ganoderma 
formosanum 

PS-F2, a polysaccharide fraction  Worked as stimulant for tumour-specific cellular and 
humoral immune responses 

Wang et al. (2014),  
Baldassanom et al. (2017) 

(continued on next page) 
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MDA-MB-231 cells, which in turn effective against breast cancer. Da 
Silva et al., 2012 showed that the isolated polysaccharide from Macro-
cybe titans showed the anticancer property in vitro in murine melanoma 
cells B16–F10. Migration of cancer cells stopped by the effect of poly-
saccharides. Polysaccharides extracted from Collybia radicata also show 
potential immunomodulatory effects (Wang et al., 2018). Under both in 
vitro and in vivo conditions, the polysaccharide extracted from Pleu-
rotus pulmonarius suppresses PI3K/AKT signaling pathway actives 
Myr-AKT, which shows anti-proliferations in hepatocellular carcinoma 
(S. Xu et al., 2012). polysaccharide from Grifola frondosa when taken 
orally, the immune system of breast cancer patients stimulated (Fortes 
et al., 2008). Beta-glucan lentinan increases the survivability of patients 
with prolonged gastric cancer (Deng et al., 2009). Polysaccharides 
(GTM1 to GTM6) isolated from Ganoderma by Peng et al. exhibited su-
perior antitumor property by increasing activity of NK cells and cyto-
toxic T-lymphocytes. Polysaccharide extract from mycelium biomass of 
Pleurotus ostreatus shows inhibitory effect on Ehrlich Tumor (ET) and 
Sarcoma 180 (S180) cells (Pauliuc et al., 2013). Cao et al. demonstrated 
that Ganoderma lucidum polysaccharides-peptide (GLPP) shows an 
anti-angiogenic effect. The GLPP stimulates interferon-γ, 
interferon-inducible protein 10, and interleukin-12 level. 

5. Mode of action 

Previous studies indicate that β-glucans themselves have no signifi-
cant cytotoxicity in the human body. However, it stimulates monocyte 
recruitment and acts as an immunomodulant. In addition, β-glucan and 
ganoderic acid extracted from G. lucidum showed direct anticancer ef-
fects via activating the host-specific tumor immune responses through 
activation of pro-inflammatory macrophages (M1 type) and subse-
quently killing of HepG2 cells. Many mushroom-derived active com-
pounds act through binding with pattern recognition receptors (PRRs) to 
stimulate immune responses, such as α-glucan, β-glucan, β-fructan, 
mannan, and chitosan (Jin et al., 2018). Fig. 4 briefly illustrates an 
overview of the possible mechanism of host-induced tumor immune 
responses. An ideal immunomodulator with enhanced anticancer 
property mainly stimulated by complement receptor-3 (CR-3) or 
macrophage-1, which trigger dectin-1-My-D88 mediated cytokine 
secretion and targeted killing of cancer cells. Mushroom-derived 
β-glucan also acts through the CR3 mediated My-D88 pathway. There-
fore, mushrooms act as a natural antibody against certain malignant 
tumors by initiating tumor-specific host immune responses (Jin et al., 
2018). Table 4 represents some of the examples of β-glucan that act as 
adjuvants in anticancer therapy. 

Table 3 (continued ) 

Name of the 
mushroom 

Bioactive compound Source Antitumor and anticancer activity Reference 

Ganoderma 
lucidum 

GP-1 and GP-2 types of 
polysaccharides  

Increased the proliferation and pinocytic activity of 
macrophage significantly and inhibited effect on the 
cancer cell 

Zhao et al. (2010) 

Sarcodon 
aspratus 

Two polysaccharide fractions (PSAN 
and PSAA)  

At a concentration of 400 mg/L and an exposure time of 
24 h, the inhibition rates for PSAN and PSAA were 65 
and 80%, respectively 

Chen et al. (2013)  

Fig. 3. In vitro and in vivo antitumor activity of 
mushroom-derived polysaccharides. (A) Effect of 
Tricholoma matsutake-derived polysaccharides 
(TMP-B) on relative tumour volume of Kunming 
male mice after 4 weeks’ post-administration. (B) 
Haematoxylin & Eosin (H&E) staining indicating 
the tissue sections of liver, spleen, and thymus after 
administration of TMP-B as compared to the con-
trol group (Sanyal and Ghosh, 2019). (C)Confocal 
laser scanning microscopy (CLSM) images of HeLa 
cells after treatment with Lenzites betulina extracts 
at indicated concentrations resulting in the change 
of cell morphology (Sanyal and Ghosh, 2019). (D) 
Western blotting of major apoptosis related pro-
teins expressed in L. betulina treated HeLa cells 
(Sanyal and Ghosh 2012).   
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Fig. 4. Signal pathway of β-glucan binding 
to dectin-1 initiates the activation of various 
factors during immunomodulation. After 
binding of β-glucan with declin-1, it acti-
vates spleen associated tyrosine kinase (Syk) 
which trigger the nuclear factor kappa-beta 
(NF-kB) transcription factor through cas-
pase recruitment domain family proteins 
(CARD9) or mitogen-activated protein ki-
nases (NIK) to produce IL-10, IL-2, IL-23, IL- 
6, and TNF. The activation of these cytokines 
induce the proliferation of T and B cells 
along with DCs. Interestingly, when declin-1 
and MyD88 are activated, a series of other 
signaling pathways were triggered. As a 
result of that various cytotoxic factors 
secreted form the T, B, and DCs, which 
initiate the host-specific tumor immune re-
sponses (Jin et al., 2018).   

Table 4 
An overview of β-glucan action as adjuvants in anti-cancer therapy (Jin et al., 2018).  

Subjects β-glucan 
origin 

Administration 
route 

mAb/vaccine Administration 
route of mAb or 
vaccine 

Tumor cells Inoculation route 
of tumor cells 

Effects 

BALB/c and C57BI/6 
mice 

Yeast Orally Anti-GD2 mAb 
or anti-MUC1 
mAb 

Intravenously RMA-S-MUC1 
cells 

Mammary fat pad 
(subcutaneously) 

Tumor regression in all 
models, tumor-free survival 
occurred in models of stable 
expression of target antigen 

C57BI/6 mice Yeast Intravenously Anti-GD2 mAb Intravenously RMA-S-MUC1 
cells 

Mammary fat pad 
(subcutaneously) 

Tumor regression and survival 

Several combined 
immunodeficiency 
mice 

Yeast Intravenously Bevacizumab Intravenously SKOV-3 cells Mammary fat pad 
(subcutaneously) 

The therapeutic efficacy 
mediated by bevacizumab 

Human Yeast Orally Bivalent 
gangliosides 
vaccine 

Subcutaneously Neuroblastoma N/A Antibody responses against 
GD2 and/or GD3 in 12 of 15 
patients; Assessment of 
minimal residual disease are 
disappeared in 6 of 15 patients 

BALB/c mice Yeast Orally Survivin 
peptide 
vaccine 

Subcutaneously A20 cells Left flank 
(intradermally) 

The number of macrophages, 
DC and IFN-c-secreting CD8+T 
cells increased; tumor size 
decreased 

BALB/c mice Maitake 
mushroom 

Intraperitoneally DC vaccine Intraperitoneally 
(stimulated with 
β-glucan) 

Colon-26 
sarcoma cells 

N/A Expression of maturation 
markers on DC gradually 
increased; DC ability to induce 
antigen-specific T cell 
responses; Antitumor efficacy 
of DC vaccines enhanced 

BALB/c mice Yeast Orally N/A N/A Ehrlich ascites 
tumor cells 

N/A Resistance to tumour-induced 
immune suppression via 
enhancing secretion of colony- 
stimulating factors, IL-1α, IL-6 
and IFN-γ 

BALB/c mice Yeast Orally N/A N/A Ptas-64 cells Mammary fat pad 
(subcutaneously) 

Conversion of non-protective 
Th2 response to protective 
Th1 

C57BI/6 mice Yeast Orally N/A N/A RMA-S-MUC1 
cells 

N/A Tumor size decreased  
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6. Conclusion 

Mushrooms have been considered a significant amount of interest 
from the scientific community due to their high nutritional and medic-
inal values. It is frequently used as a food supplement that induced the 
immunity of individuals through their different bio-active components. 
Notably, the decrease of M. tuberculosis bacteria in the presence of 
mushrooms extract enables a new possibility to treat TB disease in place 
of commercially available medicines that have some cytotoxic issues. In 
addition, a significant decrease in cell viability of tumor cells has 
occurred in the presence of mushroom-derived polysaccharides indi-
cated their antitumor activity. Therefore, mushroom extracts have the 
potential to use as biomaterials for therapeutic applications. 
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Abstract 
The yellow crazy ant Anoplolepis gracilipes is a notorious invasive animal species causing serious problems in the areas where 
it has been introduced so far. Accordingly various attempts have been made to collect biological information to manage the 
said ant species. Recently, we had the opportunity to study the behavioural events in respect to emergence from the nest, 
entering the nest as well as guarding the nest –hole in A. gracilipes occurring in the Achhruram Memorial College campus, 
Purulia, West Bengal, India. It is revealed that these ants are habituated to go out of the nest on average 13.92 ± 1.12 SE, 
entering the nest 10.9 ± 0.75 SE and guarding the nest –hole 12.73 ± 1.16 SE (N=85) per minute during day hours. While such 
numbers differed significantly (p <0.05) with respect to behavioural events considered for studies, no significant difference 
could be established in respect to seasons (p <0.06). Thus the present findings suggest that, being invasive species A. 
gracilipes have developed various devices to protect them from the attack of endemic species on way of exploiting the 
endemic species. 
 
Keywords: Anoplolepis gracilipes ants, emergence, entry, nest guarding 

Introduction 
The yellow crazy ant Anoplolepis gracilipes is one of the 
notable invasive animal species as could be revealed from 
the listed one hundred species presented by Lowe et al 
(2004) [10]. The said ant species is a native of the moist 
tropical lowlands of Southeast Asia and adjacent islands of 
the Indian and Pacific oceans (Guénard, 2019) [4]. However, 
nowadays, these ants are creating problems as invasive 
agents in certain parts of Australia, New Zealand, Chile, 
Durban, South Africa, Zayul, Tibet, Mexico, as well as in 
the Caribbean, Central and South America (Küchler, 1964, 
Lester and Tavite, 2004, Wettrer, 2005) [7, 9]. Almost in all 
regions A. gracilipes are causing serious problems on way 
of threatening the endemic species of the introduced 
localities and they are very much involved in biodiversity 
degradation. (O’ Dowd et al. 2003, Lester and Tavite, 2004, 
Drescher et al. 2007, Plentovich et al. 2018) [14, 9, 3, 15]. 
 Following invasion and with the development of 
subsequent environmental hazards various workers have 
paid due attention to note the biology and inter-specific 
interactions of A. gracilipes in respect to the ecosystem 
where these ants became serious nuisance (Lester and 
Tavite, 2004, Abbott, 2005, Drescher et al. 2007, Kaiser -
Bunbury et al. 2014, Lee et al. 2017, Plentovich et al. 2018) 
[9, 1, 3, 5, 8, 15]. However, still to date no attention has been paid 
by any worker to note the behaviour of these ants in respect 
to emergence from the nest, entry into the nest from the 
outside and guarding strategy encircling the opening of the 
nest. Thus, in course of our studies on the bioecology of ants 
occurring in and around Jhalda (Achhruram Memorial 
College premises), Purulia, West Bengal, India we took the 
liberty to note these behavioural events during the period of 
day hours at an interval of 1 hour, and the findings are worth 
reporting. 

Materials and Methods 
The nest we considered for our studies was located on the 
ground but very close to a big Albizia lebbeck tree. The ants 
were seen to come out of the nest through a hole as well as 
entering into the nest through the said hole of and on, while 
certain individuals were seen to roam encircling the nest 
hole all along. We spent 1 minute in each occasion during 
any time in an hour between 06.00 h and 18.00 h at random 
during the period of September 6, 2008 and December 23, 
2014. The data collected during an hour period were 
considered to calculate the mean and standard error values. 
Also two-way ANOVA was applied to justify the effect of 
the hours of the day in respect to the strategies developed by 
the ants regarding the frequency of emergence from the nest 
and entry into the nest keeping the number of ant 
individuals engaged in guarding the nest-hole in view. 
 
Results 
During the period of six years, we recorded data on 85 days, 
irrespective of seasons, at random, on the frequency of 
emergence from the nest, entry into the nest as well as the 
numbers of A. gracilipes were guarding the nest-hole. The 
behavioural variations in respect to these events have been 
shown in Figs. 1-12. Irrespective of study hours 1-64 (12.73 
± 1.16 SE) ant individuals kept them engaged in nest 
guarding, 0-33 (10.9 ± 0.75 SE ) were entering the nest, and 
1-59 (13.92 ± 1.12 SE) were emerging out of the nest. 
Results of ANOVA tests clearly indicate that the number of 
ant individuals took part in executing the behavioural events 
like emergence from the nest, entering the nest and guarding 
the nest –hole differed significantly (p <0.05) throughout 
while such numbers irrespective of seasons did not differ 
significantly (p <0.06). 
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Explanation of Figures  
Figs. 1-12 represent the mean (+/- SE) number of ants noted 
guarding the nest-hole (S), entering the nest (I) and 

emerging out of the nest (O) during one minute time period 
between 06:00 h and 07:00 h 

 

 
 

Fig 1: 07:00 h and 08:00 h (Fig.2), 08:00 h and 09:00 h (Fig.3), 09:00 h and 10:00 h (Fig.4), 10:00 h and 11:00 h 
 

 
 

Fig 5: 11:00 h and 12:00 h (Fig.6), 12:00 h and 13:00 h (Fig.7), 13:00 h and 14:00 h (Fig.8), 14:00 h and 15:00 h 
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Fig 9: (Fig.9), 15:00 h and 16:00 h (Fig. 10), 16:00 h and 17:00 h (Fig. 11), 17:00 h and 18:00 h (Fig.12). 
 
Discussion 
From the results it is clear that the yellow crazy ants A. 
gracilipes are habituated to maintain a strategy for effective 
foraging efforts at least in respect to the hours of the day 
time. Though it is customary that the foragers go out of the 
nest from time to time and also entry of the individuals is 
continued simultaneously the occurrence of certain number 
of individuals encircling the opening of the nest is 
undoubtedly, a matter of interest. A. gracilipes ants have 
been listed as one of the world’s most invasive alien species 
(Lowe. et al. 2004) [10]. It is reported that A. gracilipes are 
apt to establish them in a new geographical area because of 
traits such as aggression toward other ant species, little 
aggression toward members of their own species 
(Kirschenbaum and Grace 2008) [6]. These ants get much of 
their food requirements from scale insects, aphids and other 
Sternorrhyncha. Also, they get their carbohydrates from 
plant nectar. Since report on the food storage of these ants is 
not on record, it is, at this moment very difficult to explain 
why certain members remain engaged at the nest-door as 
guards. It may assume that, there exists possibility of 
robbing food from the nest by other ant species or by the 
members of the same species belong to the other nest-
colony. 
Food-snatching, robbing of the food materials from the nest 
as well as cleptobiosis habits have been observed in the ants 
Pheidole roberti, Paratrechina longicornis, Oecophylla 
smaragnida, Tetraponera rufonigra, Messor aciculatus, 
Prenolepis imparis, Ectatomma recidumand, and Messor 
capitatus (Lynch et al., 1980, Yamaguchi, 1995, Breed et 
al., 2012, Naskar and Raut 2019) [11, 17, 2, 12]. Also, in respect 
to such behavioural events fighting between the owner and 
snatcher ants have been noted in some ant species (Naskar 

and Raut 2020) [13]. Thus, it is most likely that, A. gracilipes, 
being an invasive species creates different kinds of conflicts 
at least with endemic ones to establish their aggressive and 
dominant habit so as to keep the victimized ant species 
under fear psychosis. This sort of behaviour may force the 
endemic species for retaliation, if possible unitedly. 
Perhaps, anticipating such an attack A. gracilipes left no 
effective strategy to protect them and to establish them in a 
new area successfully. 
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1. Introduction

Human societies have consumed insects for thousands of 
years as emergency foodstuff, staple foodstuff or delicacy. At 
a global level, in total 1,900 edible insect species have been 
registered until today (Van Huis et al., 2013). This proves 
entomophagy (the habit of consuming insects by man) has 
persisted for centuries, being insects a highly nutritious food 
resource (Ramos-Elorduy, 2004). Unfortunately, serious 
scientific works have started at a comprehensive level only 
in the last decade (Dossey et al., 2016; Halloran et al., 2018; 
Schowalter, 2013; Van Huis and Tomberlin, 2017).

In relation to their abundance, even though insects 
represent the largest quantity of biomass in forests, they 
have been little studied in these ecosystems. In addition, 
these animals have an enormous economic value due to 
the environmental services they render. They are main 
pollinators, they carry out diverse cleansing activities that 
include manure elimination, carcass decay and organic 
matter decomposition and recycling, they are soil producers 

and conditioners, and a great food resource for wildlife 
(invertebrates, amphibia, reptiles, birds, fish and mammals) 
(Govorushko, 2018). In spite of all this, almost all the forest 
insects are considered as pests by the forest engineers 
(Cibrian et al., 1995). In Mexico, indigenous people have 
vast entomophagic traditional knowledge on various forest 
insects, and hence the great diversity of forest habitats 
and the variety of edible insects represent a range of 
opportunities for its management and exploitation.

Studies on forest insect collection and management are 
limited in Mexico. However, there are successful examples 
in other parts of the world that illustrate the potential 
of forest insects as foodstuffs for man, as in case of the 
larvae of the weevil Rhynchophorus ferrugineus papuanus 
(Coleoptera: Curculionidae), called sagu parasites or sagu 
worms of the palm Metroxylon sagu (Family: Arecaceae); 
in Papua New Guinea they are an important nutritious 
food resource (Onyeike et al., 2005). This is also the case 
of the palm weevil Rhynchophorus phoenicis in Cameroon 
(Fogot et al., 2015). The rustic exploitation of the edible 
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caterpillars Gynanisa maya and Gonimbrasia zambesina 
(Lepidoptera: Saturniidae) is made by the natives in the 
north of Zambia and the Democratic Republic of Congo, 
as they frequently bring young larvae from the forest and 
put them on acacias (Family: Fabaceae) near their homes 
and rear them until they are ready to be eaten. Finally, in 
the tropical areas of America toasted larvae and adults of 
the palm weevil Rhynchophorus spp., are harvested from 
different palm species and are consumed as delicacies.

Insects are highly nutritious in terms of protein and amino 
acids (Ramos-Elorduy et al., 1997) and in the Mexican 
Republic they are traditional foodstuffs in the rural areas, 
they are used by diverse cultural groups such as: chol, 
huasteco, lacandón, maya, mazateco, mazahua, mixteco, 
nahuatl, otomí, otopame, popolaca, tarahumara, tarasco, 
tlapaneco, tojolabal, totonaco, tzeltal, tzotzil, zapoteco, 
zoque and mestizos; as hundreds of species have been 
consumed since pre-Hispanic times (Ramos-Elorduy, 2004; 
Ramos-Elorduy and Pino, 1989, 2002; Ramos-Elorduy et al., 
1985, 1998b, 2002a), more in depth studies on forest insects 
are of great importance. On the other hand, the Mexican 
flora is one of the most diverse on a worldwide level. In 
Mexico the concept of forest vegetation is defined as the 
group of plants and fungi that grow and develop naturally, 
forming forests, rainforests, arid and semiarid zones and 
other ecosystems, giving place to the development and 
well-balanced coexistence of other natural resources and 
processes.

The vegetation types most widely distributed in the country 
are the following ones:
• Coniferous forest: vegetation dominated by evergreen 

trees of the conifer group among them pines (Pinus) and 
firs (Abies) are the dominant ones. They are generally 
found in the temperate and cold climates of the upper 
zones of mountain ranges that exist almost in the entire 
country.

• Oak forests: are a plant community made up of different 
oak species of the genus Quercus that grow in diverse 
ecological conditions, ranging from sea level to almost 
3,000 m altitude. The distribution of oak forests is similar 
to the coniferous forests.

• Mountain cloud forest: in terms of physiognomy it is 
a dense type of vegetation, typical of mountainsides 
that are protected from strong winds and excessive 
sunshine. They develop at an altitude where fog banks 
appear and where mist forms throughout the year. This 
is an exuberant forest, rich in ferns and lianas, as well as 
epiphytes that grow on the trees. An important portion 
of the flora is endemic. These forests are found along the 
Sierra Madre Oriental where they extend along certain 
portions of several states, usually on mountainsides 
facing the Gulf of Mexico.

• Evergreen rainforest: the vegetation is dominated 
by several tree species, it is one of the most diverse 

biological communities in the world, it is found in 
warm and rainy climates. The crown of the trees can 
be higher than 40 m and conserves an important part 
of its foliage throughout the year. It is found in San Luis 
Potosí, Veracruz, and certain regions of Hidalgo, Puebla, 
Oaxaca, Chiapas Tabasco, Campeche, Quintana Roo, 
Yucatán, Nayarit and Guerrero.

• Deciduous and sub-deciduous rainforests: the vegetation 
is dominated by different tree species whose leaves 
are deciduous. They develop in warm environments 
with summer rains, they are divided in medium and 
low according to the height of the dominant arboreal 
vegetation. The canopy rarely surpasses 15 m in height, 
even though in some cases it can reach up to 30 m. 
Among the characteristic genera are Bursera sp. (Family: 
Burseraceae) and Ceiba sp. (Family: Malvaceae) and 
several species of columnar cacti. It exists, for example, 
in a discontinuous form, from the centre of Sinaloa to 
the coastal zone of Chiapas, Yucatán and Veracruz.

• Thorn forest: it is a community dominated by thorny 
trees such as ebony, cascalote, brasil and mezquite. It 
covers a great extension in the north-western coastal 
plains, from Sonora to Sinaloa, the Balsas Depression and 
the Isthmus of Tehuantepec. Along the Gulf of Mexico 
coast it covers a big area in Tamaulipas, Campeche, 
Quintana Roo, Chiapas and Yucatán.

• Cactus scrub desert: vegetation dominated by shrubs, 
typical of arid and semiarid zones, this type is the most 
widespread in Mexico. It covers the greater part of 
the territory of the Baja California peninsula, as well 
as great extensions of the coastal plain and the low 
mountains of Sonora. It is typical of great areas in the 
Central Basin from Chihuahua and Coahuila to San Luis 
Potosí, Guanajuato, Hidalgo, Estado de México, Puebla, 
Oaxaca, Coahuila and Tamaulipas.

• Natural grasslands: it is a community dominated by grass 
species, occasionally accompanied by herbaceous species 
and shrubs of different families. It is found in Sonora 
and even though it exists in almost all the states of the 
country, it is most widely distributed in Chihuahua, 
Jalisco and Guanajuato.

• Mezquite forest: the plant community is dominated 
mainly by mezquites (Prosopis spp.) that develop as 
shrubs. It is common to find this community in a mixed 
state, for example, with the huizaches (Acacia spp.), both 
from the Family Fabaceae. It is distributed mainly in the 
central plateau, Baja California Sur, Sonora, Tamaulipas 
and Jalisco.

The forest vegetation of arid zones is the plant community 
that develops in a spontaneous way, in the regions with arid 
or semiarid climates, forming masses greater than 1,500 
square meters (CONAFOR, 2012).

Considering the aforementioned entomological and 
botanical aspects and in face of the lack of entomophagic 
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information about forested areas, we have carried out this 
research with the objective of gaining knowledge about the 
edible forest insects of Mexico, as well as of their hosts, and 
thus analysing and discussing the perspectives for their 
tangible exploitation.

2. Materials and methods

The Institute of Biology of the National Autonomous 
University of Mexico (UNAM) is carrying out research in 
the field of ‘insects as future protein sources’ since 1976 
(Ramos-Elorduy, 1982). Studies have been conducted in 
several places of the Mexican Republic like the Milpa 
Alta municipality of Mexico City (Ramos-Elorduy et 
al., 1992), and in the states of Chiapas (Ramos-Elorduy 
and Pino, 2002), Guerrero (Ramos-Elorduy et al., 1985), 
Hidalgo (Ramos-Elorduy and Pino, 2001a), Estado de 
México (Ramos-Elorduy et al., 1998a), Oaxaca (Ramos-
Elorduy et al., 1997), Puebla (Ramos-Elorduy et al., 1988a) 
during last 4-5 decades by means of a series of research 
projects that comprised field work, data collection through 
questionnaires, and collection of both insects and of their 
host plants, many of which were still unknown. The 
insects that were collected in diverse plant communities 
were placed in jars with 70% alcohol and the plants were 
preserved in a botanical press; in both cases we have 
recorded the collection data that include date, locality, 
collector’s name, common name, native linguistic name, 
vegetation type and edible stage of development. The 
collected specimens were taken to the Institute of Biology at 
UNAM to be mounted, labelled, catalogued and preserved 
for future use. For the taxonomic work we have collaborated 
with several botanists and especially entomologists, as the 
identification of immature stages such as larvae, pupae and 
nymphs of different insect orders is extremely difficult. 
The identified insects are kept in the National Collection 
of Edible Insects which is housed in the Department of 
Zoology, UNAM.

We have also carried out a retrospective bibliographical 
review that consisted of diverse sources such as thesis, 
research papers and books on entomology where edible 
forest insects have been reported; in this regard the works of 
Durst and Shono (2012), Johnson (2012), Martínez (2016), 
SEMARNAT (2010) and Rzedowski (2006) were found to 
be extremely useful.

3. Results

The edible insects collected in the forest vegetation of 
Mexico are depicted in Supplementary Table S1, that 
includes order, family, scientific name, common name, 
edible stage of development, consumption site and the 
related references. To date, we have registered 73 species 
of edible forest insects under the orders Orthoptera (11 
species, i.e. 15.06%), Hemiptera-Heteroptera (10 species, i.e. 

13.69%), Coleoptera (19 species, i.e. 26.02%), Lepidoptera 
(12 species, i.e. 16.93%), Diptera (3 species, i.e. 4.10%) 
and Hymenoptera (18 species, i.e. 24.65%). The most 
represented orders are Coleoptera (genus Mallodon being 
the dominant one with 4 species that are commonly known 
as ‘stick worms’), and Hymenoptera that includes social 
insects, that is, bees, wasps and ants. The most demanded 
and commercialised insects are grasshoppers, maguey red 
and white worm, escamoles, jumiles, a type of ants known as 
chicatanas and the cochineal grana; the latter has multiple 
applications in pharmaceutical, food, cosmetic and wine 
industries. We therefore appreciate that the great diversity 
of forest habitats harbouring edible insects presents an 
array of opportunities for innovative management of edible 
insects so as to simultaneously contribute to maintaining 
habitat diversity for other life forms (Defoliart, 1997). 
Nevertheless it is necessary to assess the link between insect 
gathering and the forest ecosystem, wildlife conservation 
and bushmeat consumption patterns (Vantomme et al., 
2004).

Some examples of case studies are:

Cuetla (Arsenura armida) – jonote (Heliocarpus sp., Family: 
Tiliaceae): in a study carried out in the Sierra de Zongolica, 
Veracruz, the Sierra Negra of Puebla and the Sierra Norte 
of Chiapas (Gomez, 2009), 63 individuals were interviewed, 
84% (53.7 persons) of which are collectors that have learned 
the activity throughout generations for more than 30 years, 
while the rest (9.3) are collector-vendors of these larvae. 
Collection season begins in June and is over by November, 
and it is closely related to the rainy season, it is carried 
out in the woods where there are approximately 15 jonote 
trees per hectare, 8 of which are covered with worms each 
season. Collection is carried out only one day and in only 
three trees as a conservation strategy, and it is done when 
the worms form groups in the trunk and branches, and only 
the most ‘fat’ are collected. For collection a container is used 
(plastic bags, buckets, satchels), and they are fetched using 
poles or people climb the trees to collect them by hand. 
Per tree and per day a mean of 17.2 kg is collected, 76% of 
which is for self-consumption, 16.5% is given as a present 
to relatives and 7.2% is sold. A management practice can 
also be understood as an incipient breeding technique or 
‘protoculture’ and it consists on moving cuetlas of 5 or 6 cm 
in length that are on trees far from the homes to jonotes that 
are nearer, so that their development can be monitored until 
they are ‘fat’ enough, thus guaranteeing their production 
and consumption; this practice is implemented to obtain 
a higher production in less time, thus rendering benefits 
for the local population just as, for example, the ‘farm’ 
culture carried out in Cameroon for the larvae of the 
weevil Rhynchophorus phoenicis (Fogot et al., 2015), that 
are considered a veritable delicacy (Dounias, 2010). Of the 
interviewed persons, 98.8 % like to eat worms, they say they 
taste like chicharrón, pork meat or fish, pumpkin seeds or 
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sheep barbecue; 92.0 % of the families consume a mean 
of 8.2 kg per season, 62.15% of the interviewed persons 
point out that consumption has been steady and is on the 
rise. For their culinary preparation they are cleaned (the 
intestinal tract is taken out) and then they are washed, 
boiled and drained, and there are recipes to prepare them 
fried, in broths, toasted or roasted, with scrambled eggs, 
as pie filling, in stews, etc. People prefer them fried as they 
say they are easy to prepare and are an excellent appetiser. 
Of the interviewees, 95.4% say they are innocuous, and 
there are different forms in which they can be preserved 
such as sun dried, toasted, refrigerated in a plastic bag or 
refrigerated after being boiled, and so they can last for a 
whole year. Their commercialisation is not a priority as 
only 6.6 % of the interviewees, that is 4.1 persons, carry 
out this activity; nevertheless they point out that it is an 
important source of economic income during the season 
in which they are abundant and that they have been selling 
the product for 17.4 years. For their commercialisation they 
are boiled with salt and chili, they are cleaned and washed, 
and they are sold directly in the markets to retailers or to 
customers on demand. In the markets they are sold in 1 kg 
bags and in 200 g bags, in a small plate used as a measure 
for 100 g or boiled and wrapped in a tamal leaf, also in this 
case approximately 100 g (Gómez, 2009).

The chichas (Mallodon dasystomus (Say) and Mallodon 
molarius Bates 1879) – walnut tree (Carya illinoinensis, 
Family: Juglandaceae). Their collection takes place between 
January and April in the localities of Tlatepexe, Pedregal 
de Zaragoza and San Cristóbal in the region of Metztitlán, 
Hidalgo, mainly in fallen trunks of walnut trees (Carya 
illinoinensis) in different states of decay. For larvae collection 
wood is removed by means of an electric saw, a hatchet, 
wedges and entomological pliers so as to render its removal 
easy (Acosta et al., 2019). Due to their saproxilophagous 
habit this larvae have diverse secondary hosts such as Acer 
sp. (Aceraceae), Bursera simaruba (Burseraceae), Cordia 
inermis (Boraginaceae), Quercus sp. (Fagaceae), Inga sp. 
(Mimosaceae), Ficus sp. (Moraceae), Salix sp. (Salicaceae) 
and Celtis sp. (Ulmaceae) (Maes et al., 2010). In respect to 
their management, the larvae thus collected are placed in 
plastic boxes that contain the host’s wood and sawdust at 
room temperature and their development is monitored daily 
till they reach the adequate size for their consumption and/
or to obtain new adults so as to start over their biological 
cycle. For their preparation the biggest chichas are placed 
for 24 hours at room temperature in a plastic tray so that 
they pass excreta and then they are washed to eliminate 
organic detritus that sticks to their bodies. Afterwards they 
are prepared according to the consumers taste, specifically 
fried, toasted, covered in ground bread or as appetisers 
or garnish that are eaten accompanied by tortillas and 
sauce (Acosta et al., 2019). The diverse larval phases are 
considered a complementary foodstuff in terms of diet and 
nutrition for the population of Metztitlán, as the majority 

of the inhabitants recognise their nutritive value in terms 
of proteins and minerals (Ramos-Elorduy, 1998b; Ramos-
Elorduy and Pino, 1990) and above all because obtaining 
larvae does not have an economic cost. Collection is mainly 
for family self consumption, people consume them because 
they like them, because it is a tradition and because they 
are abundant, and they also say they are clean and tasty. 
In this case it is convenient to point out that insects play 
an important role in the functioning of the ecosystems 
they inhabit by means of a group of processes that can 
be classified as ecosystemic services, for example in the 
regulation of nutrient recycling when they contribute to 
the decay of wood. Therefore, in the broadest sense, insects 
have enormous economic value in terms of the ecological 
services they provide (Johnson, 2012). The relevance of 
dead wood has even been recognised, for example, for 
the biodiversity of forest systems as an important habitat 
for wildlife (Merganičová et al., 2012) and as an indicator 
and key component of the forest structural diversity and 
functioning, carbon sources and fuel loads (Vandekerkhove 
et al., 2009; Woodall and Williams, 2005) and is becoming 
an integral part of forest management as it performs a 
function very important for purposes of conservation and 
biodiversity management (Marage and Lemperiere, 2005). 
These insects are currently threatened by the expansion 
of agriculture, since in these localities the following 
are cultivated: corn, bean, lettuce, walnut, tomato and 
cauliflower.

Chicatanas (Atta spp.) – black zapote (Dyospyros digyna). 
The ants of the genus Atta have been used since pre-hispanic 
times as food and it is part of traditional nutritional habits 
because of their agreeable taste and its high protein content 
(Sahagún, 1975). In Huatusco, Veracruz, Atta cephalotes 
is the most common species and, as we have said, they are 
known as chicatanas, a term that applies to the reproductive 
caste especially in the localities of El Coyolito and Palmillas 
in the aforementioned municipality of Huatusco, Veracruz, 
where their nests are abundant (Landero et al., 2005). Their 
collection is done in May and June (the highest biomass is 
present in June), when the ants defoliate two or three plants 
and place the leaves over the nest; this is a peculiar habit of 
the species that enables their capture by hand when they exit 
the nest for their nuptial flight. They can also be collected 
by placing a broom made out of dry sticks over the nest, 
then by awaiting for the ants to climb it and then shaking it 
over a bucket full of hot water so as to prevent their flight. 
In these localities two questionnaires were applied, the first 
to 100 persons of the municipality head of Huatusco, in the 
market and surrounding area, the sample consisting of 60 
adults between 20 and 65 years and 40 children between 8 
and 10 years. The second was applied to 50 adults between 
20 and 65 years and 20 children between 8 and 10 in the 
village of El Coyolito, with a similar sample for Palmillas 
(Landero et al., 2005). According to the replies of the 
adults of rural zones, 100% knows them, 100% consumes 
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them, 90% prefers them toasted, 10% prefers them in a 
sauce made of pajarito chili or they eat them raw and only 
30% knows their price in the market which varies because 
when populations are high they are quite cheap but become 
expensive when populations are low. In relation to their 
consumption, of the children of rural areas interviewed, 
100% knows them and consumes them toasted, of the adults 
of urban zones 90% knows them and 80% consumes them 
toasted and 20% in sauces, and 85% knows their price in 
the market. Of the children in urban zones 60% knows 
them and of them 100% consumes them, 50% toasted and 
50% in the form of soft toffee. And as in rural zones only 
30% knows their price, which means people collect them 
for self consumption, that is, they are not commercialised, 
some persons even freeze them to consume them along the 
year. According to the questionnaires their consumption 
is higher in rural zones where it contributes significantly 
to the diet’s nutritional content; this is different from what 
happens in urban areas where alimentary biodiversity is 
higher as well as purchasing power, and so we can say this 
knowledge is being lost in a day to day basis, especially in 
the children that live in cities because of the introduction 
of junk food and the emigration of people from rural areas 
due to the lack of employment sources (Landero et al., 
2005). Nevertheless, presently there is a growing interest 
among entrepreneurs for manufacturing products based on 
chicatanas (Avendaño, 2002). In the same manner there are 
reports of great business opportunities when these insects 
are classified as ‘exotic foods’ and their culinary preparation 
becomes gourmet by the addition of diverse dressings that 
render them more attractive, palatable and colourful. For 
example, they are prepared in sauces known as ‘saucettes’, 
soft toffees, salts and bars known as Nukuquetas whose 
flavour is similar to that of nuts. All this is a sign of their 
gastronomic versatility and its potential in the national 
market; they are even asked for by many restaurant owners 
particularly in the USA and in some European cities such 
as London, Berlin, Barcelona, etc., where they are canned 
or covered in chocolate and included in cakes and cookies 
that are successfully sold in gourmet outlets.

In Supplementary Table S2, we summarise the taxonomical 
list of the host plants of the edible forest insect; it includes 
vegetation type, scientific names and the related references. 
We have documented a total of 52 forest host plants under 
18 families. The ones that harbour the maximum number 
of edible hosts insects are Fagaceae (13 species), followed 
by Poaceae (11), Asparagaceae (8) and Pinaceae (7). The 
families we report and the genera they encompass are the 
following: Altingiaceae: Liquidambar, Arecaceaea: Cocos, 
Asparagaceae: Agave, Asteraceaea: Thitonia, Betulaceaea: 
Alnus, Cactaceae: Opuntia, Cupressaceae: Juniperus, 
Ebenacaea: Dyospyrus, Ericaceae: Arbutus, Fabacaeae: 
Prosopis, Acacia Fagaceae: Quercus, Juglandaceae: Carya, 
Poaceaea: Bromus, Chloris, Bouteloua, Hilaria, Cynodon, 

Echinochloa, Andropogon, Paspalum, Panicum, Solanaceaea: 
Solanum and Tilliaceae: Heliocarpus.

We have documented a total of 6 types of vegetation and 
the number of edible insect species pertaining to each one 
are: (a) savannah (12); (b) pine-oak forest (12), oak forest 
(7), pine forest (8); (c) rain forest (8); (d) tropical deciduous 
forest (8); (e) cloud forest (4); and (f ) cactus scrub desert 
(16). In the vegetation types known as pine-oak forest (oak 
forest and pine forest), cactus scrub desert and savannah, 
we registered the highest number of edible insect species, 
being 27, 16 and 12 (Figure 1 and Table 1) (SEMARNAT, 
2010). In the case of the pine-oak forest, this result is due 
to the high number of genera and species that make it up 
and for the case of cactus scrub desert the explanation 
may lie in the fact that it is the most prevalent vegetation 
type in Mexico.

It is important to point out that in Supplementary Table 
S2 we only include the hosts of the localities where the 
insects reported in Supplementary Table S1 were collected; 
because of this, the number of host species may vary in a 
significant manner. For example, if we consider the ecologic 
and geographic assets of the escamoles (Liometopum 
apiculatum), we can see they are found in all ecosystems, 
ranging from deserts to forests (Hernández et al., 2017) 
while the cuetla (Arsenura armida armida) has been 
registered for the states of Chiapas, Colima, Estado de 
México, Nuevo León, Oaxaca, Puebla, Quintana Roo, San 
Luis Potosí, Tabasco, and Veracruz (Beutelspacher and 
Balcazar, 1994) and therefore in different vegetation types 
(Gómez, 2009). Finally, some localities like Milpa Alta are 
characterised by presenting diverse vegetation types like 
cactus scrub desert, pine forest and fir forest. We must 
also say that in Mexico there exist diverse approximate 
equivalences in the nomenclature of vegetation types and 
that in this case we use as reference the book by Rzedowski 
(2006).

In Supplementary Table S3, where we show the nutritional 
value of some forest insects, the grasshoppers present the 
highest protein values that range between 56.19 and 77.13 
g/100 g; nevertheless, Mischocyttarus sp. (74.51 g/100 g) and 
Proarna sp. (72.02 g/100 g), are also rich in this parameter. 
In fat content the insects with the highest quantities are 
Phassus triangularis (77.17 g/100 g) and R. palmarum 
(66.54 g/100 g); Copestylum haggi and Copestylum anna 
(8.30 g/100 g) are rich in ash content while Arsenura armida 
armida has 8.23 g/100 g. In the case of raw fibre the most 
significant results are those of Callipogon barbatus (22.71 
g/100 g) and Aplagiognathus sp. (22.04 g/100 g), and in 
carbohydrates the larvae of Hylesia frigida and the larvae 
and pupae of Apis mellifera have the highest quantities, 
being respectively 29.53 and 29.46 g/100 g.
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Table 1. Distribution of some edible forest insects in Mexico, by type of vegetation (modified from SEMARNAT, 2010).1

Type of vegetation Scientific name

A: pine-oak-forest Aplagiognathus spinosus, Mallodon dasystomus, Mallodon molarius, Mallodonopsis mexicanus, Derobracus 
procerus, Derobracus sp., Callipogon barbatus, Leptinotarsa decemlineata, Oileus rimator, Brachygastra 
lecheguana, Polybia occidentalis bohemani, Polybia parvulina

-A- in Figure 1 Oak forest: Euschistus taxcoensis, Euschistus strenuuus (Euschistus zopilotensis), Euschistus sp., Edessa 
mexicana, Stenodontes cer. maxillosus, Polybia occidentalis nigratella, Brachygastra mellific

-B- in Figure 1 Pine forest: Hoplophorion monograma, Catasticta teutila, Eucheira socialis, Phassus triangularis, Synopsia 
mexicanaria, Arhopalus rusticus, Trichoderes pini, Apis mellifera

C: cloud forest (-C- in Figure 1) Cerambix sp., Atta cephalotes, Atta mexicana, Atta texana
D: rain forest, tropical evergreen 

forest (-D- in Figure 1)
Mallodon sp., Phassus sp., Arsenura armida armida, Trigona sp., Melipona spp., Brachygastra azteca

E: tropical deciduous forest  
(-E- in Figure 1)

Hylesia frigida, Ascalapha odorata, Cicadidae, Rhynchophorus palmarum, Passalus punctiger, Lestrimelitta limao, 
Parachartegus apicalis, Mischocyttarus sp.

H: cactus scrub desert  
(-H- in Figure 1)

Strategus aloeus, Metamasius spinolae, Scyphophorus acupunctatus, Copestylum haggi, Copestylum anna, 
Campylostoma sp., Liometopum apiculatum, Liometopum occidentale var. luctuosum, Camponotus sp. Thasus 
gigas, Proarna sp., Dactylopius coccus, Castnia chelone, Laniifera cyclades, Aegiale hesperiaris, Comadia 
redtenbacheri

I: savannah (-I- in Figure 1) Sphenarium histrio, Sphenarium purpurascens, Sphenarium magnum, Taeniopoda sp., Ochrotettix salinus, 
Tropinotus mexicanus, Osmilia flavolineata, Schistocerca paranensis, Schistocerca sp., Trimerotropis 
pallidipennis, Melannoplus sp., Eushistus egglestoni

1 In these types of vegetation we have no records of edible insects: F = decidous seasonal forest, G = thorn forest, J = hydrophile vegetation, K = induced vegetation, 
L = other types of vegetation, M = areas without apparent vegetation, N = agricultural, livestock, forest, Ñ = bodies of water.

Figure 1. Types of vegetation in Mexico (SEMARNAT, 2010).
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4. Discussion

If we intend to preserve, disseminate and rationally exploit 
insects as a renewable natural resource, it is necessary to 
consider their ecological interaction with their respective 
environments; therefore, taxonomical, biological, ecological 
(population dynamics), genetic and environmental impact 
studies must be carried out in order to assess the current 
situation of their populations and the genetic diversity of 
the species. It must also be considered that environmentally 
there is the problem of agrochemicals polluting insects, so 
that consumers must be aware of their places of origin, as in 
the case of the grasshoppers. Besides, in Mexico, the current 
vegetation reflects the great changes it has suffered due to 
human activities like agriculture, fires, livestock production 
and deforestation, that cause desertification and the loss 
of biodiversity in certain regions (SEMARNAT, 2010). For 
example, logging disrupts insect biology and continuous use 
of insecticides can cause a decrease in their populations, 
and in an extreme case, favour their extinction. For example, 
in the state of Hidalgo, overexploitation of edible insects 
for socio-economic purposes (commercialisation) is a 
danger in some areas, as this aspect has gradually reduced 
the populations of the most sought and commercialised 
insect species, so that they are now in an endangered 
status and potentially at risk of extinction. Nevertheless, 
as has been pointed out by Ramos-Elorduy et al. (2006), 
the main problem is that there is no regulation for their 
collection, preparation, distribution and commercialisation, 
as they are equally sold in markets or tianguis as well as in 
five-star restaurants without sanitary control. In this case 
some researchers believe that creating a wider market for 
edible insects could provide an economic incentive for the 
conservation of insect habitats in the forest.

In addition, in Mexico there is almost no information related 
to the management of edible insects in forest vegetation, 
so in this case it should be necessary to enhance the forest 
environments in Mexico and gradually reduce pesticide 
use and thus reduce pollution. The majority of the edible 
insects reported in the present study were harvested in 
small quantities from the forests, in most cases, minimal 
management of forest vegetation has been practiced in 
association with the exploitation of forest insects, and 
actual domestication of insects thus far has been limited 
to only a few species such as silkworms and bees (Johnson, 
2012), even though they represent a significant amount of 
food for people living near forest vegetation.

Consequently, for the rational exploitation of insects it 
is convenient to become acquainted with edible forest 
insect biology, their cultivation and/or breeding, as 
well as practicing and exploring opportunities for the 
domestication of forest insects using host plants for feeding 
them (Balinga et al., 2004; Illgner and Nel, 2000). It has even 
been pointed out that raising edible insects does not require 

complex infrastructure, they feed by themselves, plant 
debris or animal organic matters can be used as manure 
and their maintenance is easy, they require little space and 
cause little pollution (Ramos-Elorduy et al., 1988b, 2002b). 
Therefore, insect breeding offers opportunities that are 
compatible with forest management. It is important to 
quantify the impact that insect overexploitation could have 
on the ecosystems and assess the management of vegetation 
forest experiences and the insect harvesting practices with 
the aim of maintaining and maximising the populations. It is 
also important to gain knowledge about the ecological status 
of the insect species involved; additionally, the traditional 
knowledge of the forest inhabitants that still include insects 
in their diets must be rescued.

Notwithstanding these problems, in Mexico the capture, 
processing, transportation and commercialisation of edible 
insects in general, are income-generating activities that 
potentially improve the life quality of the local inhabitants. 
In short, there exists an established market and the 
significant potential of increasing the commercialisation of 
edible insects. This involves the promotion and adoption of 
modern standards of alimentary technology so that they can 
be sold in several innocuous preparations. Some researchers 
even consider that creating a bigger insect market could 
provide an economic incentive for the preservation of their 
habitat, that is, the commercial potential of forest insects 
must be determined.

Equally important is highlighting once again the advantages 
that edible insects possess as an alternative to solve the 
world’s alimentary problem (Van Huis et al., 2013) and 
their management in laboratory conditions may help 
reduce the environmental impacts that have their origin on 
stockbreeding. In addition, the nutritional value of various 
edible species from Mexico has been reported in terms of 
their contents of protein (essential and non-essential amino 
acids), fats (saturated and unsaturated fatty acids), vitamins 
(A, C, riboflavin, niacin) and minerals (Na, K, Ca, P) (Pino 
and Ganguly, 2016; Ramos-Elorduy and Pino, 1990, 2001a,b; 
Ramos-Elorduy et al., 1992, 1997, 1998a,b, 2002a,b, 2012).

Consequently, in depth studies will help revitalise the 
traditional knowledge of several cultural groups, favouring a 
sense of connection with nature as well as the development 
of recommendations and strategies for the promotion 
of forest insects, enabling a rational and sustainable 
management on a wider scale (Aldasoro, 2000; Durst and 
Shono, 2012).

Finally, edible forest insects offer a variety of research, 
conservation and commercialisation opportunities, like 
contributing to biodiversity maintenance (DeFoliart, 
1997); it has been demonstrated that insects contribute 
significantly to the diets, as in the case of the Yukpa Indians 
of Colombia (Ruddle, 1973). Even the Food and Agriculture 
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Organisation (FAO) has pointed out that the exploitation 
of forests and the associated insects is a very important 
factor in the fight against hunger, and therefore must be 
integrated into food security policies, since they contribute 
to the livelihood of more than a billion people, including 
most of the world’s disadvantaged groups. As an example, 
insects are the main source of easily accessible protein and 
honey to the forest dwelling people (FAO, 2013).

5. Conclusions

A wide variety of different insect species are part of the 
diet of many cultures in Mexico. The use of some edible 
forest insects by diverse indigenous and mestizo groups 
of rural areas represents rich sources of protein for the 
improvement of human diet, especially for individuals 
suffering poor nutrition due to protein deficit; gram per 
gram, insects often contain more proteins and minerals than 
meat (Johnson, 2012). These insects, in a smaller scale, are 
commercialised in the times of highest abundance; their 
collection is characterised by low production and thus 
has a minimal impact upon the forest vegetation. But the 
demand of this product has grown and it has generated 
new commercialisation opportunities as well as local jobs, 
so it is important to promote and preserve anthropo-
entomophagic activity, aiming at the rescue, conservation, 
application and promotion of the traditional knowledge 
so that the management of the insect and plant resources 
may be exploited viably. For example, we recommend the 
design of new breeding methods, a ‘farm system’ or ‘mini-
husbandry’, so as to ensure continuous production and 
enhance the lifestyle of the local communities.

Supplementary material

Supplementary material can be found online at https://doi.
org/10.3920/JIFF2020.0099.

Table S1. Taxonomic list of some edible insects registered 
in the forest vegetation of Mexico.

Table S2. Taxonomic analysis of host plants.

Table S3. Nutritive value of some forest insects of Mexico 
(dry basis g/100 g).
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A B S T R A C T

Spirulina platensis derived organic nanodots (ND) may be used as an alternative of chemical food preservative that
can increase shelf life of food and beverages. Microalgal nanodots were isolated by the supercritical carbon di-
oxide extraction (SCE) method. Then SCE extract was subjected to thin-layer chromatography (TLC) and fractions
were screened by a well diffusion method to identify the active compound with strong antibacterial ability. A
characteristic of ND is the emitting of red colour upon the absorbance of ultra-violet (UV) light. The isolated ND is
active against both Gram-positive and Gram-negative bacteria that significantly avoid their auto-aggregation. The
nanodots were characterized by using TEM, UV-VIS, FTIR and NMR spectroscopy. FTIR and NMR analysis
revealed the presence of hydrogen-bonded hydroxyl and amide groups. In addition, ND is applied in litchi juice as
a preservative to extend the shelf life. In general, our results revealed that the sensory quality i.e. colour, aroma
and overall appearance were significantly affected by duration of storage. It proves that Spirulina platensis derived
organic nanodots act as a strong food and beverage preservative.

1. Introduction

Few of traditional chemical preservatives act as chemical contami-
nant of food, during adverse effect in human health. Because of our so-
ciety can find out an alternative way for bypass of chemical pollutants of
food. As of now, food preservatives are important to reduce food spoilage
caused by microorganisms preventing loss of its quality and nutritive
value. Recently, it has created a major global concern due to the excessive
and indiscriminate use of antimicrobial compounds; resulting pathogens
have developed resistance via genetic mutation or gene acquisition.
Therefore, new types of safe antimicrobials urgently require combating
this trend. Nevertheless, nano particles have various exceptional prop-
erties, viz. large unique nano size, surface area/volume ratio and anti-
microbial properties. Efforts are given for the biogenic and rational
design of metal or peptide based nanoparticles for their use as antimi-
crobial agents [1–3]. In this time, novel nanodots (ND) have increased
great interest in biological fields owing to the unique size-tunable light
absorption and emission properties. The light emission ability of ND can
be adjusted through their size and shape with extraordinary biochemical

properties. The ND is also highly photo stable than synthetic organic
fluorescent dyes. It has a profound wide range of applications in bio-
logical sciences with remarkable healthcare systems due to their unique
optical and electronic properties [4]. During the past century, exhaustive
research has accounted for countless benefits on nanomaterials. Nano-
materials are used in several sectors, among them the food industry is one
of the prime industries. Even though, the need of nanotechnology in the
food industry has prominently increased day by day. Nanotechnology
assures various benefits like safety, security, quality and shelf life of the
food products in food processing industries. The application of nano-
materials in food technology is based on the characteristics of the
nanoparticles. On the other hand nano-food processing is accomplished
in three main aspects i.e. production (conversion of edible food materials
from raw food), processing (enhance of taste, shelf life and safeguard
from contaminants) and maintenance of proper nutritional standards. It
also plays an efficient role in food preservation and packaging i.e., use in
sweets, chewing gums and candies preparation. As of now, the produc-
tion of nanoparticles has been reported by many photoautotrophic mi-
croorganisms such as cyanobacteria, eukaryotic algae, and fungi [5].
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Several scientific evidences proved that the biogenic nanoparticles pro-
duction via micro algae is considered to be a harmless and eco-friendly
green chemistry technique with the potential variety of compositions
and physicochemical properties [6]. It is widely documented that green
seaweed is used in agriculture, pharmaceutical, biomedical and nutra-
ceutical industries for its presence of high amount of vitamins and min-
erals. Among several genera of microalgae Spirulina platensis, blue green
microalgae of cyanobacteria family has grown in temperate waters
around the world. A few cross-sectional investigations support that blue
green microalgae has been used as a source of food supplement for its
high protein content and nutritional value from ancient times [7]. The
microalgae produce novel and potentially useful bioactive compounds.
Recently the presence of the bioactive compounds has concerned sig-
nificant interest resulting in the synthesis of new pharmaceutical prod-
ucts, food products, biomedical applications and renewable bioenergy
[8]. There are various conventional extraction techniques using hexane,
ethanol and water for the collection of bioactive molecules. But they are
very problematic due to instability as well as environmental and health
hazards. At this time to overwhelm this problem the researchers devel-
oped a new approach i.e. supercritical fluid (SCF) extraction technology
for avoiding toxic organic solvents in green technology [9]. SCF possesses
physical properties intermediate between CO2 gas and a liquid at a
temperature and pressure above its critical point. Besides that, addition
of a small amount of co-solvents can cause swelling of algal cells, facili-
tating the rapid mass transfer of analytes from the matrix [10].

In this research study, we have developed a new way to isolate the
organic nanodots from edible freshwater blue green microalgae, Spirulina
platensis. This is the first report for the production of organic ND from
S. platensis and their application as food preservative.

2. Materials and methods

2.1. Collection of sample

During this research study Spirulina platensis var. lonor was collected
from Antenna Green Trust, Madurai, Tamil Nadu, and India. Samples
were stored under dry and dark conditions in the sealed container for
further analysis.

2.2. Cultivation of bacteria

In laboratory cultures conditions both Gram-positive and Gram-
negative food poisoning bacteria i.e. E. coli, B. subtilis, S. aureus and
V. cholerae were selected for anti-bacterial experiment [11]. The appre-
ciable amounts of autoclaved Muller Hinton Agar (Hi-Media) media was
dispensed into sterile plates and allowed to solidify under aseptic con-
ditions. Both types of bacterial strains were spreaded on agar containing
sterilized plates. Then the plates were incubated at 37 �C for 24 h. After
that the developed bacterial colonies were transferred to nutrient broth
medium (Hi-Media) and incubated in a shaking incubator at 37 �C for 24
h.

2.3. Bioactive molecule extracted by supercritical carbon dioxide
extraction method

The supercritical carbon dioxide extraction of Spirulina microalgae
was done by means of a Speed_SFE System of Applied Separations, USA
extraction unit. The system comprises a pump fitted with a refrigerated
cooling bath to chill the pump head at�4 �C. In case of long run, 50 g (50
g) of freeze dried Spirulina powder was weighed accurately in a weight
balance. Then it was packed into a 100 ml stainless steel vessel. The glass
wool was to be put at both ends of the extraction vessel to avoid the
leakage from the vessel. After that the compressed CO2 was passed from
the bottom most of the vessel at a flow rate of 300 ml/min using micro-
metering valves. A co-solvent pump of 100% ethanol was added in the
extraction vessel at a flow rate of 1 ml/min. The extraction pressure and

temperature were set at 200 bar and 35 �C respectively. According to the
experimental set up the total time was fixed as 120 min according to
static (60 min) and dynamic extraction time (60 min). After dynamic
extraction time microalgae extract was collected in a SFE glass vial.
During all extractions conditions the outlet valve temperature of SFE
system was regulated greater than the oven temperature to avoid the
break of glass vials owing to the increase of ethanol vapours and com-
pressed CO2 [12].

2.4. Isolation and purification of bio-active compound from microalgae
extract

The extract was subjected to thin layer chromatography (TLC) plate to
fractionate and isolate the active compound from microalgae that has
shown antibacterial activity. A running solvent (acetic acid: butanol:
water ¼ 1.5:6:2.5) was used for the separation of an active compound
from microalgae. An aliquot of SFE microalgae extract was dotted on the
TLC plate using a micro needle. The spots were allowed for dryness. Then
the plate was positioned in a TLC chamber containing the running sol-
vent. After that when the solvent was touched approximately 1 cm from
the top, TLC plate was removed from the solvent and dried at 45 �C.
Pictures of the developing red colour spots in TLC plate were taken. These
colour spots were scraped and dissolved in ethyl acetate to isolate the
compound from the Spirulina biomass extract [13].

2.5. Isolated compounds characterization

2.5.1. Functional group detection by fourier transforms infrared spectrometer
(FT-IR) study

According to the method of Jagmohan, 2005 the FT-IR studies have
been performed. The potassium bromide (KBr) pellet was added to the
sample [14]. Then the sample was placed in a transparent disc of thick-
ness 1 mm and diameter 13 mm and subjected to about 5 � 106 Pa
pressure in an evacuated die. IR spectra region of 4000–500 cm�1 were
recorded on a FT-IR Nexus TM 870 spectrophotometer (PerkinElmer)
[15].

2.5.2. Structural analysis by transmission electron microscope (TEM)
The microalgal sample with concentration of 1 mg/ml was drop

casted on a Cu-grid. After drying at room temperature, the samples were
directly viewed under TEM following the guidelines as described earlier
by Mahata et al., 2017 [16]. The HR-TEM (JEOL JEM 2100 instrument)
was used to analyze the samples and capture the images.

2.5.3. Structural analysis through nuclear magnetic resonance (NMR)
spectroscopy

1H NMR can be used to study the presence of hydroperoxy groups as
well as of hydrogen, carbonyl and carbon atoms associated in conjugated-
dienoic systems. Data was recorded on a DPX200 Bruker (200MHz for 1H
and 500 MHz for 13C) in D2O with tetramethylsilane (TMS) as an internal
standard. Every signal was compared within �0.1 ppm to standard so-
lution [13].

2.5.4. Antimicrobial activity assessment of bio-active nanodots
The Luria broth (LB) agar plate was prepared with 30 μl inoculums

and different doses of active fractions from 1 to 250 μg/ml. Then the agar
plates were incubated for 24 h at 37 �C for bacterial growth. Negative
controls were prepared adding 30 μl of 50% ethanol in 20 ml LB medium
as the solvent used to prepare the ND. The minimum inhibitory con-
centration (MIC) values were recorded where no visible growth was
observed [16]. The plates without compound were treated as positive
control for each bacterial inoculums.

2.5.5. Determination of auto-aggregation ability of selected bacteria
Auto-aggregation experiment of bacteria was conducted by use of

nutrient broth medium. Selected strains of bacteria, Vibrio cholerae were
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cultured in nutrient broth in 30 �C at 120 rpm in a shaker incubator.
The proper growth of bacteria was checked by measurement of the
optical density at 600 nm (OD600) through using a spectrophotometer
(VARIAN, INC. CarryR 50 Bio). Without centrifugation an aliquot of cell
suspensions of 1.5 ml were taken for measuring the OD at 600 nm,
other 1.5 ml aliquots were separated and centrifuged at 650�g for 5
min. After that supernatant was collected and measured the OD at 600
nm. The OD at 600 nm of the samples was recorded three times. The
bacterial aggregation index was then calculated with average value as
[17]:

Aggregation index ¼ OD (Total)-OD (Supernatant)/ OD (Total)

2.6. Shelf life estimation of litchi beverage preserved with purified
compound

From the local market ripe litchi were collected. During proper
grinding and filtration by muslin cloth litchi juice was extracted. Before
heating on low flame, 2% sugar was added with prepared juice. Then ND
was added as preservative in litchi juice. The treated juice was filled in a
glass bottle under sterilized conditions. The glass bottles were shielded
immediately using a hand shieling machine. Finally, a total two sets of
studies were conducted by varying storage temperature viz. refrigerated
(4 � 2 �C) and ambient storage (room temperature) at specific time in-
terval (0, 7, 15, 30, 45, 60 days) [6].

2.6.1. Physico-chemical analysis of litchi beverage
The litchi juice samples were taken from bottles at specific time

intervals and were analysed for total bacterial counts, total fungal
count, total soluble/suspended solid, pH, acidity. The pH of the litchi
juice was determined with the help of a digital pH meter (Systronics,
Model 361). According to the method of Sivakumar and Korsten,
titratable acidity was estimated [18]. At first 5 ml of litchi juice was
taken and diluted to 50 ml using milli Q water. 100 ml of 0.1%
phenolphthalein was then added to 10 ml of diluted juice. 0.1 N NaOH
was used to titrate juice containing solution. After a certain period the
pink coloration appeared. The volume of used 0.1 N NaOH in titration
was noted as the titre value. The titratable acidity of juice was calcu-
lated as citric acid percentage. Total soluble solids (TSS) was deter-
mined using hand held refractometer (ERMA, Japan; 0–32) at room
temperature [19].

2.6.2. Estimation of total bacterial and fungal count of storage litchi
beverage

Total plate counts (TPC) were estimated on nutrient agar media (Hi
media). The serial dilution of the sample was made sequentially and
plated on LB agar plate. After incubation at 37 �C for 24 h colony forming
units (CFU) were counted. Fungal counts were estimated on potato
dextrose agar (Hi media) after serial dilution of sample. After incubation
at 28 �C for 72 h CFU were counted [20].

2.6.3. Sensory evaluation of storage litchi beverage
The litchi juice was selected by sensory evaluation on 9 point Hedonic

Scale for different sensory attributes like colour, flavour, appearance and
overall acceptability by a panel of 10 non-smoker judges having prior
experience of sensory evaluation of fruits and vegetable products. A scale
from 1 to 9, where 1 represented extremely disliked and 9 represent
extremely liked [21].

3. Results and discussion

The following results of the assessment of organic nanodot as food
preservative from Spirulina platensis are presented and discussed. This
assessment is built upon several sections to analyze and inform.

3.1. Isolation and purification of bio-active compound

The supercritical fluid extract of Spirulina platensis biomass (Fig. 1a
and b) was fractionated by TLC analysis (Fig. 1c). The active fractionate
was then separated from the silica plate and dissolved in ethyl acetate.
The solution was further centrifuged at 8000 rpm to separate the active
purified compound (Fig. 1d) and lyophilized for further analysis. TEM
analysis revealed the average size of the ND is 40–45 nm.

3.2. Spectral characterization of the purified bio-active compound

Ultra violet-visible (UV-VIS) spectroscopy usually provides the char-
acterization of nanodot molecules. When white light is passed through a
coloured substance, a distinctive portion of the mixed wavelengths is
absorbed. The residual light then will assume the complementary colour
to the wavelength (s) absorbed. The ultra-violet spectral absorbance of
purified compound was found to be λmax at 400 nm which is corre-
sponding to the presence of olefinic chromophore (conjugated) (Fig. 2a).
Bio-material planes can be observed as a variety of functional groups that
are responsible for association of metal ions, with hydroxide (–OH),
amide (–NH2), thiols (–SH), carboxylate (–COO–), and phosphate (PO4

3�)
[22]. The IR spectrum at 3307 cm�1 signifies the ranging vibration of
hydroxyl groups. The C–H stretching of vibration indicated at 2986
cm�1. The spectra at 1751 cm�1 and 1638 cm�1 were recognized to the
stretching of C––O vibrations (Fig. 2b). The compound has a signal for
C–H aliphatic protons that involved with O- atom at 3.31 ppm. The
aliphatic protons signals were further shown at 2.17–0.85 ppm region.
The 1H NMR spectrum also indicated the absence of aromatic proton
signals (Fig. 2c). The 13C NMR was consistent with the skeletal structure
(Fig. 2d).

3.3. Assay of antimicrobial activity of purified compound

Antimicrobial activity of the nanodot was tested against four bacterial
pathogens such as E. coli, B. subtilis, S. aureus and V. cholerae (Fig. S1)
following agar well diffusion assay. The result revealed that 250 mg/l
concentration of nanodot exhibits a small clear zone around the well.
Minimum inhibitory concentration (MIC) was determined following se-
rial dilution assay and was observed 1 mg/ml for E. coli, V. Cholerae and
500 mg/l for S. aureus and B. Subtilis [13].

3.4. Assessments of auto-aggregation ability of compound

Communication among same bacterial species is very much necessary
for initial colonization and subsequent their biofilm formation [23].
Therefore, auto-aggregation is the initial step of planktonic cells to
develop biofilm over there. Control of auto-aggregation is the easiest way
and first step to control the biofilm inhibition. In auto-aggregation,
bacteria of the same type form clumps to multicellular structures that
ultimately settle down at the bottom of culture tubes. The
auto-aggregation is generally done by self-interaction of cell surface
molecules, such as proteins and exopolysaccharides [24]. The
auto-aggregation ability of targeted nanodots was assessed at different
time periods throughout the growth phase. Bacterial auto-aggregation
ability was determined by a specific aggregation index. For
auto-aggregation study, a food borne pathogen, V. cholerae was selected.
Here, the obtained result revealed that auto-aggregation was increased in
the control group (without ND) in comparison to the treated sample (ND
at 250 mg/l) (Fig. 3). Lower auto-aggregation means to inhibit the bio-
film formation.

3.5. Changes in quality of litchi beverage

The different physico-chemical and biological quality parameters of
litchi beverage using preservative (ND) under refrigerated and ambient
temperature were studied. The good quality of food product was first
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determined by pH. The Fig. S2 showed the changes of pH values in the
litchi juice samples during storage. It was observed that with the increase
of storage period and temperature, pH decreased whereas the acidity and
TSS were increased. Data revealed that at refrigerated storage on day

30th, pH decreased for ND sample. TSS of the juice was observed to be
higher in ambient storage, being 16.8� Brix as compared to 11.8� Brix at
refrigerated storage. On day 30th acidity of juice increased at refriger-
ated storage.

Fig. 1. Separation of active compound. Supercritical fluid extract of Spirulina platensis in visible light (a), under UV light (b), The selected area of TLC plate (c), The
selected area was collected and concentrated for structural characterization (d), TEM analysis of ND (e).

Fig. 2. Spectral characterization of the synthesized NDs. UV–Visible spectrum (a), FT-IR spectrum (b); 1H NMR spectrum (c) and 13C NMR spectrum of purified
ND (d).
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3.5.1. Microbial count
At ambient storage more microbial growth was observed as compared

to storage at refrigerated condition. It was found that total bacterial and
fungal counts are less in ND treated sample than untreated ones (Table S1
and Table S2).

3.5.2. Shelf life analysis of litchi beverage
The suitability of food products during refrigerated storage is related

with the variations in their sensory properties. As assessed by the sensory
panel, the scores for colour, appearance, taste, odor and overall accept-
ability of the litchi beverage decreased significantly during the storage

period. The results presented that the beverage fortified with organic ND
significantly have better sensory scores. The storage time of the treated
and untreated juice was judged on the basis of sensory quality. The
sensory score of 6 and above on 9 point Hedonic scale rating was used as
a threshold for estimating of shelf life for beverage preservation [25]. The
analysis of the data showed that storage condition and treatment had a
significant effect on overall acceptability of litchi juice. The sensory
quality i.e. colour, aroma, and overall appearance were significantly
affected by duration of storage. The overall quality changes of the juice
with various storage times at refrigerated and ambient conditions were
presented in Fig. S3.

4. Practical application of this research study

For instance, nanotechnology has been used for food quality
improvement, shelf-life extension, cost reduction, and nutrition
enhancement. Exploration of naturally occurring nanostructures in food
is one of the hottest topics in the scientific community.

Although orally administered nonmaterial get absorbed and move
across the gastrointestinal tract and distributed in the body parts like
kidney, liver, spleen, brain. But Spirulina platensis derived organic
nanodot is easily digested in our gastrointestinal tract during variation of
pH and ultimately undigested molecules are released through defecation
(Fig. 4). Generally nanomaterials having size around 5 nm and present in
blood circulation undergo renal clearance. Those having 10–20 nm are
separated by liver; 200 nm sized NPs get picked up by Kupffer’s cells and
sinusoidal spleen. Higher concentrations of nanomaterials were excreted
via kidney, hepatobiliary pathway. Prior research proved that nano
products of ZnO and Ag significantly increase the shelf-life of orange
juice and beer through preventing contamination of food and beverages
because of their antimicrobial nature against E. coli, Pseudomonas aeru-
ginosa and Aspergillus niger [26].

Since gut bacteria play a critical role in maintaining human health,
nanoparticles in food could result in adversehealth effects through changes
in the gutmicrobiota. To the best of our knowledge, there are no reports on
the impact of ND on gut bacteria. In contrast, the antibacterial abilities of

Fig. 3. Determination of auto-aggregation index in the presence and absence of
compound NDs. Growth curve of bacteria V. cholerae represented the lines with
pink colour, auto-aggregation index without NDs (black line) and auto-
aggregation index with NDs (red line). Data are the mean of triplicates � S.E.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 4. Organic nanodot synthesized from Spirulina platensis used as a preservative.
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ND have been demonstrated. The antimicrobial ability was affected by
surface groups, charge, shape, and size of ND [27]. Our knowledge about
the bio-effects of food borne organic ND is still in its infancy. Spirulina
platensis derived ND being an organic molecule has a large surface area but
very small in size (about 40–45 nm), that can easily penetrate into micro-
bial cell [28]. Thereafter this is important to meet the criteria of food
preservative. In view of all these considerations, longer experimental
studies are needed to test the durability of the NDwith proper efficacies for
their reuse as preservative. However, compared to commercial pre-
servatives, ND is considered a low-cost technological approach which can
also become cost-effective and beneficial from the commercial perspec-
tives. Food preservation has emerged as an efficient option for food storage
but many challenges and constraints with regard to its practical applica-
tions on a large commercial scale still prevail. The following points are
needed to be addressed to get the adequate benefit of the preservation
methods for practical applications in food and beverages storage.

1. Food borne disease and toxicity of chemical preservatives in food are
serious threats to human civilization. The feasibility of food preser-
vation by cost-effective and efficient technique should be explored.

2. The mechanism of antimicrobial activities of Spirulina platensis
derived nanodots are still not fully clear which are required to be
understood with more transparency in the perspective of food
preservation.

3. The culture of Spirulina is an economically viable approach for food
preparation and thereby, their use under strict monitoring can be
recommended for agricultural applications parallel with bio-
remediation of wastewater [29].

4. Bio-energy (hydrogen) production from Spirulina alongside under-
taking food preparation can become a unique approach that will not
only generate food but also lead to the generation of eco-friendly
fuels. This technology must be further explored with the aim at
achieving possible commercialization [30].

5. The use of algal derived nano based bio-composites may become an
effective tool for the adsorption of toxic metal [31].

5. Future prospect

In the face of a significantly growing human population and with the
scarcity of healthy food, the world has been facing the challenge of
safeguarding human health. Future research studies about the develop-
ment of Spirulina derived nanodots should be focused on food preserva-
tion, which demonstrate much better efficacy than traditional ones. In
addition, different scientific facts generated from the present research
study have touched upon and established the forthcoming multidimen-
sional application of Spirulina derived organic nanodots for preservation
of food and beverages and thereby further investigations are required to
find out the proper mechanism in food preservation, mainly for the under
mentioned reasons:

1. The existing output of this research holds greater promise in pre-
dicting the antimicrobial potential of Spirulina derived nanodots and
their practical applicability in food and beverage preservation.

2. Based on earlier information alongside the current research findings,
it can be concluded that the nanodots of Spirulina can increase shelf
life of food and beverages during potential antibacterial as well as
anti-fungal activities.

3. Nonetheless, there is a need to undertake more in depth studies with
proper chemical analyses that are proposed to constitute the foun-
dation of future research ventures.

4. Organic nanodots will alternatively be used as chemotherapeutics
when human pathogens are resistant to antibiotics.

Even though, the traditional chemical food preservatives are also
available in the market to increase the shelf life of beverages. Sodium
benzoate (SB) can inhibit the growth of spoilage microbes in beverages

i.e. Saccharomyces cerevisiae, Lactobacillus plantarum. It has been also
reported that SB is more effective against yeasts during the 1st day of
storage (2–2.5 log CFU reduction) and the microbial growth reduction
rates were highest up to 15th day [32]. But those have different side
effects including allergy, hypersensitivity, and neurological disorder
[33]. Parabens, benzoic acid (BA) and sorbic acid (SA) are commonly
used chemical preservatives that are used in beverages. It is reported that
among them parabens are esters of the p-hydroxybenzoic acid that have
endocrine and reproductive toxicity [34]. Due to such side effects the
chemical preservatives are not too recommendable in so many cases
whereas organic nanodots have achieved popularity for its no side ef-
fects. It was found that total bacterial and fungal counts are less in ND
treated sample than untreated sample on 30 days of storage time during
refrigerated condition and 15 days during ambient storage. Given such a
proposition, it can be concluded that Spirulina derived organic nanodots,
may also be recommended for the ideal food and beverage preservative.
We trust that this research article will pave the way for developing better
economically viable as well as significantly acceptable techniques with
the focus on food preservation.

6. Conclusion

The present study has established the roles of organic nanodots from
microalgae; Spirulina platensis holds great promise having numerous po-
tential applications in food industries. This research has opened up new
vistas by identifying and establishing the potential efficiency Spirulina
platensis derived organic nanodot as the food preservative that reaches in
several bioactive phytochemicals. Thus this research work is essential to
endure the ND research more precisely to progress their surface func-
tionalization and conjugation with bio-molecules. It can also be sum-
marised under four major facts: 1) SFE extract of Spirulina platensis was
found to produce organic nanodot; 2) nanodot molecule significantly
inhibit both Gram positive (B. subtilis and S. aureus) and Gram negative
bacteria (E. coli, and V. cholerae) as well as fungal contaminants; 3) the
organic nanodot able to prevent bacterial biofilm formation; 4) nanodot
showing a significantly better sensory quality and enhance shelf life of
litchi beverage.
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A B S T R A C T   

Yellow ammonium phosphomolybdate (YAPM), a waste product of all under graduate (UG) chemistry laboratory 
classes, has been proved to be an efficient adsorbent for environmental application as a cationic ion exchanger. 
The water insoluble YAPM selectively removes cationic dye molecules from dye contaminated wastewater. 
Consequently, dye infested YAPM solid is produced with fascinating color but bears altered band gap energy. Dye 
contaminated yellow APM is regenerated in air oven from the dye infested YAPM solid powder by heat treatment 
at ~ 300 ◦C and reused with full potential. So it becomes a solid phase extractant. Robust yellow APM turns to 
green APM (GAPM) upon UV light exposure because of the hoarded electrons in the basket like Keggin structure 
of phosphomolybdate (PMo12O40

− 3) moiety, and thereby the dye exchange capability is improved, admirably. 
Thus, the remediation of dye contaminated wastewater by YAPM has been found to be fruitful by YAPM and 
more potential dye remediation by GAPM.   

1. Introduction 

Polyoxometalates (POMs) are extremely large group of anionic 
clusters with frameworks built from transition metal oxo anions linking 
shared oxide ions [1]. Most of the elements in the periodic table can be 
incorporated as cations into the structural framework of these robust 
compounds. Yellow ammonium phosphomolybdate (YAPM), 
[(NH4)3PMo12O40] is a low cost polyoxometalate compound, and a 
waste product of the undergraduate (UG) laboratory. We have shown 
useful application of YAPM vis-à-vis UV exposed YAPM i.e., GAPM for 
purification of dye contaminant wastewater through ion exchange 
method. Here inorganic ammonium phosphomolybdate acts as an ion 
exchanger. 

Dye contaminated wastewater effluents comes from different in-
dustries and that causes a global problem. Particularly cloth-dying in-
dustries discharge a huge amount of waste organic dye molecules into 
rivers without any scientific treatment. Public news media reported 
serious water pollution caused by organic dye molecules in different 
rivers of many countries. China [2], India [3] and Bangladesh [4] suffer 

from this problem. Thus many rivers flows with different organic 
chemicals, and as a result flora and fauna are affected. In future, it will 
be a serious problem for aquatic environment as well as human life. To 
save the clean environment, proper treatment of wastewater is a chal-
lenging task to the environmental scientists. There are so many well- 
known processes for removal of dye molecules from the water bodies. 
Photocatalysis [5], adsorption [6] and ion exchange process [7] are 
widely used methodologies. In general, metal oxides [8], sulphides [9] 
are used as photocatalyst and ion exchangers [10] for demineralization 
of water. Photocatalytic reaction for purification of dye contaminant 
wastewater requires visible or UV light for photo-assisted mineralization 
reaction to proceed. A proper light source (visible light [11] or UV light 
[12]) is required depending on the nature of dye and band gap of pho-
tocatalyst. But in the dark, an adsorbent becomes appropriate than a 
photocatalyst for dye removal from wastewater. The traditional adsor-
bents are activated carbon material [13], oxides [14] and sulfides [10] 
which are used for purification of water bodies. Recently, researchers 
have exploited CNT [15], graphene oxide [16], reduced graphene oxide 
[17], organic gel [18] and inorganic gel [19] materials for dye removal 
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by adsorption of dye molecules since these materials often bear large 
surface area. Generally, forces, operate between the adsorbent and 
adsorbate dyes may be hydrophobic interaction, [20] hydrogen bonding 
attraction [21] and electrostatic force [22] in ion exchange processes. 
The absorbent with ion exchange property is a better option than 
adsorbent with non-ion exchange capability as in the latter case there 
happens stronger electrostatic attraction, selective binding minimiza-
tion of leaching of adsorbate happen from the absorbent. 

Junbai Li et al. reported that MnO2 hollow sphere can separate congo 
red effectively from dye contaminated wastewater [14]. Purely inor-
ganic material, indium selenide (NH4)4In12Se20, has cation ion exchange 
property which can remove different toxic metal ions such as Cs+, Rb+, 
Hg2+ and Pb2+ etc. via electrostatic interaction [23]. So they are used to 
purify these heavy metal ions from water bodies. An important layered 
sulfide material K2xMnxSn3-xS6 (x = 0.5–0.95) which bears highly mo-
bile or exchangeable K+ ions in their interlayer spaces. So, K+ is easily 
exchanged with other toxic metal ions such as Sr2+ ion [24], UO2

2+ ion 
[10], Hg+2 ion [25], Cs+1 ion [26] etc. via electrostatic force that helps 
purification of contaminated water reserves. 

In this article, we have reported a unique method for removal of 
cationic dye molecules using water suspension of low cost and readily 
available yellow ammonium phosphomolybdate [(NH4)3PMo12O40] 
(YAPM) and also UV exposed green ammonium phosphomolybdate 
(GAPM) which is proved to be a more efficient inorganic ion exchanger 
[27,28]. After dye exchange reaction, the dye infested YAPM upon heat 
treatment at ~300 ◦C regenerates the parent adsorbent, YAPM with the 
retention of original chemical stability and recyclability. The electro-
statically bound dyes are not at all leached out from the adsorbent, 
YAPM. The most interesting phenomenon is that the yellow APM is 
photoreduced to green ammonium phosphomolybdate (GAPM) upon 
UV (~360 nm) light irradiation. As a noticeable result, GAPM acquires 
more effective dye removal capacity again through ion exchange reac-
tion step. It is observed that the dye exchange capacities of YAPM and 
GAPM have higher values than common polystyrene based cation ex-
change resins. However, the dye removal capacity varies from dye to 
dye. In the present investigation, different types of dye molecules (such 
as cationic, anionic and neutral dye) are used for exchange reaction with 
APM materials. Among them methylene blue (MB), malachite green 
(MG) and rhodamine B (RhB) have experienced exchange reaction with 
[(NH4)3PMo12O40] material as all these dye molecules are cationic in 
nature. Ammonium ion (NH4

+) in APM becomes exchangeable with only 
the cationic dye molecule. So the yellow ammonium phosphomolybdate 
[(NH4)3PMo12O40] (YAPM) and UV exposed GAPM find novel envi-
ronmental application as inorganic ion exchanger for cationic dye 
removal from water bodies. Dye infested APM molecules are readily 
recovered by heat treatment. Thus the method proclaims a unique ‘zero 
waste’ strategy for dye removal from wastewater with 100% APM re-
covery by heat treatment. 

2. Experiment and Methods: 

2.1. Materials and instruments 

The material and instruments are given in the supporting informa-
tion SI 1. 

2.2. Preparation of yellow APM and green APM 

In a typical preparation, (NH4)6Mo7O24⋅4H2O (4.50 g) and NaH2-

PO4⋅H2O (0.50 g) were added into 200 mL distilled water and warmed 
on a water bath at ~ 80 ◦C to obtain a clear solution. Then the warm 
solution on the water bath was acidified with conc. HNO3 (3 mL). The 
solution was stirred by a glass rod for 1–2 min and kept for the next 30 
min at the same temperature. The canary yellow material was precipited 
and washed several times with distilled water until its pH value lowers 
down to ~ 6.8 (pH of distilled water) and dried in an air oven at 100 ◦C. 

Due to the high water solubility of the parent salts, solid and crystalline 
form of the synthesized material was washed several times with water. 
So impurity contamination in the synthesized material becomes redun-
dant. The yellow product is ammonium phosphomolybdate, 
[(NH4)3PMo12O40]. The yellow APM material was exposed to UV light 
(~365 nm with spectral distribution of 350–400 nm) of power 15 W for 
30 days in Air in UV-light. About 1 gm APM was spread as a thin layer on 
large size petri dish and placed in the UV-light chamber for long time 
(30 days). Every day, the material was respreads and exposed to UV light 
and continued for 30 days to ensure the complete surface reduction of 
yellow APM. 

The whole material (YAPM) changed to deep green APM (GAPM) by 
solid state photochemical reaction. The green APM i.e., GAPM [27,28] 
was stored in the dark under inert condition (N2 or argon gas). Upon 
storing the GAPM sample in an open place at room temperature condi-
tion, the material gradually slowly reverts back to YAPM. The green and 
yellow materials (YAPM and GAPM) were employed as inorganic ex-
changers for dye removal from wastewater through ion exchange 
reaction. 

2.3. Kinetic studies of dye exchange reaction 

The organic dye molecule bearing positively charged structure was 
used for ion exchange experiment with YAPM. The yellow matrix elec-
trostatically exchanges its NH4

+ ion with the incoming cationic dye 
molecules. We have employed four dyes [methylene blue (MB), mala-
chite green (MG), rhodamine B (RhB) and methyl violet (MV)] for the 
ion exchange reactions to study the efficacy of APM towards the dyes. 
The progress of dye exchange reaction was monitored by a UV–Visible 
spectrophotometer at various time intervals. 

For each experiment, a total of 100–200 mg of YAPM was weighted 
in a 250 mL glass beaker. Methylene blue solution (100 mL of 3 × 10− 5 

M) was added into beaker, and the solution was kept under magnetic 
stirring condition. The suspension from the reaction mixture was 
centrifuged at 7000 rpm and the resulted clear solutions were analyzed 
using UV–Visible spectrophotometer. We have performed similar studies 
using other dyes (other cationic, anionic and neutral dyes). In case of 
anionic or neutral dyes, there occurs almost no exchange reaction. APM 
moiety captures only cationic dyes selectivity. 

2.4. Regeneration 

Dye-APM colored composite materials were subjected to heat treat-
ment for 12 h at 300 ◦C in an air oven. After the heat treatment, the 
samples become yellow i.e., YAPM. Thus the original material (yellow 
APM) was regenerated. DRS spectrum of this sample (after heating) was 
found to be similar to that of parent APM. This material was reused 
several times for dye removal through the same ion exchange reaction. 
We have tested the material for consecutive three cycles. After three 
cycles, the material was treated with conc. HNO3 acid and its original 
activity has been observed to be restored, gratifyingly again it showed 
the retention of original band gap position. 

3. Result and discussion 

Solid APM is a well-known intricate polyoxometalate having giant 
molecular structure. We have presented the cation exchange property of 
APM and this property has been exploited for the removal of toxic dye 
molecules from wastewater for environmental abatement. Generally, 
transition metal oxides and sulfide were used as adsorbents or catalysts 
to remove organic waste from water by adsorption followed by com-
bustion at relatively low temperature, photocatalytic reactions, etc. In 
this article, the removal of dyes through ion exchange property of YAPM 
as well as GAPM are discussed. 

YAPM is a compound with UV light absorption capacity. Upon ab-
sorption of UV light (~365 nm) over a long time (3 days), the yellow 
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material is photoreduced to deep green compound in solid state [27] 
which is named as GAPM. The optical property of both the materials are 
investigated by DRS spectroscopy (Fig. 1). Broad absorption spectra 
were observed in both the cases. The peaks at 418 nm and 288 nm are 
found for the YAPM. Green APM (GAPM) exhibits peaks at 288 nm, 402 
nm and with one extra band at 805 nm (Fig. 1a). In accordance with the 
UV–Visible spectral measurement, inter-band or excitonic transitions in 
YAPM and GAPM have also been observed. Theoretical expression for 
the determination of band gap of a semiconductor material is given by 
the following equation: 

αEp = K (Ep − Eg)
1/2  

where α is the absorption coefficient, K is a constant, Ep is the discrete 
photoenergy, and Eg is the band gap energy. A classical Tauc approach 
[29] is used to estimate the Eg of the material. The plot of (αEp)2 versus 
Ep based on the direct transition and extrapolation of Ep at α = 0 gives 
absorption edge energy which is band gap of the materials (Fig. 1b). 
From the plots, it is observed that the yellow material (YAPM) has band 
gap of 2.5 eV. 

Remarkably, upon UV light exposure hoarding of electrons in the 
basket like structure of the yellow materials is readily observed as 
indicated by the position of band gap change (shown in Fig. 1b. Inter-
estingly this observation complies with our reported EPR results [27] 
and also with an earlier report [30]. Conversely, this photochemical 
changeover was not detectable from common physical measurements 
like FTIR and powder XRD analysis (shown in Fig. S2 in Supporting 
Information). The dye exchange reaction does not affect the phase purity 
or crystal bond vibration as dyes remain bound onto the surface elec-
trostatically of the robust anionic [PMo12O40]− moiety. Thus it may be 
said that the changeover took place only on the upper surface of the 
material by ion exchange. Presumably rigid skeletal dye moiety cannot 
invade into the phosphomolybdate skeleton reasonably. Photochemical 
color change from yellow YAPM to GAPM happens and this change is 
reversible under the UV light and or dark/ambient material storage 
conditions (Fig. 2). 

This reversible color change is identified by UV–visible study in 
transmittance mode with time (shown in Fig. S3 in Supporting 

Information). Actually, the color change from green APM to yellow APM 
(reaction in the dark takes about 3 months) is extremely slow. That is 
why, we have shown the time course of UV–vis spectrum for the color 
change from yellow to green only. 

After solid state photochemical reaction, there happens no change or 
distortion in morphology of APM i.e., anionic [PMo12O40]− moiety 
(investigated even by FESEM analysis) i.e. the yellow and green APM 
materials contain same shape and size which is shown in Fig. 3. This type 
of reversible photochromatic behavior between yellow APM and green 
APM (GAPM) is unusual and has been found with Ag-TiO2 [31]. 

In aqueous solution of dye, solid APM was added and allowed for 
facile exchange reaction to happen by stirring using a magnetic stirrer. 
The dye-APM composite material settled down after waiting for 1 h or by 
centrifugation gives clear supernatant aqueous solution which is readily 
used for UV–visible studies. 

We have monitored the exchange reaction by UV–visible spectros-
copy at the band position of 662 nm of methylene blue (Fig. 4). With the 
progress of the reaction, the absorption value at 662 nm gradually de-
creases. We have performed the exchange reaction with different 
amount of yellow APM (0.1–0.2 g) and the spectral profiles as well as 

Fig. 1. DRS spectra for the formation of green APM from yellow APM under UV light exposure at 365 nm (a) and indication of the change in band gap while yellow 
APM changes to green APM (b). 

Fig. 2. Reversible conversion of yellow APM and green APM (GAPM).  
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time dependent color change are shown Fig. 4. A higher dose of yellow 
APM provides larger surface area, so the time of exchange reaction be-
comes shorter, and conversely, a lower amount of yellow APM sample 
takes longer time to complete the exchange reaction. 

In similar way, other cationic dye molecules (such as rhodamine B, 
malachite green) are also separated from aqueous solutions and the 
corresponding dye exchange reactions have also been monitored again 
by UV–Visible study which is shown in Supporting Information (Fig. S4). 
After dye exchange reaction on APM, the color of the dye-APM com-
posite changes to the corresponding color of dye which is shown in Fig. 5 
by digital images. 

Then the dye-APM composite material is heated at ~ 300 ◦C for 12 h. 
Hence, the bound dye molecule in APM matrix is completely decom-
posed. The decomposition process of organic dye is shown in Fig. 6b by 
TG analysis. From the TG analysis, at high temperature range 
(400–500 ◦C), it is observed that the host APM material undergoes 
partial decomposition like other molybdenum compounds [32]. That is 
way, we select 300 ◦C for our thermal reaction. The TG profile (at 
400–500 ◦C range) is little bit different for the above material due to the 
temperature dependent variation in composition (APM a pure inorganic 
material and Dye-APM an organic–inorganic hybrid composite material) 
of the material. The colorful dye-APM composite material regains the 
original yellow APM color and gets ready for reuse for at least 3 cycles 
(shown in Fig. 6a). 

During heating at temperature ~ 300 ◦C, the colored Dye-APM 
composite breaks down to gaseous molecules and leaves yellow APM 
as the decomposition product. We have used different cationic dye 
molecules as a model contaminant in water which contain alkyl amine as 
a functional group. It is expected that Dye-APM change to 
(NH4)3PMo12O40 at this elevated temperature and NH4

+ ions are regen-
erated or come from nitrogenous part of the dye molecules. This was 
presumed from the dye adsorption studies with the decomposition 
product. 

After repetitive use, the material loses its original adsorption activ-
ity. Consequently, the ion exchange time increases (shown in Fig. S5a–c 
of Supporting Information). Organic dye molecules upon heat treatment 
presumably generates small carbon nanoparticles which presumably get 
deposited on the active surfaces of YAPM. These carbon particles from 
the active sites of YAPM is easily removed by concentrated HNO3 acid 
treatment which removes the carbon NPs from the APM surface. Carbon 
particles are oxidized by HNO3 and thus the original activity of yellow 
APM is restored (shown in Fig. S5d of Supporting Information). 

The exchange capacities of yellow and green APM materials were 
compared with other materials such as oxide matrix and commercial 
cation exchange resin (information is summarized in Table 1 of Sup-
porting Information). The best result comes out from yellow and green 
APM compounds. One gram of yellow APM uptakes MB dye molecules 
from 70 mL of 10− 3 M and the deep blue color of aqueous solution of 
methylene blue becomes colorless. 

The dye exchange reaction of APM matrix with methylene blue was 
performed also in presence of different cations such as Na+, Ca2+, Mg2+

etc. These ions are present in sea water, lake water, pond water and tap 
water. An aliquot of MB solution was mixed with sea water, lake water, 
pond water and tap water separately, and the solutions were used for 
same exchange reaction by YAPM. The UV–Visible study for MB sepa-
ration from different water system is shown in Fig. S6 Supporting In-
formation. It is evident that when high concentration of alkali metal ions 
presents in the water sample, the duration of dye exchange reaction 
increases to a large extent. Precisely, the existing ions in water bodies 
become the inhibitor for the cationic dye adsorption and slow down the 
ion exchange reaction. 

Dye exchange reaction has been studied using cationic, anionic and 
neutral dyes, and the mechanism of exchange reaction is shown in 
Scheme 1. The anionic and neutral dye molecules are not exchanged 
with the APM, and the corresponding step wise UV–visible study is 
shown in Fig. S7 of Supporting Information. APM can uptake selectively 

Fig. 3. FESEM image of Yellow APM (a and b) and UV light treated green APM (c and d).  

A. Kumar Sinha et al.                                                                                                                                                                                                                          



Journal of Photochemistry & Photobiology, A: Chemistry 418 (2021) 113427

5

cationic dye molecules such as methylene blue, malachite green, 
rhodamine B, methyl violet (all are cationic dyes) effectively under 
ambient condition with different exchange/separation time. This relates 
to the skeletal size and electronic properties of the cationic dye mole-
cules with amine funtionality. The dye molecules bearing rigid larger 

skeletal structure are slowly exchanged with smaller ammonium ion of 
APM. Anionic and neutral dyes after waiting a longer time, there occurs 
no exchange and slight decrease in absorbance values occur due to 
physisorption of dye molecule on APM moiety (Fig. S7 in Supporting 
Information). On the other hand, cationic dyes require much less time to 
complete the exchange reaction in comparison to anionic or neutral 
dyes. Thus physisorption is easily understandable due to the absence of 
electrostatic attraction. Additionally, the charge of the counter ion i.e. 
NH4

+ in [(NH4)3PMo12O40] plays an important role in the dye exchange 
reaction. The cationic dye molecules (dye+) replace ammonium ion 
(NH4

+) and form [(NH4)m(dye)nPMo12O40] (n + m = 3). The dye ex-
change reaction happened only on the outer surface not inside the APM 
microcrystal because of steric crowding and rigid dye skeleton. The 
interaction between cationic dye and APM is investigated by solid DRS 
analysis. The band position of cationic dye molecule is blue shifted in 
Dye–APM composite material. The DRS spectra of dye-APM composite 
materials are shown in Fig. S8 Supporting Information. This DRS anal-
ysis indicates that there exists an electrostatic interaction between the 
individual dye molecule and yellow APM matrix furnishing λmax shifting 
of the dye molecule from the original value. In case of MB-APM com-
posite, the band position of MB is shifted from 662 nm to 628 nm this 
hypsochromic shift indicates that there is significant electrostatic 
interaction between APM and MB. The electrostatic interaction is the 
main cause for the shifting of band position of MB. The exchange ca-
pacity values of a particular adsorbent vary from dye to dye depending 
on the size and electronic property of the dye skeleton as it is under-
standable. Upon UV light irradiation for a long time, the YAPM material 
changes to deep green APM (GAPM). The Keggin structure [in 
(NH4)3PMo12O40] inherits a special ability to accept one or several 
electrons, which remain delocalized within the Keggin basket without 
causing any structural deformation resembling a basket stored with 
electrons. 

Fig. 4. UV–Visible study of methylene blue dye (5 × 10− 5 M) exchange reaction at different time interval with (a) 0.10 g, (b) 0.15 g and (c) 0.2 g of yellow APM and 
a representative digital images showing methylene blue exchange reaction at different time interval. 

Fig. 5. Digital images of APM after dye exchange reaction: APM-methylene 
blue, APM-rhodamine B and APM-malachite green. 
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The photoreduction happens only for the surface molecules of the 
solid ammonium phosphomolybdate. So it is expected that the ratio 
Mo5+/Mo6+ will reach constancy at the surface. The lower oxidation 
state of Mo5+ is stabilized by H+ ion. Our proposed mechanism has been 
shown in Fig. 7 where H2O molecules are dissociated as H. and OH. 

radical by UV light [33]. The H. takes part in the reaction that reduces 
Mo6+ of (NH4)3PMo12O40 to Mo+5 which is stabilized by H+, a new 

exchangeable site for cationic dye molecules to interact. 
The photochemical change i.e. YAPM to GAPM was monitored by UV 

visible spectroscopy in the transmittance mode (shown in Fig. S3 Sup-
porting Information) through the accumulation of electrons. 

The similar phenomenon, the UV light induced heterolysis of water 
(photo reduction), occur in the following semiconductor surfaces such as 
TiO2 [34], ZnO [35], WO3 [36], V2O5 [37] etc. and the materials change 

Fig. 6. Reusable of yellow APM (methylene blue dye exchange reaction) in three different cycles (a) and thermogravimetric analysis of methylene blue-APM and 
yellow APM (b) digital images of before and after methylene blue exchange on yellow APM and recovery of yellow APM by combustion method (c). 

Scheme 1. Ion exchange mechanism and removal of dye molecules by yellow ammonium phosphomolybdate (APM) and regeneration of yellow APM.  
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Fig. 7. Reversible pathways between yellow APM and green APM.  

Fig. 8. UV–Visible study of methylene blue dye exchange reaction in different time gap with (a) 0.10 g, (b) 0.15 g and (c) 0.2 g green APM and digital image of 
methylene blue solution at different time of exchange reaction. 
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from hydrophobic materials to hydrophilic materials. In our experiment, 
we propose that yellow APM turns to green APM through capture of 
electrons from water molecules triggered by UV radiation [27,33]. The 
Keggin structure has strong ability to capture electron from hydrogen 
radical [33]. Generated hydroxyl radicals can react easily with water 
molecules or other species in the atmosphere. 

As a result, after electron trapping by the Keggin ion GAPM is ob-
tained reproducibly and the product can act as a better cationic dye 
scavenger. Within few minutes, the adsorbate dye is exchanged by 
GAPM through a stronger electrostatic force leaving aside a clear 
transparent water body at faster rate than yellow APM does. Influence of 
mass loading have been investigated which shows that dye exchange 
reaction becomes faster on enhancement of mass loading (Fig. 8a–c). 

The dye exchange reaction with green APM (GAPM) is shown in 
Fig. 8. Thus the GAPM having hoarded electron shows better perfor-
mances for the dye exchange reaction. 

The dye exchange reaction by APM is studied at neutral pH condition 
and there occurs no deformation of the APM morphology after the 
cationic dye exchange reaction. It is worth mentioning that strong acidic 
waste water caused no hindrance for adsorption studies. Yellow 
ammonium phosphomolybdate (APM) material removes toxic cationic 
dye molecules from the wastewater of different sources (sea water, lake 
water, pond water and tap water) quantitatively and leaves no trace of 
adsorbate. 

4. Conclusion 

Ammonium phosphomolybdate (APM) collects electrons from pho-
toactivation and becomes green APM. The green ammonium phospho-
molybdate inherits basket full of electrons engendering increased cation 
affinity rendering better cation dye removal efficacy. Thus it becomes 
the novelty of UV activation process. Experiencing the promising ap-
plications of dye infested APM composite to bind simple molecules [34] 
and dielectric crossover and resistive switching performances of the 
pure material [35] from XRD, FTIR, Raman [36] and EPR [27] studies it 
is expected to have other future applications even for dye sensitized 
solar cell. 
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The liquid-phase catalytic oxidation of cyclohexene to produce cyclohexenol and cyclohexenone di-
rectly was attempted using Mn ion substituted in ceria in acetonitrile solvent with 30% H2O2 as
oxidant under atmospheric pressure. Structural studies by XRD show indication of ionically dispersed
metal over ceria. Among all the catalysts studied, the Mn0.05Ce0.95O2−δ catalyst prepared by the
solution combustion method has shown more activity (95.3% conversion with 98.7% selectivity) than
others. The influences of the amount of Mn loading, temperature, time, the concentration of H2O2

and solvent have also been investigated. The enhancement of activity in Mn2+ ion substituted ceria
as compared to other catalysts has been attributed to Mn–O–Ce ionic interaction in the combustion
synthesized catalyst. Ionic substitution also helps to get an active stable catalyst with lower risk of
Mn-leaching compared to the impregnated catalyst.

Key words: Oxidation, Cyclohexene, Mn0.05Ce0.95O2−δ catalyst, Ionic interaction

1. Introduction
One of the most important current topics of catal-
ysis research has been to find an efficient catalyst
for the selective oxidation of cyclohexene [1–6].
Oxidation of cyclohexene generally yields various
products such as cyclohexenol, cyclohexenone, cy-
clohexene oxide and cyclohexene peroxide etc. [7].
Allylic oxidation of cyclohexene gives the prod-
ucts such as cyclohexenol and cyclohexenone as
major products along with cyclohexene oxide as
the minor product, indicating the involvement of
Fenton-type oxidation reactions [8]. But when the
oxidation occurred on the double bond, it gives
cyclohexene oxide or epoxide as major products
along with cyclohexene diols as minor product [4].
Major formation of the allylic oxidation products
show the preferential attack of the activated C–H
bond over the C=C bond [9]. However, the selec-
tivity towards these products depends on various
parameters like reaction conditions, central metal
ion, solvent, oxidizing agent, nature of the catalyst
etc. [10–14]. Previously oxidation of cyclohexene
oxidation was carried out by using inorganic oxi-
dants such as permanganate and chromium oxide
[15]. Among the oxidizing agents hydrogen perox-
ide was chosen as a clean oxidizing agent, since it
is inexpensive, environmentally friendly and gen-
erates water as byproduct [16].
Various new efficient catalytic systems have been
designed and developed for the oxidation of cy-
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clohexene with hydrogen peroxide as an oxidant.
Among the catalytic studies, transition metal
complexes are used as very effective homogeneous
catalysts for this oxidation reaction [17–20]. But
decomposition or degradation is one of the ma-
jor problems in the application of homogeneous
transition metal complexes [21, 22]. On the other
hand separation of the products from the reaction
mixture is also a major problem in case of ho-
mogeneous catalysts. Decrease of degradation of
homogeneous catalysts have been achieved by the
methods such as covalent anchorage on polymers
[23], using inorganic oxide as supports [24–26] and
also entrapped inside a porous oxide framework
[27]. However, deactivation of the metal based
catalysts due to leaching of active metal from the
catalyst is still challenging [28]. This can be con-
trolled by adopting specific preparation procedure
and incorporating with other supports [29].
Here we show that Mn0.05Ce0.95O2−δ prepared by
a single step solution combustion method has a
much higher selective oxidation activity towards
cyclohexene to cyclohexenol and cyclohexenone
than other catalysts at 70 ◦C in acetonitrile sol-
vent and atmospheric pressure (Scheme 1).

Scheme 1. Catalytic oxidation of Cyclohexene
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2. Materials and Methods
2.1 Preparation of catalyst
We have synthesized the catalysts by single step
solution combustion method in an open muffle
furnace kept in a fume hood with exhaust by
the combustion of the corresponding metal nitrate
salts with oxalyl dihydrazide [C2H6N4O2(ODH)]
as the fuel. Oxalyl dihydrazide was prepared
by the dropwise addition of diethyl oxalate
(C2H6N4O2, Sisco Research Laboratories Pvt.
Ltd., 99%) to ice-cooled aqueous solution of
hydrazine hydrate (N2H4.2H2O, Qualizens Fine
Chemicals, 99%) as reported in [30]. Solution
combustion synthesis (SCS) for the preparation
of Mn0.05Ce0.95O2−δ involves combustion of the
metal salts (NH4)2Ce(NO3)6, Mn(NO3)2,3H2O
with ODH, taken in a molar ratio 0.90 : 0.10 :
2.26, at the temperature of ignition of the redox
mixture (∼350 ◦C). In a typical preparation, 5 g
of (NH4)2Ce(NO3)6 (Loba Chemie, 99%), 1.145
mL 10% Mn(NO3)2.3H2O (Merck India, 99%) so-
lution and 2.5122 g of ODH are dissolved in 30
mL of double distilled water in a borosilicate dish.
The solution is then transferred to the preheated
muffle furnace maintained at ∼350 ◦C. Initially
the solution boils with frothing and foaming fol-
lowed by complete dehydration when the surface
gets ignited and burns with a flame yielding a vo-
luminous solid product within a minute. We have
also prepared MnxCe1−xO2−δ (x = 0.03, 0.07,
0.10 and 0.15) catalysts in a similar manner.
In order for comparison, we have also prepared
Mn0.05Ce0.95O2−δ by the incipient wetness im-
pregnation (IWI) methods. For the preparation
of the impregnated catalyst, the support (combus-
tion made CeO2) was first dried and then impreg-
nated with an appropriate volume of the aqueous
solution of manganese nitrate, corresponding to
the support pore volume. The sample was then
dried overnight at 100 ◦C, crushed and calcined
at 500 ◦C for 3 h in air to get the catalyst.

2.2 Characterization of catalysts
The synthesized materials have been characterized
by XRD. X-ray powder diffraction patterns were
collected in a Rigaku diffractometer fitted with a
horizontal goniometer mounted on a rotating an-
ode. These data were recorded at 4 kW (40 kV,
100 mA) at 1◦ min−1 with a step size of 0.02◦

in the range 20 to 80 degrees. The rotating an-
ode has Cu anode with effective wavelength of
1.5418 Å. There is a diffracted beam monochor-
mator (Graphite crystal) which takes care of Kβ

lines and fluorescence.

2.3 Catalytic test
The oxidation of cyclohexene by H2O2 was car-
ried out in the temperature range RT−80 ◦C
at atmospheric pressure. In a typical ex-
periment, 50 mg of catalyst was added to
a liquid mixture containing 10 mL of acetoni-
trile, 2.45 mL of 30 wt% H2O2 (24 mmol)
and 0.865 mL of cyclohexene (8 mmol) in a
250 mL two-necked round bottomed flask. For
uniform mixing, the contents were stirred contin-
uously during the course of reaction by a mag-
netic stirrer. The reaction system consisted of two
liquid phases—an organic phase containing cyclo-
hexene and acetonitrile, and an aqueous phase
containing acetonitrile and 30% H2O2.
The reaction compositions were analyzed using
a gas chromatograph (Nucon 5765, New Delhi)
using a fused silica capillary column (EC5) of
30 m × 0.25 mm × 0.25 µm film thickness from
Alltech and equipped with a FID detector. The
injector and detector temperatures were 220 ◦C
and 240 ◦C. The initial and final column temper-
atures were 110 ◦C and 150 ◦C, respectively with
a temperature programmed rate of 80 ◦C min−1.
The quantitative analysis was done by standard
sample injection.
Catalyst recycling was carried over the most ac-
tive SCS and its corresponding IWI catalysts only.
After each experiment, the reaction mixture was
allowed to settle. Then the solution was filtered
and the solid residue was washed thoroughly with
the solvent. After washing, the solid residue was
dried at 100 ◦C for overnight. This was used as
catalyst for the next cycles to check the recycling
ability of the catalysts.

3. Results and Discussion
3.1 XRD studies
Powder XRD patterns of SCS made MnxCe1−x

O2−δ catalysts as well as the IWI catalyst are
shown in Figure 1. All the diffraction lines can be
indexed to the fluorite structure of Ceria (Fm3m)
only [31] [JCPDS card no. 34–0394]. Thus other
than the solid solutions phase no other peak(s)
due to manganese oxide or metal are detected in
XRD. This again points to Mn2+ ion substitution
for Ce4+ in CeO2 matrix. The corresponding IWI
catalyst in which MnO is dispersed over ceria also
shows no peak due to this phase in the XRD pat-
tern. Thus, MnO crystallites in the IWI catalyst
are so finely distributed over ceria that they es-
cape XRD analysis. A much slower scan might
have shed more light on the evolution of different
Mn-phase(s).
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Figure 1. XRD patterns of (a)
Mn0.05Ce0.95O2−δ, (b) Mn0.07Ce0.93O2−δ, (c)
Mn0.10Ce0.90O2−δ, (d) Mn0.05Ce0.95O2−δ aged

and (e) Mn0.05Ce0.95O2−δ IWI

4. Activity studies
4.1 Screening of catalysts
Table 1 lists cyclohexene oxidation activities
of all the catalysts investigated here. The
Mn0.05Ce0.95O2−δ catalyst shows much higher re-
activity (∼ 95% conversion) and selectivity (99%)
to cyclohexenol and cyclohexenone than the other
catalysts after 3 h. The effect of varying cata-
lyst loading of on the reaction is also investigated
(Table 1). The enhanced oxidation activity over
Mn0.05Ce0.95O2−δ catalyst indicates promoting ef-
fect of ceria in the combustion synthesized cata-
lyst.
Table 1: Cyclohexene oxidation activities of dif-

ferent catalyst.
Catalyst Amt. Conv. Products (%) Sel.

of (%) Cyclo- Cyclo- By- (%)
cat. hexe- hexe- pro-
(mg) nol none duct*

Mn0.03Ce0.97O2−δ 50 86.4 26.6 53.9 5.9 93.2
Mn0.05Ce0.95O2−δ 50 95.3 26.8 67.3 1.2 98.7
Mn0.07Ce0.93O2−δ 50 95.6 25.9 65.2 4.5 95.3
Mn0.10Ce0.90O2−δ 50 88.3 23.7 59.1 5.5 93.8
Mn0.15Ce0.98O2−δ 50 86.4 21.5 53.5 13.3 86.8
Mn0.05Ce0.95O2−δ 30 92.3 26.1 63.8 2.4 97.4
Mn0.05Ce0.95O2−δ 70 93.2 25.5 63.6 4.1 95.6

Reaction condition: 0.865 mL cyclohexene + 10
mL MeCN + 2.450 mL H2O2 + 70 ◦C + 3 h;
*byproducts are mainly cyclohexene oxide and a
little bit of cyclohexenediols.

The Mn0.03Ce0.97O2−δ sample and 30 mg
Mn0.05Ce0.95O2−δ catalyst are also found to
be already very active. But a conversion
of 95.3% with 98.7% selectivity was observed
for 50 mg Mn0.05Ce0.95O2−δ catalyst which is

higher than other catalysts. Although the 7
atom% metal loaded catalyst (Mn0.07Ce0.93O2−δ)
showed slightly higher conversion than the
Mn0.05Ce0.95O2−δ catalyst, the latter showed
higher selectivity than the former. Any further
increase in manganese content and amount of cat-
alyst caused a decrease in the cyclohexenol and
cyclohexenone formation. The lower activity of
higher loaded (> 5 atom%) catalysts indicate
that as manganese loading increased, percentage
of MnO phase increased and manganese disper-
sion decreased resulting in reduced activity and
selectivity. Hence we chose Mn0.05Ce0.95O2−δ as
the best formulation for further investigation.

4.2 Temperature effect
The effect of temperature on the oxidation of cy-
clohexene was studied by varying the temperature
from 35 ◦C to 80 ◦C over the catalyst (50 mg)
with other parameters kept constant and the re-
sults are shown in Figure 2. Selection of this par-
ticular temperature range is due to the fact that
at higher temperatures the decomposition of H2O2

predominates [32]. At room temperature (35 ◦C)

Figure 2. Conversion of cyclohexene/selectivity
of cyclohexenol and cyclohexenone as a function
of temperature over Mn0.05Ce0.95O2−δ catalyst.
Reaction condition: 50 mg catalyst+ 0.865 mL

cyclohexene+ 10 mL MeCN+ 2.450 mL
H2O2 + 3 h.

cyclohexene was not oxidized, showing no reactiv-
ity of the catalyst. But an increase of the reaction
temperature by just 5 ◦C leads to a conversion of
∼ 31% with total selectivity of ∼ 90% to cyclo-
hexenol and cyclohexenone. Further 10 ◦C raise
in temperature increases the conversion (∼ 80%)
and selectivity remains similar. The conversion is
maximum (95%) between 60–70 ◦C with ∼ 99%
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selectivity. It decreases marginally to ∼ 88% when
reaction temperature was increased to 80 ◦C. The
above data indicates that the competition between
the products and byproduct occurs above 70 ◦C.
Hence, the reaction temperature higher than this
optimum temperature is in favour of byproduct
formation in addition to the self-decomposition of
hydrogen peroxide resulting to a relatively lower
conversion. Thus 70 ◦C has been chosen as the
most suitable temperature for the selective oxida-
tion of cyclohexene under our reaction conditions.

4.3 Effect of reaction time
The cyclohexene conversion over Mn0.05Ce0.95
O2−δ as a function of reaction time at 70 ◦C is
presented in Figure 3. The oxidation starts at
∼ 30 min over the catalyst, progresses linearly
to ∼ 80% upto 120 min and maximum activ-
ity (∼ 95% conversion) and selectivity (99%) is
reached beyond ∼ 180 min. This is why we chose
3 h as reaction time in our studies.

Figure 3. Conversion of cyclohexene/selectivity
of cyclohexenol and cyclohexenone as a function

of time over Mn0.05Ce0.95O2−δ catalyst.
Reaction condition: 50 mg catalyst+ 0.865 mL

cyclohexene+ 10 mL MeCN+ 2.450 mL
H2O2 + 70 ◦C.

4.4 Influence of H2O2 concentration
Cyclohexene oxidation was carried out by adding
H2O2 to the reaction mixture in one lot at the
reaction temperature. To study the effect of vary-
ing the amount of H2O2, the reaction was car-
ried out with 50 mg of catalyst and the amounts
of H2O2 from 8 mmol to 40 mmol while keep-
ing other conditions unchanged. The results are
shown in Figure 4. In absence of H2O2, cyclo-
hexene was not oxidized which indicates that the
catalyst cannot oxidize cyclohexene in presence of
air (O2) only. Percentage conversion and total se-
lectivity for cyclohexene oxidation reaches a max-
imum value with 24 mmol of H2O2 and then these

starts decreasing. The distribution of allylic ox-
idation products shows the same trend but the
cyclohexene oxide percentage shows a gradual in-
crease [4]. Even though the theoretical molar ratio
of cyclohexene to H2O2 for the oxidation reaction
is 1 : 1 and concentration of H2O2 was 8 mmol,
here the results show that H2O2 needed was triple
its stoichiometry. This can result from the fact
that not all the H2O2 can take part in the oxi-
dation due to its unavoidable self-decomposition
under the reaction conditions [33].

Figure 4. Conversion of cyclohexene/selectivity
of cyclohexenol and cyclohexenone as a function
of H2O2 concentration over Mn0.05Ce0.95O2−δ

catalyst. Reaction condition: 50 mg
catalyst+ 0.865 mL cyclohexene+ 10 mL

MeCN+ 70 ◦C + 3 h.

4.5 Effect of solvent
The cyclohexene oxidation was carried out using
various solvents such as acetonitrile, methanol,
ethanol and toluene over Mn0.05Ce0.95O2−δ cat-
alyst and the results are presented in Figure 5.
Acetonitrile is found to be the best solvent for
cyclohexene oxidation with highest conversion of
95.3% and selectivity of 98.7%. Toluene showed
lowest cyclohexene conversion (70%) but the se-
lectivity (93%) was very high. Using ethanol or
methanol as a solvent, comparatively lower con-
version is observed.
In this study, it is believed that the solvent ace-
tonitrile acted as a ‘media’ serving homogeneity
for the liquid phase(s). Cyclohexene and hydro-
gen peroxide are both soluble in acetonitrile and
the reaction products; viz., cyclohexenol and cy-
clohexenone are not only soluble in the reaction
mixture but also can be displaced from the sur-
face of catalyst as they are formed. Acetonitrile,
an aprotic solvent, can also activate H2O2.
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The Mn0.05Ce0.95O2−δ prepared by IWI method
(Mn0.05Ce0.95O2−δ IWI) gives a conversion of ∼
81%with∼ 92% selectivity than the same catalyst
prepared by SCS method. These values are quite
lower compared to those of the SCS catalyst.

Figure 5. Solvent effects on cyclohexene
oxidation activities over Mn0.05Ce0.95O2−δ.

Reaction condition: 50 mg catalyst+ 0.865 mL
cyclohexene+ 2.450 mL H2O2 + 70 ◦C + 3 h.

To check the stability and recycling ability of the
SCS catalyst, the used catalyst was separated
from the reaction mixture and dried in air at
110 ◦C, and then oxidation experiments were per-
formed under the typical reaction conditions used
here. The results show that the Mn0.05Ce0.95O2−δ

catalyst maintains its activity after three consec-
utive cycles without any appreciable loss of con-
version and selectivity.
The result of ageing experiments over both SCS
and IWI catalysts show a decreasing trend for the
IWI catalyst, whereas the SCS catalyst more or
less maintains its activity (Figure 6). The loss of
activity of the IWI catalyst during ageing is likely
due to leaching of MnO from the catalyst.
The different catalytic activity of SCS and IWI
catalysts is related to phase composition of the
support oxide. In case of Mn0.05Ce0.95O2−δ made
via combustion route, there is no MnO phase (as
revealed from XRD study) and it shows better cat-
alytic behavior than the corresponding IWI cat-
alyst that contains very finely distributed MnO
over ceria. Thus, Mn2+ in the ceria lattice sites (as
in Mn0.05Ce0.95O2−δ catalyst) is more active than
MnO (as in Mn0.05Ce0.95O2−δ IWI catalyst) to-
wards cyclohexene oxidation. This higher activity
of combustion synthesized catalyst compared to

the impregnated catalyst can then be attributed to
Mn–O–Ce ionic interaction in the MnxCe1−xO2−δ

catalyst. The loss of activity of IWI catalyst dur-
ing ageing is most likely due to leaching of MnO
from the catalyst. The SCS catalyst contains
Mn2+ ion sites in the ceria lattice which is dif-
ficult to be leached out from the catalyst surface
and hence its activity remains unaltered during
ageing in the reaction atmosphere.

Figure 6. Effect of cycling on cyclohexene
oxidation activities of Mn0.05Ce0.95O2−δ catalyst
prepared via (a) solution combustion (SCS), (b)
impregnation (IWI). Reaction condition: 50 mg
catalyst+ 0.865 mL cyclohexene+ 2.450 mL

H2O2 + 10 mL MeCN+ 70 ◦C + 3 h.

Cyclohexene oxidation generally proceeds through
a radical pathway in presence of a peroxide oxi-
dant, in which the homolytic cleavage of the ox-
idant is involved [8,34]. To examine the mecha-
nism involved in the present case, we performed
the oxidation in presence of a radical scavenger
(quinone). The radical scavenger was added to
the reaction mixture after 1 h of reaction and the
progress of reaction was monitored. Cyclohexene
oxidation was found to be totally stopped after ad-
dition of the scavenger. Therefore, we believe that
cyclohexene oxidation over the reported catalysts
in this study proceeds via a radical mechanism
[35]. Hydroxide radical is first produced that sub-
sequently abstracts hydrogen from the reactant to
produce cyclohexenyl free radical. This radical
is then trapped by O2 and/or combine with hy-
droperoxide radical to form cyclohexenyl peroxide
intermediate which eventually leads to the forma-
tion of cyclohexenol and cyclohexenone.
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5. Conclusions
In this study, solution combustion synthesized
single phase Mn0.05Ce0.95O2−δ is shown to be a
highly efficient catalyst for the oxidation of cy-
clohexene in acetonitrile solvent at 70 ◦C than
the other catalysts investigated. The conver-
sion of cyclcohexene achieved over this catalyst
is ∼ 95% and the selectivity of cyclohexenol and
cyclohexenone was almost ∼ 99%. XRD study in-
dicates ionic substitution of manganese in ceria.
The high activity can thus be attributed to active
Mn2+ ion sites and Mn–O–Ce ionic interaction in
the MnxCe1−xO2−δ catalyst. Since Mn is incor-
porated as Mn2+ ion in the structure of ceria, the
possibility of its leaching is diminished. The age-
ing and recycling experiments confirm this since
there was no loss of activity of the SCS catalyst
due to these treatments. On the other hand, the
activity of the IWI catalyst is lower due to pres-
ence of MnO crystallites over the ceria support
where leaching of the active phase is easier as ob-
served in the ageing experiment where a decreas-
ing activity trend is observed.
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a b s t r a c t 

A simple spectrophotometric based method for the detection of both the trivalent and hexa valent forms 

of chromium using 3-amino-2-pyrazine carboxylic acid (APC) is reported. Using APC as a ligand with 

Cr(NO 3 ) 3 .6H 2 O a new mononuclear complex has also been synthesized and systematically characterized 

by elemental analysis and IR studies. Single crystal X-ray diffraction analysis reveals octahedral-type ge- 

ometry with N 3 O 3 coordination environments from the ligand. The optical sensing properties of APC for 

metal ions were enlightened by UV-Vis study. This sensor displays high selectivity and sensitivity towards 

Cr 3 + in methanol. Interestingly the ligand displayed enhancement due to chelation with Cr 3+ and quench- 

ing while interacting with Cr 6 + ions. Complete opposite spectroscopic behavior helps us to identify the 

oxidation state of chromium.The logical response of the molecular AND gate is realized and as the APC 

can efficiently sense Cr 3 + in solitary as well as crowded conditions, presence of M 

+ n ions would not have 

any effect to the logic functioning of the molecular AND gate. 

© 2022 Elsevier B.V. All rights reserved. 

1. Introduction 

Molecular logic gate is one of the research interests in chem- 

istry for efficient use in information technology, a significant devel- 

opment in the molecular sensing investigations to proposed molec- 

ular logic devices, such as logic gates [1–3] , molecular keypad locks 

[4] , information storage devices [5] and so on. These logic instru- 

ments are supposed to transfer the molecular level information to 

the obtained optical signals [6] . The first AND logic gate was devel- 

oped using optical signals by de Silva et al. [7] . Since then, different 

chemical systems have been developed for various logic functions 

such as OR, AND, NOT [8] . Designing of molecular logic devices 

has earned an enormous attention from different research groups 

across the globe [9–11] . Besides just Boolean functioning, molecu- 

lar logic gates have shown their potential applicability in diverse 

fields including ion sensing, [12] neuronal imaging [13] etc. 

On the other hand, the carcinogenicity of chromate dust has 

been documented since the late 19th century. Chromium and 

its high valent oxoanions result from extensive anthropogenic 

uses such as leather tanning, electroplating, catalyst for halogena- 

tions, alkylation, catalytic cracking of hydrocarbons, in steel in- 
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dustry, printing, cement, mortar, wood preservative etc [ 14 , 15 ]. 

Compared to other oxo-species pollutants, hexavalent oxoanions, 

namely chromate (CrO 4 
2 −) and dichromate (Cr 2 O 7 

2 −), are highly 
soluble in water and therefore can contaminate into water eas- 

ily [16] . Water pollution is becoming a major concern to occupa- 

tional and environmental health and needs to be addressed in re- 

cent times. These species may also come into drinking water sup- 

ply systems from the corrosion inhibitors used in water pipelines 

[17] . The World Health Organization recommends a maximum al- 

lowable concentration of 0.05 mg/L of Cr(VI) in drinking water. Be- 

cause of its comparatively smaller size, Cr(VI) is genotoxic, hemo- 

toxic and carcinogenic and its high oxidation potential makes it 

capable to enter through the biological cell membranes easily. On 

the other hand, Cr(III) is less toxic and less mobile and it is an 

essential trace mineral for the biological systems. Nonetheless, it 

can oxidize to carcinogenic Cr(VI) easily by manganese present in 

the soil and Cr(III) will also show the detrimental health effects 

if exposed to it for a long time [18] . Cr(VI) is reduced to Cr(III) 

by various intracellular reducing agents and then Cr(III) binds to 

DNA through guanine N7 and the adjacent phosphate backbone 

[19] . Hence, discriminative detection and segregation of the tar- 

gated trace level toxic ions from drinking water, physiological or 

environmental sources is a subject of great importance as poten- 

tial biomarkers in contemporary environmental research [20] . Al- 
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though there are many conventional instrument-assisted approach 

like AAS, ICP-AES/MS, HPLC, CPEs etc. but there are several im- 

portant disadvantages such as high cost, high time consumption 

and necessity of sophisticated instrumentations [21] . These can 

be avoided by the use of much simpler methods with rapid re- 

sponse time, high sensitivity and operational simplicity such as 

spectrophotometric approach. So, there is a growing demand to 

develop reusable, eco-friendly probes for easy capture of Cr(VI) 

oxoanions from waste materials selectively and accurately. In the 

last few years research activities concerning to the organic moiety 

and MOF [22–24] as luminescent probes have rapidly developed 

but only a few reports have showed estimation of Cr-species with- 

out pre-separation of other individuals by fluorescence quench- 

ing techniques and differentiation between two oxidation states of 

chromium by using one simple organic moiety are still rare in the 

toxicological studies. 

Small molecules are easier to determine as well as manipulate 

their properties like geometry, coordination or donor strength etc. 

than surface-graphed or polymer materials. Thus, small molecules 

are chosen in order to explore underlying efficient sensing phe- 

nomena [25] . Addressing these ideas here we report the use of 3- 

amino-2-pyrazine carboxylic acid (APC) as an efficient spectropho- 

tometric probe that can selectively differentiate between two ox- 

idation states of chromium. APC was chosen asthis has the effec- 

tive binding sites with nitrogen of amine group and oxygen atom 

at ortho position, which enhances the coordination ability toward 

different metal ions along with its ability to promote Intramolecu- 

lar charge transfer (ICT). The selected ligand has interesting bind- 

ing components, may form interesting supramolecular architecture, 

so can acts sensor to the metal ions (Scheme I), causing a change 

that can be detected by the UV-vis spectroscopy. 

As we are interested to find low cost and easy method to sense 

chromium ion selectively, so this probe may fulfill the require- 

ments and offers a rapid sensitivity for the separation of chromium 

ion in presence of the other metal ions. This determination is 

based on the ion-association complex between the organic moiety 

and Cr(III) ions.The binding of the probe with Cr(III) is firmly es- 

tablished by the SCXRD technique and supported by UV-Vis spec- 

troscopy. Here, two-input-single-output AND and PASS 0 gates are 

designed considering the opto-chemical responses generated from 

the ligand (APC) on interaction with different metal ions. Further, 

the different logic responses are exploited for the selective and ef- 

ficient sensing of Cr(III) ions in a smart mannerutilizing the ligand, 

APC. 

2. Materials and methods 

2.1. Materials 

All required chemicals and solvents used for the synthesis were 

of analytical grade and purchased from Sigma-Aldrich. 

2.2. Synthesis of [(C 5 H 4 N 3 O 2 ) 3 Cr] 

10 mL methanolic solution of 3-amino-2-pyrazine carboxylic 

acid (0.13 g) was added to a 15 mL methanolic solution of 

Cr(NO 3 ) 3 ·6H 2 O (0.040 g) with continuous stirring. The resulting 

red colored solution was heated to 120 °C for 6 h in a Teflon flask. 
The flask was cooled at room temperature. After 3 days orange col- 

ored hexagonal crystals suitable for X-ray analysis were collected 

by filtration and washed with methanol. Yield: 70%. Anal. Calcd 

(%) for [C 15 H 12 CrN 9 O 6 ]: C, 38.62; H, 2.59; N, 27.04. Found (%):C, 

38.68; H, 2.61; N,26.97;IR (KBr, cm 

−1 ): ν O-H3338 cm 

–1 ; ν N-H 

3456 cm 

–1 ; ν C-N 1317 cm 

–1 ; UV–vis, λmax (nm, CH 3 OH): 244( π–

π ∗); 341 (n–π ∗). 

Table 1 

Crystal data and refinement parameters of complex [(C 5 H 4 N 3 O 2 ) 3 Cr]. 

Complex 

Empirical formula C 15 H 12 CrN 9 O 6 
Formula weight 466.34 

Temperature/K 294 

Crystal system Monoclinic 

Space group C 2/c 

a/ ̊A 29.937(3) 

b/ ̊A 8.2626(9) 

c/ ̊A 14.4417(15) 

α/ ° 90 

β/ ° 93.196(4) 

γ / ° 90 

Volume/ ̊A 3 3566.8(7) 

Z 8 

ρcalc g/cm 

3 1.737 

μ/mm 

-1 0.702 

F(000) 1896 

Crystal size/mm 

3 0.11 × 0.09 × 0.03 

Radiation MoK α ( λ = 0.71073) 

	 range for data collection/ ° 2.56–25.5 

Index ranges −36 ≤ h ≤ 36, -10 ≤ k ≤ 10, -17 ≤ l ≤ 17 

Reflections collected 35,241 

Independent reflections 3309 

Data/restraints/parameters 3309/0/304 

Goodness-of-fit on F 2 1.059 

Final R indexes [ I > = 2 σ (I)] R 1 = 0.0349 wR 2 = 0.0907 

w = 1/[ \ σ 2 (F o 
2 ) + (0.0331P) 2 + 2.2179P] where P = (F o 

2 + 2F c 
2 )/3. 

2.2. Physical measurements 

FT- IR spectra were collected by using a Perkin-Elmer FT- 

IR spectrophotometer in KBr pellets (40 0 0–40 0cm 

−1 ). Absorption 

spectra were recorded on Perkin-Elmer Lambda-35 spectropho- 

tometer using a 1.0cmquartz cell. 

2.3. X-ray crystallography 

2.3.1. X-ray diffraction data of [(C 5 H 4 N 3 O 2 ) 3 Cr] 

Diffraction data were collected at 294 K on a Bruker D8 

VENTURE CCD diffractometer using graphite monochromated Mo- 

K α radiation ( λ = 0.71,073 Å). APEX3 and SAINT programs of 

the Brucker 2016 package [26] were used for data collection, 

data reduction and cell refinement. The structure was solved by 

SHELXT [27] and refined by full-matrix least squares based on F 2 

with SHELXL-2018/3 [28] . All non-hydrogen atoms were refined 

anisotropically. The amine H atoms were located in a difference 

Fourier map and refined freely. All other H atoms were placed ge- 

ometrically and refined using a riding atom approximation, with 

C − H = 0.93 Å, and with U iso (H) = 1.2 U eq (C). 

Crystallographic data are summarized in Table 1 . Selected bond 

lengths and angles are given in Table 2 . The molecular graphics 

and crystallographic illustrations were produced using the Ortep-3 

[29] and SCHAKAL-99 [30] programs. 

3. Results and discussion 

3.1. Description of the crystal structure for complex [(C 5 H 4 N 3 O 2 ) 3 Cr] 

(1) 

The asymmetric unit of 1 contains a mononuclear complex 

molecule including three 3-amino-2-pyrazinecarboxylato anions 

and one Cr 3 + cation ( Fig. 1 ). Each anion acts as a bidentate lig- 
and coordinating through a carboxylic O atom and a pyrazine N 

atom to give a mer -CrN 3 O 3 octahedral configuration. The coor- 

dination geometry around the metal deviates slightly from ideal 

octahedral as evidenced by the trans -oriented coordination an- 

gles varying from 169.83(9) to 173.14(8) ( Table 2 ). The cis -oriented 
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Fig. 1. The molecular structure of complex 1 with displacement ellipsoids drawn at the 50% probability level. 

Table 2 

Selected (a) Bond lengths ( ̊A) and (b) angles ( °) for [(C 5 H 4 N 3 O 2 ) 3 Cr]. 

Cr1-O1 1.9335(19) O1-Cr1- O3 94.35(8) 

Cr1-O3 1.9378(17) O1-Cr1- O5 91.93(8) 

Cr1-O5 1.9562(17) O3-Cr1- 05 173.14(8) 

Cr1-N1 2.043(2) O1-Cr1- N1 80.73(8) 

Cr1-N4 2.057(2) 03-Cr1- N1 92.74(8) 

Cr1-N7 2.058(2) O5-Cr1- N1 90.97(8) 

O1-Cr1- N4 91.88(8) 

O3-Cr1- N4 80.78(8) 

O5-Cr1- N4 96.29(8) 

N1-Cr1- N4 169.83(9) 

O1-Cr1- N7 171.94(8) 

O3-Cr1- N7 93.35(8) 

O5-Cr1- N7 80.49(8) 

N1-Cr1- N7 96.54(8) 

N4-Cr1- N7 91.69(8) 

angles are in the range 80.49(8) −96.54(8) °. The best equatorial 
plane is provided by the O1/O3/N7/O5 set of atoms (r.m.s. devi- 

ation = 0.0469 Å), with the metal displaced by 0.0059(5) Å toward 

N1. The Cr −O distances (mean value 2.04(16) Å) are not signifi- 

cantly shorter than the Cr −N bond distances (mean value 2.053(5) 

Å). The five-membered chelation rings are almost planar (maxi- 

mum r.m.s. deviation = 0.0468 Å for Cr1/N1/C4/C5/O1). In gen- 

eral, bite distances and angles for five membered chelate rings are 

approximately 2.6 − 2.7 Å and 84 −88 °, respectively [31] . In com- 

plex 1 the O...O bite distances (2.577(3), 2.591(3) and 2.595(3) Å) 

and the O −Cr −N bite angles (80.74(8), 80.50(8) and 80.79(8) °) are 
slightly shorter/narrower because of ligand field strength and dis- 

torted octahedral environment around the metal center. 

The addition on the pyrazine ring of an electron donating 

or electron withdrawing functional group, like -COOR, -NH 2 , - 

CONH 2 etc., provides opportunities for more interactions suitable 

for the development of supramolecular architectures [32] . Due to 

strength and directionality of O–H…O, O–H…N and N–H…O hy- 

drogen bonds, these interactions play a great role in the develop- 

ment of coordination polymers, weak interactions like C–H…O and 

C–H…N hydrogen bonds can also be considered as supramolecu- 

lar synthons. In 1 , one amine H atom of each 3-amino-2-pyrazine 

carboxylato anion is engaged in an intramolecular N–H…O hydro- 

gen bond ( Table 3 ) forming rings of S (6) motif, whereas molecules 

are linked into 1-D zig-zag chain parallel to the b axis ( Fig. 2 ) by 

the N–H…O involving the second amine H atom of only one an- 

ion (O1/O2/N1-N3/C1-C5). The chains are further connected into a 

three-dimensional network by C–H…O hydrogen bonds ( Table 3 ). 

3.2. Infrared spectra and X-ray powder diffraction 

The vibrational spectrum of the complex is consistent with 

the structural data is shown in ESI 1. Peaks between 933 and 

1217 cm 

−1 are assigned to the pyrazine moiety [33] . Symmetric 

and asymmetric N-H stretching frequencies of the amine group ap- 

pear in the 3338–3456 cm 

−1 region . The broad and strong absorp- 

tion band at 3338 cm 

−1 is due to the presence of O-H…X hydro- 

gen bonding interactions. Peaks at 1317–1358 cm 

−1 are attributable 

to C-N stretch of aromatic amine [34] . The appearance of peaks 

at 474 cm 

−1 indicates the presence of Cr-O bond.The X-ray powder 

diffraction patterns of the complex are shown in ESI2. The diffrac- 

tion spectra was recorded in the range of 2 θ = 5–50 °. The sharp 
peaks indicate the crystalline nature of the synthesized powder 

complex. The X-ray diffraction peaks of the bulk powder sample 

of Cr(III) and the stimulated X-ray diffraction peaks are matched 

exactly, by which we compare the purity of the bulk complex to 

the diffraction pattern obtained from single crystal X-ray diffrac- 

tion pattern. 

3.3. UV-Vis absorption study 

The UV–vis absorption is measured with 1 × 10 −5 mol L −1 

methanolic solution of the ligand and the metal complex (at dif- 

ferent concentrations) are presented in Fig. 3 . From the absorption 
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Fig. 2. Partial crystal packing of 1 showing the formation of a zig-zag molecular chain parallel to the b axis by N–H…O hydrogen bonds. Intra- and intermolecular hydrogen 

bonds are shown as dashed lines. 

Fig. 3. Absorption spectral change of APC (1 × 10 −5 mol L −1 ) upon addition of Cr(III) in methanol. The arrows showed the increase of Cr(III)ion concentration. The concen- 

tration of Cr(III) ion was 0.0, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0, 40.0 μM respectively. (Inset of Fig. 3 : Calibration curve at 250 nm). 
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Table 3 

Hydrogen bonds ( ̊A and °) for [(C 5 H 4 N 3 O 2 ) 3 Cr]. 

D-H ···A D-H/( ̊A) H ···A/( ̊A) D ···A/( ̊A) < D-H ···A/( °) Symmetry 

N3-H1N…O2 0.89(3) 2.10(3) 2.776(4) 131(3) x, y, z 

N3-H2N…O5 0.80(4) 2.48(4) 3.187(3) 148(3) - x + 1/2, y + 1/2, - z + 1/2 

N6-H4N…O4 0.87(4) 2.07(4) 2.737(6) 133(4) x, y, z 

N9-H6N…O6 0.84(4) 2.08(4) 2.768(3) 139(4) x, y, z 

C1-H1…O2 0.93 2.33 3.145(4) 147 -x, 2-y, −1/2 + z 

C2-H2…O6 0.93 2.54 3.338(4) 144 x, 1 + y , z 

C11- H11…O4 0.93 2.36 3.060(3) 132 -x, 2-y, -z 

Scheme 1. Schematic illustration of the sensing mechanism. 

maxima profile of the ligand, the higher energy band at 250 nm 

attributed to π- π ∗ transitions and lower energy band at 310 to 

380 nm could be assigned to n- π ∗ transitions. The absorption 

wavelength of ligand APC (350 nm) was slightly red shifted upon 

addition of gradual addition of 5 μM Cr 3+ ions. The change in ab- 

sorption spectra of ligand is due to the coordination of Cr metal 

ions by the ligand’s N and O binding sites, leads to the formation 

of new complex ( Scheme 1 ). This bathochromic shift observed after 

addition of Cr 3 + metal ion. Thus, the formation of a new complex 

leads to the relative stabilization of ground state energy alteration 

which correlates the bathochromic shift. 

The increased in absorption intensity may be attributed to the 

formation of five membered chelate ring through one nitrogen and 

one oxygen atoms from 3-amino 2-pyrazine carboxylate moiety 

which enlarges the conjugated systems and reduces the energy dif- 

ference between n and π ∗ orbital. Upon increasing the Cr 3 + ion 
concentration, the band at 250 nm displays a concomitant increase 

in optical density. The plot of the absorbance ( Fig. 3 ) at 250 nm 

generates a calibration curve [(inset of Fig. 3 )] keeping the sen- 

sor concentration fixed and allows one to detect and estimate the 

concentration of Cr 3 + ions present. Detection limit has calculated 

and the value of LOD is 0.77 × 10 −6 M, by using the formula 

of detection limit 3 σ /k: Where σ is the standard deviation, k is 

the slope between the absorption intensity versus Cr 3 + concen- 
tration [35] . This chemosensory response compares favourably to 

most of the known Cr 3 + sensors. Comparative literature studies 

of chemosensors with present reported Cr 3 + complexis given in 

Table S1 [ 21c , 36–40 ]. From this comparison it can be inferred that 

our probe makes the current work more attractive and could be 

the simplest methodas it involves a facile one step reaction with 

readily available chemical. 

3.4. Sensing capability in presence of interfering cations 

The sensing mechanism is proposed to proceed through the 

metal–ligand interaction principle. Here coordination of Cr 3 + ions 
with the electron rich nitrogen atom of amine moiety and oxygen 

atom of carboxylic acid moiety leads to the formation of five mem- 

bered chelate ring formations. To examine the potentiality of this 

probe in presence of interfering cations we have added 10 μM 

Cr (III) in the mixture of other competitive cations such as Al 3 + , 
Mn 2 + , Cu 2 + , Ni 2 + , Fe 3 + , Cd 2 + and Zn 2 + ions. Concentration of the 
probe was 1 × 10 −5 M in methanol. From Fig. 4 ( inset ) it is ob- 

served that UV-Vis spectral response of the ligand is quite efficient 

to demonstrate its efficiency to distinguish trivalent chromium in 

the mixture of interfering cations. 

Further to investigate sensor selectivity, we took different met- 

als ions (like Al 3 + ,Mn 2 + , Cu 2 + ,Ni 2 + , Fe 3 + , Cd 2 + ,Zn 2 + ) having con- 
centration 10 μM each in methanol towards the probe concentra- 

tion 1 × 10 −5 mol L −1 . From the responses shown in ESI 3, it 

is observed that the intensity of the probe slightly increases upon 

addition Al 3 + ,Fe 3 + , Cu 2 + , Mn 2 + , Cd 2 + ,Ni 2 + , Zn 2 + .But the receptor is 
highly selective towards Cr 3 + ions. Selectivity of the probe towards 

Cr 3 + only, may be due to the preferential metal bonding over the 

other metal ionsand the generation of three dimensional zig-zag 

molecular chain parallel to the b axis by N–H…O hydrogen bonds 

(both inter and intramolecular). Probe performance towards Cr 3 + 

in presence of common anions like F −, Cl −, NO 3 
−given in ESI 4 

and the results for oxoanions (like SO 4 
2-, CrO 4 

2 −, Cr 2 O 7 
2 −) are pre- 

sented in ESI 6. The figures suggest that the probe can only effec- 

tively act as a sensor for Cr 3 + metal ion in presence of different an- 

ions and oxo anions.From literature it is observed that compounds 

containing amine, thiol, hydroxyl, carboxyl groups have high affin- 

ity and coordination capability to the metal ions [41] . 

To study the practical applicability, the effects of pH on the 

probe to Cr 3 + ions are also investigated. The experimental results 

(ESI 5) clearly demonstrate that the chemosensor is suitable for de- 

termining Cr 3+ inneutral pH range (6.0–8.0), which is favorable for 

its application in some environmental and physiological conditions. 

The spectra of only ligand has been checked and provided in inset 

of ESI 5. The effect of neutral pH on only ligand and in presence of 

Cr 3+ has also checked and given in ESI 5. Although use of methanol 

is restricted in some cases, the comparison of the probe with some 

other Cr 3 + sensitive probes (Table S2) [ 35 , 42–45 ] clearly shows the 

superiority of this method. 
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Fig. 4. Sensing capability of probe (1 × 10 −5 mol L −1 ) in the mixture of interfering cations (10 μM each) [Inset of Fig. 4. zoom view at 350 nm]. 

Fig. 5. Differentiation between Cr(III) and Cr(VI)with the ligand(1 × 10 −5 mol 

L −1 )in absorption spectrum. 

3.5. Interesting opposite spectroscopic behavior 

The analysis of the UV-Vis spectra also revealed an interesting 

feature in presence of different oxidation states of Cr in the same 

solvent. From Fig. 5 it is clear that the ligand shows increase in in- 

tensity for Cr(III) whereas decrease in intensity for Cr(VI) ion with 

respect to the probe. This type of different spectroscopic behavior 

for Cr(III) and Cr(VI) is due to the level of different interactions. 

The extent hyperchromic effect may be due to external electro- 

static contacts of the formed complexes. This result clearly implies 

that the binding of probe with the electron rich nitrogen atom of 

amine moiety and oxygen atom of carboxylic acid moiety leads to 

the formation of supramolecular architecture, which enhanced the 

absorbance intensity for Cr(III) ions . Fate of the probe when both 

the Cr(III) and Cr(VI) present in a solution is given in ESI 7, in- 

dicates the presence of both but detecting specifically Cr(III) ion, 

based on the λmax . 

3.6. Designing of molecular logic gates andsmart sensing of Cr + 3 

The spectroscopic responses that generated from the ligand 

(APC) on interaction with Cr + 3 and other metal ions (M 

+ n = Al 3 + , 
Fe + 3 , Ni + 2 , Mn + 2 , Cu + 2 , Zn + 2 , Cd + 2 ) are further exploited to de- 
sign molecular logic gates. For this purpose, the ligand (APC), Cr + 3 , 
and M 

+ n ions are treated as the “chemical inputs”, the absorption 

intensity at 350 nm (I 350 ) is considered as the “optical output” and 

pure MeOH is considered as the initial state. A fixed threshold was 

considered to the 350 nm emission channel to covert the analog 

spectroscopic data into binary digits. The excitation intensity be- 

low and above the threshold is counted as the ‘LOW’ and ‘HIGH’ 

responses, respectively, and designated as binary digits ‘0 ′ and ‘1 ′ , 
respectively. Now, considering APC and Cr + 3 as the two chemical 

inputs, MeOH as initial state, and I 350 as the single optical output, 

the two-input-single-output AND logic gate is designed [7] .The co- 

presence of APC and Cr + 3 , for the input situation (1,1), is the only 
case where ‘HIGH’ (1) output response is found at I 350 . The other 

three input combinations, i.e. (0,0), (1,0), and (0,1), generate ‘LOW’ 

(0) output response. Thus, the logical response of the molecular 

AND gate is realized ( Fig. 6 a1, a2, a3). Notably, as APC can effi- 

ciently sense Cr + 3 in solitary as well as crowded conditions, the 

presence of M 

+ n ions would not have any effect to the logic func- 

tioning of the molecular AND gate. Interestingly, the same molec- 

ular AND gate can be modulated to perform the logic action of 

two-input-single-output PASS 0 gate through simple alteration of 

the ‘chemical input’ Cr + 3 to M 

+ n , considering all the other chem- 

ical and optical parameters intact. Thus, considering APC and M 

+ n 

as the two chemical inputs, MeOH as preliminary state and I 350 as 

optical output, the PASS 0 gate is realized ( Fig. 6 b1,b2) [46] .The ab- 

sorption intensity at 350 nm for all the four input situations, (0,0), 

(1,0), (0,1), and (1,1), are found to be well below to the applied 

threshold, ultimately generating ‘LOW’ (0) output response. Thus, 

in absence of Cr + 3 , we would observe the PASS 0 logic response. 

Hence, we would expect the logic responses of the AND or PASS 0 

gates based on the presence or absence of Cr + 3 , respectively. Ulti- 
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Fig. 6. (a1) Truth table, (a2) bar diagram and (a3) logic gate representation of molecular AND gate; (b1) Truth table and (b2) bar diagram of molecular PASS 0 gate . 

mately, all these observations could be taken into account for the 

smart-sensing of Cr + 3 via differential logic actions by utilizing the 
ligand, APC. 

4. Conclusion 

Chemosensing property of 3-amino-2-pyrazine carboxylic acid 

(APC) is explored by using UV-Vis spectroscopy, and employed as a 

selective optical chemo sensor for chromium (III) ions. The binding 

of the probe with Cr(III)is firmly established by the SCXRD tech- 

nique that was isolated from APC under solvo-thermal conditions. 

Structural analysis revealed that the mononuclear Cr(III) complex 

forms 3-D network by C–H…O hydrogen bonds. Selective sensor 

property was observed for Cr(III) in presence of interfering ions. 

The experiments were repeated for three times keeping the con- 

centration same. Another interesting property is that it exhibits op- 

posite spectroscopic behavior for two different oxidation states of 

Cr. Thus the ligand can differentiate Cr(III) and Cr(VI) with the help 

of a simple spectrophotometric technique. The developed method 

is very simple, offers high sensitivity and has the advantage of low 

cost and does not need any extra fluorophores for the sensitive 

detection of both the forms of chromium. The spectroscopic re- 

sponses generated from the ligand (APC)on interaction with Cr + 3 

and other metal ions (M 

+ n = Al 3 + , Fe + 3 , Ni + 2 , Mn + 2 , Cu + 2 , Zn + 2 , 
Cd + 2 ) are used to design molecular logic gates. 
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Abtract: Unsustainability is two dimensional: it encompasses both ecological unsustainability and
social unsustainability. Some authors have added one more dimension of unsustainability such as
economic unsustainability. But this is incorrect, because economic dimension is included in the social
dimension. Unsustainability is a matter of degree, and social unsustainability indicates the quality of
the societies. The theoretical and practical concept of social unsustainability has been ignored. Social
unsustainability is being aggravated due to the exponential growth of the informal sector in the
developing countries. But, first of all, we should know what social unsustainability is and how it is
manifested in urban slum societies.

Key Words: Society, Ecology, Nature, Culture, Sustainability, Unsustainability, Stability, Instability

Unsustainability entails ecologically unsustainable social instability, which, in other words,
implies the coexistence of persistent social instability and emerging ecological instability
ceteris paribus. Since every word has its opposite polarity, so sustainability means ecologically
sustainable social stability, which, in other words, implies the coexistence of social stability
and ecological stability ceteris paribus.

Social means what is not natural. It has become both adjective and noun. Further, it is being
used in normative (e.g. what we ought to do) and positive sense (e.g. what we do). It
consists of various “sub-socials” such as political, economic, psychological, religious, cultural,
ethical, spiritual, moral, familial, sexual, gender, scientific, technological, legal, demographic,
democratic, marital, etc.

Ecological instability is indicated by depreciation, depletion, degradation, and/or destruction of
ecological/natural resources, assets or capital. Social instability consists of various sub-social
instabilities such as political instability, economic instability, psychological instability, religious
instability, cultural instability, ethical instability, spiritual instability, moral instability, familial
instability, sexual instability, gender instability, scientific instability, technological instability,
legal instability, demographic instability, democratic instability, marital instability, etc. Social
instability is indicated by poverty, unemployment, starvation, malnutrition, inequality (of
income, wealth and rights), illiteracy, insecurity, lack of basic needs (food, housing and
clothing), injustice, inequity, corruption, killing, lynching, assassination, torture, oppression,
subjugation, violence (against women), rape, molestation, tyranny, child-labour, prostitution,
trafficking, kidnapping, suicide, witch-hunting, conflict, crime, militarization, war,
fundamentalism (religious, cultural, etc) and so forth.

Many authors have written about social sustainability. Alphabetically, the examples of such
authors are as follows: Agyeman and Evans (2004); Casula Vifell and Soneryd (2012); Cuthill
(2009); Davidson (2009); Dempsey, Bramley, Power and Brown (2011); Dillard, Dujon and
King, (2009); Fotzpatrick (2011); Larsen (2009); Lehtonen (2004); Littig and Griessler
(2005); Magis and Shinn (2009); Nordstrom Kallstrom and Ljung (2005); Omann and
Spangenberg (2002); Pawlowski (2007); Seghezzo (2009); Thin, Lockhart and Yaron (2002);
Turkington and Sangster (2006). Further, the Special Issue of the journal: Sustainability:
Science, Practice & Policy (Volume 8, Issue 12, Winter 2012) is devoted to the discussion of
“A Missing Pillar? Challenges in Theorizing and Practicing Social Sustainability”, in which there
are ten articles.

But, there is hardly any author who has written about social unsustainability. Perhaps, he/she
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has not seen or observed with his/her own eyes how social unsustainability is. Fortunately, I
have discovered an article on social unsustainability by Sultan Qaboos University Professor,
Arif Saeed Malik (2018).

If any author wants to know about social unsustainability, he/she should see with his/her own
“eyes and heart” the life and living condition of urban slum societies in developing countries.
In some developing countries, as much as 90% of the urban population live in slum society.
One in three urban residents lives in slum society in developing countries. One in seven
people on the planet currently lives in slum society. The slum population of India exceeds the
total population of UK. World’s largest slum societies, for example, are Khayelitsha in Cape
Town (South Africa), Kibera in Nairobi (Kenya), Dharavi in Mumbai (India), Orangi Town in
Karachi (Pakistan). The intensity of social unsustainability of the slum society is
unprecedented due to lack of basic needs of their day to day life. They are socially deprived
and the poorest of the poor section of urban society.

Social unsustainability can be reduced or ruled out by the following ways:

1. Provision of basic needs (food, housing, clothing, etc).
2. Equitable distribution of income and wealth.
3. Arrangement for intra-generational and inter-generational justice among gender, race,
class, etc.
4. Equality of rights, including human rights, land users’ rights, tenants’ rights, indigenous
people’s rights, etc.
5. Establishment or promotion of democracy.
6. Establishment of peace.
7. Eradication of poverty.
8. Provision of people’s meaningful participation in all aspects of state governance.
9. Elimination of corruption in politics at all levels.
10. Implementation of effective measures for addressing the impact of climate change and
reducing greenhouse gas emissions.
11. Arrangement for adequate investment in research and development in order to promote
sustainable development based on the needs and priorities.
12. Engagement of local people in planning, implementation and monitoring for the
management of natural resources.
13. Investment in alternative energy sources.
14. Development of civil society and social capital.
15. Promotion of quality of life, happiness and well-being.

Social unsustainability and ecological unsustainability are not independent, rather, they are
interdependent. If we know the way of reducing or ruling out the unprecedented
unsustainability of the slum society, then we will be able to reduce or rule out the global social
unsustainability.

The terms like welfare, wellbeing, development, prosperity, happiness, quality of life,
standard of living, etc. are pointless to the slum society, because the people of slum society
do not even know what the standard of life is. The deplorable and pathetic condition of the
slum society is the best example of global social unsustainability.
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"A mind at peace does not engender wars."
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Inverse exchange bias effects and magnetoelectric coupling of the half-doped perovskite-type
chromites Gd0.5Sr0.5CrO3 and Gd0.5Ca0.5CrO3
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The Cr4+ oxidation state with two electrons in the Cr 3d shell is not often observed in perovskite-type
oxides, as high pressures and temperatures are generally required to stabilize the octahedral coordination.
Herein, we present a comparative study of the half-doped perovskite-type chromites Gd0.5Sr0.5CrO3 (GSCO) and
Gd0.5Ca0.5CrO3 (GCCO). Fifty percent of the Cr occurs in the Cr4+ oxidation state after high-pressure synthesis
at 6 GPa and 1200 °C. The materials were investigated using synchrotron x-ray diffraction, magnetization,
heat capacity, and dielectric measurements. The diffraction patterns show that GSCO and GCCO crystallize
in orthorhombic (Pnma) structures with different degrees of local lattice distortion. GSCO exhibits a long-
range magnetic order at temperatures of< 98 K, accompanied by magnetization reversal, suggesting that the
magnetic ground state is ferrimagnetic. In contrast, GCCO displays antiferromagnetic characters at temperatures
<∼ 100 K. In addition, GSCO exhibits a crossover between conventional and inverse exchange bias effects at
low temperatures (< 50 K). This is likely caused by asymmetric exchange Dzyaloshinskii-Moriya interactions
between the Cr ions of different valences (+3 and+4). Furthermore, significant magnetoelectric coupling at the
onset of the magnetic order is supported by temperature-dependent dielectric measurements.

DOI: 10.1103/PhysRevB.106.104425

I. INTRODUCTION

Perovskite-type orthochromiteRCrO3, whereR is a rare-
earth element, receives considerable attention owing to its
potential applications and unique physical properties, such as
negative magnetization, temperature- and field-induced fast
spin switching, spin reorientation, field-induced switchable
polarization, magnetoelectric effects, spin-driven ferroelec-
tricity, magnetoelastic coupling, and exchange bias (EB) and
giant magnetocaloric effects [1–14]. Most orthochromites
crystallize in perovskite-type orthorhombic structures (space
groups of Pnma or Pbnm) and exhibit canted antifer-
romagnetic (AFM) orders. An antisymmetric exchange
Dzyaloshinskii-Moriya (DM) interaction causes a weak ferro-
magnetic (FM) component between the Cr3+ spins to manifest
at temperatures below the AFM transition (Néel) temper-
ature (TN) [15,16]. Superexchange interactions through the
Cr3+–O–Cr3+ bond likely cause the AFM order, and complex,
anisotropic interactions betweenR3+ and Cr3+ may cause
unusual physical phenomena, e.g., the polar order ofRCrO3

may be primarily caused byR–Cr exchange striction (i.e.,
an exchange field between theR ion and Cr sublattice) [6].

* b.dalal.iitd@gmail.com
†YAMAURA.kazunari@nims.go.jp

Furthermore, the onset temperatures of spin-driven ferroelec-
tricity and long-range AFM order of allRCrO3 remain within
the range 110–290 K, regardless of the ionic radius ofR3+
[7,12].

GdCrO3 undergoes a canted AFM transition at aTN of 167
K, with negative magnetization, spin reorientation, and field-
induced polar order. These complex features are likely caused
by interactions between two magnetic elements, Gd3+ (4 f 7)
and Cr3+ (3d3) [2,5,6]. In addition, spontaneous spin reori-
entation of the ordered Cr sublattice occurs at 7 K [2,5]. The
DM interactions and strong AFM coupling between Gd mo-
ments and Cr sublattices may lead to negative magnetization
at a specific compensation temperature (Tcomp). Recently, an
unusual EB effect and fast spin switching were observed in
single-crystal GdCrO3 [17], which exhibited a giant magne-
tocaloric effect and temperature-induced magnetization jump
[18,19]. Owing to these multiple anomalies, additional studies
of GdCrO3 are required to clarify its fundamental nature.

Half-doped perovskite-type transition metal oxides, such
as manganite and cobaltite, were extensively investigated over
recent decades owing to their strong intercorrelations among
various characteristics—spin, charge, orbital, and lattice
[20–24]. Studies of half-doped manganite (La0.5Ca0.5MnO3)
were conducted by Wollan and Koehler [25] and Goodenough
[26]. The charge-exchanged AFM ground state was associ-
ated with the spatial order of the Mn3+/Mn4+ ions localized

2469-9950/2022/106(10)/104425(16) 104425-1 ©2022 American Physical Society
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in alternate planes. The most notable discovery to date is
the colossal magnetoresistance of mixed-valence manganite
Pr0.5Sr0.5MnO3 [27], with significant competition between the
FM metal and AFM insulator states [28]. Notably, however,
there are contradictory reports regarding the origin of the
colossal magnetoresistance [29–33].

In addition, half-doped manganites exhibit various phe-
nomena, including double-exchange ferromagnetism, metal-
insulator transitions, Griffiths phases, charge-order-driven
ferroelectricity, strong magnetoelectric coupling, magnetodi-
electric and EB effects, and magnetoelectric phase separation
[34–44]. Conversely, half-doped cobaltites exhibit unconven-
tional phase transitions and unexpected properties, such as
spin-state transitions, spin reorientations, valence-state and
photoinduced metal-insulator transitions, and charge transfer
[45–52].

The syntheses of half-doped manganites and cobaltites
with perovskite structures and Mn4+ and Co4+ in octahedral
coordination yield compounds with unprecedented physical
properties. However, the synthesis of half-doped chromite
receives less attention, likely because high pressures and
temperatures are required to stabilize Cr4+ in octahedral
coordination within the perovskite-type structure. We thus
investigated Gd0.5A0.5CrO3, where A = Sr or Ca, using a
high-pressure and high-temperature method, as half-doped
alkaline-earth metal ions could cause distinct electrical trans-
port and magnetic phenomena, such as, semiconducting and
ferrimagnetic (FiM) ground state, magnetic frustration as-
sociated with competing AFM and FiM/FM interactions,
magnetostriction, inverse EB effect, and magnetoelectric cou-
pling accompanying with the ferroelectric relaxorlike state.

In this paper, we reveal the magnetic and electric prop-
erties of two half-doped chromites, Gd0.5Sr0.5CrO3 (GSCO)
and Gd0.5Ca0.5CrO3 (GCCO), which were synthesized at
6 GPa and 1200 °C. GSCO exhibited a FiM ground state,
whereas GCCO exhibited an AFM ground state. In addition,
GSCO exhibited magnetization reversal, non-Griffith-like
clustered FM features at temperatures of> TFiM (FiM tran-
sition temperature), and inverse EB effects. Furthermore,
temperature-dependent permittivity studies revealed magne-
toelectric coupling in GSCO and GCCO.

II. EXPERIMENTAL DETAILS

Polycrystalline GSCO and GCCO were synthesized via a
solid-state reaction using powders of Gd2O3, SrO (prepared
using SrCO3 by heating at 1300 °C in oxygen), CaO (pre-
pared using CaCO3 by heating at 1300 °C in oxygen), Cr2O3,
and CrO2. The powders were thoroughly mixed in an agate
mortar in a stoichiometric ratio in an Ar-filled glovebox. Each
mixture was sealed in a Pt capsule and loaded into a multi-
anvil press (CTF-MA1500P, C&T Factory, Tokyo, Japan), and
the capsule was compressed statically and isotropically at a
pressure of 6 GPa at 1200 °C for 1 h (temperature ramping
required 12 min). After heating, the capsule was quenched to
a temperature of< 100 ◦C within 1 min, and the pressure was
gradually released over several hours. The resulting material
was a dense, polycrystalline, black pellet. A sample was finely
ground for use in phase identification using a MiniFlex600

x-ray diffractometer (Rigaku, Tokyo, Japan) with Cu Kα

radiation.
Finely ground powders were used in synchrotron x-ray

diffraction (XRD) at temperatures between 120 and 750 K
using a large Debye-Scherrer camera at the BL15XU beam-
line at SPring-8, Sayo, Japan [53,54]. The wavelength of the
synchrotron XRD was 0.65297 Å, calibrated using a standard
material CeO2. Synchrotron XRD data were analyzed via the
Rietveld method [55] using RIETAN-FP [56] and MAUD soft-
ware [57]. Crystal structure was drawn usingVESTA software
[58].

The direct current (dc) magnetic susceptibilities (χ ) of the
materials were measured using a superconducting quantum
interference device magnetometer (MPMS, Quantum Design,
San Diego, CA, USA). To correct for the stray magnetic field
of the superconducting magnet, the magnet was degaussed be-
fore each measurement. Measurements were conducted in the
temperature range 2–350 K at various applied magnetic fields
(H) under zero-field-cooled (ZFC) and field-cooled (FC) con-
ditions. Isothermal magnetization loops were collected at
various temperatures in the magnetic field range±70 kOe.
The alternating current (ac)χ of GSCO was measured at
5–350 K using the same instrument. The reproducibility of
GSCO and GCCO magnetic data was verified using a set of
materials prepared in different high-pressure runs.

The electrical resistivity (ρ) of a polycrystalline ma-
terial was measured as a function of temperature via a
4-probe method using a physical property measurement sys-
tem (PPMS, Quantum Design). The electrical contacts on
the bar-shaped material comprised Au wires and Ag epoxy.
The temperature-dependent specific heat capacity (Ctotal) was
measured using a thermal relaxation method under a zero field
or an applied field of 90 kOe in the PPMS at temperatures of
2–300 K. We used an Apiezon-N grease to thermally connect
the material to the holder stage.

The dielectric properties were measured at temperatures
of 5–300 K using an Alpha-A high-performance frequency
analyzer (Novocontrol Technologies, Montabaur, Germany)
in the frequency range 100 Hz–2 MHz atH = 0 or 90 kOe
in the PPMS. During the measurement of GSCO, an extrinsic
contribution to the dielectric constant was observed between
220 and 270 K, which was likely due to ice. However, the
extrinsic contribution was no longer observed under a much
higher vacuum [59]. The deviation between the material and
system temperatures under a high vacuum became significant
at < 50 K. Therefore, we combined the data measured under
normal and high-vacuum conditions to confirm the dielectric
behavior of the material.

III. RESULTS AND DISCUSSION

A. Crystal structure

The crystal structures of GSCO and GCCO at room tem-
perature (∼ 297 K) were investigated via synchrotron XRD
and data analysis using the Rietveld method, as shown in
Figs. 1(a) and 1(b), respectively. Based on the structure of
RCrO3 at room temperature, we initially refined the crystal
structure of GSCO using a distorted orthorhombic model
(Pbnm or its axial transformed standard settingPnma, No.
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FIG. 1. Rietveld refinement of the synchrotron x-ray diffraction
(XRD) patterns of (a) GSCO and (b) GCCO collected at room
temperature. The crosses and solid red lines represent the observed
and calculated patterns, respectively, with the differences (solid blue
lines) shown at the bottom. The vertical ticks indicate the positions
of the allowed Bragg reflections. The upper (olive) and bottom
(magenta) rows indicate the reflections of the main and secondary
phases, respectively. The lattice parameters area = 5.41289(2) Å,
b = 7.63652(2) Å, andc = 5.39966(2) Å for GSCO (Pnma), and
a = 5.42543(1) Å, b = 7.54252(1) Å, andc = 5.31059(1) Å for
GCCO (Pnma). The secondary phase is Cr2O3 (1.7 wt. %) for GSCO
and CaCr2O4 (2.5 wt. %) for GCCO. The unit cell of each material
is shown as an inset. Green, yellow, blue, and red balls denote Gd/Sr,
Gd/Ca, O, and Cr, respectively.

62) and a cubicPm−3m model (No. 221). Additionally, we
tested a monoclinicP21/c model (No. 14) becauseP21/c
is in a lower-symmetry subgroup ofPnma and is often ob-
served in double-perovskite materials. As shown in Fig.1(a),
the analysis is successful, indicating that thePnma model
better describes the crystal structure of GSCO. The refined
lattice parameters area = 5.41289(2) Å,b = 7.63652(2) Å,
andc = 5.39966(2) Å. The atomic coordinates and isotropic
thermal displacement parameters are shown in Table S1 in the
Supplemental Material [60]. The inset of Fig.1(a) shows a
structural image of GSCO.

Considering the observed refined tendencies, when we
refined the occupation factors for oxygen, the values were
slightly > 1; the oxygen site is likely occupied fully. Thus,
it was reasonable to fix the value to be 1 in the final step.
Although the observed pattern was refined to a certain ex-
tent using theP21/c model, the analysis was unsatisfactory.
Detailed inspection, particularly temperature dependence, the
standard errors forβ angle, and volume increased signifi-
cantly with temperature. This indicated that GSCO did not
crystallize in a monoclinic double-perovskite-based structure
with a rock salt-type order.

Meanwhile, GCCO is analyzed well using the orthorhom-
bic Pnma model, which is common in mostRCrO3 materials.
Notably, refining the pattern of GCCO using the monoclinic
model (P21/c) failed. Because the end members GdCrO3 [6]
and CaCrO3 [61] crystallize in the orthorhombic structure
(Pbnm), GCCO may be regarded as a solid solution. In ad-
dition, several small peaks in the synchrotron XRD pattern
indicate the presence of 2.5 wt. % orthorhombic CaCr2O4

[62]. Rietveld analysis refines the lattice parameters of GCCO
and the overall scale factor simultaneously, but the structural
parameters of the minor phase remain constant. The final
analyzed synchrotron XRD pattern of GCCO is shown in
Fig. 1(b), and detailed crystallographic data is shown in Table
S2 in the Supplemental Material [60]. The refined lattice pa-
rameters area = 5.42543(1) Å,b = 7.54252(1) Å, andc =
5.31059(1) Å. For comparison, the inset of Fig.1(b) shows
a structural image of GCCO. The overall structure is similar
for GSCO and GCCO at this image scale, but the structure
has different degrees of local lattice distortion. For example,
the Cr–O lengths of the CrO6 octahedron differ by 0.25% in
GSCO and 1.7% in GCCO.

Furthermore, synchrotron XRD patterns were collected at
various temperatures from 120 to 750 K to investigate the
temperature dependences of the structural properties of GSCO
and GCCO. However, neither a change in symmetry nor any
additional features were observed. The changes in the lattice
parameters of GSCO and GCCO with temperature are shown
in Figs. S1(a)–(b) and S1(c)–(d) in the Supplemental Mate-
rial [60], respectively. All GSCO lattice parameters increase
with increasing temperature, exhibiting the expected thermal
behavior. The lattice parametersa and c almost converge
at ∼ 750 K (Fig. S1(a) in the Supplemental Material [60]),
indicating that GSCO may approach a structural transition or
thermal decomposition. In contrast, the GCCO lattice param-
eter a decreases with increasing temperature (Fig. S1(c) in
the Supplemental Material [60]), although the cause remains
unknown. This issue should be investigated in future research.

B. Magnetization

The temperature-dependent dc-χ of GSCO under an ap-
plied field of 0.1 kOe, as shown in Fig.2(a), displays a clear
anomaly in the FC curve at∼ 98 K [first derivative spectrum
in the inset of Fig.2(a)], revealing the onset of magnetic order.
Below this temperature, the FC curve exhibits a small hump
that intersects the zero line atTcomp = 48 K. With further
cooling, χ decreases until the technical limit (2 K), which
is commonly known as magnetization reversal. Conversely,
the ZFC curve shows a very weak response at 98 K. Notably,
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FIG. 2. (a) Zero-field-cooled (ZFC)- and field-cooled (FC)-χ (T ) curves of GSCO measured in a magnetic field ofH = 0.1 kOe. The
inset shows the derivative curve of the FC curve. (b) FC-χ (T ) curves of GSCO measured atH = 0.1 and−0.1 kOe. (c)–(e) ZFC- and
FC-χ (T ) curves measured atH = 0.5, 1, or 5 kOe, respectively. The inset of (c) displays an enlarged view of the ZFC- and FC-χ (T ) curves at
H = 0.5 kOe. (f) Inverseχ (1/χ ) as a function of temperature and applied field. (g) In-phase (χ ′) and (h) out-of-phase (χ ′′) parts of ac-χ (T )
of GSCO measured in an ac magnetic field of 5 Oe at various frequencies.
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the FC and post-FC (when heated) curves follow the same
trend, unlike those observed for GdCrO3. Furthermore, GSCO
exhibits no features related to the spin reorientation that oc-
curs in GdCrO3 [2,5].

As suggested by the GSCO structural analysis, Cr ions with
different valences are likely connected by AFM exchange
interactions and may induce long-range magnetic order at 98
K. Early studies report a similar magnetic behavior, i.e., by the
canted FiM order of the double perovskite La2Ni1.19Os0.81O6

[63]. Thus, the developed magnetic order of GSCO is likely a
canted FiM order, with a transition temperatureTFiM = 98 K.
Moreover, the negative internal field on the Gd3+ moments
produced by the weak FM component of canted Cr3+/Cr4+

moments are responsible for the observed compensated mag-
netization and the magnetization reversal phenomenon below
Tcomp. The net moment from the two canted Cr3+/Cr4+ mo-
ments and the Gd3+ moments have antiparallel coupling, thus
exhibiting FiM ground state in GSCO. Nevertheless, in some
ordered double perovskites (R2BB′O6, monoclinic structure
with space groupP21/n), the neutron powder diffraction
studies confirmed that the FiM ground state is only identi-
fied by the coupling between rare-earth moments and FM
component of B/B′ sublattices and not from the ordered
B/B′ sublattice magnetization [64–66]. More importantly,
the compensated magnetization and/or magnetization rever-
sal phenomenon gives an exceptional indication about the
FiM ground state in these kinds of materials, as well as
in GSCO.

Under the ZFC condition, when a magnetic field is applied
at the lowest temperature, the easy axes of the randomly
oriented Gd moments are aligned along the magnetic field
direction, and GSCO displays a positiveχ . When heated
from 2 K, the Gd moments are thermally disturbed andχ

decreases. As the magnetizations of the sublattices (Gd and
Cr) are unequal, there is no compensation phenomenon.

The FC-χ curve atH = −0.1 kOe was also recorded to
analyze whether the stray magnetic field plays a role in the
observed magnetization reversal. The FC-χ curves measured
at H = 0.1 and −0.1 kOe are plotted in Fig.2(b). While
measuring the FC-χ curve in the negative field,χ remains
negative at> Tcomp and becomes positive at< Tcomp, resem-
bling the inverse behavior of that under the positive field.
Because the curves exhibit mirror symmetry in terms of sign
reversal, the stray magnetic field exerts little effect on the
magnetization reversal.

Figures2(c)–2(e) show the ZFC- and FC-χ curves mea-
sured in different fields (H = 0.5, 1, or 5 kOe). The
magnetization reversal observed atH = 0.1 kOe gradually
disappears asH increases, and atH � 1 kOe, the magne-
tization reversal is challenging to observe. Notably,Tcomp

decreases with increasingH (Tcomp = 11 K atH = 0.5 kOe),
indicating the presence of a weaker negative internal field on
the Gd moments (produced by weak FM components of the
canted Cr moments in opposition toH).

The inverse susceptibility plots (1/χ vs T ) shown in
Fig. 2(f) reveal two main features: (i) a sharp decrease in
1/χ at the onset temperature of the long-range magnetic
order, which is reminiscent of the canted FiM order. (ii)
True paramagnetic behavior is observed at temperatures of

� TFiM (>∼ 200 K), suggesting a short-range magnetic cor-
relation betweenTFiM and∼ 200 K.

The sharp decrease in the 1/χ curve softens with an in-
creasing field, possibly due to the formation of short-range
FM clusters. To confirm this, we analyzed the 1/χ vsT curves
at 105 K< T < 200 K using the power law expression of the
Griffith singularity effect.

1

χ (T )
= A

(
T − T R

C

)1−λ
,

whereA is a constant,T R
C is the critical temperature below

which χ diverges, andλ is an exponent [32,67]. Here, 1/χ
does not follow the power law expression well, signifying that
the possible magnetic cluster behavior is non-Griffith-like.
Similar non-Griffith-like behavior is observed in the half-
doped cobaltite La0.5Sr0.5CoO3, wherein AFM clusters are
formed in the paramagnetic matrix [68].

Because we observe increasing magnetization of the pure
paramagnetic phase by extrapolating the high-temperature
Curie-Weiss (CW) line, short-range FM clusters, not AFM
clusters, cause the observed non-Griffith-like behavior. Fur-
thermore, T R

C is much lower thanTFiM, which is incon-
sistent with the anticipated behavior of a Griffiths phase
(i.e., T R

C > TFiM). However, the short-range FM clusters are
assumed to originate from the Cr3+–O–Cr4+ exchange inter-
actions.

The ac-χ (= χ ′ + i χ ′′) of GSCO was measured in an ac
magnetic field of 5 Oe at frequencies in the range 2–500
Hz. The in-phase (χ ′) and out-of-phase (χ ′′) parts of the
zero-field ac-χ as functions ofT are shown in Figs.2(g) and
2(h), respectively. No sharp peak is observed atTFiM, which is
consistent with the weak responses of the dc ZFC-χ curves.
No additional anomalies or magnetically glassy features are
detected. Note that, if a cluster glasslike state is present in
the material, a frequency range of up to 500 Hz is usually
sufficient to detect it through ac-χ measurements [69–72].

In contrast, GCCO exhibits a completely different mag-
netic behavior. Figures3(a)–3(c)show the dc ZFC- and FC-χ

curves measured under various magnetic fields (H = 0.05,
0.1, or 0.5 kOe). The ZFC- and FC-χ curves are identical,
increasing continuously as the temperature decreases. No on-
set of magnetic order is observed, as shown in the inset of
Fig. 3(b). However, there is a clear difference between the
ZFC and FC curves at< 100 K, as indicated by the arrows
shown in Fig.3(d). The divergence is much more pronounced
in the first derivative, as shown in the inset of Fig.3(d).
The random substitution of Ca with Gd may lead to com-
petition between the Cr3+–O–Cr3+ AFM superexchange and
the Cr3+–O–Cr4+ FM double-exchange interactions, caus-
ing a magnetically disordered state. However, the divergence
between the ZFC and FC curves may indicate that AFM
interactions are slightly dominant. Thus, we specified the
point of divergence asTN of GCCO. Since the local lat-
tice distortion of GCCO is different from that of GSCO, its
impact on the magnetic exchange interactions differs reason-
ably. Thus, the possible magnetic ground states of GSCO and
GCCO are different owing to the strong dependence on the
local structural properties. Notably,β-CaCr2O4 undergoes a
magnetic transition characterized by the propagation vector
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FIG. 3. (a)–(c) Zero-field-cooled (ZFC)- and field-cooled (FC)-χ (T ) curves of GCCO measured atH = 50 Oe or 0.1 or 0.5 kOe,
respectively. The inset of (b) shows the derivative curve atH = 0.1 kOe. (d) Difference between the ZFC- and FC-χ (T ) curves atH = 0.1 kOe.
Inset of (d) shows the derivative curve of (χFC − χZFC).

k = (0, 0, ∼ 0.477) at TN = 21 K [62]. Although a small
amount ofβ-CaCr2O4 (2.5 wt. %) is detected in GCCO, no
corresponding feature is observed in theχ vs T or dMFC/dT
vs T plots.

The thermal remanent magnetizations (MTRM) of both ma-
terials were measured to further elucidate the onsets of the
long-range magnetic order and short-range magnetic corre-
lation. During measurement, the magnetic field was set to
zero at 2 K immediately after cooling the sample from the
paramagnetic state (350 K) in the presence ofH (= 0.5 kOe),
and the sample was then heated to measure the magnetization.
Similar protocols are often used to study the spin dynamics of
glassy magnetic materials. In addition,MTRM exhibits clear
anomalies at the onset of the magnetic order [73,74]. Here,
MTRM of GSCO and GCCO as functions ofT are shown in
Figs. 4(a) and4(b), respectively. The magnetization reversal
of GSCO is again confirmed by theMTRM measurement.
However, the thermal variation ofMTRM differs slightly from
that observed in the dc FC-χ measurement. In addition to
the sharp increase in magnetization at the onset of long-range
magnetic order atTFiM, a clear anomaly is detected at∼ 150 K
for GSCO [inset of Fig.4(a)]. This indicates that a significant
contribution from the short-range magnetic correlation begins
at 150 K, which is� TFiM. Conversely, GCCO exhibits an

increase in magnetization at∼ 100 K [Fig.4(b)], which high-
lights the presence of the magnetic anomaly.

Figures5(a)and5(b)show the temperature-dependent 1/χ

values of GSCO (H = 5 kOe) and GCCO (H = 0.1 kOe),
respectively. A moderately high magnetic field was used for
GSCO to avoid other dilute magnetic interactions. The solid
straight lines (red) shown in both plots are guidelines to aid in
identifying deviations from CW behavior. The 1/χ curves of
GSCO and GCCO deviate from CW behavior at<∼ 160 and
<∼ 105 K, respectively.

To obtain the CW parameters, we fitted the high-
temperature 1/χ curves to the CW equation 1/χ =
(T −�)/C, whereC = NAμ2

eff/3kB is the Curie constant,NA

is Avogadro’s number,μeff is the effective magnetic moment,
kB is the Boltzmann constant, and� is the Weiss temperature.
The fitted curves of GSCO and GCCO are displayed in the
insets of Figs.5(a) and5(b), respectively, and the respective
μeff values of GSCO and GCCO are 7.04 and 6.75 μB/f .u.

Because half of the Cr3+ ions transform to Cr4+ ions upon
half-doping of Sr2+ (Ca2+) at the Gd site of GdCrO3, the the-
oretical moments should beμeff = 6.53 μB/f .u., based on the
equation:

μeff =
√

0.5μ2
Gd + 0.5μ2

Cr3+ + 0.5μ2
Cr4+ ,
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FIG. 4. Thermal remanent magnetizations (MTRM) of (a) GSCO
and (b) GCCO, which indicate the onset of magnetic ordering (ar-
rows). The inset shows an enlarged view.

where μGd = 7.90 μB, μCr3+ = 3.87 μB (spin-only due to
the quenched 3d orbital), andμCr4+ = 2.82 μB (spin-only).
This value is close to the experimentally observed values of
GCCO and GSCO. In addition, the� values of GSCO and
GCCO are−63 and−52 K, respectively, with the negative
values indicating that AFM interactions are dominant in both
materials.

To further elucidate the contrasting magnetic behaviors of
these two materials, we recorded isothermal field-dependent
magnetization (M vs H) curves under ZFC conditions. Be-
fore the measurement of eachM-H curve, the material was
cooled from well above the onset temperature of magnetic
order to the targeted temperature under a zero magnetic field.
Figure6(a)shows theM-H curves of GSCO at temperatures
of 2, 10, 40, 60, and 85 K (all less thanTFiM). At T = 40,
60, or 85 K, linear changes inM vs H are observed in the
high-field regions, but weak hystereses are observed in the
low-field regions. Much wider hysteresis loops are observed
at T = 2 or 10 K, indicating the presence of FM and AFM
correlations belowTFiM.

Regarding the hysteresis loops, we plotted the values of
the coercive field (HC) based on theM-H curves at different
temperatures in Fig.6(b). The decrease inHC at< 85 K may
be related to the opposite orientation of the Gd sublattice
owing to the negative internal field (i.e., the compensation

FIG. 5. Inverse magnetic susceptibilities (1/χ ) of (a) GSCO (at
H = 5 kOe) and (b) GCCO (atH = 0.1 kOe) as functions of temper-
ature. The solid red lines are guidelines for linear behavior, and the
insets show the Curie-Weiss fittings of the high-temperature regions.

phenomenon) with respect to the applied field. An enlarged
view of the isotherm atT = 2 K is shown in the inset of
Fig. 6(b), which indicates that theM-H loop closes within
the range±20 kOe.

Figure6(c) shows theM-H isotherms of GCCO atT = 2,
10, 40, 60, and 85 K. Here,HC is 40 Oe at 2 K, which is
likely related to the AFM spin correlation. Moreover, even at
70 kOe, theM-H curves are unsaturated, which is typical for
materials with AFM-exchange interactions. Nevertheless, the
significant S-shapes of theM-H loops of GSCO and GCCO at
T = 2 or 10 K may be due to the contributions from the much
larger Gd3+ moments.

To compare the magnetic properties of these two ma-
terials, we plotted the isothermalM-H curves measured
at T = 2 K, as shown in Fig.6(d), with the inset show-
ing an enlarged view. Notably, there is a small difference
in the saturation magnetizations of these compounds at
70 kOe (3.05 and 3.17μB/f.u. for GSCO and GCCO,
respectively), possibly due to the impurities in GCCO.
Notably, the HC of GSCO (= 1089 Oe) is 27-fold larger
than that of GCCO, which demonstrates its different mag-
netic nature. Generally, materials with canted FiM structures
exhibit higher HC values than those of regular AFM ma-
terials. Current observations are in line with the general
view.
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FIG. 6. (a) Isothermal magnetization (M) of GSCO as a function of magnetic field (H ) measured under the zero-field-cooled (ZFC)
condition at several temperatures (T = 2, 10, 40, 60, and 85 K). (b) Thermal variation of the coercive field (HC), and the inset shows a
magnified view of the ZFCM-H loop atT = 2 K. (c) ZFCM-H loops of GCCO measured at temperatures of 2, 10, 40, 60, and 85 K. (d)
Comparison of the ZFCM-H loops of GSCO and GCCO at 2 K. The inset shows an enlarged view.

In general, a heterogeneous material with two different
magnetic states, such as FM and AFM states [75,76], an FM
state and a spin glass [51,52], and FM and FiM states [77],
sometimes results in the EB effect. This phenomenon, which
is related to the shift of theM-H loop along the magnetic
field axis, has considerable applications in spintronic devices.
Recently, the EB effect was also observed in a magnetically
homogeneous material, i.e., FiM [14]. Because non-Griffith-
like FM clusters and canted FiM states coexist in GSCO,
we investigated the EB effects by measuring the FCM-H
loop at several temperatures. If the cooling field (Hcool) is
positive, the FCM-H loop shifts toward the negative field
axis, which is widely recognized as the conventional EB ef-
fect. The EB field (HEB) is a measure of EB anisotropy and
defined asHEB = (H1 + H2)/2, whereH1 andH2 are the first
(negative) and second (positive) coercive fields at the first and
second magnetization reversals, respectively [51]. Notably,
HEB should be negative in the conventional EB effect [76].

Figure7(a)shows the FCM-H loops of GSCO atHcool =
20 kOe at various temperatures (T = 2, 10, 15, or 20 K)
below TFiM. Notably, the FC loops were measured within a
maximum field (Hmax) of ±20 kOe. Contrary to the symmetric

nature of a regularM-H loop at the origin (absence of EB),
the FC loop shifts slightly along the field direction from the
origin, suggesting that EB anisotropy is induced upon field
cooling. The FC loops atT = 2 K measured in different di-
rections ofHcool = 20 and−20 kOe are shown in Fig.7(b).
The magnitude of the shift may be small, but the loop shifts in
the opposite direction.

The enlarged views (within±3 kOe) of the FC loops col-
lected in the different directions ofHcool at T = 10, 15, 20,
30, or 50 K are shown in Figs.7(c)–7(g), respectively. Each
loop shifts alternatively, i.e., the EB anisotropy undergoes sign
reversal whenHcool changes direction. Remarkably, the FC
loop shifts toward the positive field axis when the material is
cooled in the positive field, which contradicts the expectation
of the conventional EB effect. This is known as the inverse
EB (IEB) effect [78], and the FC loop exhibits the IEB effect
at T � 50 K, whereas the conventional EB effect is observed
at T � 70 K, e.g., an enlarged view of the FC loop within
±1 kOe atT = 90 K [Fig. 7(h)] reveals the conventional EB
effect.

Figure 8 shows the temperature dependences ofH1, H2,
HC, andHEB measured at a positiveHcool. Here,H1 andH2 are
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FIG. 7. (a)M-H loops of GSCO measured atHcool = 20 kOe. The maximum field is±20 kOe, and the temperatures are< TFiM. (b)
Hysteresis loops measured atT = 2 K andHcool = 20 or−20 kOe. (c)–(h) Magnified views of the field-cooled (FC)M-H loops measured at
Hcool = ±20 kOe andT = 10, 15, 20, 30, 50, or 90 K, respectively.

negative between 70 and 100 K but positive at< 70 K. Also,
H2 remains positive at� 2 K, andH1 becomes negative again
at< 20 K. Clearly, theH1 andH2 curves are not monotonous,
and thus, a crossover from conventional EB to IEB effects
(i.e., negative-to-positive sign inversion ofHEB) is observed in
GSCO, which may be related to the observed magnetization
reversal. Here,HEB approaches zero at< 10 K, confirming
the absence of any EB effect. Apart from the small peak at
< TFiM, HC changes monotonically with temperature.

In general, in a strongly anisotropic system, whereM does
not saturate at the highestH , the minor hysteresis loops hinder
us from accurately estimating the EB parameters, which may
ultimately lead to erroneous results. Therefore, to detect the
true EB effect in such a system, considering an effectively
saturated hysteresis loop is recommended [79]. When the
loop is closed,M is likely effectively saturated [51]. In this
scenario, the FC and ZFCM-H loops are fully closed at 2 K
within Hmax = ±20 kOe, as shown in Fig.7(a) and the inset
of Fig. 6(b), respectively. Therefore, the FM component may
be saturated, and the minor hysteresis loops may exhibit little
effect on the current analysis.

To study the effect of Hmax on the observed EB
phenomenon, we investigated the FC loops at dif-
ferent Hmax values. FC loops measured atT = 15 K

(randomly selected) at a constantHcool(= 20 kOe) and
differentHmax(= ±20, ±25, ±30, or ± 70 kOe) are shown
in Fig. 9(a), and an enlarged view of the origin is shown in
Fig. 9(b). The magnitude ofH1 increases with increasing
Hmax, and that ofH2 does not change, and thus, the EB
effect is reduced by increasingHmax. Here,HC andHEB are
plotted as functions ofHmax at T = 15 K in Fig. 9(c), with
HC increasing rapidly up toHmax = 35 kOe, beyond which
it increases only slightly. Conversely,HEB decreases sharply
as Hmax increases from 20 to 30 kOe and is almost zero at
> 30 kOe. In addition, the almost complete suppression of
HEB at higherHmax values may be associated with suppressed
FM contributions from Cr3+/Cr4+ ions in the FiM structure.
At Hmax � 30 kOe, a large paramagnetic Gd3+ moment
dominates the entire magnetism, which inevitably reduces the
exchange anisotropy between the FM clusters and FiM state.

Visualizing the origin of the EB effect, particularly the
IEB effect, is rather complex, particularly in single-phase
polycrystalline materials with invisible physical boundaries
between the two different magnetic phases. Owing to the
presence of FM clusters at high-temperatures, complex in-
terfacial magnetic interactions between these clusters and the
FiM state may induce EB anisotropy, causing the conventional
EB effect in GSCO. Nevertheless, the presence of FM and

104425-9



BISWAJIT DALAL et al. PHYSICAL REVIEW B 106, 104425 (2022)

FIG. 8. Thermal profiles ofH1, H2, HC, andHEB obtained from
the field-cooled (FC)M-H loops of GSCO atHcool = 20 kOe and
Hmax = ±20 kOe. Notably, the sign reversal ofHEB from negative to
positive occurs upon cooling.

AFM components specific to the FiM state may be the real
cause of the observed conventional EB behavior.

To gain deeper insight into the IEB phenomenon, we an-
alyzed possible mechanisms to elucidate its origin. In most
earlier investigations [80–83], the phenomena of IEB manifest
with increasing strength ofHcool, in addition to the conven-
tional EB effect at lowerHcool values. The sign reversal of
HEB is successfully explained for a system wherein FM nan-
odroplets are embedded in a charge-ordered AFM host using
the following equation:

–HEB ∝ J2 A L(μ, Hcool, Tf ) + J Hcool,

whereJ is the surface exchange constant,A is a constant
(multiplication factor), andL is the Langevin function of
the magnetic momentμ of the FM nanodropletsHcool and
freezing temperatureTf of the interfacial spin [82]. Clearly,
the competition between the surface exchange interaction and
Hcool may induce the sign reversal ofHEB. This equation
shows that, for a lowerHcool, the first term dominates, andHEB

becomes negative, asJ2 is always positive. For a higherHcool,
the second term may be significant, and in the case of AFM
interfacial coupling, i.e.,J < 0, sign reversal ofHEB may be
anticipated.

FIG. 9. (a) Field-cooled (FC)M-H loops of GSCO measured
at T = 15 K at Hcool = 20 kOe andHmax = ±20, ±25, ±30, or
±70 kOe. (b) Enlarged view of the loops. (c)HC andHEB as functions
of Hmax (Hcool = 20 kOe) atT = 15 K.

In contrast, in this investigation, whenT is varied at a
fixed Hcool and the sign ofHcool is changed at a fixedT ,
sign inversion ofHEB is observed. Because theHEB equation
does not containT -dependent terms, the above prediction is
unlikely. Another possibility in achieving the IEB effect is
a magnetization reversal in the FiM state at< Tcomp, which
causes the IEB effect of LuFe0.5Cr0.5O3 [78]. Because sign
inversion of HEB is also detected at< Tcomp of the canted
FiM GSCO, these two materials should share a basic physical
mechanism. In addition, the various possible pathways of the
DM interaction between two Cr ions (with different oxidation
states) may lead to a reversal of the magnetic moment, thereby
producing the IEB effect. Furthermore, the rough interface
between the magnetic layers yields spatially varying mixed
AFM and FM couplings, which may generate the IEB effect,
even at a lowerHcool [81]. In this paper, definitively identify-
ing the origin of the IEB behavior of GSCO is challenging.

C. Heat capacity

To better understand the magnetic properties, the specific
heat capacities (Ctotal) of GSCO and GCCO were measured at
H = 0 and 90 kOe. Figure10(a)shows the zero-field (H =
0 kOe) Ctotal(T ) curve of GSCO, which exhibits noλ-like
anomaly, which is a common feature of AFM transitions.
Instead, a clear anomaly is observed close toTFiM = 98 K
[Fig. 2(a)]. To estimate the change in magnetic entropy (Sm)
by subtracting the lattice contribution (Clattice) from Ctotal,
combinations of the Debye and Einstein [84] or the two Debye
functions [85] were used to fit the high-temperature region of
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FIG. 10. (a) Temperature dependence of the specific heat capacity (Ctotal) of GSCO under a zero field. The solid and dashed curves show
the lattice heat capacities (Clattice) obtained by fitting to the high-temperature region with combinations of two Debye functions or Debye and
Einstein functions, respectively. (b) Temperature dependences of the magnetic heat capacity (Cm), which is obtained by subtractingClattice from
Ctotal, and the magnetic entropy (Sm). The dash-dotted straight line represents the theoreticalSm. (c)Ctotal/T vs T plots of GSCO atH = 0 and
90 kOe. The inset shows theCtotal vsT plots. (d)Ctotal(T ) of GSCO atH = 90 kOe. The solid red curve representsClattice obtained by fitting to
the high-temperature region with a combination of two Debye functions. The inset displays theSm vs T curve.

Ctotal(� TFiM ). In the first case, the formula used is as follows:

Ctotal(T ) = nDD(T,�D) + nEE (T,�E),

whereD andE are the Debye and Einstein functions, respec-
tively. Here,�D and�E are the respective Debye and Einstein
temperatures, and the scale factorsnD andnE correspond to
the numbers of vibrational modes per formula unit in the
Debye and Einstein models, respectively. In the latter case,
the heat capacity is approximated by

Ctotal(T ) = m1D(T,�D1) + m2D(T,�D2),

wherem1 andm2 are the coefficients related to the vibrational
modes per formula unit and�D1 and �D2 are the charac-
teristic Debye temperatures. In both cases, proper fitting is
observed with the parametersnD = 2.34,�D = 859 K, nE =
2.73, �E = 273 K, m1 = 2.09, m2 = 2.99, �D1 = 888 K,
and�D2 = 385 K. The total number of vibrational modes in
both cases is∼ 5 (i.e.,nD + nE ≈ 5 andm1 + m2 ≈ 5), which
validates the presence of five atoms per formula unit of GSCO.

Here, Clattice dominates Ctotal at temperatures of�
TFiM, and thus, the fitted parameters enable the ex-
trapolation of Clattice to the low-temperature limit, as
shown by the solid and dotted lines [forClattice (Debye)
and Clattice (Debye+ Einstein), respectively] displayed in
Fig. 10(a). Because the observedCtotal and Debye (only) mod-
els are very similar, we adoptedClattice (Debye) as a reference
to examine the lattice contribution for further analysis. No-
tably, there is no similar nonmagnetic material that may be
used as a reference to properly estimateClattice of GSCO.

The magnetic contribution to the heat capacity (Cm) is
estimated by subtractingClattice from Ctotal, i.e., Cm(T ) =
Ctotal(T ) − Clattice(T ). Figure10(b)showsCm as a function of
T , revealing a sharp peak close toTFiM = 98 K. Additionally,
the data show a broad peak at∼ 45 K, with another increase
at < 15 K. The broad peak at< TFiM is unusual and is likely
due to magnetization reversal, and the increase at< 15 K may
be due to the short-range AFM ordering of the Gd moments.
Similar increases inCtotal are also reported in single-crystal
and polycrystalline Gd2CoMnO6 [86,87] and single-crystal

104425-11



BISWAJIT DALAL et al. PHYSICAL REVIEW B 106, 104425 (2022)

Tb2CoMnO6 [88]. In addition, an extended plateau of the
peak at∼ TFiM is observed in the high-temperature region
of Cm, which suggests the possible presence of short-range
magnetic correlations at> TFiM. Moreover, theCm(T ) curve
displays several remarkable features but is too complicated to
understand clearly.

Finally, Sm is estimated by integratingCm(T )/T over the
studied temperature range [Fig.10(b)]. Here, Sm increases
rapidly with increasing temperature at� 10 K, then gradu-
ally increases with increasing temperature, and plateaus at
17 J mol−1 K−1 at> 130 K. However, the saturation value of
Sm is slightly smaller than the expected Boltzmann entropy
[Sm = R ln(2S + 1) ≈ 19 J mol−1 K−1] based on the mean-
field theory for localized Cr3+(S = 3

2 ), Cr4+ (S = 1), and
Gd3+(S = 7

2, L = 0). The dashed line in Fig.10(b)represents
the Boltzmann entropy. Several factors may cause the slight
discrepancy between the observed and expectedSm, one of
which is the short-range AFM ordering of Gd3+ moments. In
addition, the inadequate estimation ofCm at very low tem-
peratures by extrapolating the high-temperatureClattice may
be another cause of the discrepancy. Furthermore, increasing
Ctotal at the lowest temperature [2 K, inset in Fig.10(c)]
hinders the proper estimation ofCm.

The Ctotal/T vs T curves of GSCO atH = 0 or 90 kOe
are plotted in Fig.10(c). Even atH = 90 kOe, no notice-
able suppression at∼ TFiM is observed. Instead, the valleylike
features centered at∼ 15 K are moderately suppressed. As
shown in the inset of Fig.10(c), Ctotal atH = 90 kOe does not
increase as it does under the zero-field but decreases toward
zero at< 5 K. Additionally, the short-range ordering of Gd3+

moments are significantly disturbed by the application of the
90 kOe field (due to the increased Gd3+ polarization). We
attempted to estimate the saturation value ofSm again by de-
terminingClattice by fitting the high-temperature region of the
Ctotal (90 kOe) curve using the combination of the two Debye
functions and extrapolating toT = 0 K [Fig. 10(d)]. Remark-
ably, the temperature dependence ofSm [inset in Fig.10(d)]
shows thatSm generally saturates at a value much closer to
the Boltzmann entropy than that atH = 0 kOe. Thus, the
discrepancy between the observed (H = 0 kOe) and expected
Sm is likely caused by short-range AFM ordering of Gd3+

moments.
To facilitate further comparative studies, we performed a

detailed analysis ofCtotal of GCCO. Remarkably, the temper-
ature dependences of the zero-fieldCtotal(T ) of both materials
are very similar [Figs.10(a)and11(a)show those of GSCO
and GCCO, respectively], but a clear anomaly is observed
at ∼ 100 K in theCtotal(T ) curve of GCCO. The observed
anomalies and magnetization data indicate that GCCO un-
dergoes AFM ordering at∼ 100 K. The solid red line shown
in Fig. 11(a)represents the GCCOClattice estimated by com-
bining the two Debye functions. Anomalies are detected at
∼ 100 K, but no sharp peaks are observed in theCm(T ) plot
close to this temperature (not shown). Instead, a broad peak
and an upturn at∼ 75 and< 15 K are observed, respectively.

As shown in the inset of Fig.11(a), when the temper-
ature is> 130 K, Sm saturates at 17.5 J mol−1 K−1, which
is slightly smaller than the expected Boltzmann entropy. At
H = 90 kOe,Ctotal(T ) displays no significant change in the

FIG. 11. (a) Specific heat capacity of GCCO as a function of
temperature. The red solid curve shows a fitting to a combination
of Debye functions, and the inset shows the thermal profile ofSm

of GCCO and the theoretical value. (b)C/T vs T plots of GCCO at
H = 0 or 90 kOe. The inset shows theCtotal vs T plots.

magnetic transition at 100 K [C/T vs T plot in Fig. 11(b)].
Conversely, valleylike features at 15 K, such as those observed
for GSCO, are strongly influenced by the application ofH .
The inset in Fig.11(b)shows an enlarged view of theCtotal(T )
curves atH = 0 or 90 kOe, revealing that they intersect at
T = 5 K.

D. Resistivity

Figure 12(a) shows the temperature-dependent resistivi-
ties ρ(T ) of GSCO and GCCO. The increase in resistivity
with decreasing temperature should yield semiconductorlike
behavior. In this context, measuringρ(T ) at temperatures of
< 70 K was impossible because of the high resistance which
was above the instrumental limit. At room temperature,ρ of
GSCO is almost 14-fold higher than that of GCCO (ρ300 K =
57.01 and 4.19�-cm for GSCO and GCCO, respectively).
No metallic behavior is observed within the investigated tem-
perature range, and these features contrast with the electrical
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FIG. 12. (a) Temperature dependences ofρ of GSCO and
GCCO. (b) Alternative plot of the data. (c) Variable-range-hopping
plot of the data. The red solid lines are guidelines.

behaviors of half-doped manganites and cobaltites [36,50].
The resistivity data were analyzed using the Arrhenius model,
lnρ vs 1000/T , to investigate the possible conduction mech-
anisms, as shown in Fig.12(b). Owing to the nonlinear
behaviors of the curves, theρ(T ) curves of both materials
are not well modeled by the Arrhenius model. Instead, the
linear behavior of the lnρ vsT −1/4 plot [Fig.12(c)] shows that
variable-range hopping better explains the observed electronic
behaviors of GSCO and GCCO.

E. Dielectric behavior

SeveralRCrO3 materials (excludingR = Sc–Pr, Pm, Eu,
Dy, Yb) should exhibit significant magnetoelectric coupling
at temperatures of< TN, and thus, they are potential multi-
ferroic materials. Temperature-dependent relative permittivity
(εr) measurements of GSCO and GCCO were performed
at various frequencies to investigate possible magnetoelec-
tric coupling. The thermal changes inεr and its loss factor
(tanδ) are shown in Figs.13(a)–13(d). The εr (T ) curves of
both materials display three main characteristics: (i) low-T
plateaus atεr of ∼ 60; (ii) sharply increasingεr close toT =
30 K (at 100 Hz), which is strongly frequency-dependent; and
(iii) significant anomalies atT ≈ 100 K (magnetic transition
temperatures of GSCO and GCCO). These are also strongly
frequency dependent and shift toward a higherT as the fre-
quency increases [Figs.13(a)and13(b)].

In addition, the dielectric anomalies observed atTFiM

(for GSCO) andTN (for GCCO) confirm the presence of
significant magnetoelectric coupling in both materials. The
frequency dependence of the dielectric anomaly (∼ TFiM

and ∼ TN) is characteristic of a ferroelectric relaxorlike
state, e.g., spontaneous electrical polarization associated with
the anomaly is observed inRCrO3 [12] and the stepwise

increase inεr at ∼ 30 K may be associated with a large
frequency-dependent Maxwell-Wagner relaxation [89]. This
usually manifests itself as a depletion layer contribution at
the interface between the sample and the electrodes or at
some grain boundaries. Most importantly, it is not an inherent
property of the material but an extrinsic issue. Conversely, the
derivative spectra ofεr (T ) exhibit two peaks atT =∼ 100 K
(TFiM andTN), and the stepped increase inεr at this tempera-
ture indicates the presence of magnetic coupling. For clarity,
the derivative spectra of the data measured at 2.71 kHz are
shown as examples [insets in Figs.13(a)and13(b)].

Strong dielectric losses are observed at this temperature,
with stepwise increases inεr observed [Figs.13(c)and13(d)].
The dielectric loss peaks depend on the frequency for both
materials. No additional anomalies are observed in these
spectra at the magnetic transition temperature, but the deriva-
tives of the loss spectra reveal sharp increases at∼ TFiM and
∼ TN [as indicated by the arrows and insets in Figs.13(c)
and 13(d)]. Therefore, the dielectric loss spectra reveal the
magnetoelectric coupling of both materials. In addition, the
application of a magnetic field of 90 kOe results in no signif-
icant changes in theεr (T ) curves and dielectric loss spectra
(not shown).

IV. SUMMARY AND CONCLUSIONS

We successfully synthesized the half-doped perovskite-
type chromites GSCO and GCCO. These polycrystalline
materials were obtained via solid-state reactions at a high
pressure and temperature (6 GPa and 1200 °C). Synchrotron
XRD at room temperature revealed that GSCO and GCCO
crystallized in orthorhombic structures (space group:Pnma)
with different degrees of local lattice distortion.

We observed magnetization reversal in GSCO, but GCCO
displayed a little anomaly. The magnetic ground state of
GSCO is FiM, while it is AFM for GCCO. Therefore, the
magnetic ground state of half-doped GdCrO3 could be tuned
via substitution with various alkaline-earth ions. Moreover,
the different magnetic ground states of GSCO and GCCO
possibly originate from the different degrees of local lattice
distortions, as evident from the structural analysis. In addition,
thermal residual magnetization studies confirmed the presence
of short-range magnetic correlations within GSCO at tem-
peratures of> TFiM. This was further supported by the heat
capacity measurements.

Remarkably, GSCO displayed a crossover from the con-
ventional EB effect to the IEB effect upon cooling. Such a
crossover could be caused by the reversal of the magnetic
moment due to various competing DM interactions. In gen-
eral, the key factors of producing DM interaction between
two atomic spins are the structural inversion symmetry break-
ing and the strong spin-orbit coupling (SOC) with magnetic
exchange energy. In most cases, the strong SOC is provided
by the neighboring atoms in the structure. However, in this
paper, sinceL = 0 (for Gd3+), the orbital contribution from
the neighboring Gd3+ cannot be expected. Therefore, the crys-
tal structure itself may stabilize spin canting by minimizing
some free energy [71,90,91]. Moreover, the complex inter-
facial magnetic interactions between the high-temperature
FM clusters and the FiM state is the plausible origin of the
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FIG. 13. (a)–(b) Temperature dependences of the dielectric constants (εr) of GSCO and GCCO, respectively, as recorded at several
frequencies in the range 100 Hz–2 MHz (f = 100 Hz, 300 Hz, 903 Hz, 2.71 kHz, 8.15 kHz, 24.51 kHz, 73.68 kHz, 221.43 kHz, 665.48
kHz, and 2 MHz). The insets show representative differential curves (at 2.71 kHz). The blue and red dashed lines in the insets indicate the
temperature corresponding to the onset of magnetic order of each material. (c)–(d) Temperature-dependent dielectric losses (tanδ) of GSCO
and GCCO, respectively. The insets show representative differential curves (at 2.71 kHz).

conventional EB behavior in GSCO. Although several mecha-
nisms including the competition between interfacial exchange
coupling andHcool, the reversal of magnetic moments below
Tcomp, and the spatially varying mixed AFM and FM couplings
at the rough interface have been discussed to understand the
origin of IEB, we can predict that the IEB effect in GSCO
arises due to the magnetization reversal phenomenon. In ad-
dition, significant magnetoelectric coupling with ferroelectric
relaxorlike states was identified at the onsets of magnetic
order of both materials. The presence of the EB effect, par-
ticularly the IEB effect, and magnetoelectric coupling yields
considerable prospects for application in magnetic memory
and spintronic devices.

We interpreted the possible magnetic ground states of
both materials as much as possible based on the experimen-
tal data, but the exact magnetic structures remain unclear
because conducting neutron diffraction studies of highly

neutron-absorbing materials is technically challenging. Fur-
ther combined studies, such as x-ray magnetic circular
dichroism and density functional theory calculations, should
contribute to a comprehensive understanding of the magnetic
and electronic properties of these half-doped perovskite-type
chromites.
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A B S T R A C T   

Dilute magnetically doped semiconductors (DMSs) are key to fabricating novel spintronic devices with high 
functionalities, which could be utilized for the next-generation technological development. BaSnO3 is a trans-
parent wide band gap (~3.1 eV) semiconductor, in which magnetism can be induced through a subtle amount of 
magnetic impurity doping without deterring its optical transparency. In this work, we report an experimental 
investigation on the optical spectroscopic and magnetic properties of the DMSs BaSn1-xMnxO3 (0 ≤ x ≤ 0.1), 
synthesized using standard solid-state-reaction method at high-temperature and ambient pressure, through 
various spectroscopic, electron paramagnetic resonance (EPR) and temperature- and field-dependent magneti-
zation measurements. All samples are found to be crystallize in the cubic structure with space group Pm 3 m, in 
which Mn ions are stabilized in the 4+ valence state. We find that the optical band gap monotonically decreases 
(from 3.1 eV to 2.08 eV) with increase in Mn doping concentration, which in turn leads to an increase in ab-
sorption efficiency in the visible region. An enhanced sp-d hybridization between localized d electrons of Mn ions 
and band electrons is likely the main reason for such band gap reduction. Interestingly, theoretical simulation of 
EPR spectra suggests that the signal is primarily arising from a combination of two spin systems, i.e., Mn4+ ions 
and singly ionized oxygen vacancies. The strength of magnetic interaction between Mn4+ ions is also increased 
for higher doped samples. Moreover, the nature of magnetic interaction is predominantly antiferromagnetic in 
higher doped samples, as corroborated by the negative value of Curie-Weiss temperature from the inverse sus-
ceptibility fitting.   

1. Introduction 

The discovery of ferromagnetism above room-temperature in dilute 
magnetically doped semiconductors (DMSs), first theoretically pre-
dicted by Dietl et al. [1] and later confirmed by numerous experimental 
results [2–7], has opened up a new window for the development of the 
spintronics devices, which can simultaneously make use of both the spin 
and charge degrees of freedom in a materials system. In particular, the 
wide band gap semiconductors, such as ZnO, SnO2, TiO2, and In2O3, 
were extensively investigated through transition-metal (especially Mn 
and Co) ion doping over the past few decades to achieve the 
room-temperature ferromagnetism (RTFM) in DMSs [2–11]. Till date, 
several binary oxides have been widely studied in the progress of the 
research on DMSs; but they have few limitations, such as, the lack of 

high operation speed and good oxygen stability. 
Oxide materials with the perovskite structure are known to have 

extremely good oxygen stability, and have shown a plethora of excellent 
electronic, optical and magnetic properties, such as, ferroelectricity, 
multiferroicity, superconductivity, high mobility and transparency, 
which could introduce new functionalities to spintronic devices 
[12–14]. In view of this, more comprehensive research effort has been 
given to obtain new DMSs with high functionalities using such diverse 
physical properties of perovskite-structured oxides. Till now, several 
transition-metal doping studies, for example, Co-doped BaTiO3 and 
Ba0.5Sr0.5TiO3, and Co- or Fe-doped SrTiO3 [15–19], have been per-
formed for realizing the RTFM in nonmagnetic perovskite oxides. 
Moreover, they belong to a class of materials having wide band gap, 
which could also facilitate them to become a potential candidate for 
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transparent conducting oxides. 
In the perovskite family of oxides, the alkaline-earth stannates with 

the general chemical formula ASnO3 (A = Ba, Ca or Sr) have attracted 
much greater attention from researchers due to their interesting physical 
properties and potential applications, such as photovoltaic and/or 
photoelectrochemical energy conversions, stable capacitors, humidity 
sensors, and gas sensors, in semiconductor industry [20–22]. Among 
ASnO3 compounds, BaSnO3 (BSO) usually crystallizes in an ideal cubic 
structure, and has emerged as a transparent wide band gap semi-
conductor with an optical band gap of ~3.1 eV [23]. Recently, several 
dopants have been chosen to substitute both the Ba and Sn sites of BSO in 
order to enhance the electrical conductivity and induce the magnetism. 
For example, the high electrical conductivity and mobility at 
room-temperature was found in the transparent perovskite oxides (Ba, 
La)SnO3 and Ba(Sn,Sb)O3 [14,24]. Nevertheless, the RTFM has been 
reported for Mn and Fe-doped BSO compounds [25–27], and the origin 
of such ferromagnetism has been explained on the basis of either the 
F-center exchange mechanism (for bulk powder samples) or the coa-
lescence of the magnetic polarons (for thin films). However, more 
comprehensive research using various experimental tools is necessary in 
order to unveil the change in the structural, optical and magnetic 
properties of such semiconductor systems due to magnetic ion doping. 

In this article, we report the optical spectroscopic and magnetic 
properties of the polycrystalline BaSn1-xMnxO3 (0 ≤ x ≤ 0.1) samples, 
which typically form an ideal cubic perovskite structure with space 
group Pm 3 m and contain only Mn4+ ions. The vibrational spectroscopy 
study confirms the successful incorporation of Mn ions into the host 
lattice and the presence of oxygen vacancy in the doped samples. Optical 
absorption spectra reveals that the band gap reduces drastically from 
3.1 eV for x = 0 to 2.08 eV for x = 0.1 due to the enhanced sp-d hy-
bridization between localized d electrons of Mn ions and band electrons. 
Moreover, precise analyses of the EPR and magnetization data suggested 
that the observed behavior of both these data can only be analyzed by 
considering the contributions from both Mn4+ ions and singly ionized 
oxygen vacancies. More importantly, the higher doped samples (for 
example, x = 0.1) showed predominant antiferromagnetic interaction, 
instead of ferromagnetic behavior. 

2. Experimental details 

High quality single-phase polycrystalline samples with compositions 
BaSn1-xMnxO3 (0 ≤ x ≤ 0.1) were prepared by the standard solid-state- 
reaction method at high-temperature and ambient pressure. Stoichio-
metric quantities of high purity oxides BaCO3 (Sigma Aldrich; 99.999%), 
SnO2 (Sigma Aldrich; 99.9%) and MnO2 (Sigma Aldrich; 99%) were 
mixed thoroughly in an agate mortar for 1 h and calcined at 1200 ◦C for 
6 h in air. After furnace cooled, these samples were reground thoroughly 
for better homogeneity and pressed into a cylindrical pellet using uni-
axial hydraulic press. The pellets were then sintered twice in air at 1300 
◦C for 12 h with intermediate grinding to obtain better crystalline 
phases. 

The phase purity of the as-synthesized samples was checked by x-ray 
powder diffraction (XRD) measurements using X-Pert Pro, PANalytical 
diffractometer (equipped with CuKα radiation, λ = 1.5418 Å) in the 2θ 
range 10◦-90◦. In order to get more information about the crystal 
structures of the samples, XRD patterns were analyzed by the Rietveld 
refinement method [28] using the software MAUD [29]. Raman spectra 
were collected at room-temperature by an He–Ne laser of λ = 632 nm 
using a J-Y Horiba (model T64000) Raman spectrophotometer. Fourier 
transform infrared (FTIR) spectra of the samples were taken using a 
PerkinElmer Spectrochem 100 FTIR spectrometer. To analyze the 
chemical states of the constituent atoms, room-temperature core-level 
x-ray photoelectron spectroscopy (XPS) measurements were carried out 
with an SSX-100 ESCA spectrometer (Omicron, model: 1712-62-11) 
using Al Kα radiation, 1486.6 eV line, and a spot size of 800 mm. 

Room-temperature optical reflectance data of the samples was recorded 
by a Varian Cary 5000 ultraviolet (UV)-vis-near-infrared (NIR) spec-
trophotometer. Electron paramagnetic resonance (EPR) measurements 
at room-temperature were performed at X-band (9.5 GHz) using JEOL 
spectrometer. The dc magnetization (M) measurements were carried out 
in a Quantum Design’s MPMS 3 superconducting quantum interference 
device-vibrating sample magnetometer within the temperature (T) in-
terval 2–300 K and a magnetic field (H) up to ±50 kOe. 

3. Results and discussion 

3.1. Crystal structure 

The XRD patterns of undoped and Mn-doped BSO samples are shown 
in Fig. 1(a). Pure BSO usually crystallizes in a perfectly cubic structure 
with space group Pm 3 m (No. 221) at ambient condition [23]. The 
presence of diffraction peaks (110), (111), (200), (211), (220), (310), 
(222) and (321) related to the cubic Pm 3 m phase clearly suggests the 
single-phase nature of the pure BSO. Further, all of the diffraction peaks 
of Mn-doped BSO samples can be well indexed with the cubic structure 
(space group: Pm 3 m) of pure BSO. No impurity peaks owing to the 
evolution of any secondary phases are found in the XRD patterns of x =
0–0.1 samples. However, an attempt to synthesize the higher doped 
samples (such as, x > 0.1) dictates that the single-phase remains intact 
only up to x = 0.1 doping limit in the present synthesis condition. 

To identify the subtle structural changes with doping, Rietveld an-
alyses were carried out by refining the structural and microstructural 
parameters. The Rietveld-fitted XRD patterns along with the difference 
between the observed and calculated spectra for x = 0 and 0.1 are shown 
in Fig. 1(b) and (c), respectively. No such anomalous changes, which can 
be attributed to the structural phase changes, with doping is observed 
from the Rietveld refinements. It is seen that the lattice parameter (a) 
monotonously decreases with the increases in the Mn-doping level at the 
Sn-site of pure BSO [see Fig. 1(d)]. The contraction in the lattice 
parameter is due to the lower effective ionic radius of the six- 
coordinated (octahedrally) Mn4+ ion (0.53 Å) than that of the six- 
coordinated Sn4+ ion (0.69 Å) [30]. This clearly ratifies the successful 
incorporation of Mn ions into the lattice of BSO. 

3.2. X-ray photoelectron spectroscopy 

To investigate the chemical valence state of dopant Mn ions, and to 
probe the existence of surface adsorptive oxygen in the sample, the core- 
level XPS spectra of Mn and O have been analyzed using XPSPEAK 4.1 
software. The Mn 2p core-level XPS spectra for x = 0.06 is shown in 
Fig. 2(a). It is seen that the Mn 2p spectrum consists of two high intense 
peaks centered at 639.8 eV and 651.5 eV, and a shoulder peak centered 
at 643.7 eV. These two high intense peaks mainly correspond to 2p3/2 
and 2p1/2 spin-orbit (SO) doublets. Thus, the Mn 2p SO doublet is 
separated by about 11.7 eV. It is worthwhile to mention that the energy 
separation of the SO doublet depends on the strength of SO coupling, 
and thus on the valence state of the particular ion [31]. An energetic 
separation of the SO doublets about 11.7 eV confirms that x = 0.06 
sample contains only Mn4+ ions, which is consistent with the earlier 
reports [32,33]. A small shoulder peak at 643.7 eV can be attributed to 
Mn4+ satellite [32]. Moreover, the satellite to Mn 2p3/2 peak is reported 
to be observed on the higher binding energy side, while maintaining the 
separation energy nearly equal to 12 eV between two satellite peaks 
[32]. 

The O 1s spectra for x = 0.06 is shown in Fig. 2(b). Due to the 
asymmetric and broad nature of the O 1s spectra, deconvolution of the 
peak profile was done using a Gaussian-Lorentzian distribution function. 
The O 1s peak was fitted considering two peaks, and the obtained peaks 
are centered at 528.59 eV and 529.77 eV for x = 0.06. The peak at lower 
binding energy is normally associated with the lattice oxygen in 
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perovskite oxides. However, according to earlier report [34], the peak at 
higher binding energy is mainly related to the surface adsorptive oxy-
gen, which has close resemblance to the oxygen vacancy. Note that 
synthesis procedure can play a crucial role for the creation of oxygen 
vacancy in the BSO lattice. As the sintering process occurs in air, oxygen 
is exchanged with the surrounding medium [35]. 

3.3. Raman spectra 

Raman spectroscopy is indeed a powerful experimental technique to 
probe the dopant incorporation and lattice defects, and to detect the 
evolution of new phases in the host lattice. Despite the fact that no first- 

order Raman-active modes seem to be appeared in the ideal cubic 
perovskite structure, such as, in highly symmetric cubic BSO with space 
group Pm 3 m, the Raman spectrum for x = 0 in Fig. 3 shows some 
prominent peaks [36,37]. Since the dopant atoms and/or, oxygen va-
cancies truly affect the translational periodicity of the lattice, the 
observation of these Raman modes can be ascribed to the local loss of 
symmetry. Moreover, the most intense Raman bands at 135 cm− 1 and 
154 cm− 1 for x = 0 are quite common in the rhombohedrally distorted 
perovskite structures [38]. Besides, the lattice-dynamical calculations 
have predicted that the Raman lines at 135 and 154 cm− 1 can be 
assigned to A1g and A2g symmetries, respectively; while, the peak at 570 
cm− 1 is appeared due to Sn–O vibrational mode [37]. So, it can be 

Fig. 1. (a) Room-temperature powder XRD pattern BaSn1-xMnxO3 (0 ≤ x ≤ 0.1) samples. Rietveld refinement of powder XRD pattern for (b) x = 0 and (c) x = 0.1 
samples at room-temperature. The black filled circles and solid red line represents the observed and calculated XRD patterns, respectively. The blue line represents 
the difference between the observed and calculated patterns. (d) The variation of lattice parameter (a) with compositions. 

Fig. 2. (a) Core-level XPS spectra of Mn 2p level for x = 0.06 sample in BaSn1-xMnxO3 series at room temperature. (b) The O 1s spectra for x = 0.06, which shows the 
presence of surface adsorbed oxygen in the sample. 
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concluded that the oxygen vacancies presumably have an important role 
for the observation of Raman-active modes in x = 0. 

Furthermore, the breaking of the translational symmetry by virtue of 
the substitution of Mn4+ ion at the Sn-site, in addition to the oxygen 
vacancy, plays a significant role for the appearance of Raman-active 
modes in the doped samples [see Fig. 3] [39]. The peak at 570 cm− 1 

for x = 0 is completely disappeared with Mn doping; whereas, three new 
Raman lines centered at 116, 454 and 648 cm− 1 appear in the doped 
samples. The intensity of the Raman lines at 135 and 154 cm− 1 also 
reduces with Mn doping, and the Raman modes at 454 cm− 1 and 648 
cm− 1 become the most intense peaks in doped samples. From our XPS 
analysis of O 1s spectra, it is evident that the doped samples contain 
surface adsorptive oxygen and/or, oxygen vacancy, and the percentage 
of which increases with the increase of doping concentration. The new 
mode centered at 454 cm− 1 mainly involved with the oxygen motion, 
which means the formation of specific defects in host lattice i.e., oxygen 
vacancies [40,41]. The mode at 648 cm− 1 is likely to be associated with 
the Mn–O stretching vibration [42]. Thus, the appearance of a number 
of Raman-active modes unequivocally fortifies the local lattice distor-
tion induced by oxygen vacancies and dopants in the cubic phase of 
undoped and doped BSO samples. 

3.4. Fourier transform infrared (FTIR) spectra 

The FTIR spectra for x = 0–0.1 samples are shown in Fig. 4. A strong 
minimum in the transmittance data for pure BSO is appeared at 635 
cm− 1, which can be attributed to the asymmetric stretching vibrational 
mode of Sn–O bond [43]. It is to be noted that the characteristic vi-
bration of Mn–O and O–Mn–O bonds in the Mn-based oxides usually 
arise at 522 and 1407 cm− 1, respectively [44,45]. Thus, the band 
centered at 635 cm− 1 broadens with Mn doping due to the overlap be-
tween the Sn–O bond and Mn–O bond. In addition, the vibration of 
Sn–OH group is most likely to be responsible for the band observed at 
1422 cm− 1 for x = 0 [46]. However, the overlapping of O–Mn–O bond 
and Sn–OH bond causes the band broadening, and as a result, we 
observe a broader band at 1422 cm− 1 for the Mn-doped samples. 
Another broad band centered around 1630 cm− 1 is seen in the FTIR 
spectra of x > 0, which can be assigned to the stretching mode of OH−

bond [46]. A sharp dip at 860 cm− 1 for x > 0 mainly corresponds to the 
C–O stretching modes of the CO3

2− ions, signifying that CO2 is absorbed 

by the samples during the measurement [47]. 

3.5. Optical absorption spectra 

The diffuse reflectance spectra for x = 0–0.1 are displayed in Fig. 5 
(a). However, using Kubelka-Munk transformation, we can determine 
the optical absorbance coefficient (α) for all the samples. The Kubelka- 
Munk function F(R), which approximately gives us the absorbance, 
can be defined as [48,49]: 

F(R)=
(1 − R)2

2R
(1)  

where R is the reflectance. Here, the function F(R) is proportional to 
optical absorption coefficient (α). The absorption spectra for all the 
samples are shown in Fig. 5(b). Further, the optical band gap (Eg) can be 
estimated from the calculated absorption coefficient using the following 
relation: 

αhν=C
(
hν − Eg

)n (2)  

where h is the Planck’s constant, ν is the incident light frequency, C is the 
absorption constant, n = 1/2 for a direct allowed transition and n = 2 for 
an indirect allowed transition. In this study, the direct band gap for x =
0–0.1 samples has been calculated by extrapolating a straight line to-
wards the hν-axis of the Tauc plot [(αhν)2 vs hν], as shown in Fig. 5(c). 

The band gap of pure BSO is usually defined as the energy difference 
between the conduction band minima of Sn 5s bands which are 
completely vacant for Sn4+ (4d105s05p0) and the valence band maxima 
of O 2p bands. From the Tauc plot, the direct band gap of pure BSO is 
found to be 3.1 eV, which is consistent with the direct band gap value 
predicted in earlier studies [23]. The hybridization between O 2p or-
bitals and Sn 5s orbitals results in a clear optical absorption edge at 400 
nm [see Fig. 5(b)], thus also confirming the band gap of 3.1 eV for x = 0. 
It is seen that the band gap reduces drastically from 3.1 eV for x = 0 to 
2.08 eV for x = 0.1. Incorporation of Mn4+ ions into the lattice of BSO 
unequivocally enhances the sp-d hybridization between localized 
d electrons of Mn ions and band electrons, and as a result, the band gap 
decreases monotonously with increasing doping concentration. In 
addition, the doped samples appear as darker in color due to the 
enhanced absorption of light, and thus, increase the absorption effi-
ciency in visible region. 

The charge-transfer excitation between O 2p and Mn 3d is considered 
to be an important precursor for the observed band gap absorption in the 

Fig. 3. Raman spectra for BaSn1-xMnxO3 (0 ≤ x ≤ 0.1) samples in the wave-
number region 100-1000 cm− 1. 

Fig. 4. FTIR spectra for BaSn1-xMnxO3 (0 ≤ x ≤ 0.1) samples in the wave-
number region 390-2000 cm− 1. 
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doped samples. To further analyze the origin of broad absorption 
spectrum, we have deconvoluted the spectrum for x = 0.02 with mul-
tiple peaks [see Fig. 5(d)]. The absorption band centered at ~270 nm (in 
UV region) mainly appears due to Mn4+-O2− charge-transfer transition 
[50–52]. Besides, the absorption band located at ~450 nm can be 
assigned to the spin-allowed transition of Mn4+: 4A2g → 4T2g [51]. 
Another spin-allowed transition of Mn4+: 4A2g → 4T1g results in an ab-
sorption band at ~320 nm. The overlapping of the charge-transfer band 
at 270 nm and the spin-allowed transition band at 320 nm leads to a 
broad absorption band centered at 300 nm in the Mn-doped samples. 

3.6. Electron paramagnetic resonance (EPR) 

EPR has tuned into an important tool in order to investigate the spin 
dynamics of the dilute magnetically doped semiconductors (DMSs) 
having wide band gap. In particular, EPR spectrum provides the infor-
mation about the nature of spin-spin interactions and the distribution of 
internal molecular magnetic field, which give us the accessibility to 
realize the various magnetic phases (such as, paramagnetic, antiferro-
magnetic cluster, spin-glass) that the materials possess. The EPR spectra 
at room-temperature for x = 0.02–0.1 are shown in Fig. 6. The EPR 
spectra showed a predominant sextet hyperfine structure, arising from 
the nuclear spin I = 5/2 of the isotope Mn55. In this context, it is 
worthwhile to mention that pure BSO normally shows EPR signal due to 
the singly ionized oxygen vacancies (Vo

+) [34]. 
In order to get a comprehensive idea about the nature of magnetism, 

the EPR spectrum for each sample was simulated using the Easyspin 
package based on MATLAB [53]. Each spectrum has been simulated by 
considering a combination of two spin systems (here, System1 and Sys-
tem 2). System 1 has spin value S = 3/2 with g value centered on 1.958 in 
rhombic symmetry corresponding to the Mn4+ ions, and System 2 has 
isotropic g value originating from Vo centers. For d3 electronic system (S 

= 3/2), the EPR spectra generally exhibits orthorhombicity [54], which 
is observed for the doped samples. The ground state of d3 system (S =
3/2) in an octahedral field is 4A2, which interact with excited T2g state 
by spin-orbit coupling. In an external magnetic field, the degeneracy of 
the ground state is lifted, and the ground state splits into two Kramer’s 
doublets separated by 2D where D is the zero-field splitting parameter. 
The g value shifts due to the mixing of the ground state and the excited 
4T2 state, which splits into an orbital singlet and orbital doublet states. 
Thus, the mixing with 4T2 state, interaction with other levels and the 
spin-orbit coupling collectively lead to the zero-field splitting. The 
spin-Hamiltonian for d3 electron system (I = 5/2, S = 3/2) in octahedral 
environment is 

H = β B g.S+D
[

Sz
2 −

S( S + 1)
3

]

+ I.A.S (3)  

where the first term is Zeeman interaction, the second term is zero-field 
splitting, and the third term is hyperfine interaction between electron 
and nuclear spins. 

The value of g, line width (lw) of each component, hyperfine splitting 
constants, and zero-field splitting parameters have been estimated based 
on the simulation of experimental data for x = 0.02–0.1, as shown in 
Table 1. Thus, each spectrum consists of a hyperfine split sextet line with 
splitting constant (A) 78 Oe and a broad signal coming from oxygen 
vacancy [see Fig. 6(a)–(d)]. This hyperfine structure centered on the 
parameter g = 1.958 and having a hyperfine splitting constant A nearly 
equal to 78 G (220 MHz) can be attributed to the Mn4+ (3d3, S = 3/2) ion 
[55,56]. It is to be noted that the line width (lw) and the hyperfine 
splitting constant (A) have one-to-one correspondence between them. 
Moreover, the combined values of these two parameters result in a 
measurement of overall width of the sextet. From the obtained simula-
tion results, it is found that the combined value of lw and A for System 1 
increases with increasing Mn doping concentration, suggesting an 

Fig. 5. (a) Optical reflectance spectra for BaSn1-xMnxO3 (0 ≤ x ≤ 0.1) samples. (b) UV–vis–NIR optical absorption spectra for BaSn1-xMnxO3 (0 ≤ x ≤ 0.1) samples. 
(c) Tauc plot of BaSn1-xMnxO3 (0 ≤ x ≤ 0.1) samples in UV–vis–NIR region for the determination of optical band gap. (d) The deconvoluted optical absorption spectra 
for x = 0.02. The peak 1 corresponds to the charge-transfer excitation band; while, peaks 2 and 3 correspond to the spin-allowed transition bands. 
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increased magnetic interaction between Mn4+ ions in the higher doped 
samples. This also indicates that dipole-dipole interaction is acting 
among all the paramagnetic centers simultaneously [25]. In contrast, 
the g value for System 2 slightly decreases with increasing Mn concen-
tration, indicating an enhanced effective molecular magnetic field. 
However, these g-values for the singly ionized oxygen vacancy lie in the 
range ~1.970–1.990, which is very close to the reported g-value range 
~1.963–1.9920 of singly ionized oxygen vacancy [57]. 

3.7. Magnetization 

The temperature (T) dependence of the zero-field-cooled (ZFC) and 
field-cooled (FC) magnetic susceptibilities (χ) measured under an 
applied magnetic field (H) of 500 Oe for x = 0.06 and 0.1 are displayed 
in Fig. 7(a) and (b), respectively. On heating from extreme low tem-
perature (here 2 K), both ZFC and FC susceptibilities for x = 0.06 and 0.1 
show a decrease in the value with increasing temperature. However, no 
evidence of long-range magnetic ordering and significant divergence 

between ZFC and FC susceptibilities are found for both samples within 
the investigated temperature range 2–300 K. Although, the samples 
seem to be paramagnetic (PM) from χ vs. T plots, the inverse suscepti-
bility (χ− 1) data do not follow the Curie-Weiss behavior (see the inset in 
Fig. 7(b)). The observed behavior of χ− 1(T) is quite uncommon in DMSs, 
and we argue that it may be arising from a combination of two magnetic 
phases and/or, elements. 

As evident from our EPR analysis, both x = 0.06 and 0.1 samples 
contain 3d Mn4+ ions and singly ionized oxygen vacancies. Considering 
that the unusual behavior of χ− 1(T) is arising from a combination of 
Mn4+ ions and singly ionized oxygen vacancies, the χ− 1(T) data is fitted 
to the equation 

χ =
[

(1 − y)
C

T − θ
+ χ0

]

+ y
0.363

T
(4)  

where y indicates the amount of singly ionized oxygen vacancy, χ0 is a 
temperature-independent contribution to the magnetic susceptibility, 
and C and θ are Curie constant and Curie-Weiss temperature, respec-
tively. The well-fitting to the inverse susceptibility data using above 
equation for x = 0.1 is displayed in Fig. 7(c), which confirms the con-
tributions from both Mn4+ ion and singly ionized oxygen vacancy to-
wards the magnetism. The obtained values of y, C, θ and χ0 are 0.128, 
0.0388 (emu-K)/(mol-Oe), − 16 K and 6.89 × 10− 4 emu mol− 1 Oe− 1, 
respectively. The negative value of θ suggests that the antiferromagnetic 
(AFM) interaction is dominant in x = 0.1 sample, arising from Mn4+-O- 
Mn4+ superexchange interaction. In case of lower doped samples, the 
non-interacting distant Mn4+ ions at the randomly substituted matrix of 
BSO perhaps induces the paramagnetic nature. Due to the availability of 
decent Mn4+ ions, the AFM coupling becomes stronger in the higher 
doped sample (e.g., x = 0.1). 

Fig. 6. Experimental (symbols) and simulated (red line) EPR spectra for (a) x = 0.02, (b) x = 0.04, (c) x = 0.06, and (d) x = 0.1 at room-temperature. System 1 and 
System 2 correspond to the contributions from Mn4+ ions and V0 centers, respectively. 

Table 1 
Simulated parameters of EPR data for different samples at room-temperature.  

Doping 
Concentration 
(x) 

System 1 (S = 3/2) System 2 (S =
½) 

gx gy gz A 
(MHz) 

lw 
(mT) 

g lw 
(mT) 

0.02 1.954 1.958 1.960 220 1.5 1.990 27 
0.04 1.954 1.958 1.960 220 2.2 1.975 27 
0.06 1.954 1.958 1.960 222 2.2 1.971 27 
0.1 1.954 1.958 1.960 228 2.2 1.970 27  
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Isothermal magnetization curves (M versus H) at T = 5 K for x = 0.06 
and 0.1 are shown in Fig. 7(d). The observed M-H curves having negli-
gible coercive field are akin to that of previously reported Mn-based 
DMS systems [58]. The magnetization does not saturate in both the 
cases for fields as large as 50 kOe, clearly indicating the PM/AFM nature 
of the samples. However, a closer inspection of the first derivative of 
magnetization ∂M/∂H (see the inset in Fig. 7(c)) reveals a much more 
complex phenomenon of magnetic interactions, other than simple PM 
phase. It should be noted that one would expect the constant value of 
∂M/∂H for linear response of magnetization with field in case of an ideal 
paramagnet. 

4. Conclusions 

In conclusion, we have successfully synthesized the polycrystalline 
samples of DMSs BaSn1-xMnxO3 (0 ≤ x ≤ 0.1) by standard solid-state- 
reaction method, and investigated the structural, optical spectroscopic 
and magnetic properties. Precise analysis of the XRD data reveals that all 
samples crystallize in the cubic structure with space group Pm 3 m, and 
the lattice parameter monotonously decreases owing to the incorpora-
tion of smaller ionic radii Mn4+ ions into the lattice of BSO. The optical 
band gap decreases with increase of Mn dopants concentration due to 
the enhanced sp-d hybridization between localized d electrons of Mn 
ions and band electrons. An in-depth analysis of both EPR and magne-
tization data confirms that Mn4+ ions and singly ionized oxygen va-
cancies are collectively responsible for the observed magnetization 
behavior in the doped samples, and the nature of magnetic interaction is 
especially antiferromagnetic in the higher doped samples. We hope the 
present study provides a deeper understanding of the nature of magnetic 
interaction in DMSs BaSn1-xMnxO3, which allows researchers to design 
DMSs having unique physical properties based on BaSnO3 perovskite 
oxides for potential technological applications. 
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as a function of H for x = 0.06 and 0.1.   

A. Sarkar et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0022-3697(22)00366-3/sref1
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref2
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref2
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref3
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref4
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref5
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref6
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref6
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref7
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref7
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref8
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref8
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref9
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref9
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref10
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref11
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref11
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref12
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref12
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref13
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref13
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref14
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref14
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref15
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref15
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref16
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref16


Journal of Physics and Chemistry of Solids 170 (2022) 110942

8

[17] A.B. Posadas, C. Mitra, C. Lin, A. Dhamdhere, D.J. Smith, M. Tsoi, A.A. Demkov, 
Phys. Rev. B 87 (2013), 144422. 

[18] H.-S. Kim, L. Bi, G.F. Dionne, C.A. Ross, Appl. Phys. Lett. 93 (2008), 092506. 
[19] H.-S. Kim, L. Bi, D.H. Kim, D.-J. Yang, Y.J. Choi, J.W. Lee, J.K. Kang, Y.C. Park, G. 

F. Dionne, C.A. Ross, J. Mater. Chem. 21 (2011), 10364. 
[20] B. Hadjarab, A. Bouguelia, M. Trari, J. Phys. Chem. Solid. 68 (2007) 1491. 
[21] P. Singh, D. Kumar, O. Parkash, J. Appl. Phys. 97 (2005), 074103. 
[22] U. Lampe, J. Gerblinger, H. Meixner, Sens. Actuators, B 24–25 (1995) 657. 
[23] H. Mizoguchi, H.W. Eng, P.M. Woodward, Inorg. Chem. 43 (2004) 1667. 
[24] H.J. Kim, J. Kim, T.H. Kim, W.-J. Lee, B.-G. Jeon, J.-Y. Park, W.S. Choi, D. 

W. Jeong, S.H. Lee, J. Yu, T.W. Noh, K.H. Kim, Phys. Rev. B 88 (2013), 125204. 
[25] K. Balamurugan, N. Harish Kumar, B. Ramachandran, M.S. Ramachandra Rao, 

J. Arout Chelvane, P.N. Santhosh, Solid State Commun. 149 (2009) 884. 
[26] K. Balamurugan, N. Harish Kumar, J. Arout Chelvane, P.N. Santhosh, J. Alloys 

Compd. 472 (2009) 9. 
[27] Q. Liu, Y. He, H. Li, B. Li, G. Gao, L. Fan, J. Dai, APEX 7 (2014), 033006. 
[28] H.M. Rietveld, J. Appl. Crystallogr. 2 (1969) 65. 
[29] M. Ferrari, L. Lutterotti, J. Appl. Phys. 76 (1994) 7246. 
[30] R.D. Shannon, Acta Crystallogr. A32 (1976) 751. 
[31] B. Dalal, B. Sarkar, S.K. De, J. Phys. Condens. Matter 29 (2017), 495803. 
[32] S. Li, S. Wang, Y. Lu, C. Zhang, X. Yang, J. Gao, D. Li, Y. Zhu, W. Liu, AIP Adv. 8 

(2018), 015009. 
[33] Y.-K. Hsu, Y.-C. Chen, Y.-G. Lin, L.-C. Chen, K.-H. Chen, J. Mater. Chem. 22 (2012) 

2733. 
[34] A. Sarkar, S.K. De, Semicond. Sci. Technol. 33 (2018), 035018. 
[35] I.A. Alagdal, A.R. West, J. Mater. Chem. C 4 (2016) 4770. 
[36] T.C. Damen, S.P.S. Porto, B. Tell, Phys. Rev. 142 (1966) 570. 
[37] C. Bundesmann, N. Ashkenov, M. Schubert, D. Spemann, T. Butz, E.M. Kaidashev, 

M. Lorenz, M. Grundmann, Appl. Phys. Lett. 83 (2003) 1974. 
[38] M.V. Abrashev, A.P. Litvinchuk, M.N. Iliev, R.L. Meng, V.N. Popov, V.G. Ivanov, R. 

A. Chakalov, C. Thomsen, Phys. Rev. B 59 (1999) 4146. 

[39] B. Cheng, Y. Xiao, G. Wu, L. Zhang, Appl. Phys. Lett. 84 (2004) 416. 
[40] J.B. Wang, G.J. Huang, X.L. Zhong, L.Z. Sun, Y.C. Zhou, Appl. Phys. Lett. 88 

(2006), 252502. 
[41] Y. Sun, X. Zhang, N. Li, X. Xing, H. Yang, F. Zhang, J. Cheng, Z. Zhang, Z. Hao, 

Appl. Catal., B 251 (2019) 295. 
[42] J. Xu, J.H. Park, H.M. Jang, Phys. Rev. B 75 (2007), 012409. 
[43] C. Shan, T. Huang, J. Zhang, M. Han, Y. Li, Z. Hu, J. Chu, J. Phys. Chem. C 118 

(2014) 6994. 
[44] S. Maiti, A. Pramanik, S. Mahanty, ACS Appl. Mater. Interfaces 6 (2014), 10754. 
[45] D. Ghosh, S. Bhandari, D. Khastgir, Phys. Chem. Chem. Phys. 18 (2016), 32876. 
[46] C. Huang, X. Wang, Q. Shi, X. Liu, Y. Zhang, F. Huang, T. Zhang, Inorg. Chem. 54 

(8) (2015) 4002. 
[47] W. Lu, H. Schmidt, Ceram. Int. 34 (3) (2008) 645. 
[48] R.A. Zargar, M. Arora, R.A. Bhat, Appl. Phys. 124 (2018) 36. 
[49] R.A. Zargar, Sci. Rep. 12 (2022), 10096. 
[50] C. Tian, H. Lin, D. Zhang, P. Zhang, R. Hong, Z. Han, X. Qian, J. Zou, Opt Express 

27 (22) (2019), 32666. 
[51] R. Cao, F. Zhang, C. Cao, X. Yu, A. Liang, S. Guo, H. Xue, Opt. Mater. 38 (2014) 53. 
[52] K. Drdlikova, D. Drdlik, H. Hadraba, R. Klement, K. Maca, J. Eur. Ceram. Soc. 40 

(14) (2020) 4894. 
[53] S. Stoll, A. Schweiger, J. Magn. Reson. 178 (1) (2006) 42. 
[54] A. Zorko, M. Pregelj, H. Luetkens, A.-K. Axelsson, M. Valant, Phys. Rev. B 89 

(2014), 094418. 
[55] K. Alexander Müller, Phys. Rev. Lett. 2 (8) (1959) 341. 
[56] J.M. Peloquin, K.A. Campbell, D.W. Randall, M.A. Evanchik, V.L. Pecoraro, W. 

H. Armstrong, R. David Britt, J. Am. Chem. Soc. 122 (44) (2000), 10926. 
[57] R.A. Zargar, K. Kumar, M. Arora, M. Shkir, H.H. Somaily, H. Algarni, S. AlFaify, 

J. Lumin. 245 (2022), 118769. 
[58] S. Paul, B. Dalal, M. Das, P. Mandal, S.K. De, Chem. Mater. 31 (2019) 8191. 

A. Sarkar et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0022-3697(22)00366-3/sref17
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref17
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref18
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref19
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref19
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref20
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref21
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref22
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref23
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref24
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref24
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref25
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref25
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref26
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref26
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref27
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref28
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref29
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref30
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref31
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref32
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref32
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref33
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref33
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref34
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref35
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref36
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref37
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref37
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref38
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref38
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref39
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref40
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref40
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref41
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref41
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref42
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref43
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref43
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref44
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref45
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref46
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref46
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref47
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref48
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref49
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref50
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref50
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref51
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref52
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref52
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref53
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref54
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref54
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref55
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref56
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref56
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref57
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref57
http://refhub.elsevier.com/S0022-3697(22)00366-3/sref58


A J CSIAN OURNAL OF HEMISTRYA J CSIAN OURNAL OF HEMISTRY
https://doi.org/10.14233/ajchem.2022.23976

INTRODUCTION

Modern day’s chemical industry is in need of technology
for generation of sustainable as well as environmentally-safe
chemical processes [1-12]. In state of conventional technologies,
catalytic processes can apply for the production of various indus-
trially important chemicals due to its economic and environ-
mental benefits. Numerous homogeneous catalysts have been
industrially applied for catalytic organic reactions in liquid
phase through green synthetic route. These catalysts are highly
active as well as selective due to their structure and precisely
controllable reactivity [13]. However, the major disadvantages
of homogeneous catalysts for large scale application in indus-
trial processes are catalyst separation and various problems in
reuse of these costly catalysts [14-16]. These disadvantages
can be circumvented through the use of easily recyclable hetero-
geneous catalysts for the environmental friendly synthesis of
expensive important chemicals. Several metal hydroxides or
oxides [17-20], polyoxometalates [21,22], zeolites [23,24],
metal nanoparticles [25,26], metal-organic frameworks [27,28],
polymers [29,30], dendrimers [31] and carbon-based materials
[32,33] have been efficiently applied as heterogeneous catalysts
for organic reactions in liquid-phase.
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Recently, perovskite oxides (with common formula ABO3)
have drawn much attention due to their versatile applications
likes magnetic, multi-ferroelectric, piezoelectric, supercon-
ducting and also heterogeneous catalytic properties [34-51].
Different perovskite oxides were studied as catalyst for electro-
chemical reactions [34-38], high temperature gas-phase reactions
[39-49] and photocatalytic [47-51] due to their structural stability,
flexibility, diversity and controllable physico-chemical prop-
erties. Though industrially important perovskite catalyzed organic
reactions in liquid-phase have been limited reports [52-88].
Recently several researchers reported porous nano perovskite
oxide synthesized by different methods could be used as hetero-
geneous catalyst for organic reactions in liquid-phase such as
acid/base-catalyzed organic reactions [52-57], selective oxidations
[58-76], cross-coupling reactions [77-81] and some other hydro-
genation/oxidation reactions [82-88]. Table-1 listed various
examples of perovskite oxide-based materials as heterogeneous
catalyst for organic reactions in liquid phase.

Numerous examples of perovskite oxide catalyzed organic
reactions in liquid-phase are highlighted in this review. In
addition, their synthesis, structures, physico-chemical properties
and environmental-friendly catalytic applications are also
summarized.



TABLE-1 
VARIOUS HETEROGENEOUS PEROVSKITE OXIDE CATALYSTS FOR ORGANIC REACTIONS IN LIQUID PHASE 

Catalyst/additive Reaction Yield Time (h) Ref. 

 Acid/base-catalyzed reaction    

BaZrO3 O + HCHO
150ºC,H2O

HO O

 

53 1.5 [52] 

HTiNbO5 nanosheets OH
+ CH3COOH

70ºC OAc
 17 6 [53] 

SmFeO3 O

+ TMSCN
20-30ºC,CH2Cl2

OTMS

CN

 

98 1 [54] 

Mesoporous ZnTiO3 +
Cl

R1
R1

70-75ºC
 

90-94 14-24 [55] 

Mesoporous ZnTiO3 
R OH

O

+ MeOH
R OMe

O

60ºC

 

73-92 15-18 [55] 

ZnTiO3/CTAB 

NC

NC R1

+ R1

SH

N

N

S

CN

NH2

H
R

R2
Reflux, H2O

 

71-94 8 [56] 

BiFeO3 
ArNH2 + + HCHO

O

N-Ar

N
Ar

H

H3COOC

RT,MeOH

 

63-88 – [57] 

 Selective oxidation    

Cu/LaFeO3 
OH

TBHP

80ºC,CH3CN

O

 

99 3 [58] 

LaCrO3 
Ar Ar

TBHP

90ºC Ar Ar

O

 

84-97 7-8.5 [60] 

KNbO3 
N

S

S

H2O2

40ºC,CH3CN
N

S

S

O

N

S

S

OO

+

 

30, 70 1 [61] 

Y2BaCuO5±x 

OH OH

OH

OH

OH

O

O

+ +
H2O2

70ºC,water

 

18, 14, <1 0.5 [62,63] 

CuZrO3 HO

OH

OMe

HO

O

OMe

O2

120ºC,CH3CN

 

69 2 [64] 

AuPd/LaMnO3 
NaOH 

HO OH

OH

HO
COOH

OH HOOC

OH

COOH

+O2

100ºC,water
 

70, 17 6 [65] 

 

[52]

[53]

[54]

[55]

[55]

[56]

[57]

[58]

[60]

[61]

[62,63]

[64]

[65]
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Pd0.002K0.17Ti1.86Sr0.20O4 
Pd0.03K0.03Ti1.47Sr1.02O4 R1

OH

R2 R2
R1

O

120ºC,toluene
O2

 

30-99 24 [66] 

La2CuO4 
R

O

COOH

R
75-80ºC,EtOAc

Air

 

70-90 – [67] 

SrMnO3 
R1

OH

R2 R2
R1

O

50-80ºC,toluene
O2

 

81-99 1-10 [68] 

SrMnO3 
Ar Ar

O2

60-120ºC,n-octane Ar Ar

O

 

81-94 8-24 [70] 

BaFeO3-δ 
R1 H

R2

R3

R1 OH

R2

R3O2

80-90ºC, PhCF3  

14-59 72-96 [71] 

BaRuO3 R1

S
R2

R1

S
R2

O O

R1

S
R2

O

+
O2

40-100ºC,t-BuOH

 

50-90 12-60 [72] 

(La,Sr)0.5(Co,Mn)0.5O3-δ/ 
NHPI 

COOH

HOOC

90ºC, AcOH

O2

 

99 99 [73] 

KTaO3 
CHO

60ºC, H2O2

Acetonitrile

 

58 4 [74] 

BaFeO3-δ 

O2(1 MPa)

PhCF3, 363K
R3

R2

Ar

R1 R1

Ar

R3

R2

R1,R2,R3=
Ar,R,H,etc  

75 30 [76] 

 Coupling Reaction    

LaFe0.57Co0.38Pd0.05O3 
/base-TBABr 

R1

X

R2

B(OH)2

+
R1

R2

80ºC,IPA/H2O

 

26-95 0.5-18 [77,78] 

La0.9Ce0.1Co0.6Cu0.4O3 
/base-EtOAc 

R1

OH

R2

X

+
R1

110ºC,Toluene

O R2

 

46-90 48 [79] 

La0.9Ce0.1Co0.6Cu0.4O3 
/base 

R1

X

+

R2

120ºC,H2O/DMA

R1

R2

 

47-96 6-24 [80] 

Bi1.97Eu0.03MoO6 NH2

X
Ph

O

+ O

O O
H2O

35-45ºC

N

O

OPh

 

90-97 0.5-1 [81] 

 

[66]

[67]

[68]

[70]

[71]

[72]

[73]

[74]

[76]

[77,78]

[79]

[80]

[81]
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 Other Reaction    

LaFeO3/KOH 

NO2

R IPA

reflux

NH2

R

 

78-98 2-6 [82] 

LaCo0.8Fe0.2O3 

50ºC, CH3CN

TBHP

OH O

 

89 6 [84] 

Pt/YCo0.3Fe0.7O3 

O

90ºC, 2 MPa H2, isopropanol/ water

TBHP

OH

 

95 0.5 [85] 

LaMnO3 

O O

O

Heptane,353K

O2

 

99 24 [86] 

LaMnO3 

OH

OH

OH

O2,Heptane

333K

 

66 24 [86] 

LaMo0.1Fe0.9O3 

+

OH

N

N

O

O X

Y

Y

X=O,S
Y=H,Me

+

N

N

O

X

Y

Y

O

R

R

CHO

100ºC

Solvent free

 

92 0.3 [87] 

LaMnO3 

O O O OH

Isoproponol,N2

180ºC
 

95 3 [88] 

 
Synthesis and structure of perovskite catalysts: A number

of combination of A- and B-site is possible to procedure ABO3

structure of perovskite oxide [46,89,90]. Partial substitution of
either or both sites (A and B) by other metals can control metal
cation’s oxidation states and oxygen stoichiometry in multi-
component perovskite compositions. Therefore, the adjustable
composition of perovskites could lead to structure flexibility with
useful physico-chemical characters. Many wonderful books and
articles presented the synthesis, structures, characteristic features
and uses of perovskite oxides in detail [34-51].

Synthesis of perovskite catalysts: The purity, surface area,
particles size or shape and pores size/amounts of perovskite
oxides are strongly depending on their synthesis methods
[34,89,90]. Ultrapure perovskites can be prepared from pure
metal component by the solid-state synthesis method but these
synthesized perovskites are mainly use for electrical and elect-
ronic applications. But the enormously low surface area (~ 1
m2 g-1) of these perovskite limits their overall performance as
effective bulk catalyst [4]. Liquid-phase organic reactions are

mainly performed under mild reaction conditions; therefore,
relatively high surface area of perovskite catalysts is one of most
important factor for a highly efficient catalytic system. Generally,
perovskite oxide catalysts are prepared by co-precipitation
[65,67-69], solgel [61,64,65,69-73], solution combustion [57,58]
and hard-soft templating [82] methods. In co-precipitation, a
suitable precipitant (NaOH, ammonia, amines) is slowly mixed
to an aqueous two or more metal salts solution generally as
metal nitrate and gives a homogeneous mixture. The resultant
precipitates wash with pure solvents then calcine at a proper
temperature. Different perovskites, ABO3 (A = La, Sm, Pr and
B = Fe, Cr, Mn, Ni, Co), are synthesized by co-precipitation
method using n-butyl amine as a precipitant [68]. A super-
critical anti-solvent precipitation method is also used for the
synthesis of LaBO3 (B = Fe, Cr, Co, Ni, Mn) with high surface
areas (22-52 m2 g-1) [65]. In co-precipitation method, soluble
metal complexes are produced in precipitation step and parti-
cular cations are also loss in washing step. Thus controlling
the composition of perovskites is difficult in this method.

[82]

[84]

[85]

[86]

[86]

[87]

[88]
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Perovskites with controlled chemical composition as well
as relatively high surface areas are prepared by simple and
useful sol-gel method. Malic acid and citric acid most frequ-
ently used in sol-gel method for synthesis of perovskites [91,92].
La0.8Sr0.2MO3 (M = Co and Mn with surface area 20 m2 g-1 and
37 m2 g-1, respectively) with high surface-area have synthesized
from aqueous metal salts solution and malic acid at pH 3-4
[92]. The polymerized complex method and the Pechini method
have also been well-studied for perovskites synthesis [93,94].
Hexagonal SrMnO3 (surface area 25 m2 g-1) have synthesized
by polymerized complex method [69]. SrMnO3 with appreci-
able large surface area (≤ 47 m2 g-1) also fruitfully synthesized
without pH adjustment by using metal acetates and aspartic
acid rather than metal nitrates [70] and other hexagonal pero-
vskite materials was also synthesized by this method [71,72].

The single step solution combustion method is also use
for synthesis of perovskite nanoparticles, which involves the
combustion of corresponding metal salts (mostly nitrates and
chlorides in some cases) with appropriate organic fuels (citric
acid, urea, glycine, glycerol, etc.). The reaction itself supplied
the required heat for phase formation. Therefore, heating temp-
erature is lower than the conventional paths and calcination
step is not required. The  copper substituted LaMO3 (M = Fe,
Mn, Co) catalysts with surface area 10-27 m2 g-1 was synthesis
by single-step solution combustion method [58]. This synthesis
method has also been useful for rapid synthesis of different
multicomponent perovskites. But, it is difficult to control para-
meters of the process and maintains the quality of final product
by using this preparation method.

Soft and hard templating methods most comprehensively
studied for the preparation of porous perovskite materials by
using porous silicates and polymeric materials [48]. The pero-
vskite nanoparticles have no pores and the reaction happens
only on the surface of the catalyst, which restrict the overall
catalytic performance [68]. The ZnTiO3, mesoporous perovskite,
with 136 m2 g-1 surface area and 5.1 nm averaged pore dimen-
sion was synthesized by using a nonionic surfactant template
(Pluronic P123) in a new evaporation-induced self-assembly
method [61]. Hence, the soft and hard templating methods
provide large surface areas (> 100 m2 g-1) with orderly pore
structures but the method complicity, requirement of costly
templates and also difficulty in their successive removal makes
the applicability of this method is limited.

Although, nanosized and porous suitable perovskite oxides
prepared by the aforesaid methods are mainly applied as efficient
catalysts. The typically inactive perovskite oxides may be used
as supports for different supported metal catalysts and a syner-
gistic effect of perovskite oxide and metal nanoparticles has
been suggested for some reactions [65,73,85]. The details
applications of all these perovskite oxides for catalytic organic
reactions in liquid-phase are described as follows:

Structure of perovskite catalysts: The perovskite oxides
are ideally cubic in crystal structure, where large cations (A)
have twelve-fold and smaller cations (B) have six-fold coordi-
nation with BO6 octahedra corner-sharing [4]. The tolerance
factor (t) is used for indexing the deviation from this ideal
structure and is estimated from eqn. 1 (rA = cationic radius of

A, rB = cationic radius of B and rO = anionic radius of O2-)
[89,90].

(rA rB)
t

2(rB rO)

+=
+ (1)

The ideal cubic perovskite has t value 1. When the t value
is lower than 1 (0.75 to 1), the perovskite gives tetragonal,
rhombohedral, or lower symmetric structure [89]. The greater
t values (> 1) are obtained when we use large alkaline-earth
metal cations (A2+) or small B cations and showing hexagonal
crystal structure with BO6 octahedra face-sharing [70,71]. Two-
dimensional perovskite with inter leaved cations are showing
layered structures is also reported [89].

Different perovskite oxides are design for catalytic organic
reactions in liquid-phase. The crystalline structure, formation
of oxygen vacancy and the oxidation state of B can be changed
by controlling the chemical composition of perovskite oxides.
When an A3+ ion is replaced by an A2+ cation from A3+ B3+ O3

then increased the oxidation state of B or formed oxygen
vacancy [4]. The details applications of all these perovskite
oxides as catalyst for organic reaction in liquid-phase along
with the relationships between the unique catalytic properties
and the structural, the physico-chemical properties are also
discussed.

Catalytic applications of perovskite oxide for organic
reactions in liquid-phase: The catalytic activity of perovskite
oxides strongly depends on their physico-chemical properties.
It has been reported that crystalline structure [69,70], formation
energy for oxygen vacancy [71], oxygen adsorption capacity
[65], surface oxygen vacancy [64,73] and oxidation state of B
cation [72] play significant roles for the perovskite oxide catal-
yzed organic reactions in liquid phase. Several absorptions,
spectroscopic and computational methods have been used for
characterization of the redox and acidic-basic properties of
perovskite oxides [21-23,25,26,29]. The oxygen mobility and
reducibility are usually analyzed by hydrogen temperature
programmed reduction (TPR), isotopic exchange experiments
and temperature programmed desorption (TPD) for the charac-
terization of redox properties. Adsorption micro-calorimetry,
site titration using Hammett indicators, TPD and spectroscopy
are exclusively used for the analysis of surface acidity/basicity
of perovskites. The bulk and surface structures are character-
ized by infrared spectroscopy (IR), X-ray diffraction (XRD),
extended X-ray absorption fine structure (EXAFS), X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy and
high resolution transmission electron microscope (HRTEM)
measurements. However, most publications mainly focus on
development of perovskite oxide-catalyzed organic reactions
in liquid-phase. Hence, such characterizations in most systems
are incomplete and lack of comprehensive mechanistic studies.
In this review, the important catalytic property of perovskite
oxides in liquid phase is comprehensively summarized and some
of the reaction mechanism along with the characterization
results is also discussed.

Acid/base-catalyzed reactions: The petroleum refining
and petrochemical industry have been utilized solid acid-bases
as catalysts for lots of important processes [95-100]. Zeolites,
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clays, resins, hetero polyacids, mono or mixed metal oxides
and a catalyst with surface modification have been extensively
examined as acid-base catalyst. However, the performance of
perovskite oxides as acid-base catalyst are still under explored.
In recent times, a review article systematically summarized
catalytic performance of perovskites as acid-base catalyst [42].
The effects of density, strength, surface modification, exposed
faces and type of acid-base sites of perovskite oxides to their
performance as catalyst have been studied for the conversion
of 2-propanol [53]. In contrast, acid-base catalysis in liquid-
phase and comprehensive reaction mechanisms studies are still
limited.

HSr2Nb3O10 and HTiNbO5 nanosheets with modified surface
area were reported as acid catalysts for acetic acid esterifica-
tion, cumene cracking and 2-propanol dehydration [53]. Cyano-
silylation with trimethylsilyl cyanide (TMSCN) of carbonyl
compounds to corresponding cyanohydrins trimethylsilyl
ethers is a key reaction for production of α-hydroxy aldehydes
or acids and β-amino alcohols. SmFeO3 showed significant
activity towards the catalytic cyanosilylation of benzaldehyde
by trimethylsilyl cyanide in comparison to other catalysts used
for this reaction [54]. But, it is proposed that the active sites of
SmFeO3 was the Brønsted acid sites but results were lack of
detail characterization. A new mesoporous ZnTiO3 perovskite
was developed as an efficient catalyst for Friedel-Crafts alkyl-
ation by benzyl chloride along with the esterification of C12-C18

carboxylic acids [55,56]. A probable mechanism was suggested
for the ZnTiO3-catalyzed esterification that carboxylic acid
was activated through coordination with the Lewis acid site.
The same group also stated that reusable nano ZnTiO3 base
catalyst with cubic structure prepared via sol-gel method for
1,6-naphthyridine synthesis in water [56]. The cooperative action
of Ti4+ as Lewis acid site and O2− as base site for the probable
reaction mechanism is also proposed.

Preparation of hydroxypivaldehyde is a key reaction, since
the product gives neopentyl glycol on successive hydro-
genation and it is an intermediate of plasticizers, polyesters,
lubricants and synthetic paints. SrZrO3 and BaZrO3 exhibited
good catalytic activity towards this base-catalyzed aldol conden-
sation reaction of isobutyl aldehyde by formaldehyde with 53%
yield along with 91% conversion [52].

Different dihydro-2-oxypyrroles was synthesized by one-
pot synthesis from dimethyl acetylene dicarboxylate, formalde-
hyde and anilines in methanol over BiFeO3 catalyst at room
temperature [57]. An external magnet could easily recover the
used catalyst from the reaction medium and the recovered
catalyst was efficiently reused. The authors proposed that an
imine intermediate was activated through Lewis acid sites of
BiFeO3 helps a Mannich type reactions by successive cycli-
zation reactions, even though there was no physico-chemical
evidence regarding this acid sites.

Selective catalytic oxidation: Selective catalytic oxidation
of petroleum-based feed stocks into suitable compounds is a
significant reaction since the products are extensively applied
for synthesis of valuable products and important chemicals
[101-108]. The CO oxidation and total oxidation of different
hydrocarbons are extensively reported over perovskite oxide

catalysts [39-43,84]. Several efficient perovskite oxides
catalysts are used for selective oxidation reactions in liquid
phase by using molecular oxygen (O2), hydrogen peroxide
(H2O2) and tert-butyl hydroperoxide (TBHP) as oxidant [58-
76]. The kinds of catalyst and oxidant played important role
for the catalytic efficiency as well as for the reaction mechan-
ism. Preparation of particular widely used important carbonyl
compounds from corresponding alcohols via selective oxidation
due to production of fine chemicals and pharmaceuticals
products. Copper-substituted LaFeO3(Cu/LaFeO3) perovskite
developed as a reusable catalyst for selective oxidation of benzyl
alcohol with TBHP [58]. The combustion synthesized catalyst
showed higher activity due to the presence of a peculiar poorly-
defined amorphous CuO along with substitutional Cu2+ phase
on the top of LaFeO3 particle. Cerium doped rhombohedral
La1-xCexCoO3 nano perovskite was also act as an effective
catalyst for the same reaction in liquid medium under atmosp-
heric pressure using highly pure oxygen as oxidant. Under
optimum reaction conditions, among the prepared catalysts
La0.95Co0.05O3 catalyst showed higher catalytic activity (> 35%)
with ~ 100% selectivity upto four cycles [59]. Reusable LaCrO3

catalyst also reported for the oxidation of alkyl arenes using
TBHP under solvent-free condition [60]. However, H2O2 and
O2 have received much consideration than organic hydro-
peroxides due to their environmental-friendly nature (gives
water only as byproduct) and also content high active oxygen
species. Titanium loaded potassium niobates (KTi0.2Nb0.8O3 and
KTi0.1Nb0.9O3) perovskite developed for the selective catalytic
oxidation of 2-(methyl-thio)benzothiazole with excess H2O2

to the analogous sulfone and sulfoxide [61]. The electronic
and structural defects were due to incorporation of titanium
ions into the perovskite lattice for the higher activity of titanium
substituted catalyst than the pure potassium niobates (KNbO3).
The Y2BaCuO5±x perovskite was also reported as recyclable
efficient catalyst for the selective catalytic oxidation of phenol
to hydroquinone and catechol using H2O2 [62,63]. A radical
substitution mechanism is proposed but the complete mech-
anism was still uncertain for the oxidation reactions with H2O2.

Catalytic oxidative promoting reactions of biomass-derived
substance into valuable chemicals with O2 are an important
matter to make a sustainable society due to the replacement of
non-renewable fossil resources [7-12,109]. However, still now
the selective liquid-phase heterogeneous catalytic oxidation
under mild conditions with O2 are limited [101-108,110]. The
CuO and CuZrO3 mixture was developed as heterogeneous
catalytic oxidation of vanillyl alcohol (a model compound
representing lignin) [64]. The redox properties of the catalyst
improved due to the presence of Cu-O-Zr linkages in high
concentration as active phase. The perovskite-catalyzed aerobic
oxidation of common organic substances was also examined
by various researchers. The effect of perovskites supports on
glycerol aerobic oxidation was exclusively studied over AuPt
nanoparticles supported on lanthanum based oxides LaMO3

(M = Fe, Cr, Mn, Ni, Co) [65]. This oxidation gives different
products and the selectivity of the products was depending on
the perovskite supports. From mechanistic studies, it was sugg-
ested that the oxygen adsorption capacity supports strongly
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influence selectivity of the product and LaMnO3 support inhibits
the lactic acid production due to high oxygen capacity. The
Pd-containing perovskite oxide (Pd/K0.6Ti1.85O4) was reported
as a highly stable and reusable catalyst for allylic and benzylic
alcohols oxidation by using oxygen [66]. Various substituted
benzaldehyde with electron-withdrawing and electron-donating
groups were selectively oxidized to the desired products over
La2CuO4 catalyst [67].

The catalytic oxidation over various types of pure rhom-
bohedral and hexagonal perovskite oxides (BaFeO3-δ, BaRuO3

and SrMnO3) with relatively high surface areas are also reported
as efficient catalyst for oxidative dehydrogenation of alcohols
and other difficult aerobic oxidation of alkanes and sulfides
[69-72]. These hexagonal perovskites also selectively catalyzed
alcohols, alkanes, alkyl arenes and sulfides in presence of O2.
Many allylic, aromatic and heteroatom-incorporated primary
or secondary alcohols were selectively transformed to the desired
carbonyl compounds over hexagonal SrMnO3 [69]. But the
catalyst showed low catalytic activity towards aliphatic alcohols
oxidation. The kinetics measurement showed non-dissociative
alcohol and oxygen adsorption and Langmuir-Hinshelwood
mechanism was proposed for this catalyzed oxidation reaction.
The C-H bond breaking was suggested for the rate determi-
nation step from kinetic isotope effect. This type of O2-activation
was also used for oxidative homocoupling reactions of phenols
and amines and the selective oxidation of alkyl arenes to corres-
ponding oxygenated/dehydrogenated products. This is the first
example of reductive O2 activation for selective catalytic oxida-
tion over SrMnO3 in liquid-phase. The kinetic measurement
showed that an oxygen species generated from the solid compare
to SrMnO3 is responsible for this oxidation process and Mars-van
Krevelen mechanism was proposed for this reaction [111].
Various aromatic and aliphatic sulfides could also efficiently
catalyze to the corresponding sulfones and sulfoxides by using
O2 over recyclable rhombohedral BaRuO3 [71]. The oxygen
transfer reactivity of ruthenium based oxides was significantly
affected by the crystal structure of oxides. Thus, the oxygen
easily transferred to a sulfide from BaRuO3 and oxygen also
re-oxidized the partially reduced BaRuO3-x than other Ru-based
perovskites. The aliphatic C-H bond oxidation of alkanes
produces industrially important chemicals and it is still challen-
ging in the chemical industries [72]. There are few Ru- and V-
based perovskites used as recoverable as well as a reusable
heterogeneous catalyst for aerobic oxidation of adamantane
[112,113]. Hexagonal, recyclable 6H-BaFeO3-δ (δ = 0.1) was
efficiently catalyzed this oxidation as well as other various
hydrocarbons in presence of oxygen [72]. The author proposed
that the adamantane oxidation gates through a radical-mediated
pathway and abstraction of hydrogen by BaFeO3-δ suggested
for the rate determining step. The oxygen-deficient, orthorhom-
bic, recyclable (La,Sr)0.5(Co,Mn)0.5O3-δ perovskite was basically
applied for the selective oxidation of ethylbenzene and toluene
to acetophenone and benzoic acid, respectively with N-hydroxy-
phthalimide (NHPI) [73]. It has been proposed that the large
oxygen vacancies of this perovskite could activated NHPI to
produce phthalimide N-oxyl radical (PINO) and the radical
promoting the formation of an alkyl radical through hydrogen

abstraction from hydrocarbons. However, mechanistic detail
is still required.

A sets of alkaline tantalates (NaTaO3, LiTaO3, KTaO3) also
selectively catalyzed styrene to form benzaldehyde. The highest
conversion (~ 58%) with 77% selectivity was achieved for
KTaO3 upto six catalytic cycles. It is suggested that the increa-
sing catalytic performance was attributed to crystalline structure
of perovskites, the atomic radius of the alkaline-metals and
the presence of segregated phases in the component [74]. Sol-
gel methods synthesized, pure and Co loaded nano-lanthanum
ferrite (LaFe1-xCoxO3; x = 0 to 1) were also examined for selective
catalytic oxidation of styrene to benzaldehyde using H2O2 as
oxidant [75]. The catalyst showed the higher activity at lowest
substitution than other higher cobalt loaded ferrite and also
than for pure LaFeO3.

BaFeO3-δ perovskite may well affectively catalyzed oxid-
ative C=C bond cleavage of numerous aromatic alkenes to
preferred carbonyl compounds (~ 75% yield) under the additive
free condition with O2 as oxidant [76].

Cross-coupling reactions: Several significant organic
chemicals (drugs, materials, optical devices, etc.) are manu-
factured by using cross-coupling reactions over transition metal
catalyst [114-118]. Palladium(II) complexes are generally used
as homogeneous catalyst in case of cross-coupling reactions
in environment friendly mild conditions. Thus development
of Pd-based easily recoverable and recyclable heterogeneous
catalysts are predominantly required for industrial applications.
Along with other approaches impregnation and encapsulation
have been tried for the immobilization of Pd particles [78]. But
Pd leaching is a big problem for this types of catalysts. Thus,
the improvement of Pd-based catalysts as actually heterogen-
eous remains an interesting tusk for researchers.

Furthermore,  palladium containing perovskite oxides also
devel-oped as efficient popular automotive three-way catalyst
with expressively developed stability due to the self-refor-
mative role of Pd [119,120]. Against such a background, Pd-
loading LaFe0.57Co0.38Pd0.05O3 perovskite is developed for the
Suzuki reactions of aryl halides with boronic acids [77]. A
number of aryl halides and boronic acids combinations were
affectively transformed to the analogous bi-aryls and the
catalytic efficiency enhanced with tetra-n-butyl ammonium
bromide (TBABr) addition in several difficult transformations.
The reaction between 4-bromoanisole and phenyl boronic acid
over LaFe0.57Co0.38Pd0.05O3 was taken as a model reaction for
this coupling reaction and the reaction mechanism was investi-
gated by using kinetics, microscopy, catalyst poisoning and
three-phase tests [78]. On the basis of these results, it was
proposed that the Pd particles first reduced to Pd0 by aqueous
alcohol solvents and trapped to a solid surface. The soluble
Pd species produces by oxidative-addition of aryl halides
helped the Suzuki coupling reaction in a usual way. Transmission
electron microscopy (TEM) studies showed that there is no
Pd black generated. Thus, low amount (2 ppm) of leached Pd
particles (confirm from hot filtration test) after reaction indic-
ated that bulk inorganic phase was recaptured the Pd0 particles.

Furthermore, Ullmann-type condensation of different aryl
halides using thiols and phenols to the analogous sulfides and

Vol. 34, No. 10 (2022) Catalytic Organic Reactions in Liquid Phase by Perovskite Oxides: A Review  2495



biaryl ethers could efficiently catalyze by La0.9Ce0.1Co0.6-Cu0.4O3

perovskite catalyst [79]. Several phenolic compound could
effectively couple with an aryl halide in presence of ethyl acetate
and Cs2CO3 additives. Three Pd-loaded Na2.04Cu0.95Pd0.05O4,
LaFe0.57Cu0.38-Pd0.05O3 and LaFe0.57Co0.38Pd0.05O3 perovskites
developed for Sonogashira coupling of aryl halides with alkynes
is also reported [79]. LaFe0.95Pd0.05O3 perovskite deposited
CeO2 was also reported as efficient catalyst for Sonogashira
and Heck cross-coupling reactions by flow chemistry technology
[80]. But the reaction time profile is very slow and controlling
the byproducts formation should be enhanced catalytic
efficiency.

The Bi1.97Eu0.03MoO6 double perovskite catalyst was also
reported as an effective catalyst for the formation of substituted
quinolones from different aliphatic ketones and 2-amino aryl
ketones at ambient temperature in water [81].

Other reactions: LaMO3 (M = Mn, Fe, Co, Cr, Al) catalyst
applied for the hydrogenation of substituted and unsubstituted
nitrobenzene to synthesize corresponding aniline in presence
of KOH promoter in 2-propanol medium [82,83]. Among the
catalysts, LaFeO3 showed highest catalytic activity for this
hydrogenation reaction. The same group also examined the
strontium loading effect in the La1-xSrxFeO3 for nitrobenzene
hydrogenation and found La0.8Sr0.2FeO3 as the best active as
well as recyclable catalysts [82,83].

Spray-flame synthesized LaCo0.8Fe0.2O3 perovskite nano-
particles catalyst used for the oxidation of cinnamyl alcohol
to cinnamaldehyde in liquid phase with TBHP under mild
conditions. Waffel et al. [84] suggested a synergistic effect of
Co and Fe for the best catalytic activity. Platinum nanoparticles
supported on modified solgel method synthesized YCo0.3Fe0.7O3

catalyst selectively hydrogenated cinnamaldehyde to cinnamyl
alcohol with ~95% selectivity and 100% conversion [85].

Metal-free LaMnO3 perovskite was reported as an excep-
tionally effective oxidation catalyst for the conversion of alkyl
arenes to corresponding ketones and also for the preparation
of 1,1-binaphthyl-2,2-diol (BINOL) through oxidative dimeri-
zation of 2-naphthol in presence of molecular oxygen [86].
Citric acid based sol-gel route prepared crumpled nanosheets
of molybdenum-doped LaFeO3 (LaMo0.1Fe0.9O3) were used for
the green synthesis of naphthapyranopyrimidines from solvent-
free one-pot reaction of different substituted aromatic aldehydes,
2-naphthol and barbituric acid or its derivatives [87]. The oxygen
vacancy-rich mesoporous LaMnO3 prepared through a modified
molecular-assembly method, act as a significantly active as well
as stable hydrogenation catalyst for synthesis of furfuryl alcohol
from furfural with ~100% conversion and 96% selectivity. The
author proposed from density functional theory calculation
that the interaction of catalyst surface with catalytic substrate
facilitated by the expose oxygen deficiency sites of porous
LaMnO3, which lead to a lower energy barrier for this hydroge-
nation process [88].

Conclusion

Inspite of low surface areas, structurally modified pero-
vskite oxides show a unique catalytic efficiency for various
organic reactions in liquid phase. Various porous and nano

perovskite oxides prepared by different conventional methods
as well as modified methods can used as catalyst for the prep-
aration of value-added chemicals. Perovskite oxides can effici-
ently use as acid-base catalysts for aldol condensation, esteri-
fication, Friedel-Crafts alkylation, cyanosilylation and one-pot
synthesis. However, the connection of the catalytic efficiency
with acid/base properties is still not properly discussed.
Alkanes, alcohols, arenes, sulfides, etc. can selectively oxidized
to the corresponding products over precious metal-supported,
oxygen deficient, hexagonal and layered perovskite oxides
catalyst with O2, H2O2 and tert-butyl hydroperoxide (TBHP)
oxidants. Palladium and copper loaded multi-component pero-
vskite oxides can also effectively catalyze Suzuki, Ullmann
and Sonogashira type cross-coupling reactions. Several reactions
are employed to increase the surface areas of perovskites, which
subsequently increases the catalytic activities. However, the
procedures complexity and inapplicability to versatile chemical
compositions is the fundamental disadvantages of present
synthesis methods. Thus a simple, efficient synthesis methods
are still required for synthesis of various perovskite oxides
with enhanced surface areas (≥ 100 m2 g-1) at mild condition.
Furthermore, elucidation of proper reaction mechanisms along
with the connection of catalytic efficiency of perovskite oxides
with the substrate activation modes have to be properly clarified.
Therefore, appropriate explanation of the mechanistic data can
lead to develop efficient perovskite oxide catalysts with proper
composition for different organic reactions in the liquid phase
under mild reaction conditions.
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Abstract: Selective oxidation of benzene to phenol is done
in the liquid phase over copper-substituted LaFeO3 perov-
skite oxides as catalyst using H2O2 as oxidant under mild
reaction conditions. Among the different copper-substituted
perovskite catalysts synthesized by a novel solution com-
bustionmethod, the LaFe0.90Cu0.10O3 catalyst showed highest
activity (∼56 % with 100 % selectivity of phenol) and also
gives better activity than the corresponding catalyst made
via incipient wetness impregnation of 10 at % Cu over
combustion-synthesized LaFeO3. XRD analysis revealed for-
mation of the perovskite phase as the predominant one. The
greater activity of the combustion-made catalyst has been
attributed to the occurrence of a peculiar poorly-defined
structure having substitutional copper ion sites on top of the
LaFeO3 particle as observed in HRTEM analysis. Much less
occurrence of this phase in the impregnated catalyst, where
copper is primarily present as dispersed CuO crystallites,
explains its comparatively lower activity in the oxidation
reaction. The effect of catalyst recycling shows negligible
change of activity for the combustion-made catalyst whereas
the analogous impregnated catalyst shows considerable
decrease in activity in recycling. This explained to be due to
the essentially intact poorly-defined structure in the former
and leaching of thefinely dispersed CuO crystallites from the
latter catalyst during cycling.

Keywords: benzene oxidation; Cu2+ ion sites in LaFeO3;
Cu-substituted LaFeO3 perovskite; reduced copper leach-
ing; solution combustion

1 Introduction

Phenol is a significant chemical compound for preparation
of industrially important materials and useful compounds

[1–5]. At present, worldwide almost 95 % of phenol is
industrially manufactured through the multi-step “cumene
process” from benzene [6]. However, the energy consump-
tion is high due to the requirement of high pressure and high
temperature for this process [7]. Additionally, highly explo-
sive cumene hydroperoxide is produced in the “cumene
process” as an intermediate [8, 9] and overall yield in this
multistage process is low (less than 5 %) [7, 9]. To overcome
these disadvantages, the development of more efficient
and environmental friendly alternatives for the synthesis of
phenol is highly desirable. Hence, great interest is keen to a
one-step catalytic oxidation process for phenol production
form benzene. Theoretically, the benzene to phenol con-
version is well possible by oxidation, but experimentally this
goal is difficult [10]. N2O [11], H2O2 [12, 13], O2 [14] and a
mixture of O2 and H2 [15] are mostly investigated as oxidant
for the direct hydroxylation of benzene to form phenol.
Particularly, N2O allows high selectivity but the limited N2O
sources and requirement of high reaction temperatures are
the main drawback for this oxidant. Among the oxidants,
H2O2 is a particularly useful oxidant due to the formation
of only water as by-product. In addition, the procedure is
environment-friendly, simple as well as economic [16].
Many homogeneous catalysts have been tested for this
oxidation reaction [17–31], such as Cu complexes [22–25], Ni
complexes [21], Co complexes [19], iron complexes [26–28]
and Os complexes [29]. Polyoxometalate (POM) and phos-
phovanadomolybdate (V-POM) ionic composites have also
been reported as homogeneous catalyst for the benzene to
phenol transformation with O2 as oxidant at room tem-
perature [30, 31].

Different supported transition metal oxides (Fe, Co, Ti,
Mo, V, Cr, Mn and others, supported on Al2O3, SiO2 and TiO2)
were exclusively studied as heterogeneous catalysts for the
benzene oxidation to form phenol. Among them vanadium-
based catalysts showed better activity for the benzene
hydroxylation [32–34]. Molecular sieves with incorporated
transition metals (like NaY, SBA15, MCM-41, SBA16) also
showed excellent catalytic activity for this oxidation due to
the presence of isolated, highly dispersed active sites in the
silica framework of the molcular sieves [35–37]. Recently,
metal-doped carbon nitride [38] has also been reported as
active catalyst for benzene hydroxylation using H2O2, but
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further oxidation and the formation of by-products made
this process unsatisfactory [16]. Although significant prog-
ress has been achieved in the last few years, the reported
catalytic systems often showed only limited efficiency due
to inherent drawbacks. As an example, the hydrophilic
surface of a reported catalyst that adsorbed polar phenol
molecules over non-polar benzene, which made benzene
conversion lower, and consequently phenol selectivity
became poorer [12]. In addition, active species leaching is
mainly responsible for the deactivation of the catalysts in
some cases [39].

Perovskite oxides (ABO3) have attracted much atten-
tion recently for their useful application as piezoelectric,
ferroelectric, magnetic, superconducting and also hetero-
geneous catalystic properties [40–47]. Various perovskites
have been reported as catalyst for industrially important
selective oxidation reactions of organic substrates in the
liquid phase [48–59]. But the weaker sulphur poisoning
resistance and low specific surface area of perovskites as
compared to noble metals have restricted their industrial
applications [60]. Recently new approaches such as sub-
stitutions of the cationic sites (rare earth metals for A and
transitionmetals for B) and using new synthesismethods are
applied for the structural modification and enhancement of
the catalytic activity [61–66]. Pt-, Pd-, and Rh-substituted
LaMnO3 perovskites synthesized by the citrate method have
been reported as efficient catalysts for total methane
oxidation [66, 67]. Pd-substituted LaMO3 (M = Fe, Co) [64, 66],
LaMn0.976Rh0.224O3.15 [68] and (La0.6Sr0.4)(Co0.94 Pt0.03Ru0.03)
O3 [69] were also reported as effective three-way catalysts.

In this study, we report the preparation, characteriza-
tion and catalytic efficiency of copper-substituted LaFeO3

perovskite oxides for benzene oxidation. Among the pre-
pared perovskite compositions, LaFe0.90Cu0.10O3 has shown
the highest activity and selectivity in the formation of phenol
by oxidation of benzene in acetonitrile using H2O2 under
mild reaction conditions.

2 Experimental

2.1 Synthesis of catalysts

Pure LaFeO3 and various copper-substituted LaFeO3 perovskites
(LaFe1−xCuxO3) (x = 0.05–0.20), were synthesized by the solution com-
bustion method (SCS) using oxalyl dihydrazide (ODH; C2H6N4O2) as fuel.
In particular, LaFe0.90Cu0.10O3 was prepared by combustion of the metal
salts La(NO3)3·9H2O (Loba Chem, 99 %), Fe(NO3)3·9H2O (Merck India,
98 %) and Cu(NO3)2·3H2O (Merck India, 99 %) with oxalyl dihydrazide in
molar ratios of 1:0.90:0.10:2.26 at an ignition temperature of T = ∼350 °C.
In a specific synthesis, 2 g of La(NO3)3·9H2O, 1.6794 g of Fe(NO3)3·9H2O,
1.12 mL of a 10 % aqueous Cu(NO3)2·3H2O solution and 1.6108 g of ODH

were dissolved in 30 mL of water in a borosilicate dish and then intro-
duced for combustion in a preheated muffle furnace. The surface of the
redox mixture got ignited at complete dehydration and gave the
perovskite within a minute.

In order for comparison, we prepared LaFe0.90Cu0.10O3 through
incipientwetness impregnation (IWI)method. The impregnated catalyst
was prepared by impregnation of a proper volume of copper nitrate
aqueous solution analogous to the support’s pore volume into the
combustion-made dried LaFeO3 support. Subsequently it was dried at
100 °C overnight, crushed and calcined at 400 °C in air for 3 h to obtain
the LaFe0.90Cu0.10O3-IWI catalyst.

2.2 Characterization of the catalysts

XRD, BET and HRTEM have been used for characterization of the
synthesized materials. Powder X-ray diffraction (PXRD) patterns were
collected with a Bruker D8 Advance diffractometer (40 kV, 40 mA)
equipped with a Lynxeye detector and using CuKα radiation
(λ = 1.5418 Å). The data was recorded in the 2θ range of 10–100°with 1 s
step−1 scanning time and 0.02° step size.

The BET surface areas were estimated with an Autosorb iQ-MP
(Quantachrome Instruments, USA) at T = −196 °C. The samples were
degassed at 300 °C for 7 h before each measurement. The BET equation

SBET = Vm × NA × s/V × a

(with SBET = specific surface area, Vm =monolayer adsorbed gas volume,
NA = Avogadro’s no., s = cross-section area of adsorbed gas molecule,
V =molar volume of adsorbed gas, a =mass of sample) is used for specific
surface areas calculation over 0.3 to 0.08 P/P0 pressure range.

High Resolution Transmission Electron Microscopy (HRTEM)
was used for the microstructural characterization with a JEOL 2010F
instrument at 200 kV accelerating voltage. The Si standard was used for
calibration of the magnification. On prolonged electron beam exposure,
no induced damagewas observed for the studied samples and all images
are raw data only.

2.3 Test of oxidation activity

The benzene oxidation with hydrogen peroxide was performed in the
temperature range between room temperature (RT) and 100 °C under
atmospheric pressure. In a typical reaction, 0.5 g of the catalyst was
added to a liquidmixture containing 5 mL of benzene (56.3 mmol), 10 mL
of 30 wt% H2O2 (97.9 mmol) and 20 mL of acetonitrile in a 250mL two-
necked round bottom flask under continuous stirring. The reaction
system in the beginning consisted of two liquid phases, a benzene- and
acetonitrile-containing organic phase and an aqueous phase containing
acetonitrile and 30 % H2O2. After the start of the reaction the liquid
mixture turned into homogeneous.

The homogeneous reaction mixture was analyzed by gas chro-
matography (Nucon 5765, New Delhi) equipped with a FID detector with
a fused silica 30m × 0.25 mm × 0.25 μm capillary column (EC5) at 220 °C
injector and 240 °C detector temperature. The initial and final column
temperatures were fixed at 110 and 150 °C respectively, with a temper-
ature rate of 80 Kmin−1. The standard sample injectionmethodwas used
for the quantitative analysis.

Recycling tests were carried out for the best active combustion-
synthesized LaFe0.90Cu0.10O3 and its analogous impregnated (LaFe0.90-
Cu0.10O3-IWI) catalysts only. The solution after each experiment was
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filtered and the residue was washed with the solvent. Then the residue
was dried at 110 °C overnight and used in the next cycles as catalyst to
examine the recycling ability.

Conventional iodometric titration was used for measuring the
concentration of consumed H2O2 during the oxidation process from
which we can calculate the H2O2 conversion in mol% (Conv.) and H2O2

selectivity in mol% (SE) by using the formulae: Conv. (in mol%) = total
H2O2 consumption (including self-decomposition)/initial amount of
H2O2 and SE (in mol%) = consumption of H2O2 for phenol formation/
total H2O2 consumption.

3 Results and discussion

3.1 Screening of catalysts

The catalytic activities of several copper-substituted LaFeO3

perovskite oxide catalysts for the oxidation of benzene at
70 °C at atmospheric pressure are combined in Table 1. Pure
LaFeO3 is totally inactive for this oxidation. It is clearly
marked that the combustion-synthesized LaFe0.90Cu0.10O3

shows much better activity (∼56 % conversion with 100 %
phenol selectivity) than the other catalysts studied here and
any further increase in copper content also decreased the
activity as well as selectivity of the catalysts. Thus, the
catalyst with the formula LaFe0.90Cu0.10O3 was selected for
subsequent studies. Phenol was produced as the predomi-
nant oxidation product and hydroquinone (maximum ∼8 %)
was observed as the byproduct. The analogous IWI catalyst
showed much lower conversions (∼30 %) with only 95 %
selectivity as compared to the combustion-synthesized
catalyst (see Table 1).

The catalytic activities of LaFe0.90Cu0.10O3 for the benzene
to phenol oxidation in the temperature range 32 °C–80 °C is
presented in Figure 1(a). At room temperature (32 °C) benzene
was only faintly oxidized, showing more or less no reaction.

After rising the temperature to 40 °C, the oxidation activity
increases sharply (around 32% conversion with 100 %
selectivity of phenol). Further increase by 10Κ gives rise to an
about 12% increase of benzene conversion and remains
almost constant (54–56 %) from 60 °C to 70 °C. However, a
decrease of the activity (∼47%) and phenol selectivity (∼92%)
was observed at 80 °C due to further oxidation of phenol to
1,4-benzoquinone and hydroquinone at higher temperatures.
Benzene vaporization can further lead to decreased activity
at this temperature [70].

Figure 1(b) shows the phenol formation percentage as a
function of time over LaFe0.90Cu0.10O3 at 70 °C. The catalytic
oxidation reaction starts at around 30min and reaches a
maximum (∼56 % conversion) beyond 6 h over the catalyst
with 100 % selectivity.

3.2 Effect of H2O2 concentration on the
oxidation of benzene over
LaFe0.90Cu0.10O3

The H2O2 concentration has a clear impact on the oxidation
of benzene. The effect of H2O2 concentration was measured
by retaining the amount of benzene constant (5 mL or
56.3 mmol) in acetonitrile at T = 70 °C (see Figure 2). No
oxidation products were observed in the absence of H2O2.

50 mmol H2O2 gives ∼43 % conversion which reaches the
maximum ∼56 % at a concentration of 97.9 mmol H2O2.
Further increase of H2O2 to 195.8 mmol (or a molar ratio of
1:4 after 1:2) did not show any noticeable change in conver-
sion. However, catalytic activity and selectivity decreased
from 195.8 mmol H2O2 onwards. This can be due to increased
water formation at higher concentrations of H2O2 which
lowers the solubility of phenol. In addition, the formation of
byproducts increases due to over oxidation of phenol [71].
Although a theoretical ratio of 1:1 or 56.3 mmol H2O2 is
needed for this oxidation reaction, in our experiments an
optimum ratio of 1:2 (97.9 mmol of H2O2) was found. This can
be explained by the fact that not all of the H2O2 participates
actually in the oxidation reaction due to self-decomposition
of H2O2, which cannot be avoided under the reaction con-
ditions [72]. Mainly phenol along with small amounts of
1,4-benzoquinone and hydroquinone were identified as
products but other oxidized products like catechol were not
detected in our study. This may be due to the fact that at low
concentrations of H2O2 the perovskite-based catalystsmostly
form peroxide radicals which subsequently lead to the for-
mation of hydroquinone instead of catechol during the cat-
alytic oxidation [70].

Table : Benzene oxidation activities of different copper-substituted
perovskite catalysts.a

Catalyst composition Benzene
conversion (%)

Phenol
formation (%)

Phenol
selectivity (%)

LaFeO – – –

LaFe.Cu..O . . .
LaFe.Cu.O . . .
LaFe.Cu.O   

LaFe.Cu.O . . .
LaFe.Cu.O . . .
LaFe.Cu.-IWI . . .

aReaction conditions: mL benzene + mL HO + . g catalyst + mL
MeCN;  h at T =  °C.
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3.3 Effect of solvent on the oxidation of
benzene over LaFe0.90Cu0.10O3 as catalyst

Different solvents were used for the oxidation of benzene
and it was found that the activity decreases in the order
acetonitrile > acetic acid > ethanol > water ∼ methanol
(Figure 3). The highest phenol formation (56 %) with 100 %
selectivity was observed in acetonitrile. Although we
get high benzene conversion (∼30 %) in water, the phenol

selectivity was very low (∼24 %) due to the formation of
1,4-benzoquinone (selectivity ∼76 %) mainly by further
oxidation. Methanol gave less phenol formation (∼13 %)
and selectivity (∼37 %)mostly due to the lower boiling point
(65 °C) of this solvent. On the other hand, ethanol is a
higher-boiling solvent than methanol and consequently
showed a better phenol formation activity (18 %) as well as
selectivity (50 %) which, however, is lower than acetic acid
or acetonitrile. Acetic acid as solvent gave higher phenol
formation (∼27 %) but the phenol selectivity (∼63 %) is less
than acetonitrile.

Acetonitrile is an aprotic solvent and can easily activate
H2O2 by formation of a good oxygen transfer intermediate,
the perhydroxyl anion, which initiates the oxidation [73]. In
addition, the H2O2 consumption and its self-decomposition
can affect the oxidation activity in various solvents. The
effective utilization of H2O2 for the oxidation reaction
increases when the self-decomposition rate of H2O2 is low.
Interestingly, the desired product can be obtained by using
the appropriate solvent for the oxidation reaction, i.e., water
for the formation of 1,4-benzoquinone or acetonitrile for
phenol [73, 74].

3.4 Effect of solvent variations on the
decomposition of H2O2 over
LaFe0.90Cu0.10O3

The catalytic activity and selectivity largely depend on the
selective H2O2 decomposition. The following definitions are
used. Decomposition of H2O2 means total H2O2 consumed

Figure 1: Temperature and time effect on the benzene oxidation. (a)
Temperature effect (6 h reaction time) and (b) time effect (T = 70 °C) on the
oxidation of benzene over LaFe0.90Cu0.10O3 as catalyst. Reaction
conditions: 5 mL benzene + 10 mL H2O2 + 0.5 g catalyst + 20 mL MeCN.

Figure 2: Phenol formation as a function of H2O2 concentration over
LaFe0.90Cu0.10O3 as catalyst. Reaction conditions: 5 mL benzene + 0.5 g
catalyst + 20 mL MeCN; 6 h at T = 70 °C.

Figure 3: Benzene oxidation activities of LaFe0.90Cu0.10O3 as catalyst in
different solvents. Reaction conditions: 5 mL benzene + 0.5 g
catalyst + 10 mL H2O2 + 20 mL solvent; 6 h at T = 70 °C.
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during the entire reaction. H2O2 decomposing to water and
oxygen is referred to as self-decomposition. H2O2 utilized for
formation of phenol is referred to as selective decomposi-
tion. H2O2 utilized for the formation of other by products
including self-decomposition is referred as non-selective
decomposition.

Thus we estimated the H2O2 consumption percentage
and its selective decomposition for benzene oxidation over
LaFe0.90Cu0.10O3 as catalyst in different solvents by iodo-
metric titration (see Section 2.3, Table 2). The benzene
conversion will be higher when the decomposition of
H2O2 in the overall oxidation process is higher but a high
initial decomposition of H2O2 will result in nonselective
H2O2 decomposition and the formation of by-products in-
creases. A high total decomposition of H2O2 with minimum
initial decomposition (i.e., high selective decomposition
of H2O2) enhances the effective H2O2 utilization and as a
result the phenol formation increases. The solvent depen-
dence of the selective conversion of H2O2 is following the
order: acetonitrile (∼56 %) > acetic acid (∼29 %) > ethanol
(∼22 %) > methanol (∼14 %) > water (∼6 %). The activity of
benzene oxidation over LaFe0.90Cu0.10O3 catalyst also fol-
lows the same order in different solvents (see Figure 3). In
this study, acetonitrile showed the highest conversion with
100 % selectivity under the selected conditions. The poorer
selective conversion of peroxide can be made responsible
for the lower phenol formation in ethanol, methanol and
water. The peroxide radical, which is generated in the
oxidation process, acquires additional stability in these
polar protic solvents due to the formation of hydrogen
bonds. Thus the H2O2 decomposition equilibrium is shifted
to the right and the self-decomposition rate increases [20].

On the other hand, the peroxide radical does not acquire
extra stability in acetonitrile due to the polar aprotic nature
of the solvent. In acetic acid, peroxyacetic acid is formed
which makes H2O2 even more stable and reduces the self-
decomposition of H2O2. Thus, the loss of H2O2 is lower in
these two solvents than in the other polar protic solvents
used here and the formation of phenol increases. Interest-
ingly, after 3 h a small decline of peroxide selectivity is
observed in acetonitrile and acetic acid. The H2O2 self-
decomposition is still present up to 3 h of reaction time and
some by-products are also formed after this time.

3.5 Test of heterogeneity and recycling
ability

In order to see whether the catalytic benzene oxidationwas
truly heterogeneous or not and also to examine for prob-
able metal leaching, the traditional Sheldon hot-filtration
test was performed by using both combustion-made
LaFe0.90Cu0.10O3 and incipient wetness-made LaFe0.90-
Cu0.10O3-IWI catalysts. For this purpose, after 2 h of catalytic
reaction, the catalyst was instantaneously filtered off from
the reaction mixture by using a Gooch crucible with a G4
sintered disk to avoid re-adsorption of leached metals onto
the catalyst surface. The filtrate was collected in a different
preheated round-bottom flask at the same temperature
and the reaction was carried on for further 4 h. Gas-
chromatographic analysis showed no change in conversion
after 2 h up to 6 h (14 %) for the combustion-made
LaFe0.90Cu0.10O3 catalyst (see Figure 4). However, a little
but definite increase in conversion (from 8 to 15 %) was
observed for the LaFe0.90Cu0.10O3-IWI catalyst in hot-
filtration test (see Figure 4). Thus, the nature of this
oxidation reaction is purely heterogeneous for combustion-
made LaFe0.90Cu0.10O3 catalyst and the possibility of metal
leaching or active material decomposition can be excluded.

Figure 4: Sheldon hot-filtration test.

Table : HO conversion (Conv.) and selectivity (SE) in different solvents over LaFe.Cu.O at different time intervalsa.

Time (h) Acetonitrile Ethanol Methanol Water Acetic acid

Conv. SE Conv. SE Conv. SE Conv. SE Conv. SE

 . . . . . . . . . .
 . . . . . . . . . .
 . . . . . . . . . .

aReaction conditions: mL benzene + . g catalyst + mL HO + mL solvent; T =  °C.
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The certain enhancement of conversion in the absence of
catalyst for LaFe0.90Cu0.10O3-IWI proves that the nature of
catalytic oxidation is not truly heterogeneous in case of this
catalyst and a certain amount of activemetal is leaching out
from this catalyst to the reaction mixture during the
oxidation reaction (Figure 5).

The leaching of active metals has been reported to be
controlled by using strong metal-supported interactions in
Fe3+/MgO catalysts and the catalyst is also maintaining
the same activity after the first cycle (36 % conversion) [75].
Cu-NaY zeolites were also reported as efficient catalysts with
limitedmetal leaching after thefirst cycle and the leaching of
the metal after the second cycle has almost stopped [76]. The
metal leaching problem was controlled in 4 wt% Cu-MCM-41
and the phenol formation was lowered by 5 % only after the
third cycle [70]. Bimetallic Co-V-MCM-41 shows reduced
metal leaching in the benzene oxidation in acetonitrile with
H2O2 at 70 °C for 24 h (conversion 48 % and 81 % selectivity
of phenol) [77]. The metal leaching was also limited for the
FeVCu/TiO2-catalyzed benzene oxidation in ascorbic acid
[78]. Thus, the leaching of active metals is an important non-
negligible aspect for these catalytic reactions in the litera-
ture. In our metal ion-substituted catalyst, where the active
metals are incorporated into the perovskite structure, the
probability of active metal leaching is expected to be lower.
The recycling test of the combustion-made LaFe0.90Cu0.10O3

catalyst retains its activity as well as selectivity in the suc-
cessive cycles (up to the third cycle) but the conversion
as well as the selectivity for the impregnated catalyst
(Cu0.10LaFe0.90O3-IWI) decrease in successive cycles (con-
version decreases from∼30 % to 24 % in the second cycle and

to 21 % in the third cycle). Thus, the reduced conversion in
the recycling test of the IWI catalyst is accompanied by
considerable copper leaching.

3.6 BET studies of the catalysts

The BET surface areas of the catalysts LaFeO3, LaFe0.95-
Cu0.05O3, LaCu0.10Fe0.90O3, the used LaFe0.90Cu0.10O3-cy2
(after 2nd cycle) and LaFe0.90Cu0.10O3-IWI are 12.6, 14.6, 26.6,
21.6 and 9.9 m2 g−1 respectively. Among these catalysts,
La0.90Cu0.10FeO3 shows the highest surface area along with
highest pore volume of 0.260 cm3 g−1. The pore volume
varies from 0.019 to 0.260 cm3 g−1 for the other samples. The
LaFeO3 has very small pores of 1.8 nm width but all other
catalysts have pore size distributions between 14.6 and
15.3 nm.

3.7 XRD studies

The powder XRD patterns of different perovskite (pure and
Cu-substituted) samples show that the major phase formed
in the combustion-synthesized and IWI catalysts is ortho-
rhombic perovskite LaFeO3 (Figure 6). All the diffraction
lines could be indexed to the orthorhombic structure of
LaFeO3 (space group Pnma; JCPDS 37-1493). Some additional
reflections are also present in our study which clearly

Figure 5: Recycling effect of the catalyst LaFe0.90Cu0.10O3 prepared via
(a) solution combustion (SCS), (b) impregnation (IWI) methods on
benzene oxidation. Reaction conditions: 0.50 g catalyst + 5 mL
benzene + 10 mL H2O2 + 20 mL MeCN; 6 h at T = 70 °C.

Figure 6: XRD patterns of (a) LaFeO3, (b) LaFe0.95Cu0.05O3, (c)
LaFe0.93Cu0.07O3, (d) LaFe0.90Cu0.10O3, (e) LaFe0.85Cu0.15O3 and (f)
LaFe0.90Cu0.10O-IWI.
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indicate the presence of very minor amounts of La2O3 and
Fe3O4 as impurities. However, the parent LaFeO3 contains
more impurity phases which reduces as the Cu content
increases. In case of the IWI sample, the peak around 35.6°
is broadened and a new peak appears at 38.7° which
indicates the formation of an additional phase and the
presence of CuO oxide.

3.8 Microstructural studies

The low-magnification TEM image of the as-prepared
LaFe0.90Cu0.10O3−δ sample shows a holey structure with an
unusual morphology (Figure 7(a)). The comprehensive
HRTEM image of the as-prepared LaFe0.90Cu0.10O3 shows the
lattice fringes analogous to the LaFeO3 phase from Fourier
Transform (FT) measurement (Figure 7(b)). Spots at 2.37 and
2.78 Å match exactly the (112) and (121) crystallographic
planes of LaFeO3, respectively. A poorly-defined structure is
also identified over most of the LaFeO3 crystals by HRTEM.
Thewidening of the area labeled “a” in Figure 7(b) shows the
poorly defined structure which comprises 2–4 atomic layers
in most cases and an atomic mismatch is also observed
among the surface of pure LaFeO3 crystals with this poorly
defined structure.

The LaFe0.90Cu0.10O3 sample after the second cycle
(LaFe0.90Cu0.10O3-cy2) is almost similar to the fresh one
and the holey structure is identical as in the as-prepared

sample (Figure 7(c)). Lattice fringes at 2.78 Å are also clearly
observable in the areas labeled “a” and “b”, which again
corresponds perfectly to the (121) crystallographic planes of
LaFeO3, but in the enlarged images the existence of the
poorly defined phase is marked by arrows (Figure 7(d)).

The general appearance of the sample synthesized by
the IWI method (LaFe0.90Cu0.10O3-IWI) is similar to those
defined above for the samples prepared by the SCS method
and low magnification image of the sample LaFe0.90-
Cu0.10O3-IWI also shows the characteristic holey structure
(Figure 7(e)). However, HRTEM images show well-faceted
LaFeO3 planes and the poorly defined phase is not as com-
mon as in the samples prepared by combustion (Figure 7(f)).

Therefore, it can be concluded from HRTEM that the
sample is comprised by holey LaFeO3 crystals and a poorly
defined structure located on top of the LaFeO3 crystals. Cu is
likely present as Cu2+ ions in the poorly defined areas rather
forming a solid solution and an atomic mismatch between
the poorly defined structure and the LaFeO3 crystal surface
is also observed. Such poorly defined areas are much more
abundant in the sample prepared by combustion with
respect to the sample prepared by IWI. In the SCS sample,
almost all the LaFeO3 crystals are covered by the poorly
defined phase, whereas in the IWI samples there are abun-
dant clean edges of LaFeO3 crystals. This suggests that the
SCS sample performs better as catalyst due to the existence
of the poorly defined phase. Finally, the combustion-made
catalyst exhibits a structure after the second cycle similar to

Figure 7: TEM images of (a, b) LaFe0.90Cu0.10O3, (c, d) LaFe0.90Cu0.10O3-cy2 and (e, f) Cu0.10LaFe0.90O3-IWI.
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the fresh sample at the atomic level, that is, with abundant
poorly defined phase over the LaFeO3 phase. This suggest
that the poorly defined phase is not removed in the catalyst
recycling.

3.9 General discussion of copper ion-
substituted perovskite catalysts for
benzene oxidation

Generally, copper in the oxidation state 2+ is believed to act
as active site for the catalytic oxidation reaction of benzene
to phenol [79–81]. In our study, the combustion-derived
LaFe0.90Cu0.10O3 catalyst is surrounded by an unusual sur-
face structure on the surface-subsurface area of perovskite
and copper is present as Cu2+ atom within the perovskite
structure rather than as solid CuO. This unusual structure of
LaFe0.90Cu0.10O3 is playing the vital role in the much better
oxidation activities of the combustion-synthesized catalyst
rather than the corresponding catalyst prepared by incipient
wetness impregnation (LaFe0.90Cu0.10O3-IWI) where finely
dispersed CuO is mainly present in the catalyst.

This phenomenon also supports the observation of the
best activity of LaFe0.90Cu0.10O3 catalyst among all exam-
ined catalysts (Table 1). We surprisingly note that the
phenol selectivity increases with longer reaction times (in
some cases reaching ∼100 %). The decreased decomposition
rate of H2O2 during reaction progress is primarily respon-
sible for the overall increase of phenol selectivity at longer
reaction times (6 h). The H2O2 decomposition progressively
increases the quantity of water in the reaction mixture and
as a result the concentration of oxidant as well as concen-
tration of feebly water-soluble byproducts are decreasing
in the presence of water.

Catalytic benzene oxidation in the presence of peroxide
is usually following peroxo-metal pathways, similar to Fen-
ton chemistry and the hydroxyl radicals activate the highly
stable benzenemolecule towards phenol formation [82]. The
oxidation of benzene by peroxide over one-electron oxidants
like copper is commonly believed to take place through a
radical pathway [81, 83]. In the present study, we believe that
a similar redoxmechanism operateswithH2O2 in our copper
ion-substituted perovskite catalyst. In order to investigate
the oxidation mechanism, we have performed the oxidation
reaction in the presence of quinone, a radical scavenger.
After 2 h of oxidation, the scavenger was added to the
reaction mixture and the reaction progression was moni-
tored. The analysis of the reaction aliquot clearly shows
that the benzene oxidation is completely paused after the
scavenger addition (Figure 8). Thus, we conclude that the

oxidation process over the perovskite catalyst reported in
this study proceeds through a radical mechanism similar to
previous literature reports [77, 83, 84]. In more detail, the
metal ion (here copper) acts as a radical initiator for the
auto-oxidation processes by promoting the decomposition of
H2O2 to radicals mediated by the Cu2+/Cu+ redox couple (one-
electron transfer process promoted by LaFeO3 perovskite).
Eventually benzyl free radicals are produced by abstraction
of hydrogen by homolytic cleavage from benzene. This
radical reacts furtherwith the peroxy radical to form phenol
and water.

The excellent activity (∼56 % conversion with 100 %
selectivity) of our LaFe0.90Cu0.10O3 perovskite catalyst
becomes even more evident when this system is compared
with other catalysts reported previously. Bimetallic Cu-Ce-
doped rice husk silica was reported as highly efficient
catalyst with a high benzene conversion (84 %) as well as
phenol selectivity (96 %) under atmospheric pressure at
70 °C in acetonitrile after 4 h. However, in this study a sig-
nificant decline in conversion during successive cycles was
reported due to active metal leaching [81]. Highly dispersed
vanadium oxide on ceria-promoted rice husk silica also acts
as a highly selective catalyst for phenol formation from
benzene oxidation with H2O2 in acetonitrile at 60 °C, but the
conversion was much lower (∼21 %) [84]. Although our
combustion-made catalyst provides lower surface areas
than the commonly used supports such as zeolites [74, 77,
85–88], alumina [79], titania [89], magnesia [75] and rice
husk silica [81, 83] it still shows significant activity as
compared to many other reported catalysts. The peculiar
structure of our combustion-made catalyst seems to be an
important factor for the significant catalytic activity.

Figure 8: Effect of radical scavenger.
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4 Conclusions

Copper-substituted LaFe1−xCuxO3 perovskite oxides have
been prepared by a simple novel solution combustion
method. Combustion-made LaFe0.90Cu0.10O3 is shown to be a
very efficient catalyst for the benzene oxidation in acetoni-
trile at 70 °C (56.1 % conversion with 100 % phenol selec-
tivity). The effects of different parameters such as copper
loading, time, temperature, oxidant concentration and sol-
vent were studied and it was found that acetonitrile is the
best solvent at 70 °Cwith a 1:2molar ratio of benzene toH2O2.
A peculiar poorly defined structure on top of the LaFeO3

particles in the combustion-made catalyst is characterized
by microstructural studies and is probably due to incorpo-
ration of copper ion into the perovskite. The probability of
active metal leaching is reduced for the combustion-made
catalyst as compared to the analogous catalyst made by the
incipient wetness impregnation (IWI) method. The recycling
experiments also support this phenomenon where the
combustion-made catalyst shows almost the same activity up
to three cycles whereas the equivalent IWI catalyst shows
noticeable loss of activity and selectivity in the successive
cycles.
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Scalable production of an intermetallic
Pt–Co electrocatalyst for high-power
proton-exchange-membrane fuel cells†

Tae Yong Yoo, ‡ab Jongmin Lee,‡ab Sungjun Kim,‡ab Min Her,ab Shin-Yeong Kim, ab

Young-Hoon Lee,ab Heejong Shin,ab Hyunsun Jeong,ab Arun Kumar Sinha,ab

Sung-Pyo Cho,c Yung-Eun Sung *ab and Taeghwan Hyeon *ab

Power performance is the primary bottleneck to the industrial application of proton-exchange-membrane fuel

cells, which hinges on catalytic activity, oxygen mass transfer, and proton conduction at the cathode catalyst

layer. Tackling all these critical factors requires a holistic design of catalyst, embodied by an elaborate synthesis.

Here we present a straightforward synthetic approach to address these practical issues. A bimetallic compound,

formulated as [Co(2,20-bipyridine)3][PtCl6], thermally decomposes and produces carbon-protected sub-5 nm-

sized intermetallic Pt–Co nanoparticles, on which compressively-strained and rigid Pt-skin can be formed. In

addition to the high intrinsic activity, we achieved the combined features of high electrochemical surface area,

N-doping on the mesoporous carbon support, and highly stabilized Co that could promote oxygen mass

transfer and proton conduction. In the single cell configuration, the catalyst achieved unprecedented rated

power densities of 1.18 W cm�2 and 5.9 W mgPt
�1 at 0.67 V (with a cathode loading of 0.1 mgPt cm

�2), while

experiencing voltage loss of only 29 mV (at 0.8 A cm�2) at the end of the test.

Broader context
Hydrogen is a promising alternative to fossil fuels that can be produced in sustainable ways and effectively converted into electricity through fuel cell systems.
The economic viability of the fuel cell system is a key factor that determines the transition towards a hydrogen economy. However, despite the huge previous
efforts on proton-exchange-membrane fuel cells, we are still facing limited performance, mainly regarding the power density, long-term durability, and cost of
platinum catalysts. Therefore, a novel production method for platinum-based electrocatalysts is in urgent need, which requires a precise design of the synthesis
to overcome the multiple challenging issues. In this study, we present a straightforward and scalable synthetic platform based on thermal annealing for the
practical production of a platinum-based fuel cell catalyst with unprecedented power performance. The overall structure of the catalyst, including the rigid
platinum-skin surface, stable intermetallic core, sufficient ECSA, and highly porous and nitrogen-doped carbon support, not only gives high intrinsic activity
but also promotes the oxygen mass transfer and proton conduction. We believe that the proposed thermal synthetic method will stimulate the practical
production of commercially viable electrocatalysts for the fuel cell industry.

Introduction

Proton-exchange-membrane fuel cells (PEMFCs) are a repre-
sentative system for the widespread use of hydrogen as a clean

energy carrier.1,2 Several critical challenges, including improving
the power density, reducing the cost of platinum (Pt)-based
catalysts and increasing the durability, need to be overcome for
the large-scale commercialization of PEMFCs.3–5 The energy
efficiency of PEMFCs heavily relies on the cathode catalyst layer
(CCL) where sluggish kinetics of the oxygen reduction reaction
(ORR) greatly reduces the cell voltage, whilst poor oxygen mass
transfer and low proton conduction limit the overall power
efficiency.3,4 Thanks to the intensive efforts to improve the
intrinsic catalytic activity through novel nanomaterials,5–14

several reports have surpassed the 2025 target of the U.S.
Department of Energy (DOE) for the mass activity at 0.9 V
(0.44 A mgPt

�1).5–11 However, their power performance at 0.67 V
is still far below the practical level (1 W cm�2 and 8 W mgPt

�1).15
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Thus, it is now imperative to seek a high-power and durable
PEMFC operation based on a practical and scalable synthetic
process of catalysts.16–18

Practical design of catalysts for high-power PEMFCs requires
a holistic consideration of multiple factors that affect perfor-
mance at high current density (HCD, 40.8 A cm�2).19 Oxygen
mass transfer is mainly responsible for the cell voltage
reduction at HCD, and various strategies, which include high
electrochemical surface area (ECSA) of Pt-based nanoparticles
(close to 50 m2 gPt

�1 for low Pt loadings),4,20,21 high mesopor-
osity of CCL,22,23 and heteroatom doping on carbon supports
for uniform distribution of ionomers on the catalyst,24,25 have
been explored to address this key issue. Poor proton conduction is
another dominant issue at HCD, which is affected by the presence
of dissolved metal ions and the quality of the ionomer.26–28

Recently, various highly-ordered Pt-based intermetallic nanoma-
terials have been extensively investigated to enhance the catalytic
activity and stability, even with a significantly decreased amount of
Pt.5,8–11 In particular, protection of intermetallic crystal cores, such
as L10-PtCo and L12-Pt3Co, with a Pt-skin surface not only allows
high intrinsic activity but also provides excellent electrochemical
stability by preventing the cobalt dissolution that blocks proton
conduction, thereby minimizing Fenton reaction that damages the
ionomer and membrane.8,29,30

However, for industrial-scale applications, it is challenging
to simplify the current complicated synthetic procedures
required to get an ideal form of PEMFC catalyst. Synthesis of
intermetallic nanoparticles generally requires a high-temperature
annealing to get ordered intermetallic structures, which often
results in the severe aggregation of the nanoparticles.31 Two
representative strategies, including physical protection32–34 and
strong anchoring35,36 of nanoparticles on the support, effectively
prevent aggregation, but both methods still require huge efforts
to create and remove protective shells or anchoring sites, pre-
cluding large-scale production. Furthermore, achieving all the
desired structural factors of supported nanoparticles without
using toxic organic surfactants and solvents remains elusive,
which could cause safety issues in the manufacturing process.31

Herein we present a practical and facile synthetic approach
that addresses all the aforementioned issues and demonstrate an
excellent PEMFC power performance. The electrostatic attraction
between two oppositely charged metal complexes enables the
facile preparation of a bimetallic compound, which provides a
unique carbon-confined environment to produce highly dispersed
intermetallic alloy nanoparticles on a commercial mesoporous
carbon support via a simple thermal annealing process.37 Ketjen-
black EC-600JD (KB) is chosen as the support for the uniform
formation of alloy nanoparticles due to its mesoporosity and high
surface area, enabling an effective decomposition and dispersion
of the bimetallic compound upon annealing. The overall structure
of the prepared electrocatalyst simultaneously tackled the critical
issues in PEMFCs, including ORR kinetics (by the strained Pt-skin
surface on the intermetallic Pt–Co core), oxygen mass transfer (by
the high ECSA and mesoporous N-doped carbon support), and
proton conduction (by stabilized Co species in the intermetallic
core and Pt-skin) with desirable durability.

Results and discussion
Synthesis of supported intermetallic Pt–Co nanoparticles

The bimetallic [Co(bpy)3][PtCl6] compound (Co–Pt compound,
bpy = 2,20-bipyridine) was prepared simply by adding [PtCl6]

2�

solution into [Co(bpy)3]
2+ solution (Fig. 1(a)). We confirmed the

morphology of the Co–Pt compound and its high crystallinity
by transmission electron microscopy (TEM) and X-ray diffraction
(XRD) analyses (Fig. S1, ESI†). Energy-dispersive X-ray spectroscopy
(EDS) elemental mapping indicates the homogeneous distribution
of Co and Pt in the compound with 1 : 1 atomic composition
(Fig. 1(b) and Table S1, ESI†). The bipyridine ligand plays a central
role (Fig. S2, ESI†) not only in the formation of Co–Pt compound
(Fig. S3, ESI†) but also in the in situ formation of the N-doped
carbon shell that protects the nanoparticles from aggregation in
the subsequent annealing process.37 The attachment of Co–Pt
compound on KB was readily done by either grinding them
together or ball milling. Scanning electron microscopy (SEM),
TEM, and scanning transmission electron microscopy (STEM)
images clearly show both the Co–Pt compound and KB in the
composite (Fig. 1(c) and Fig. S4, ESI†). Although every grain of the
Co–Pt compound was not completely separated and ideally dis-
persed on KB during this grinding step, the subsequent thermal
annealing could induce an effective decomposition of this com-
pound to uniformly cover all the surface of KB, producing alloy
nanoparticles. Brunauer–Emmett–Teller (BET) analysis indicated
the retention of the pore structure of KB after grinding with the
Co–Pt compound (Fig. S5, ESI†).

We induced a thermal decomposition of the Co–Pt compound
on KB by annealing the composite at 900 1C (Fig. 1(a)). SEM and
TEM analyses indicate that KB retains its mesoporous morphol-
ogy (Fig. 1(d) and Fig. S6, ESI†), while the XRD pattern of the
annealed composite reveals the formation of an intermetallic L10-
CoPt (i-CoPt) phase (Fig. S7, ESI†). The annealed sample (denoted
as i-CoPt/KB) accommodates i-CoPt nanoparticles of uniform
sizes between 3–4 nm due to the presence of an in situ-formed
N-doped carbon shell as a physical barrier against aggregation
(Fig. 1(e), (f) and Fig. S6, ESI†).38 We performed STEM-EDS
mapping to characterize the homogeneous distribution of Co,
Pt, and N elements in the entire surface of i-CoPt/KB (Fig. S8,
ESI†). The high-angle annular dark-field STEM (HAADF-STEM)
image in Fig. 1(g) clearly shows the characteristic inter-atomic
arrangement in a single i-CoPt nanoparticle.36,37 The presence of
an N-doped carbon shell was identified by high-resolution TEM
imaging, as shown in Fig. S9 (ESI†). It is noteworthy that the use
of bipyridine offers a unique route to produce size-confined
intermetallic nanoparticles on an irregular porous carbon sup-
port without any use of elaborate colloidal synthesis or anti-
aggregation treatment. The high surface area of KB played an
essential role in the homogeneous decomposition and dispersion
of the Co–Pt compound in the annealing conditions.

We further investigated the specific formation mechanism
of compound-derived i-CoPt nanoparticles on KB using ex situ
XRD measurement. The characteristic peaks of the Co–Pt
compound completely disappear at 300 1C with no sign of
metallic phase (Fig. 2(a)). As the temperature increases, both
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the Pt-rich CoxPty phase and Co phase evolve at 500 1C, after which
the Co phase gradually decreases and finally disappears at 800 1C.
The intensity of the main peak at around 41.2 degree continuously
increases from 500 to 900 1C, which indicates the growth of CoPt
nanoparticles. The clear signs of the intermetallic phase, the (110)
peak at around 33.1 degree and two superlattice peaks between
50–65 degree, appear after 2 hours at 900 1C, and become even
sharper afterwards. TEM, STEM (Fig. S10, ESI†), and X-ray photo-
electron spectroscopy (XPS) (Fig. S11, ESI†) analyses strongly
support the growthmechanism inferred from the XRD data. Based
on the above information, we derived four representative stages of
nanoparticle formation, as illustrated in Fig. 2(b). Pt and Co ions in
carbon (at 300 1C) bond together to form Pt-rich alloys and Co
clusters (at 500 1C), which subsequently evolve into CoPt random
alloy nanoparticles (at 800 1C) and finally convert into i-CoPt
nanoparticles (at 900 1C after 6 hours).

Catalyst activation and structural analysis

We then applied an exquisite thermal activation process to
obtain an activated electrocatalyst, denoted as i-CoPt@Pt/KB

(see ESI†).39 Air-etching was used to remove the N-doped
carbon shell on the surface of the i-CoPt nanoparticles, and
the subsequent H2-annealing could induce re-alloying of some
oxidized Co with CoPt alloy nanoparticles together with the
formation of the Pt-skin surface. It is worth noting that the
overall thermal process in this study allows consecutive for-
mation and activation of supported i-CoPt nanoparticles in a
single furnace, making the entire production simple but highly
reproducible. After the activation, 2–3 layers of Pt-skin surface
with interior i-CoPt core were obtained without aggregation,
which was clearly identified by TEM and HAADF-STEM imaging
(Fig. 3(a), (b) and Fig. S12, ESI†). The XRD pattern clearly
reveals the well-preserved ordered structure of the i-CoPt core
after the activation (Fig. S13, ESI†). The development of the
i-CoPt core and Pt-skin structure was also characterized by X-ray
absorption near edge structure (XANES), extended X-ray absorp-
tion fine structure (EXAFS), and XPS analyses (Fig. S14 and S15,
ESI†). The increased white line intensity of i-CoPt@Pt/KB in the
Pt L3-edge XANES spectrum indicates that the N-doped carbon
shell is effectively etched and the Pt-skin is fully exposed to the

Fig. 1 (a) Schematic illustration of the synthesis of supported Pt–Co nanoparticles. (b) STEM-EDS mapping of the Co–Pt compound. The scale bar is
250 nm. SEM images of the (c) composite, and (d) i-CoPt/KB. (e) TEM, and (f) STEM images of i-CoPt/KB. (g) HAADF-STEM image and its FFT pattern
(inset) of i-CoPt/KB. The atomic arrangement of Co and Pt is marked by orange and white colors, respectively.

Energy & Environmental Science Paper

Pu
bl

is
he

d 
on

 3
0 

Ja
nu

ar
y 

20
23

. D
ow

nl
oa

de
d 

by
 S

eo
ul

 N
at

io
na

l U
ni

ve
rs

ity
 o

n 
2/

15
/2

02
3 

2:
45

:4
9 

A
M

. 
View Article Online

https://doi.org/10.1039/d2ee04211h


Energy Environ. Sci. This journal is © The Royal Society of Chemistry 2023

air (Fig. 3(c)).40 Furthermore, the lattice contraction of Pt in
both the i-CoPt core and the Pt-skin was confirmed by Pt EXAFS
(Fig. 3(d) and Fig. S16, ESI†), and the compressive strain of
�4.24% at the outermost surface was observed by HAADF-
STEM imaging (Fig. S17, ESI†). This compressive strain is

known to tailor the electronic state of the Pt surface by down-
shift of the d-band center, which is translated to an enhanced
ORR activity by weaker binding energy of reaction intermediates
compared to pure Pt.41–43 Co K-edge XANES and EXAFS spectra
demonstrate negligible change after the activation, mainly due to
the intact Co species in the i-CoPt core of i-CoPt@Pt nanoparticles
(Fig. 3(e) and (f)). XPS analysis on Co further supports this result by
the presence of a weak signal of Co0 after the activation because of
rigid protection by the outermost Pt-skin layer (Fig. S15b, ESI†).
We confirmed the increment of the Co composition from the
surface to the core by controlling the incident photon energy in
XPS analysis (Fig. S18, ESI†).44,45 The exact Pt mass loadings of i-
CoPt/KB and i-CoPt@Pt/KB were obtained by inductively coupled
plasma atomic emission spectroscopy (ICP-AES), which showed
high Co content of 28.4 atom% and Pt mass loading higher than
40 wt% after the activation (Table S2, ESI†). This high Pt loading is
beneficial for the preparation of a thin CCL that shortens the
oxygen transfer pathway (Fig. S19 and S20, ESI†). We further
confirmed the scalability of the overall synthetic process by
gram-scale synthesis of i-CoPt/KB and its activation without
compromising the quality of both i-CoPt/KB and i-CoPt@Pt/KB
(Fig. S21, ESI†).

Electrochemical half-cell performance of i-CoPt@Pt/KB

The electrocatalytic properties of the prepared catalysts were
first studied using the rotating-disk electrode (RDE) technique
with commercial Pt/C as a benchmark catalyst. We observed a
significant difference between the as-prepared i-CoPt/KB and
the activated i-CoPt@Pt/KB in their cyclic voltammogram (CV)

Fig. 3 (a) TEM image of i-CoPt@Pt/KB. (b) HAADF-STEM image of i-CoPt@Pt/KB. The Pt-skin layers and the internal atomic arrangement of Co and Pt
are marked by orange and white colors, respectively. (c) Pt L3-edge XANES, and (d) Pt EXAFS data of i-CoPt@Pt/KB with i-CoPt/KB, commercial Pt/C, and
Pt foil. (e) Co K-edge XANES, and (f) Co EXAFS data of i-CoPt@Pt/KB with i-CoPt/KB, Co3O4, and Co foil.

Fig. 2 (a) Ex situ XRD patterns at different annealing temperatures from
100 to 900 1C. The intensities of the 20, 100, and 200 1C curves are
multiplied by 0.2. (b) Schematic illustration of the formation mechanism of
i-CoPt nanoparticles on KB. Each Pt, Co, N, and C atom is colored in gray,
red, green, and black, respectively.
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curves (Fig. 4(a)). i-CoPt/KB exhibits only the feature of a double
layer capacitance due to the complete coverage of i-CoPt nano-
particles with N-doped carbon shell. The facile air etching at 200 1C
effectively exposed the Pt surface with no sign of nanoparticle
aggregation or loss of KB. The fully exposed Pt-skin surface in i-
CoPt@Pt/KB exhibited high ECSA of 58.2 m2 gPt

�1 as measured by a
CO stripping experiment (Fig. 4(b) and Fig. S22, ESI†) due to the
uniform particle sizes of 3 to 4.5 nm (Fig. S12, ESI†). As expected, i-
CoPt@Pt/KB showed superior ORR activities (mass activity of 2.07 A
mgPt

�1 and specific activity of 3.95mA cmPt
�2) compared to those of

Pt/C due to the compressive strain on Pt-skin exerted by the i-CoPt
core (Fig. 4(c) and Fig. S23, ESI†).46–50 We confirmed the electron
transfer number of i-CoPt@Pt/KB by rotating ring-disk electrode
(RRDE) measurement, which demonstrated an excellent 4-electron
reaction pathway at all potential ranges along with the commercial
Pt/C (Fig. S24, ESI†). Owing to the rigid Pt-skin structure, i-CoPt@Pt/
KB showed excellent durability after an accelerated durability test
(ADT) for 30000 cycles with barely changed ECSA (Fig. S25 and S26,
ESI†) and half-wave potential (Fig. S27, ESI†),51,52 while commercial
Pt/C was severely damaged. We also confirmed that the electro-
catalytic properties were not affected even in gram-scale synthesis,
which sheds light on the mass production of i-CoPt@Pt/KB for its
practical application (Fig. S28, ESI†).

Practical fuel cell performance

To demonstrate the practical application of i-CoPt@Pt/KB in
PEMFCs, the membrane electrode assembly (MEA) using

i-CoPt@Pt/KB was fabricated, and its performance and
durability were evaluated under practical operating conditions.
For a benchmark, the MEA with commercial Pt/C (HiSPEC
4000, Johnson Matthey Co.) was prepared and tested under
the same conditions. Because all the components used in the
tested MEAs were identical except for the cathode catalysts, the
MEAs were labeled by the name of the cathode catalysts
used. For all MEAs, the Pt loading of the cathode was fixed to
0.1 mgPt cm

�2 to secure reasonable power densities and dur-
ability, and the ionomer to carbon weight ratios were optimized
to be 0.8 for the i-CoPt@Pt/KB and 0.5 for the Pt/C cathode,
respectively (Fig. S29, ESI†). SEM images of both catalyst-coated
membranes (CCMs) clearly show similar thicknesses and
secondary pore geometries of CCLs (Fig. S30, ESI†). i-CoPt@
Pt/KB exhibited high ECSA of 53.3 m2 gPt

�1 (roughness factor of
53.3 cmPt

2 cmMEA
�2) which is close to the value measured in the

RDE test (Fig. 4(b) and Fig. S31, ESI†). On the contrary, the
higher ECSA of the benchmark Pt/C catalyst in RDE (due to the
smaller particle size of 3 nm) was not translated to the MEA
configuration due to the well-known poisoning of the Pt surface
by selective adsorption of the ionomer.15 Although SEM-EDS
mapping data shows comparable distribution of F element for
both cathodes (Fig. S32, ESI†), this different loss of ECSAs
between the two catalysts is mainly attributed to the N-doping
in i-CoPt@Pt/KB (Fig. S33, ESI†), which enhances the ionomer
distribution on the carbon support and contributes to an
effective formation of triple phase boundaries (Fig. S34, ESI†).24

Fig. 4 (a) CV curves of i-CoPt@Pt/KB with i-CoPt/KB, and commercial Pt/C. (b) ECSA of Pt/C and i-CoPt@Pt/KB measured in a half-cell and MEA.
(c) Mass and specific activities of i-CoPt@Pt/KB at 0.9 V (versus RHE) compared to commercial Pt/C. (d) H2–O2 fuel cell polarization curves and the
derived Tafel plots (inset) before and after ADT cycling. H2 flow rate = 0.2 L min�1, O2 flow rate = 0.2 L min�1. (e) H2–air fuel cell polarization and power
density curves of i-CoPt@Pt/KB and Pt/C before and after ADT cycling. Anode loading (Pt/C): 0.1 mgPt cm

�2, cathode loading (i-CoPt@Pt/KB or Pt/C):
0.1 mgPt cm

�2. Test conditions: 80 1C, 100% relative humidity, 250 kPaabs, H2 flow rate = 0.2 L min�1, air flow rate = 0.8 L min�1. (f) Cell voltage at 0.8 A
cm�2 (left) and rated power density at 0.67 V (right) of i-CoPt@Pt/KB and Pt/C before and after ADT cycling.
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Fig. 4(d) shows the single cell polarization curve of the tested
MEAs under H2–O2 conditions, indicating that i-CoPt@Pt/KB
outperforms Pt/C throughout the entire voltage region. The
internal resistance (iR)-corrected Tafel plots (inset in Fig. 4(d))
and electrochemical impedance spectra (EIS) at 0.05 A cm�2

(Fig. S35, ESI†) demonstrated that i-CoPt@Pt/KB exhibits superior
activity compared to Pt/C in the single cell configuration. In
particular, at 0.9 V (iR-corrected), i-CoPt@Pt/KB exhibited 4.4 times
higher mass activity (0.53 A mgPt

�1) compared to that of the
benchmark catalyst (0.12 A mgPt

�1), which exceeds the 2025
DOE activity target for PEMFCs (0.44 A mgPt

�1) (Fig. S36, ESI†).
Likewise, we confirmed the superior performance of i-CoPt@Pt/KB
under practical H2–air operating conditions (Fig. 4(e) and Fig. S37,
ESI†). At the kinetic dominant region of 0.8 V, i-CoPt@Pt/KB
exhibited much higher current density of 0.64 A cm�2 than Pt/C
(0.20 A cm�2) (Fig. S38, ESI†), far surpassing the 2025 DOE
target (0.3 A cm�2 at 0.8 V). Moreover, at a practical working
voltage of 0.67 V for high power output, i-CoPt@Pt/KB reached a
current density of 1.76 A cm�2, corresponding to a power
density of 1.18 W cm�2 (above the DOE target of 1.0 W cm�2

for r0.1 mgPt cm
�2 in cathode) (Fig. 4(f)). To comprehensively

understand the high HCD performance of i-CoPt@Pt/KB, we
conducted EIS analysis under H2–air conditions (Fig. S39, ESI†).
Compared to the benchmark Pt/C catalyst, i-CoPt@Pt/KB exhib-
ited a slightly smaller low frequency arc at the current densities
above 0.8 A cm�2, which is related to the mass transport
resistance in the electrode. Considering that conventional por-
ous carbon-based catalysts have generally shown lower HCD
performance due to higher transport resistance than solid
carbon-based catalysts (Fig. S40, ESI†), it is noteworthy that
the porous carbon-based i-CoPt@Pt/KB catalyst showed some-
what lower transport resistance than the benchmark Pt/C
catalyst based on solid carbon. Compared to the commercial
PtCo/C (Fig. S41, ESI†), and the state-of-the-art Pt-based catalysts
tested under similar operating conditions (Fig. 5 and Table S3,
ESI†), i-CoPt@Pt/KB exhibited not only the highest rated power
performance but also a notable specific rated power (normalized
with the total Pt loading in single cell) in MEA.6–11 These results
demonstrate that i-CoPt@Pt/KB is a promising ORR catalyst for a

practical PEMFC cathode, as the rated power performance at the
critical voltage (0.67 V) is one of the key figures to evaluate the
practical applicability of a PEMFC system.4,26 This unprecedented
power performance originates not only from the intrinsic activity
of the strained Pt surface but also from the combination of
desirable structural factors that includes sufficient roughness
factor (cmPt

2 cmMEA
�2) higher than 50, mesoporous carbon

structure, and nitrogen doping on the support. The major role
of Pt roughness factor in low-Pt PEMFC power has been system-
atically analyzed in a previous study,4 which emphasized the
rapid voltage loss at HCD (due to high non-Fickian oxygen
transport resistance) if the roughness factor falls down to lower
than 40 cmPt

2 cmMEA
�2 despite a reasonably high mass activity.

The mesoporous carbon support with N-doping reduces the local
oxygen transport resistance by providing a pore network and
enabling homogeneous distribution of the ionomer in CCL.15,24

The durability of i-CoPt@Pt/KB was evaluated after ADT of
square-wave potential cycling between 0.60 V (3 s) and 0.95 V (3 s),
which is much harsher than the triangle-wave protocol between
0.6 and 1.0 V.53 After ADT for 30000 cycles, i-CoPt@Pt/KB pre-
served 81.2% of its beginning of test (BOT) ECSA while that of Pt/C
largely decreased by 62.9% (Fig. S31, ESI†). It is important to note
that the optimum size of i-CoPt@Pt nanoparticles (3–4.5 nm)
contributed both to the balance of a sufficient initial ECSA and
to its high retention after ADT.54 i-CoPt@Pt/KB retained 64.5% of
its BOT mass activity, meeting the durability target (o40%) for
mass activity set by the DOE (Fig. S36, ESI†). Notably, in the H2–air
test, the voltage loss for i-CoPt@Pt/KB at HCD of 0.8 A cm�2 was 29
mV, which meets the DOE target (o30 mV) (Fig. 4(f)). The rated
power performance of the i-CoPt@Pt/KB MEA decreased by only
15.4% while that of Pt/C decreased by 39.4%. The i-CoPt@Pt/KB
MEA still exhibited high H2–air performance (0.42 A cm�2 at 0.8 V,
and 1.0 W cm�2 at 0.67 V) that meets the BOT performance targets
set by the DOE (0.3 A cm�2 at 0.8 V, and 1.0 W cm�2 at 0.67 V)
(Fig. 4(f) and Fig. S38, ESI†). TEM analysis on i-CoPt@Pt/KB at
the end of the test (EOT) confirmed that the overall sizes of the
i-CoPt@Pt nanoparticles remained close to 5 nm even after the
harsh ADT cycling (Fig. S42, ESI†). We speculate that the better
retention of particle size and ECSA in i-CoPt@Pt/KB compared

Fig. 5 Comparison of the rated power density and specific rated power at 0.67 V of i-CoPt@Pt/KB and the state-of-the-art Pt-based catalysts in the
literature.6–11 Cathode Pt loadings (mgPt cm

�2) are written in parentheses.
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to Pt/C comes from the superior stabilization of i-CoPt nano-
particles by the high temperature annealing on the high surface
area carbon. STEM-EDS detected the remaining Co and Pt
elements in i-CoPt@Pt/KB at the EOT (Fig. S43, ESI†), indicating
more than twice higher Co/Pt ratio (0.23 for i-CoPt@Pt/KB)
compared to the commercial Pt3Co/C catalysts with random alloy
nanoparticles (B0.23 after conditioning, andB0.098 at the EOT)
reported in the previous works.55,56 This enhanced durability can
be attributed to the intermetallic core and Pt-skin surface, which
were also confirmed at the EOT (Fig. S44, ESI†).

Conclusion

We presented a straightforward and delicate synthetic platform
based on thermal annealing to get a practical ORR catalyst that
satisfies comprehensive requirements for both high intrinsic
activity and high rated power performance in a PEMFC system.
The crystalline ionic compound, composed of [Co(bpy)3]

2+ and
[PtCl6]

2�, enabled a carbon-confined growth of intermetallic
nanoparticles with N-doping on the entire mesoporous carbon
support. The active Pt-skin with intermetallic L10-CoPt core
catalyzed the ORR in efficient ways both in a half-cell and
MEA. More importantly, we attained the highest PEMFC rated
power per active area (1.18 W cm�2) and total platinum loading
(5.9 W mgPt

�1) under a practical H2–air condition owing to the
high ECSA, mesoporosity, and N-doping on the carbon support
that collectively enhanced oxygen mass transfer. The catalyst
endured a harsh durability test with the final rated power
density of 1.0 W cm�2, due to the effective protection of Co
dissolution induced by the rigid Pt-skin structure that maintained
proton conduction. Overall, this study highlights the importance
of meeting all the critical parameters to achieve much higher
PEMFC power performance through the development of a facile
and scalable production method of the catalyst. Further modifica-
tions from this approach, such as doping, tuning the composi-
tions, and using novel metal complexes or carbon supports, could
provide enhanced and desirable power performance suited to
large-scale industrial applications of PEMFCs.
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