HANDBOOK OF FUNCTIONALIZED'
 NANOMATERIALS FOR
_INDUSTRIAL APPLICATIONS

e T

Edited by S
Chaudhery Mustansar Hu“

e

| Micro & Nano Technologies Series




Handbook of Functionalized
Nanomaterials for Industrial
Applications



This page intentionally left blank



Handbook of
Functionalized
Nanomaterials for
Industrial Applications

Edited by

Chaudhery Mustansar Hussain
Department of Chemistry and EVSC, New Jersey
Institute of Technology, Newark, NJ, United States

sl
ELSEVIER



Elsevier

Radarweg 29, PO Box 211, 1000 AE Amsterdam, Netherlands

The Boulevard, Langford Lane, Kidlington, Oxford OXs5 1GB, United Kingdom
50 Hampshire Street, sth Floor, Cambridge, MA 02139, United States

Copyright © 2020 Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our
arrangements with organizations such as the Copyright Clearance Center and the Copyright
Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices, or
medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described herein.
In using such information or methods they should be mindful of their own safety and the safety
of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of
products liability, negligence or otherwise, or from any use or operation of any methods,
products, instructions, or ideas contained in the material herein.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN: 978-0-12-816787-8

For Information on all Elsevier publications
visit our website at https://www.elsevier.com/books-and-journals

Publisher: Matthew Deans

Acquisitions Editor: Simon Holt

Editorial Project Manager: Isabella C. Silva qh Working together
Production Project Manager: R. Vijay Bharath —4AS to grow libraries in
Cover Designer: Matthew Limbert aseviek | Book Aid developing countries

Typeset by MPS Limited, Chennai, India www.elsevier.com e www.bookaid.org


http://www.elsevier.com/permissions
https://www.elsevier.com/books-and-journals

Contents

List of contributors Xvii
Preface XXV
Section 1

Different kinds of functionalized nanomaterial for
industrial use nanomaterials

1.  Functionalization of nanomaterials for industrial
applications: recent and future perspectives 3
Sukanchan Palit and Chaudhery Mustansar Hussain

1.1 Introduction

1.2 Nanotrends in industrial development

1.3 Potential of nanomaterials

1.4 What are functionalized nanomaterials?

1.5 The use of functionalized nanomaterials in industry

1.6 Current research on nanomaterials

1.7 Recent scientific research in the field of functionalized
nanomaterials 8

1.8 The scientific vision of energy and environmental sustainability 11

1.9 Recent research in environmental protection and industrial

(o C2 N SN SN N OS]

ecology 11
1.10 Integrated water resource management and human factor

engineering 11
1.11 Groundwater remediation and nanotechnology 12
1.12 Future research trends in nanotechnology and nanomaterials 12
1.13 Conclusion and future perspectives 12
References 12
Further reading 14

2. Mixed-matrix membranes incorporated with
functionalized nanomaterials for water applications 15
Woon-Chan Chong, Chai-Hoon Koo and Woei-Jye Lau

2.1 Introduction 15
2.2 Mixed-matrix membranes incorporated with carbon-based
nanomaterials 16



vi Contents
2.3 Mixed-matrix membranes incorporated with titania-based
nanomaterials 26
2.4 Mixed-matrix membranes incorporated with other
nanomaterials 33
2.5 Adsorptive mixed-matrix membranes for heavy-metal removal 40
2.6 Conclusion and future remarks 47
References 47
Section 2
Functionalized nanomaterial for catalysis industry
3. Photocatalytic oxygen evolution reaction for energy
conversion and storage of functional nanomaterials 55
K. Kaviyarasu, C. Maria Magdalane, A. Raja, N. Matinise, N. Mayedwa,
N. Mongwaketsi, Douglas Letsholathebe, G.T. Mola, Naif AbdullahAl-
Dhabi, Mariadhas Valan Arasu, G. Ramalingam, S.B. Mohamed,
Abdulgalim B. Isaev, K. Kanimozhi, A.K.H. Bashir, J. Kennedy and M.
Maaza
3.1 Introduction 55
3.2 Conclusion 78
References 78
4.  Functionalized metal-based nanoelectrocatalysts for
water splitting 83
R.M.P.l. Rajakaruna and I.R. Ariyarathna
4.1 Introduction 83
4.2 Functionalized nanoelectrocatalysts for HER 88
4.3 OER catalysts 92
4.4 Bifunctional electrocatalysts 96
4.5 Summary 100
References 102
5. Functionalized nanographene for catalysis 111
Santosh Bahadur Singh and Chaudhery Mustansar Hussain
5.1 Nanographene: an introduction 111
5.2 Functionalization of nanographene 114
5.3 Catalytic properties and applications of functionalized
nanographene 114
5.4 Industrial, environmental, and health issues of nanographene 119
5.5 Conclusions and future aspects 124

References 125



Contents

Section 3

Functionalized nanomaterials for biomedical,
pharmaceutical, agriculture, and agri-food industry
Section Functionalized nanomaterial and biology

6.

Delivery of bioactives using biocompatible
nanodelivery technologies
H. Turasan and J.L. Kokini

6.1
6.2

6.3

Introduction

Fabrication methods of biopolymer-based nanodelivery
systems

Conclusions

References

Biopolymer-based nanomaterials for food, nutrition,
and healthcare sectors: an overview on their
properties, functions, and applications

Mohammad Reza Kasaai

7.1
7.2
7.3
7.4
7.5
7.6

Introduction

Sources, structure, and characteristics
Preparation of biopolymer-based nanomaterials
Applications of biopolymer-based nanomaterials
Conclusions

Future perspectives

Funding

Conflict of interests
References

Further reading

Surface functionalization of PLGA nanoparticles for
drug delivery

Joana A.D. Sequeira, Irina Pereira, Anténio J. Ribeiro,
Francisco Veiga and Ana Cldudia Santos

8.1
8.2

8.3
8.4
8.5

Introduction: background and driving forces

Active targeting by surface functionalization of PLGA
nanoparticles

Noncovalent functionalization of PLGA nanoparticles
Nucleic acid-functionalized PLGA

Concluding remarks

Acknowledgements
References

vii

133

133

134
162
163

167

167
168
173
173
177
178
178
178
178
184

185

185

188
189
195
200
200
200



viii  Contents

9. Biomedical-related applications of functionalized
nanomaterials
Mafalda R. Almeida, Marcia C. Neves, Sergio Morales-Torres,
Mara G. Freire, Joaquim L. Faria, Valéria C. Santos-Ebinuma,
Claudia G. Silva and Ana PM. Tavares
9.1 Introduction
9.2 Functionalized nanoparticles in the biopharmaceutical sector
9.3 Types and synthesis procedures of functionalized

nanomaterials
9.4 Immobilization of functionalized nanomaterials in
membranes

9.5 Functionalized nanoparticles as drug delivery systems
9.6 Conclusions and future trends
Acknowledgments
References

10. Functionalized nanomaterials for biomedical and
agriculture industries
P. Chandra Kanth, Sandeep Kumar Verma and Nidhi Gour
10.1 Introduction
10.2 Strategies for functionalization of nanomaterials
10.3 Functionalized nanomaterials for biomedical and

pharmaceutical applications
10.4 Application of functionalized nanomaterials in agriculture
and agroindustry

10.5 Conclusion
References
Further reading

Section 4

Functionalized Nanomaterials for Electronics,
Electrical and Energy Industry

11.

Functionalized nanomaterials for electronics and
electrical and energy industries
Shrabani De and Rashmi Madhuri

11.1 Introduction

11.2  Industrial applications
11.3 Conclusion

Author declaration
References

205

205
206

208

217
220
221
223
224

231

231
232

236

248
252
253
264

269

269
278
291
291
291



Contents

Section 5
Functionalized nanomaterial in environmental industry

12.

13.

14.

Functionalization of graphene oxide with metal oxide
nanomaterials: synthesis and applications for the
removal of inorganic, toxic, environmental pollutants
from water

Shraban Ku Sahoo and G. Hota

12.1 Introduction

12.2 Preparation of metal oxides functionalized GO
nanocomposites

12.3 Removal of inorganic pollutants from water using metal
oxide-functionalized GO—nanosubstrates

12.4 Conclusions

References

Remediation of organic pollutants by potential
functionalized nanomaterials
Manviri Rani and Uma Shanker

13.1 Introduction
13.2  Environmental concern of organic pollutants
13.3 Green synthesis in FNMs
13.4 Necessity of functionalization of NMs for remediation of
organic contaminants
13.5 Working mechanism of FNPs
13.6 Importance of green synthesis in FNMs
13.7 Organic dyes
13.8 Degradation of Organophosphorus (OP) pesticides by
FNMs
13.9 Toxicity and functionalized nanoparticles
13.10 Conclusions and future perspectives
References
Further Reading

Implications of surface coatings on engineered
nanomaterials for environmental systems: status quo,
challenges, and perspectives

Ndeke Musee, Samuel Leareng, Lemme Kebaabetswe, Gosaitse
Tubatsi, Ntombikayise Mahaye and Melusi Thwala

14.1 Introduction

14.2 Implications of coatings for engineered nanomaterial
transformation in environmental systems

14.3 Influence of engineered nanomaterial coatings on cellular
organisms toxicity

ix

299

299

302

311
321
321

327

327
333
349

350
350
351
356

365
371
377

378
395

399

399

401

405



X

15.

16.

17.

18.

Contents

14.4 Molecular approaches to toxicity of engineered
nanomaterials: effects of coatings

14.5 Concluding remarks and perspectives

References

Functionalized halloysite nanotubes: an “ecofriendly”

nanomaterial in environmental industry
Gaurav Pandey, Maithri Tharmavaram and Deepak Rawtani

15.1 Introduction

15.2  Functionalization techniques for halloysite nanotubes

15.3 Applications of functionalized halloysite nanotubes in
environmental industry

15.4 Conclusion and future prospects

References

Functionalized nanomaterials for chemical sensor
applications
Sing Muk Ng

16.1 Introduction

16.2 General characteristics of NMs for chemical-sensing
applications

16.3 The engineering aspects for functionalization of NMs

16.4 Sensing applications

16.5 Summary and future perspectives

References

Porous nanocomposites for water treatment: past,
present, and future
Xiaolin Zhang, Zhixian Li, Ziniu Deng and Bingcai Pan

17.1 Introduction

17.2  Nanocomposite adsorbents

17.3 Nanocomposite membranes for water purification
17.4 Nanocomposite catalysts

17.5 Summary and perspectives

References

Impact of functionalized nanomaterials towards the
environmental remediation: challenges and future
needs

Aashima and S.K. Mehta

18.1 Introduction

18.2 Implementation of functionalized nanomaterial: water
pollution remediation

409
410
411

417

417
418

421
429
429

435

435

437
446
457
468
469

479

479
480
493
496
497
498

505

505

509



Contents ~ xi

18.3 Implementation of functionalized nanomaterial: air pollution

remediation 514
18.4 Implementation of functionalized nanomaterial: soil

pollution remediation 515
18.5 Conclusion 517
18.6 Future scope and challenges 517
18.7 Acknowledgment 518
References 518

Section 6

Functionalized nanomaterial in surfaces and coatings
(consumer products)

19. Natural-based consumer health nanoproducts:
medicines, cosmetics, and food supplements 527

Ana Henriques Mota, Alexandra Sousa, Mariana Figueira,
Mariana Amaral, Bruno Sousa, Jodo Rocha, Elias Fattal,
Antoénio José Almeida and Catarina Pinto Reis

19.1 Natural sources 527

19.2 Nanotechnology in medicines 528

19.3 Nanoproducts in food supplements 548

19.4 Natural products, nanotechnology, and skin 555

19.5 Conclusions 564

References 567
Section 7

Functionalized nanomaterial in textiles industry

20. Functional nanofibers: fabrication, functionalization,
and potential applications 581
Nabil A. Ibrahim, Moustafa M.G. Fouda and Basma M. Eid

20.1 Introduction 581
20.2 Electrospinning 581
20.3 Fabrication steps 582
20.4 Polymers used in electrospun NFs 583
20.5 Functional NFs 584
20.6 Potential applications 590
20.7 Future trends 590
Abbreviations 598

References 598



xii  Contents
21. Nanoengineered textiles: from advanced functional
nanomaterials to groundbreaking high-performance
clothing 611
Clara Pereira, André M. Pereira, Cristina Freire, Tania V. Pinto,
Rui S. Costa and Joana S. Teixeira
21.1 Nanotechnology on textiles 611
21.2 Nanoengineered textiles: functionalization processes 614
21.3 Functional nanomaterials@textiles: from production to
textile applications 636
21.4 Future trends and prospects 691
Acknowledgments 692
References 693
Section 8
Functionalized nanomaterial in cosmetics industry
22. Functional nanomaterials for the cosmetics industry 717
Suman Singh*, Satish Kumar Pandey* and Neelam Vishwakarma
22.1 Introduction 717
22.2 Cosmetics: performance enhancement using
nanotechnology 718
22.3 Nanocosmetics: types and applications 718
22.4 Classification of nanocosmetics on the basis of formulation
technologies 718
22.5 Nanocosmetics: some popular categories 722
22.6 Nanotechnology for UV protection 723
22.7 Formulation and manufacturing aspects 724
22.8 Guidance documents on nanomaterials in cosmetics 725
22.9 Safety assurance 725
22.10 Impurity profiling 726
22.11 Evaluation of nanomaterial toxicology 726
22.12 Toxicity testing 727
22.13 Conclusions 728
Acknowledgment 729
References 729
23. Naturally derived pyroxene nanomaterials: an ore

for wide applications 731
Gerardo Vitale, Ghada Nafie, Afif Hethnawi and Nashaat N. Nassar

23.1 Introduction 731

23.2 Synthesis of iron—silicate-based nanomaterials by the
hydrothermal method 734

23.3 Conclusions 764

References 766



Contents  xiii

24. Nanomaterial-based cosmeceuticals 775
Pravin Shende, Drashti Patel and Anjali Takke
24.1 Introduction 775
24.2 Nanomaterials in cosmeceuticals 775
24.3 Classification of nanocosmeceuticals 781
24.4 Penetration of nanoparticles 782
24.5 Toxicity of nanocosmeceuticals 782
24.6 Safety of nanocosmeceuticals 782
24.7 Regulations of nanocosmeceuticals 784
24.8 Conclusions and future perspectives 788
References 788
Further reading 791

Section 9

Functionalized nanomaterials for aerospace, vehicle
and sports industry

25. Functionalized nanomaterials for the aerospace,
vehicle, and sports industries 795
Sadaf Abbasi, M.H. Peerzada, Sabzoi Nizamuddin and Nabisab
Mujawar Mubarak
25.1 Introduction 795
25.2 Types of nanomaterials 796
25.3 Properties of functional nanomaterials 802
25.4 Applications of functional nanomaterials 812
25.5 Benefits and challenges 818
25.6 Conclusion 820
References 820
Section 10

Functionalized nanomaterial in construction industry

26.

Nanomaterials for enhancement of thermal energy
storage in building applications 829
Teng Xiong and Kwok Wei Shah

26.1 Introduction 829
26.2 Nanometal enhancer 833
26.3 Nanometal oxide enhancer 844
26.4 Nanocarbon enhancer 852
26.5 Conclusions 858

References 860



xiv  Contents

27. Application of functionalized nanomaterials in
asphalt road construction materials 865

Henglong Zhang, Chongzheng Zhu, Chuanwen Wei, Haihui Duan
and Jianying Yu

27.1 Introduction 865
27.2 Application of organic layered silicate in asphalt 866
27.3 Application of surface modification inorganic nanoparticles in
asphalt 880
27.4 Applications of multidimensional nanomaterials in asphalt 892
27.5 Future trends in research of functionalized nanomaterial-
modified asphalt 906

References 906

Section 11

Functionalized nanomaterial in wood & paper-related

applications

28. Functional rubber—clay nanotube composites with
sustained release of protective agents 911
Ye Fu, Liqun Zhang and Yuri Lvov
28.1 Introduction 911
28.2 Encapsulation and sustained release of chemical agents 912
28.3 Functional halloysite rubber nanocomposites 917
28.4 Conclusions 939
References 939

Section 12

Environmental, Legal, Health and Safety Issues of
Functionalized Nanomaterials

29. Handbook of surface-functionalized nanomaterials:
safety and legal aspects 945
Neil John Hunt

29.1
29.2
29.3
29.4
29.5
29.6
29.7
29.8

Introduction 945
Different types of surface modification 946
Effect of surface on biological mechanisms 948
Substance-specific examples 952
Allotropes of carbon 952
Polymeric nanomaterials 953
Quantum dots 954

Inorganic elements and oxides 954



30.

31.

Index

29.9

29.10
29.11
29.12
29.13
29.14
29.15

Contents  xv

Regulatory and legal issues that impact surface-functionalized

nanomaterials

Current REACH situation with nanomaterials

Board of appeal review

Amendments to the annexes of REACH (2019)

Other EU regulations

Other national regulations that impact nanomaterials
Conclusion

References

Functional nanomaterials: selected legal and
regulatory issues
Md. Ershadul Karim

30.1
30.2
30.3

30.4
30.5

30.6
30.7

Introduction

Functional nanomaterials: an overview

Functionalized nanomaterials: applications, human health,
and environmental concerns

Functionalized nanomaterials: legal and regulatory aspects
Functionalized nanomaterials: highlights of legal and
regulatory initiatives

Discussion

Conclusion

References

Functional nanomaterials: selected occupational
health and safety concerns
Md. Ershadul Karim

311
31.2
31.3
314
315
31.6

Introduction

ENMs and OHS concerns

ENMs and OHS laws: an overview
Initiatives taken by the stakeholders
Evaluation

Conclusion

References

956
956
957
958
965
969
971
971

983

983
984

985
986

987
989
991
991

995

995
996
997
999
1000
1002
1003
1007



This page intentionally left blank



List of contributors

Aashima Department of Chemistry and Centre of Advanced Studies in Chemistry,
Panjab University, Chandigarh, India

Sadaf Abbasi School of Engineering, RMIT University, Melbourne, VIC, Australia

Naif AbdullahAl-Dhabi Addiriyah Chair for Environmental Studies, Department of
Botany and Microbiology, College of Science, King Saud University, Riyadh,
Saudi Arabia

Antonio José Almeida iMEDULisboa, Research Institute for Medicines, Faculty of
Pharmacy, Avenida Prof. Gama Pinto, Universidade de Lisboa, Lisboa, Portugal

Mafalda R. Almeida CICECO-Aveiro Institute of Materials, Department of
Chemistry, University of Aveiro, Aveiro, Portugal

Mariana Amaral iMEDULisboa, Research Institute for Medicines, Faculty of
Pharmacy, Avenida Prof. Gama Pinto, Universidade de Lisboa, Lisboa, Portugal

Mariadhas Valan Arasu Addiriyah Chair for Environmental Studies, Department of
Botany and Microbiology, College of Science, King Saud University, Riyadh,
Saudi Arabia

LR. Ariyarathna Department of Chemistry and Biochemistry, Auburn University,
Auburn, AL, United States

A.K.H. Bashir UNESCO-UNISA Africa Chair in Nanosciences/Nanotechnology
Laboratories, College of Graduate Studies, University of South Africa (UNISA),
Pretoria, South Africa; Nanosciences African Network (NANOAFNET),
Materials Research Department (MRD), iThemba LABS-National Research
Foundation (NRF), Western Cape Province, South Africa

P. Chandra Kanth Department of Science, School of Technology, Pandit Deendayal
Petroleum University, Gandhinagar, India

Woon-Chan Chong Department of Chemical Engineering, Lee Kong Chian Faculty
of Engineering and Science, Universiti Tunku Abdul Rahman, Kajang, Malaysia

Rui S. Costa REQUIMTE/LAQV, Chemistry and Biochemistry Department, Faculty
of Sciences, University of Porto, Porto, Portugal; IFIMUP, Institute of Physics for
Advanced Materials, Nanotechnology and Photonics, Physics and Astronomy
Department, Faculty of Sciences, University of Porto, Porto, Portugal

Shrabani De Department of Applied Chemistry, Indian Institute of Technology
(Indian School of Mines), Dhanbad, Jharkhand, India

xvii



xviii  List of contributors

Ziniu Deng State Key Laboratory of Pollution Control and Resource Reuse, School
of Environment, Nanjing University, Nanjing, P.R. China

Haihui Duan Key Laboratory for Green & Advanced Civil Engineering Materials
and Application Technology of Hunan Province, College of Civil Engineering,
Hunan University, Changsha, P.R. China

Basma M. Eid Textile Research Division, National Research Centre, Giza, Egypt
Joaquim L. Faria Laboratory of Separation and Reaction Engineering-Laboratory of

Catalysis and Materials (LSRE—LCM), Faculdade de Engenharia, Universidade
do Porto, Porto, Portugal

Elias Fattal Institut Galien Paris-Sud, Faculté de Pharmacie, Université Paris-Saclay,
Malabry, France

Mariana Figueira iMEDULisboa, Research Institute for Medicines, Faculty of
Pharmacy, Avenida Prof. Gama Pinto, Universidade de Lisboa, Lisboa, Portugal

Moustafa M.G. Fouda Textile Research Division, National Research Centre, Giza,
Egypt

Cristina Freire REQUIMTE/LAQV, Chemistry and Biochemistry Department,
Faculty of Sciences, University of Porto, Porto, Portugal

Mara G. Freire CICECO-Aveiro Institute of Materials, Department of Chemistry,
University of Aveiro, Aveiro, Portugal

Ye Fu School of Materials Science and Mechanical Engineering, Beijing Technology
and Business University, Beijing, P.R. China; State Key Laboratory of Organic-
Inorganic Composites, Beijing University of Chemical Technology, Beijing,

P.R. China

Nidhi Gour Department of Chemistry, Indrashil University, Rajpur, Kadi, India

Afif Hethnawi Department of Chemical and Petroleum Engineering, University of
Calgary, Calgary, Alberta, Canada

G. Hota Department of Chemistry, NIT, Rourkela, Odisha, India

Neil John Hunt Risk Assessment Services Yordas Group, Lancaster, United
Kingdom

Chaudhery Mustansar Hussain Department of Chemistry and Environmental
Science, New Jersey Institute of Technology, Newark, NJ, United States

Nabil A. Ibrahim Textile Research Division, National Research Centre, Giza, Egypt

Abdulgalim B. Isaev Department of Environmental Chemistry and Technology,
Dagestan State University, Makhachkala, Russian Federation

K. Kanimozhi Department of Chemistry, Auxilium College (Autonomous), Vellore,
India

Md. Ershadul Karim Faculty of Law, University of Malaya, Kuala Lumpur,
Malaysia; Bangladesh Supreme Court, Dhaka, Bangladesh

Mohammad Reza Kasaai Department of Food Science and Technology, Sari
Agricultural Sciences and Natural Resources University, Sari, Iran



List of contributors  xix

K. Kaviyarasu UNESCO-UNISA Africa Chair in Nanosciences/Nanotechnology
Laboratories, College of Graduate Studies, University of South Africa (UNISA),
Pretoria, South Africa; Nanosciences African Network (NANOAFNET),
Materials Research Department (MRD), iThemba LABS-National Research
Foundation (NRF), Western Cape Province, South Africa

Lemme Kebaabetswe Department of Biological Sciences and Biotechnology,
Botswana International University of Science and Technology, Palapye, Botswana

J. Kennedy UNESCO-UNISA Africa Chair in Nanosciences/Nanotechnology
Laboratories, College of Graduate Studies, University of South Africa (UNISA),
Pretoria, South Africa; National Isotope Centre, GNS Science, Lower Hutt, New
Zealand

J.L. Kokini Department of Food Science, Purdue University, West Lafayette, IN,
United States

Chai-Hoon Koo Department of Civil Engineering, Lee Kong Chian Faculty of
Engineering and Science, Universiti Tunku Abdul Rahman, Kajang, Malaysia

Woei-Jye Lau Advanced Membrane Technology Research Centre (AMTEC),
Universiti Teknologi Malaysia, Skudai, Malaysia

Samuel Leareng Emerging Contaminants Ecological Risk Assessment (ECERA)
Group, Department of Chemical Engineering, University of Pretoria, Pretoria,
South Africa

Douglas Letsholathebe Department of Physics, University of Botswana, Gaborone,
Botswana

Zhixian Li State Key Laboratory of Pollution Control and Resource Reuse, School
of Environment, Nanjing University, Nanjing, P.R. China

Yuri Lvov Institute for Micromanufacturing, Louisiana Tech University, Ruston,
LA, United States

M. Maaza UNESCO-UNISA Africa Chair in Nanosciences/Nanotechnology
Laboratories, College of Graduate Studies, University of South Africa (UNISA),
Pretoria, South Africa; Nanosciences African Network (NANOAFNET),
Materials Research Department (MRD), iThemba LABS-National Research
Foundation (NRF), Western Cape Province, South Africa

Rashmi Madhuri Department of Applied Chemistry, Indian Institute of Technology
(Indian School of Mines), Dhanbad, Jharkhand, India

C. Maria Magdalane Department of Chemistry, St. Xavier’s College (Autonomous),
Tirunelveli, India; LIFE, Department of Chemistry, Loyola College
(Autonomous), Chennai, India

Ntombikayise Mahaye Emerging Contaminants Ecological Risk Assessment
(ECERA) Group, Department of Chemical Engineering, University of Pretoria,
Pretoria, South Africa

N. Matinise UNESCO-UNISA Africa Chair in Nanosciences/Nanotechnology
Laboratories, College of Graduate Studies, University of South Africa (UNISA),
Pretoria, South Africa; Nanosciences African Network (NANOAFNET),
Materials Research Department (MRD), iThemba LABS-National Research
Foundation (NRF), Western Cape Province, South Africa



xx List of contributors

N. Mayedwa UNESCO-UNISA Africa Chair in Nanosciences/Nanotechnology
Laboratories, College of Graduate Studies, University of South Africa (UNISA),
Pretoria, South Africa; Nanosciences African Network (NANOAFNET),
Materials Research Department (MRD), iThemba LABS-National Research
Foundation (NRF), Western Cape Province, South Africa

S.K. Mehta Department of Chemistry and Centre of Advanced Studies in Chemistry,
Panjab University, Chandigarh, India

S.B. Mohamed Department of Materials Science, Central University of Tamil Nadu,
Thiruvarur, India

G.T. Mola School of Chemistry Physics, University of KwaZulu-Natal,
Pietermaritzburg Campus, Scottsville, South Africa

N. Mongwaketsi UNESCO-UNISA Africa Chair in Nanosciences/Nanotechnology
Laboratories, College of Graduate Studies, University of South Africa (UNISA),
Pretoria, South Africa; Nanosciences African Network (NANOAFNET),
Materials Research Department (MRD), iThemba LABS-National Research
Foundation (NRF), Western Cape Province, South Africa

Sergio Morales-Torres Carbon Materials Research Group, Department of Inorganic
Chemistry, Faculty of Sciences, University of Granada, Granada, Spain

Ana Henriques Mota iMEDULisboa, Research Institute for Medicines, Faculty of
Pharmacy, Avenida Prof. Gama Pinto, Universidade de Lisboa, Lisboa, Portugal

Nabisab Mujawar Mubarak Department of Chemical Engineering, Faculty of
Engineering and Science, Curtin University, Sarawak, Malaysia

Ndeke Musee Emerging Contaminants Ecological Risk Assessment (ECERA)
Group, Department of Chemical Engineering, University of Pretoria, Pretoria,
South Africa

Ghada Nafie Department of Chemical and Petroleum Engineering, University of
Calgary, Calgary, Alberta, Canada

Nashaat N. Nassar Department of Chemical and Petroleum Engineering, University
of Calgary, Calgary, Alberta, Canada

Marcia C. Neves CICECO-Aveiro Institute of Materials, Department of Chemistry,
University of Aveiro, Aveiro, Portugal

Sing Muk Ng Faculty of Engineering, Computing, and Science, Swinburne
University of Technology Sarawak Campus, Jalan Simpang Tiga, Kuching,
Malaysia; School of Research, Swinburne University of Technology Sarawak
Campus, Jalan Simpang Tiga, Kuching, Malaysia

Sabzoi Nizamuddin School of Engineering, RMIT University, Melbourne, VIC,
Australia

Sukanchan Palit Department of Chemical Engineering, University of Petroleum and
Energy Studies, Dehradun, India

Bingcai Pan State Key Laboratory of Pollution Control and Resource Reuse, School
of Environment, Nanjing University, Nanjing, P.R. China; Research Center for
Environmental Nanotechnology (ReCENT), Nanjing University, Nanjing,

P.R. China



List of contributors  xxi

Gaurav Pandey Institute of Research & Development, Gujarat Forensic Sciences
University, Gandhinagar, India

Satish Kumar Pandey CSIR - Central Scientific Instruments Organisation,
Chandigarh, India

Drashti Patel Shobhaben Pratapbhai Patel School of Pharmacy and Technology
Management, SVKM’s NMIMS, Mumbai, India

M.H. Peerzada School of Engineering, Swinburne University, Melbourne, VIC,
Australia

André M. Pereira IFIMUP, Institute of Physics for Advanced Materials,
Nanotechnology and Photonics, Physics and Astronomy Department, Faculty of
Sciences, University of Porto, Porto, Portugal

Clara Pereira REQUIMTE/LAQV, Chemistry and Biochemistry Department,
Faculty of Sciences, University of Porto, Porto, Portugal

Irina Pereira Department of Pharmaceutical Technology, Faculty of Pharmacy,
University of Coimbra, Pélo das Ciéncias da Sadde, Coimbra, Portugal;
REQUIMTE/LAQYV, Group of Pharmaceutical Technology, Faculty of Pharmacy,
University of Coimbra, Coimbra, Portugal

Tania V. Pinto REQUIMTE/LAQV, Chemistry and Biochemistry Department,
Faculty of Sciences, University of Porto, Porto, Portugal

A. Raja Department of Physics, Kalasalingam Institute of Technology, Krishnan
Koil, India

R.M.P.I. Rajakaruna Department of Chemistry and Biochemistry, Auburn
University, Auburn, AL, United States

G. Ramalingam Department of Nanoscience and Technology, Alagappa University,
Karaikudi, India

Manviri Rani Department of Chemistry, Malaviya National Institute of Technology,
Jaipur, India

Deepak Rawtani Institute of Research & Development, Gujarat Forensic Sciences
University, Gandhinagar, India

Catarina Pinto Reis iMEDULisboa, Research Institute for Medicines, Faculty of
Pharmacy, Avenida Prof. Gama Pinto, Universidade de Lisboa, Lisboa, Portugal;
IBEB, Biophysics and Biomedical Engineering, Faculty of Sciences,
Universidade de Lisboa, Campo Grande, Lisboa, Portugal

Antonio J. Ribeiro Department of Pharmaceutical Technology, Faculty of
Pharmacy, University of Coimbra, P6lo das Ciéncias da Sadde, Coimbra,

Portugal; I3S, Group Genetics of Cognitive Dysfunction, Institute for Molecular
and Cell Biology, Porto, Portugal

Joao Rocha iMEDULisboa, Research Institute for Medicines, Faculty of Pharmacy,
Avenida Prof. Gama Pinto, Universidade de Lisboa, Lisboa, Portugal

Shraban Ku Sahoo Department of Chemistry, NIT, Rourkela, Odisha, India



xxii  List of contributors

Ana Claudia Santos Department of Pharmaceutical Technology, Faculty of
Pharmacy, University of Coimbra, Pdlo das Ciéncias da Satude, Coimbra,
Portugal; REQUIMTE/LAQV, Group of Pharmaceutical Technology, Faculty of
Pharmacy, University of Coimbra, Coimbra, Portugal

Valéria C. Santos-Ebinuma Department of Engineering Bioprocess and
Biotechnology, School of Pharmaceutical Sciences, UNESP-University Estadual
Paulista, Araraquara, Brazil

Joana A.D. Sequeira Department of Pharmaceutical Technology, Faculty of
Pharmacy, University of Coimbra, Pdlo das Ciéncias da Satide, Coimbra, Portugal

Kwok Wei Shah Department of Building, School of Design and Environment,
National University of Singapore, Singapore, Singapore

Uma Shanker Department of Chemistry, Dr B R Ambedkar National of Institute of
Technology, Jalandhar, India

Pravin Shende Shobhaben Pratapbhai Patel School of Pharmacy and Technology
Management, SVKM’s NMIMS, Mumbai, India

Claudia G. Silva Laboratory of Separation and Reaction Engineering-Laboratory of
Catalysis and Materials (LSRE—LCM), Faculdade de Engenharia, Universidade
do Porto, Porto, Portugal

Santosh Bahadur Singh Department of Chemistry, National Institute of Technology
Raipur, Raipur, Chhattisgarh, India

Suman Singh CSIR - Central Scientific Instruments Organisation, Chandigarh, India

Alexandra Sousa iMEDULisboa, Research Institute for Medicines, Faculty of
Pharmacy, Avenida Prof. Gama Pinto, Universidade de Lisboa, Lisboa, Portugal

Bruno Sousa ULHT, Lisboa, Portugal; Health Service of the Autonomous Region of
Madeira, Funchal, Portugal

Anjali Takke Shobhaben Pratapbhai Patel School of Pharmacy and Technology
Management, SVKM’s NMIMS, Mumbai, India

Ana P.M. Tavares CICECO-Aveiro Institute of Materials, Department of
Chemistry, University of Aveiro, Aveiro, Portugal

Joana S. Teixeira REQUIMTE/LAQYV, Chemistry and Biochemistry Department,
Faculty of Sciences, University of Porto, Porto, Portugal; IFIMUP, Institute of
Physics for Advanced Materials, Nanotechnology and Photonics, Physics and
Astronomy Department, Faculty of Sciences, University of Porto, Porto, Portugal

Maithri Tharmavaram Institute of Research & Development, Gujarat Forensic
Sciences University, Gandhinagar, India

Melusi Thwala Water Centre, Council for Scientific and Industrial Research,
Pretoria, South Africa

Gosaitse Tubatsi Department of Biological Sciences and Biotechnology, Botswana
International University of Science and Technology, Palapye, Botswana

H. Turasan Department of Food Science, Purdue University, West Lafayette, IN,
United States



List of contributors  xxiii

Francisco Veiga Department of Pharmaceutical Technology, Faculty of Pharmacy,
University of Coimbra, Pélo das Ciéncias da Sadde, Coimbra, Portugal;
REQUIMTE/LAQYV, Group of Pharmaceutical Technology, Faculty of Pharmacy,
University of Coimbra, Coimbra, Portugal

Sandeep Kumar Verma Institute of Biological Science, SAGE University, Bypass
Road, Kailod Kartal, Indore, India

Neelam Vishwakarma CSIR - Central Scientific Instruments Organisation,
Chandigarh, India

Gerardo Vitale Department of Chemical and Petroleum Engineering, University of
Calgary, Calgary, Alberta, Canada

Chuanwen Wei Key Laboratory for Green & Advanced Civil Engineering Materials
and Application Technology of Hunan Province, College of Civil Engineering,
Hunan University, Changsha, P.R. China

Teng Xiong Department of Building, School of Design and Environment, National
University of Singapore, Singapore, Singapore

Jianying Yu State Key Laboratory of Silicate Materials for Architectures, Wuhan
University of Technology, Wuhan, P.R. China

Henglong Zhang Key Laboratory for Green & Advanced Civil Engineering
Materials and Application Technology of Hunan Province, College of Civil
Engineering, Hunan University, Changsha, P.R. China

Liqun Zhang State Key Laboratory of Organic-Inorganic Composites, Beijing
University of Chemical Technology, Beijing, P.R. China

Xiaolin Zhang State Key Laboratory of Pollution Control and Resource Reuse,
School of Environment, Nanjing University, Nanjing, P.R. China; Research
Center for Environmental Nanotechnology (ReCENT), Nanjing University,
Nanjing, P.R. China

Chongzheng Zhu Key Laboratory for Green & Advanced Civil Engineering
Materials and Application Technology of Hunan Province, College of Civil
Engineering, Hunan University, Changsha, P.R. China



This page intentionally left blank



Preface

Nanotechnology refers to the categorization, manufacture, and management
of structures, devices, or materials that are smaller than 100 nm.
Nanomaterials have been used extensively in the biomedical, environmental,
textile, construction, and cosmetics industries. In particular, functionalized
nanomaterials (FNMs) have been intensively studied in the last several years,
and numerous methods have been developed, including covalent or noncova-
lent alterations. These functionalization identities offer nanomaterials with
versatile applications due to the assimilating functional groups or materials
onto their surface. Generally, FNMs have different mechanical, absorption,
optical, or electrical properties than the original nanomaterials and thus can
be used for a variety of applications. In fact, FNMs are predicted to be a
main driver of technology and business and are already involved in the
recent development of new products in major industrial sectors as this hand-
book discusses.

In order to cover specific industrial applications of FNMs as well as offer
readers a holistic view of FNMs currently used at industrial scale, this hand-
book is divided into several sections. Section 1 deals with different kinds of
FNMs for industrial use (carbon-based nanomaterials, metal-based nanoma-
terials, composites, biosourced nanomaterials such as biopolymers, nanocel-
lulose, fibers, etc.). Section 2 discusses industrial-scale functionalization
strategies for nanomaterials, while Section 3 focuses on FINMs for the cataly-
sis industry. Section 4 covers FNMs for the biomedical, pharmaceutical,
agriculture, and agri-food industries. In Section 5, FNMs for the electronics,
electrical, and energy industries are discussed. Section 6 is about utilization
of FNMs in the environmental industry. Section 7 covers FNMs in surfaces
and coatings, while Section 8 focuses on FNMs in the textiles industry.
Section 9 discusses FNMs in the cosmetics industry. Finally, Section 10 cov-
ers the FNMs uses in the aerospace, vehicle, and sports industries whereas
Section 11 describes the environmental, legal, health, and safety issues
related to FNMs.

The purpose of this handbook is to provide the most recent advancements
of FNMs in key industrial sectors. College and university graduates and
industrial professionals along with industrial scientists, industrial engineers,
nanotechnologists, materials scientists, chemists, physicists, pharmacists,
biologists, chemical engineers, etc., will find this handbook interdisciplinary
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and thorough, with its emphasis on key research and guidelines. The editor
and authors are well-known researchers, scientists, and FNM experts from
academia and industry. On behalf of Elsevier, we thank all the contributors
of this handbook. Very special thanks goes to Simon Holt (acquisitions edi-
tor) and Isabella Conti Silva (editorial project manager) at Elsevier, for their
enthusiastic support and help during this project.

Chaudhery Mustansar Hussain
Editor
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Chapter 1

Functionalization of
nanomaterials for industrial
applications: recent

and future perspectives

Sukanchan Palit' and Chaudhery Mustansar Hussain’

!Department of Chemical Engineering, University of Petroleum and Energy Studies, Dehradun,
India, ZDepartment of Chemistry and Environmental Sciences, New Jersey Institute of
Technology, Newark, NJ, United States

1.1 Introduction

Nanotechnology and nanoengineering are two opposite sides of a visionary
coin. On the one hand, scientific revelation, deep scientific provenance and
scientific ingenuity are the pivots of scientific research pursuit in nanotech-
nology and nanomaterials today. Frequent environmental disasters, global
climate change, and stringent environmental regulations are challenging the
vast scientific fabric of human civilization. In this chapter, we discuss
engineering science and technology with a focus on nanomaterials.
Nanotechnology is deeply integrated with diverse areas of science and engi-
neering, due, in part, to evergrowing concerns about global warming and cli-
mate change. Water purification, drinking water treatment, and industrial
wastewater treatment are some of the current applications of nanotechnology.
Environmental science, chemical process engineering, and integrated water
resource management are highly stressed areas of science and engineering
[1]. The vast and varied challenges of water resource management as well as
applications of environmental engineering are discussed in this chapter, with
an emphasis on functionalized nanomaterial applications in the environmen-
tal and energy sectors. Food engineering and food technology are other
important sectors of nanomaterial science and engineering today [2].

Handbook of F ionalized N: ials for Industrial Applications.
DOI: https://doi.org/10.1016/B978-0-12-816787-8.00001-6 3
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1.2 Nanotrends in industrial development

Today environmental engineering science, petroleum engineering, and chem-
ical process engineering are challenging areas of science and engineering.
The authors in this volume focus on the successful applications of nanoma-
terials in an effort to provide more environmental protection. In particular,
environmental remediation, drinking water treatment, industrial wastewater
treatment, and integrated water resource management are covered.

Nanotechnology, nanomaterials, and functionalized nanomaterials are at
the forefront of science today. Sustainability whether it is energy, environ-
mental, social, or economic is the biggest need of human civilization today
[1,2]. Environmental disasters, global warming, and depletion of fossil fuel
resources are key challenges that must be addressed. Nanoengineering and
nanovision are at the forefront of this research [1,2].

1.3 Potential of nanomaterials

Nanomaterials and green materials are the smart materials of the future. In this
volume, the authors focus on the ways nanotechnology is used in human soci-
ety, in particular engineered nanomaterials and functionalized nanomaterials.

Nanomaterials are materials of which a single unit is sized (in at least one
dimension) between 1 and 1000 nm but usually it is 1—100 nm (the usual defini-
tion of nanoscale). Materials with structure at the nanoscale have unique and impor-
tant optical, electronic, and mechanical properties. Today, globally nanomaterials
are slowly being commercialized and are emerging as key technologies [1,2].

Engineered nanomaterials have been deliberately engineered and manufac-
tured by humans to have some distinct properties. Legacy and visionary nano-
materials are those that were in commercial production prior to the
development of nanotechnology as incremental advancements over other colloi-
dal materials. They include carbon black and titanium dioxide nanomaterials.
Incidental nanoparticles may be incidentally produced as a by-product of
mechanical and industrial processes. Sources of incidental nanoparticles include
vehicle exhausts, welding fumes, combustion fumes, and combustion processes
from domestic fuel heating and cooking. Incidental atmospheric nanoparticles
are ultrafine particles and can contribute to air pollution.

Biological systems often feature natural and functional nanomaterials.
Natural inorganic nanomaterials occur through crystal growth in the diverse
chemical conditions of the Earth’s crust. Fires are complex reactions and can
produce pigments, cement, fumed silica, etc.

1.4 What are functionalized nanomaterials?

Functionalized nanomaterials and engineered nanomaterials are next-
generation smart materials with applications in environmental engineering,
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water purification, drinking water treatment, industrial wastewater treatment,
and biomedical engineering science. Bionanotechnology is another promising
area of science today.

1.5 The use of functionalized nanomaterials in industry

Nanomaterials and functionalized nanomaterials applications are today
replete with immense scientific and academic rigor. In this chapter, the
authors deeply elucidates the scientific needs, the scientific profundity and
the vast scientific divination in the application areas of nanomaterials, engi-
neered nanomaterials and functionalized nanomaterials [1].

1.5.1 Food

Nanomaterials today have immense applications in the food domain. For
example, Ghodake et al. [3] discussed nanoengineered systems for biopesti-
cides. “Green revolution” technology and engineering have resulted in
remarkable advancements in agricultural productivity by using high-yielding
varieties, chemical fertilizers, and pesticides [3]. The authors deeply dis-
cussed the current strategies of pest control including the use of pesticides
and biopesticides [3]. The authors discussed in detail the application areas
and the scientific ethics behind biopesticides, the advantages of biopesticides
over chemical pesticides, the mechanism of action of pesticides, and the for-
mulation development of biopesticides.

Shivakumar et al. [4] discussed nanomaterials for smart food packaging.
Packaging has played a vital role in protecting food substances from various
environmental conditions in the food supply chain [4]. The authors in this
chapter describes and discusses intelligent packaging, which refers to pack-
aging that contains an indicator either externally and internally that provides
information about the quality of food. Nanosensors, smart materials, and the
feasibility and economics of modern packaging are also discussed.
Nanomaterials are expected to revolutionize the food packaging industry due
to the enforcement of stringent environmental regulations [4].

Kadam et al. [5] described the novel approaches of nanotechnology in the
agro and food industries. This chapter deals deeply with applications of nano-
technology in agrofood production chain and the emerging opportunities [5].
Other topics discussed include packaging, food contact material, and food stor-
age and handling. The use of nanotechnology can improve supply chain visi-
bility, tracking and traceability, food authenticity, and also food security [5].

1.5.2 Energy and environmental sectors

The energy and environmental sectors are experiencing rapid growth due
nanotechnology applications. Vazquez et al. [6] described the use of
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nanomaterials in energy production. According to the International Energy
Outlook 2017, there will be a 28% increase in the worldwide energy demand
from 2015 to 2040 [6]. In 2015, the World Energy Council reported that
77.1% of energy consumption is covered by fossil fuel sources (oil, coal, and
gas) and 4.4% by the nuclear industry [6].

Energy sustainability and energy engineering are two opposite sides of
the visionary coin. This chapter focuses on the application of nanotechnology
in the energy production sector [6]. The areas covered are fossil fuels,
nuclear, wind turbines, fuel cells, and solar cells. Fossil fuels include oil,
coal, and natural gas, which supply more than the 80% of our energy needs.
Global wind power generation contributed about 4% of total global power
generation in 2015. One important and area of scientific research today is
fuel cells [6]. Fuel cells are used to produce electrical energy. A fuel cell is
basically an electrochemical cell that can convert the chemical energy of a
fuel into electrical energy through an electrochemical reaction on the elec-
trode/electrolyte interface [6]. Photovoltaic solar cells are devices used for
direct conversion of solar radiation into electrical energy. There are silicon
and thin film solar cells, multijunction solar cells, organic solar cells, and
dye sensitized solar cells.

Pathakoti et al. [7] discussed nanotechnology applications in the environ-
mental industry. Nanotechnology is the manipulation of matter on the nano-
scale (1—100 nm) in diverse and far-reaching fields such as chemical
process engineering, material science, electrical engineering, computer sci-
ence, chemistry, and biology [7]. The authors described in detail water and
wastewater treatment and application areas such as nanoadsorbents, nanoca-
talysts, nanomembranes, and remediation. The nanomaterials discussed
include nanoscale zerovalent iron, bimetallic nanoparticles, semiconductor
nanoparticles, and dendrimers [7].

1.5.3 Other applications of engineered nanomaterials

Biomedical engineering, agricultural sciences, biological sciences, medical
sciences, and biotechnology are today interdependent on engineered
nanomaterials.

1.6 Current research on nanomaterials

Nanomaterials are today integrated with every branch of science and engi-
neering. In this well researched treatise, the author deeply relates the need of
scientific vision and the scientific ingenuity in the applications of nanomater-
ials in energy, environment, medical applications and other domains. The
status of environment is extremely disastrous and catastrophic today. There
is no respite to environmental disasters and global climate change. Also,
industrial wastewater treatment is mesmerizing and challenging the true
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vision of global science and engineering. Here comes the vast and necessary
importance of engineered nanomaterials to human society [1,2].

Palit et al. [8] described engineered nanomaterials for industrial use
including carbon nanotubes, dendrimers, fullerenes, graphene sheets, metal
oxides, nanoarrays, and nanocrystals.

Palit [9] discussed recent advances in engineered nanomaterials in the
environment industry and did a critical review on this far-reaching scientific
domain. The author pointedly focuses on the scientific avenues toward
advancement of nanomaterials applications, the vast domain of nanotechnol-
ogy and largely the success of Engineered Nanomaterials applications in
environment industry [1,9]. Nanomaterials and environmental industry are
today linked with each other by immense scientific might, determination and
vision. The authors detailed recent scientific endeavor in the field of nano-
technology. Success of science and vast engineering applications are the pil-
lars of research and development forays in nanotechnology. These factors
are detailed in this chapter. Recent scientific endeavor in the field of nano-
technology and environmental protection/ remediation are described in min-
ute details in this chapter [9].

Das et al. [10] discussed the characteristic features and applications of
engineered nanomaterials for water treatment and purification, carbon dioxide
sequestration, and remediation of radionuclides. The risk factors associated
with the use of nanomaterials are also discussed [10]. According to the
Organization for Economic Cooperation and Development (OECD), the
Environmental Industry is defined as “An environmental industry consists of
activities which produce goods and services to measure, prevent, limit and
minimize, or correct environmental destruction to water, air and soil, as well
as problems related to waste, noise and ecosystem” [10]. The primary objec-
tive of the environmental industry is environmental protection [10]. Chemical
process engineering and the vast and intricate areas of chemical technology
needs to be enhanced along with Environmental Industry. The research work
also dealt with characteristic features and applications of engineered nanoma-
terials [10]. The authors discuss nanomaterial for groundwater remediation,
nanostructured metal oxide for wastewater remediation, multifunctional nano-
composite for environmental remediation, nanomaterial-based membrane in
remediation, and nanomaterials for carbon dioxide sequestration.

Park et al. [11] discussed engineered nanomaterials for water treatment
and environmental remediation including recent developments such as appli-
cations in membrane filtration. Applications of engineered nanomaterials for
soil, aquifer, and groundwater remediation are also discussed [l1].
Engineered nanomaterials have been widely used in environmental engineer-
ing science but their high aggregation tendency greatly limits the surface
mobility. Recent progress on preparation of Engineered Nanomaterials was
the reduction of the band gap and the production of environmentally friendly
materials of higher stability, reactivity and multifunctionality [11].
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1.7 Recent scientific research in the field of functionalized
nanomaterials

Functionalized nanomaterials are the smart materials of tomorrow and today
stands in the midst of deep scientific vision and scientific forbearance. The
needs of human scientific vision and scientific divination are today immense
and far-reaching. Scientific and technological validation along with vast sci-
entific motivation are the necessity of human civilization in modern science
today. Today in the global scientific scenario, there are vast scientific intrica-
cies which remains unanswered. Technological gaffe and scientific hiatus in
the field of environmental engineering science are devastating the global sci-
entific firmament. Science and technology has practically no answers to hea-
vy metal and arsenic groundwater remediation. Here comes the importance
of nanotechnology and nanoengineering.

Darwish et al. [12] discussed new solutions to environmental problems
due to high surface area (surface to volume ratio) and associated high reac-
tivity on a scale ranging from one to few hundred nanometers that are not
observed at the microscopic level [12]. The most attractive nanomaterials for
environmental protection are derived from silica, noble metals, semiconduc-
tors, metal oxides, polymers, and carbonaceous materials [12] and their use
in remediation of contaminated wastewater, groundwater, surface water, and
soil are being investigated. Treatment techniques include, adsorption, photo-
catalytic degradation, nanofiltration, and sensing and monitoring of various
pollutants and contaminants [12]. However, there are some challenges that
need to be addressed including the potential impacts of nanomaterials on
human health and the ecosystem and the limited reusability and activity of
nanomaterials [12]. The authors in this treatise deeply elucidated on nanoad-
sorption, membranes and membrane processes, nanophotocatalysis, nanosen-
sing, methods of nanomaterials functionalization, direct functionalization,
postsynthetic functionalization, polymers in functionalization, and nanoma-
terial- functional groups bonding types [12]. The other areas of research
endeavor in this treatise are functionalization and applications of silica-based
nanomaterials and the functionalization and applications of carbonaceous
nanomaterials [12]. The applications of functionalized carbonaceous nano-
materials and metal and metal compound nanomaterials are described.

Subbiah et al. [13] discussed nanoparticles and functionalization and mul-
tifunctional applications in biomedical applications. Rapid innovations in
nanomedicine, medical science, and biomedical engineering have increased
the likelihood that engineered nanomaterials will veritably come in contact
with human and environment. Nanotechnology has created strong interest in
many fields such as biomedical sciences and engineering, in particular the
development of functionalized nanoparticles [13]. In recent years a variety of
chemical methods have been developed to synthesize functionalized nanopar-
ticles for drug delivery, cancer therapy, diagnostics, tissue engineering, and
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molecular biology, and the structure—function relationship of these functio-
nalized nanoparticles has been investigated [13]. Nanotechnology is the
study of functional systems at the molecular level and it is the fastest grow-
ing areas of science and engineering. Work in the field of nanotechnology
began in 1959 [13]. The theoretical capability and the basis of building
things with immense atomic precision was initially envisioned by the physi-
cist Richard Feynman who stated that “There is plenty room at the bottom”
[13]. This visionary statement marked the start of a newer visionary era in
the field of science and engineering. Scientific vision and the vast scientific
profundity thus emerged into a newer innovative eon. Functionalization of
nanoparticles provides an effective link from materials to medicine and back
and is becoming highly indispensable to the discovery and research and
development endeavor in innovative therapeutic carriers and diagnostic tools.
This type of approach utilized various types of materials and their functiona-
lization and connects the molecular mechanisms involved in physiology to
drug targets and other biomedical engineering applications such as imaging,
drug delivery science and tissue engineering [13].

Predoi et al. [14] discussed advances in functionalized material research.
During the last few decades, intense attention has been given by scientific
communities to the development of various nanomaterials such as inorganic,
organic, polymeric, biological, and polymer composites for diverse applica-
tions from biomedical sciences to environmental engineering. Science and
engineering of biomedical sciences are today in the path of newer scientific
regeneration and vast scientific vision [14]. Of the emerging visionary areas
of research, inorganic nanomaterials have been the most investigated as their
properties can be changed through functionalization [14]. They can be made
multifunctional with the immense ability to incorporate broad categories of
functions relevant to biomedicine, nanomedicine and environmental engi-
neering science. The scientific vision of functionalized materials research is
thus opening a new door in the field of engineering and science. This paper
focuses on current and expected scientific research advances in the areas of
functionalized materials research [14]. The areas covered include design and
synthesis of functionalized nanomaterials, structural and morphological char-
acterization of newly functionalized compounds, advanced functionalized
materials for biomedical and environmental engineering applications, and
functionalized materials with magnetic properties [14].

Oliviera et al. [15] discussed protein functionalized carbon nanomaterials
for biomedical applications. Since the invention of low-dimensional carbon
allotropes, there has been increased interest in using carbon nanomaterials
for biomedical science and engineering applications. Carbon nanomaterials
have been used bioimaging, chemical sensing, targeting, delivery, therapeu-
tics, catalysis, and energy harvesting [15]. In this paper, the authors review
the surface immobilization of biomolecules, including proteins, peptides, and
enzymes, and present the recent advances in synthesis and applications of
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these conjugates [15]. In this review, the authors discuss different strategies
to the immense scientific challenges when using carbon nanomaterials as
protein carriers, explore and investigate various immobilization techniques
along with characterization methods and vastly presents recent demonstra-
tions of employing these systems for biomedical engineering applications.
Recent scientific advances in the science of nanotechnology has provided a
wide variety of nanoscale materials, including carbon nanomaterial allo-
tropes, which have been deeply applied in numerous applications owing to
their inherent scientific properties [15]. The use of carbon nanomaterials as
scaffolds for biomolecules enhances and increases their utilization potential,
especially in biomedical engineering applications [15]. The authors cover the
main strategies for the protein functionalization of carbon nanomaterials and
their applications, especially in biomedical engineering. The forays in sci-
ence and engineering of nanotechnology are today opening up newer win-
dows of innovation in the field of medical sciences, biomedical engineering,
and biological sciences. The authors reviewed the recent developments in the
synthesis of proteins, peptides, and enzymes—carbon nanoparticle conju-
gates, focusing on single-walled carbon nanotubes as well as major charac-
terization tools for studying these chemical complexes. Nanoparticle surface
immobilization of proteins and enzymes, carbon nanotubes as protein car-
riers, and applications of protein—single-walled carbon nanotubes are also
discussed [15].

Wang [16] covers functionalization and characterization of carbon-based
nanomaterials for electronics, composite, and biomedical applications.
Surface functionalization of nanomaterials to combine different materials’
properties has created unlimited possibilities in the field of nanotechnology
including functionalization of carbon nanotubes for biomedical applications,
covalent functionalization of graphene oxide for cement reinforcement, and
noncovalent functionalization of graphene for high thermal conductive adhe-
sive [16]. Nanotechnology as an emerging technology is helping continually
improve or revolutionize many traditional technologies in diverse areas rang-
ing from electronic packaging to energy conversion and storage, from addi-
tives to catalysis, and from sensors to drug delivery and the vast biomedical
engineering science applications. This doctoral thesis focuses on developing
flexible chemical approaches to functionalize carbon nanotubes and the func-
tional components [16]. These functionalization approaches are divided into
covalent functionalization and noncovalent functionalization.

Palit et al. [17] discussed recent and future perspectives for nanomaterials
in environmental science. Chemical process engineering, chemical process
technology, environmental engineering science, and material science are cov-
ered. Destruction of the environment and loss of ecological biodiversity have
created increased interest in nanomaterials [1,17].

Adhikari et al. [18] discussed functionally active nanomaterials for envi-
ronmental remediation including carbon nanomaterials and composites, metal
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nanoparticles, metal-oxide nanoparticles, and nanocomposites and other
nanoparticles [18]. Functionally active nanomaterials have been explored as
highly efficient adsorbents, photocatalysts, and as a sterilizer for water
resources [18]. There is also a focus on the risks of environmental nanoma-
terials and their synthesis via green chemistry and green nanotechnology.

1.8 The scientific vision of energy and environmental
sustainability

Human scientific progress and civilization require energy and environmental
sustainability. Today global climate change, environmental catastrophes, and
groundwater contamination are changing the face of scientific research
pursuit.

Kuhlman et al. [19] discussed the meaning of sustainability. Sustainability
as a policy concept has its vast origin and initiation in the Brundtland Report
of 1987. That document kept a balance between an improved human life and
the life’s limitations and vision. After the initial deliberations of that report,
the world witnessed immense scientific, social, economic and environmental
re-construction and revival [19]. This paper argues that this change in mean-
ing (1) redefines the aims of welfare and environmental conservation, (2) the
risks reducing the environmental conservation concept, and (3) the vast dis-
tinction between social and economic sustainability [19]. Sustainability can
be redefined as a natural topic of study for economists and social scientists.
The Brundtland report is deeply comprehended as “development that meets
the needs of the present without compromising the ability of future genera-
tions to meet their own needs.” The author in this paper discusses the concept
of “people, planet and profit” and the future of sustainability.

1.9 Recent research in environmental protection and
industrial ecology

Industrial ecology is a relatively newer branch of science but recent advances
in this area have shown tremendous scientific potential. Today industrial
ecology, systems engineering, and human factor engineering are changing
the face of human civilization. In this chapter, the author deeply focuses on
the scientific needs, the vast scientific stance and the immense scientific
ingenuity in the applications of nanotechnology and functionalized nanoma-
terials to the human progress and the human scientific rigor [1].

1.10 Integrated water resource management and human
factor engineering

Systems engineering is an integral part of human factor engineering today [1].
The authors in this chapter discuss both human factor engineering and
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integrated water resource management. Global water scarcity is a challenge to
human society today [1,20—22]. Groundwater remediation is integrated with
integrated water resource management [2,23,24]. This chapter discusses nano-
technology applications in water purification.

1.11 Groundwater remediation and nanotechnology

Today nanotechnology has applications in environmental engineering as well
as groundwater remediation. Arsenic groundwater contamination is an envi-
ronmental disaster in many developing and developed nations around the
world [1,2,23,24], in particular in South Asia, India, and Bangladesh. Here
comes the need of nanotechnology and application areas of functionalized
nanomaterials.

1.12 Future research trends in nanotechnology and
nanomaterials

There is a huge technological and engineering hiatus in the field of applica-
tion area of nanomaterials, engineered nanomaterials and functionalized
nanomaterials [1,25,26]. The health effects of nanomaterials to humans is
alarming and at the same time thought provoking. Future research should
focus on environmental remediation, groundwater remediation, and drinking
water treatment.

1.13 Conclusion and future perspectives

Environmental engineering and environmental protection are the other areas
of immense concern to human society today. Diverse areas of science and
technology such as environmental engineering, nanomaterials, engineered
nanomaterials, functionalized nanomaterials, and petroleum engineering sci-
ence needs to be validated at the earliest utmost.
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2.1 Introduction

Membrane-based technology has emerged as one of the most effective
approaches for producing high-quality water from various sources including
seawater, brackish water, ground water, surface water, as well as wastewater.
The major drawback of conventional-polymeric membranes (i.e., severe sur-
face fouling) has led to the idea of incorporating inorganic nanomaterials as
fillers into the membrane matrix for performance enhancement. In recent
years, nanomaterials have attracted much attention among researchers world-
wide due to their unique ability to improve membrane properties with respect
to hydrophilicity, antifouling resistance, permeability/rejection, and adsorp-
tion capabilities [1—4]. Some nanomaterials also possess a broad energy
band (for photocatalytic activity), antibacterial properties, and low toxicity,
making them useful in designing new generations of membranes.

In principle, nanomaterials are described as materials that exist in one-,
two-, or three-dimensional structures whose dimensions fall within the nano-
meter scale (1—100 nm) [5]. Nanomaterials have a very high surface-area-to-
volume ratio compared to their bulk counterparts. Their abundance of active
adsorption sites makes them chemically compatible with various materials
for specific applications [6,7]. Nanomaterials such as carbon nanotubes
(CNTs), graphene oxide (GO), titanium oxide (TiO,), silicon dioxide (SiO5,),
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metal-organic framework (MOF), silver (Ag), and zinc oxide (ZnO) have
been previously used to synthesize advanced functionalized membranes for
water treatment [8,9]. Despite their potential, some inherent limitations exist
when embedding nanomaterials directly into membranes. These include
severe nanomaterial agglomeration, poor compatibility with polymeric mem-
brane, and possible nanoparticle leaching from membrane.

Mixed-matrix membranes (MMMs) are formed by incorporating nanoma-
terials into a polymeric matrix [10]. The purpose is to produce MMMs of a
desirable morphology with higher permeability (without compromising rejec-
tion), greater hydrophilicity, and better antifouling behaviors. Over the past
decade, numerous studies have been devoted to designing MMMs by incor-
porating inorganic nanomaterials into polymeric membranes for specific
applications. Past studies have demonstrated that incorporation of nanoparti-
cles such as TiO, [11,12], Ag [13,14], and ZnO [15] into various polymeric
membranes successfully improved their water permeability and rejection
against pollutants. Additionally, nanomaterials, particularly Ag and ZnO,
which possess excellent antimicrobial properties, could effectively destroy
bacterial cells and inhibit the growth of bacteria in water medium when they
are introduced into membrane structure [14,16].

Since discussions concerning the impact of nanomaterials on the proper-
ties of microporous membranes can be found elsewhere [17], this chapter
will specifically discuss the effects of functionalized nanomaterials (i.e.,
titanium-based nanomaterials, carbon-based nanoparticles, binary metal oxi-
des, and MOF) on the properties of MMMs with respect to hydrophilicity,
morphology, water flux, solute rejection, antifouling, and antibacterial resis-
tance. The potential for using functionalized nanomaterials in adsorptive
MMMs fabrication for use in the heavy-metal ion removal process as well as
the advantages and disadvantages of the use of MMMs in commercial appli-
cations will also be discussed.

2.2 Mixed-matrix membranes incorporated with carbon-
based nanomaterials

Great efforts have been expended in exploring the potential of carbon-based
nanomaterials as fillers used to improve the physicochemical properties and
filtration performance of membranes. The ultimate goal of these efforts is to
positively impact the commercialization of MMMs. Single-walled carbon
nanotubes (SWCNTs), multiwalled-carbon nanotubes (MWCNTs), GO, and
carbon quantum dots (CQDs) are among the carbon- based nanomaterials
that have been intensively studied in membrane research development.
Carbon-based nanomaterials have received worldwide attention due to their
large-surface area, excellent mechanical strength, and high thermal stability.
They can be easily modified/functionalized to enable introduction of various
functional groups onto their surface, which ultimately favorably impacts the
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membrane filtration performance. Modification on carbon-based nanomaterials
is normally performed by chemical reaction (covalent reaction) or physical
attachment (noncovalent) to facilitate homogenous dispersion in polymer
solution by improving their compatibility with the polymeric matrices.
CQDs are zero-dimensional carbon nanomaterials with carbon cores of less
than 10 nm in size. They are primarily used to produce thin-film nanocom-
posite as reported elsewhere [18]. CNTs and GO are functionalized before
being used for microporous membrane fabrication. This section will discuss the
utilization of CNTs and graphene for enhancing the properties and perfor-
mance of MMMs.

2.2.1 Carbon nanotubes

CNTs are a unique family of materials with one-dimensional, hollow-tube
structure and are normally produced by chemical vapor deposition method.
SWCNTs are formed by rolling one sheet of graphene into a seamless cylin-
der, with typical diameter of 0.8—2 nm. The diameters of MWCNTSs range
from 5 to 20 nm with multiple sheets of graphene [19].

Fontananova et al. [20] investigated the impact of MWCNTs with differ-
ent functional groups on the properties of polyvinylidene difluoride (PVDF)
membrane. In this study, MWCNTSs were functionalized using HNO3/H,SOy,
NH3;, and thionyl chloride/dibutylamine to produce OX-CNT, Am-CNT and
thionyl chloride/dibutylamine (AMD)-CNT, respectively. The functional
groups contained in the pristine and modified MWCNTs were identified
using titration methods and are summarized in Table 2.1. The pristine
MWCNTs possessed only the lactonic group. OX-CNT contained carboxylic,
phenolic, and lactonic groups. The AMD-CNTs included phenolic and lac-
tonic groups, while the Am-CNTs contained phenolic, lactonic, and aminic
groups. The shift of D, G, and D’ bands in Raman implied PVDF as electron
donor toward m system of the aminated and amidated functionalized

TABLE 2.1 Functional groups content of the pristine and functionalized
MWCNTs [20].

MWCNT  Carboxylic Phenolic Lactonic Aminic Total

(mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmol/g)
Pristine 0 0 0.86+0.02 O 0.86 = 0.02
OX-CNT  0.230*0.003 1.40=*=0.02 1.35£0.05 O 2.98 £0.07
AMD- 0 1.83 £0.02 0.61*0.06 O 2.44 +0.08
CNT

Am-CNT 0 0.143 £0.004 1.34*0.03 9.04*=0.18 10.5%x0.2
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MWCNTs in the MMMs. In addition to the increment of the permeation
volume from 140 to 228 L/m? at 1 bar in a 5-h filtration test [three cycles of
water and two cycles of bovine serum albumin (BSA)], the MMMs also
exhibited greater mechanical stability as presented in Table 2.2. The AMD-
CNT-incorporated MMMs had the highest tensile strength and thermal stabil-
ity due to resonance effect of the amidic groups. These groups had a stronger
electron donor effect than the carboxylic groups and resulted in better inter-
action with the PVDF. The tensile stress at break of AMD-CNT incorporated
MMMs had the highest improvement (94%) followed by OX-CNT incorpo-
rated (88%), and Am-CNT incorporated MMMs (71%) with respect to pris-
tine PVDF membrane. There was no significant difference between the
pristine PVDF membrane and MMM s in the thermal stability test.

Ho et al. [21] fabricated MMMs incorporating GO/oxidized MWCNT
(OMWCNT) using an in situ colloidal precipitation method for palm-mill
effluent (POME) treatment. The MWCNTs were oxidized using sulfonitric
acid mixture to form a carboxylate group. The goal was to reduce agglomer-
ation and enhance interaction with the w-conjugated multiple aromatic
regions located at the basal planes of GO. The results showed that the use of
a small amount of GO could contribute to better dispersion of the hybrid
nanomaterials in the membrane matrices. They also showed that the MMMs
made of GO/OMWCNT with a ratio of 1:9 exhibited the highest permeabil-
ity (52.62 L/m? h bar) among 16 different types of fabricated membranes. In
contrast, high dosage of GO (GO/OMWCNT ratio of 9:1) sheltered the mem-
brane surface, blocking the water molecules from passing through the mem-
brane, thus resulting in lower permeation flux (34.11—36.83 L/m? h bar).
Fig. 2.1 shows the 3D atomic force microscopy (AFM) images of several
MMMs. The Mlc membrane with the smoothest surface experienced the
lowest flux decline during the POME filtration. In the rejection study, the
MIlc membrane that contained only OMWCNTs (43.99 L/m?h bar) exhibited
a high removal rate of total dissolved solid (TDS), phosphorus, hardness,
chemical-oxygen demand (COD), chlorine, turbidity, color, and total sus-
pended solid (TSS) of POME. This was due to higher negative surface
charge (—22.2 mV) and formation of smaller membrane pore size (8.09 nm
mean pore radius).

Functionalizing carboxylic CNTs by plasma treatment to produce electri-
cally conducting poly(vinyl alcohol) (PVA) membrane was also performed
by Dudchenko et al. [22]. When an electrical field was applied on the mem-
brane, the surface charge of the membrane was altered to create high-
electrostatic force that effectively enhanced fouling resistance. Although the
functional groups on CNTs did not contribute to the membrane conductivity,
they improved the dispersion in the polymer matrices, thus increasing the
overall membrane negative charge. The fouling rate of PVA-CNT membrane
at 0 V toward alginic acid (AA) was reduced, recording 5 psi lower than a
commercial polysulfone (PSF) membrane (PS-35) after 100-min filtration,



TABLE 2.2 Performance of MMMs incorporated with carbon-based nanomaterials.

Membrane

PVDF/DMF/LiCI

PVDF/DMF/LICl/
0.13 wt.% AMD-CNT

PVDF/DMACc/PVP (MO)

PVDF/DMACc/PVP/0.1 g
OMWCNT (M1c)

PES/DMACc/1.5 wt.%
CNT (M-C-3)

PES/DMACc/1.5 wt.%
SLS-CNT(M-S-3)

Characteristics

Pore size = ~37 nm
Permeability = ~30 L/m? h bar
(PWF, third cycle)

Pore size = ~40 nm
Permeability = ~ 52 L/m? h bar
(PWF, third cycle)

Pore radius = 7.44 nm

Contact angle = 73.33 degrees
Charge = —12.8 mV
Permeability = 38.66 L/m? h bar

Pore radius = 8.09 nm

Contact angle = 71.77 degrees
Charge = —22.2 mV
Permeability = 43.99 L/m?* h bar

Pore size = ~74 nm
Contact angle = ~ 82 degrees
Permeability = ~260 L/m?” h bar

Pore size = ~83 nm
Contact angle = ~70 degrees
Permeability = ~ 500 L/m? h bar

Other findings

Rejection (BSA) = 98% (first cycle) and 97% (second cycle)
Tensile = 1.7 MPa
Elongation = 37%

Rejection (BSA) = 98% (first cycle) and 95% (second cycle)
Tensile = 3.3 MPa
Elongation = 71%

Rejection = ~83% (color), ~1.4% (TDS), ~98% (TSS), ~79% (turbidity),
~70% (COD), ~14% (hardness), and ~4.8% (phosphorus)
Average roughness = 38.19 nm

Rejection = 86.3% (color), 1.5% (TDS), 100% (TSS), 81.9% (turbidity),
75.5% (COD), 21.8% (hardness), and 6.6% (phosphorus)
Average roughness = 27.50 nm

Rejection = 97% (BSA)

FRR =59.78%

Total fouling = ~57%
Reversible fouling = ~17%
Irreversible fouling = ~41%

Rejection = 96% (BSA)

FRR =89.99%

Total fouling= ~52%
Reversible fouling = ~41%
Irreversible fouling = ~ 10%

Reference

(201

(21]

(23]

(Continued)



TABLE 2.2 (Continued)

Membrane

PSF/DMACc/PVP (M1)

PSF/DMACc/PVP/
0.25 wt.% PEG-CNT
(M3)

PSF/NMP

PSF/NMP/1.3 wt.%
GO

Commercial PVDF

PVDF/PVP/DMAc/
3.0 wt.% GO

Characteristics

Pore radius = 12.53 nm
Contact angle = 66.13 degrees
Permeability = ~4.2 L/m?* h bar
(PWF), ~2.1 L/m® h bar (BSA)

Pore radius =21.27 nm
Contact angle = ~58 degrees
Permeability = ~17 L/m? h bar
(PWF), ~11 L/m* h bar (BSA)

Pore size = ~19.5 nm

Contact angle = ~91.5 degrees
Charge = —0.2 mV

Permeability = ~280 L/m? h bar

Pore size = ~23 nm

Contact angle = ~82.5 degrees
Charge = —20 mV

Permeability = ~430 L/m? h bar

Pore size =41 nm
Contact angle = 78.3 degrees

Permeability = 171.12 kg/m? h bar

Pore size = 89 nm
Contact angle = 60.5 degrees

Permeability = 552.92 kg/m? h bar

Other findings

FRR =57.14%
R=~27X10"m™"
R.=~2%X10"m""
Ri=~155%X10"m™"
Rn=~23%X10"m""

FRR = 80.33%
R=~58%X10"m""
R.=~0.8X%X10"m™"
Ri=~3%X10"m™"
R,=~08%X10"m"'

Rejection = ~96.5% (BSA)
Strength = ~ 152 MPa

Rejection = ~95.9% (BSA)
Strength = ~203 MPa

Reference

(24]

(26]



PSF, NMP

PSF/NMP/0.6 wt.%
ZnO-GO

PVDF/DMACc/PVP

PVDF/DMAC/PVP/
0.4 wt.% Ag/GO

Pore size =2.04 nm
Contact angle = ~ 65 degrees
Permeability = ~0.8 L/m?* h bar

Pore size =4.09 nm
Contact angle = 39 degrees
Permeability = ~5 L/m? h bar

Pore size =24 nm

Contact angle = 92.7 degrees
Charge= —10.2 mV
Permeability = 91.26 L/m? h bar

Pore size =27 nm

Contact angle = 81.7 degrees
Charge= —20.2 mV
Permeability = 112.3 L/m? h bar

Rejection =52% (HA)
FRR = ~85%
Relative flux reduction rate (RFR) =22%

Rejection =99% (HA)
FRR = ~100%
RFR = ~20%

Rejection = 64% (proteins), 63% (carbohydrates)
Reversible fouling = 56.40%
Irreversible fouling = 18.35%

Rejection = 81% (proteins), 82% (carbohydrates)
Reversible fouling = 33.49%
Irreversible fouling = 38.85%

[28]

[29]
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(A) (B)

FIGURE 2.1 3D AFM images of (A) MO, (B) Mlc, (C) M3a, and (D) M5b of membrane.
(Note: MO: without nanomaterial; Mlc: 0.001 g/lL of OMWCNT; M3a: 0.001 g/L of GO/
OMWCNT with ratio of 1:9 and M5b: 0.01 g/L of GO/OMWCNT with ratio of 5:5) [21].

as shown in Fig. 2.2A. The applied potential of —3 and — 5V further
reduced the final filtration pressure by 33.7% and 51.1%, respectively. A
higher fouling rate was observed in Fig. 2.2B when the membranes were
tested with synthetic wastewater (SW) containing salt. This resulted because
the Ca”" ions had caused complexation of AA, thus forming aggregates and
deposits on the membrane surface as a gel layer.

Wang et al. [23] functionalized CNTs with sodium lignosulfonate (SLS)
using a noncovalent method by grinding CNTs and SLS on a mortar and
mixing them via sonication. The functionalized CNTs (f-CNTs) were
then blended with polyethersulfone (PES) at different concentrations
(0.5—2.5 wt.%). Unlike many other studies showing reduced-membrane con-
tact angle upon the incorporation of hydrophilic nanomaterials, the MMMs
(with 1.5 wt.% CNTs) fabricated by Wang et al. [23] showed a higher value
(82 degrees) than the pristine membrane (~ 78 degrees). This is mainly due
to severe agglomeration by CNTs on the membrane surface. Using 1.5 wt.%
f-CNTs as fillers, the resultant MMMs exhibited greater pure water flux
(about onefold higher than the pristine PES membrane) but lower rejection
for BSA filtration, owing to larger pore size that reduced the resistance of
macromolecules. The MMMs demonstrated an excellent flux recovery rate
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FIGURE 2.2 (A) Fouling of 5 g/ AA on PS-35 membrane at 0 V and PVA-CNT membranes
at 0, —3, and —5 V and (B) fouling of 2.5 g/L of SW-AA on PS-35 at 0 V and 3 g/L of SW-AA
on PVA-CNT membranes at 0, —3, and —5 V [22].

(FRR) of 89.99% and lower flux reduction in a three-cycle BSA filtration
compared to the pristine membrane. This is probably due to the formation of
a hydration layer on the membrane surface, which prevents protein adsorp-
tion. Although the SLS has antimicrobial properties, its effect on the MMMs
antimicrobial properties was insignificant in this work. The antimicrobial
effect of the MMMs was only observed when a weak electrical field was
applied on the cross-flow cell. Electron transfer and diffusion occurred rap-
idly in the CNTs and f-CNTs, accelerating the oxygen reduction reaction and
producing large amounts of H,O,, which is responsible for the antimicrobial
activity.

Khalid et al. [24] prepared polyethylene glycol (PEG)-functionalized
CNTs by adding PEG into carboxylic CNTs with the aid of sulfuric acid
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(H>SO,4) (as a catalyst) under 5-h nitrogen atmosphere. The polar groups
reduced the Van der Waals forces between the CNTs and improved the
membrane hydrophilicity. The PSF-based MMMs with 0.25 wt.% PEG-
CNTs showed the highest pure water and BSA permeability with the
improvement of around 300% and 400%, respectively, compared to the pris-
tine membrane. This membrane also showed the lowest values of fouling
resistance (Ry), membrane resistance (R,,), cake resistance (R.), and total
resistance (R,) among other membranes. Its FRR was recorded at 80.33%,
compared to 57.14% shown by the pristine membrane.

2.2.2 Graphene oxide

GO can be produced by modified Hummers’ method by functionalizing
graphite powder with H,SO, and potassium permanganate (KMnQOy). The
functional groups of GO consisting of epoxy, carbonyl, carboxyl, and
hydroxyl are the main factors causing the GO hydrophilic to have high nega-
tive surface charge [14]. Over the last decade, many studies have reported
the positive results of using GO for improving membrane properties, includ-
ing permeation flux, rejection, antifouling, antimicrobial, and mechanical
strength.

Lee et al. [25] evaluated the self-fabricated GO-embedded membrane in a
submerged-membrane bioreactor (MBR) system. They found that even a
small amount of embedded GO could greatly affect the membrane pore
structure. The membrane pore size increased by 20% with the addition of
1.30 wt.% GO, leading to 45% water flux enhancement. By fixing perme-
ation flux at 16 L/m*h and aeration rate at 1.5 L/min in the MBR system,
the time taken for transmembrane pressure (TMP) to reach 50 kPa was 10 h
for the pristine PSF membrane while it took 50 h for the MMMs (embedded
with 1.30 wt.% GO) to achieve the same TMP. This implied that the MMMs
lasted five times longer than the pristine membrane.

The reliability of GO-incorporated PVDF membrane was further com-
pared with a commercial PVDF membrane in a long-term submerged-MBR
study in the work of Zhao et al. [26]. The MMMs showed great improvement
in permeation flux and fouling propensity with 50% increment of critical
flux. The tightly bound (TB) proteins and loosely bound (LB) proteins con-
tained in the cake layer of MMMs were only 68.2% and 52% of the commer-
cial membrane, respectively. Moreover, the TB-polysaccharide and LB-
polysaccharide content of the MMMs were five times lower than the com-
mercial PVDF membrane. In addition, the thickness of cake layer on the
MMMs was 80 pm lower in comparison to the commercial membrane tested
under the same condition. You et al. [27] also investigated the effectiveness
of GO-incorporated membranes in removing natural organic matters (NOMs)
in treated water from a conventional water treatment plant. Results showed
that all the GO membranes with different membrane thickness showed 100%
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FIGURE 2.3 Ag nanoparticles deposited on GO [14].

removal of 5 mg/L. of NOMs with no fouling observed during the 6-h filtra-
tion test.

Because GO contains an abundance of oxygen functional groups, it can
be easily functionalized with metal oxides such as ZnO, Ag, and TiO, nano-
particles. Fig. 2.3 presents a TEM image of Ag/GO composite in which the
GO nanosheet was deposited with Ag nanoparticles. The combination of Ag
and GO exhibits the properties of both materials in a new composite. Apart
from filtration enhancement, the Ag nanoparticles improve the antibiofouling
properties of the MMMs [14]. Chung et al. [28] were the first to blend ZnO-
GO into PSF membrane. The MMMs with 0.6 wt.% ZnO-GO were reported
to exhibit outstanding performance in humic acid (HA) rejection (99%)
while maintaining promising water production rate. Almost 100% FRR was
achieved by MMM s due to their reduced surface roughness as confirmed by
AFM analysis. Interestingly, the study found that the use of GO in the nano-
composite preparation had reduced the dosage of ZnO nanoparticles in mem-
brane fabrication up to five times while maintaining a similar prepreparation
performance.

There are many studies of impregnating different metal oxides into GO
for membrane filtration application, but the performance of these modified
membranes are rarely compared. For that reason, Chong et al. [29] investi-
gated the effect of different types of modified GO (GO, Ag-GO, and ZnO-
GO) on the properties of MMMs in algal organic-matter filtration. All of the
fabricated MMMs showed significant improvement in terms of permeation
flux and rejections against proteins and carbohydrates compared to the pris-
tine PVDF membrane. The differences among the MMMs were minimal.
Nonetheless, the use of Ag-GO and ZnO-GO had significant efficacy on the
antimicrobial activity toward Escherichia coli as shown in Fig. 2.4. It was
believed that the adsorption of surface oxygen on GO, and the rapid electron
transfer between the metal oxides and GO had enhanced the generation of
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FIGURE 2.4 Direct observation of Escherichia coli growth via FESEM on (A) PVDF,
(B) ZnO/GO-PVDF, (C) Ag/GO-PVDF, and (D) GO-PVDF membranes [29].

reactive oxygen species which was responsible for the antimicrobial activity
[30]. In another work, Chong et al. [31] further assessed the environmental
footprint of Ag/GO MMM s in a microalgae membrane photoreactor (AMPR)
using SimaPro (a lifecycle assessment tool). Although the fabrication process
of the MMMs showed higher impact on the environment, its application in
the AMPR outweighed its fabrication lifecycle results due to higher through-
put. Thus the authors claimed that the application of the Ag/GO MMMs in
the AMPR was more sustainable in long-term operation due to the improve-
ment of membrane permeability and reduced-membrane fouling. Table 2.2
summarizes the characteristics and performance of MMMs incorporated with
functionalized carbon-based nanomaterials for water treatment.

2.3 Mixed-matrix membranes incorporated with titania-
based nanomaterials

In this section, the potential of various functionalized titania-based nanoma-
terials such as TiO,, titania nanotubes (TNTs), and nanoporous TiO, for
improving the performance of MMMs will be highlighted. Li et al. [11]
developed a novel method of preparing PES-based MMMs via the self-
assembly of TiO, around the membrane pores. The goal was to improve their
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long-term antifouling ability. These TiO, self-assembled MMMs were
prepared by introducing tetrabutyl titanate (TBT) of TiO, and triblock copol-
ymer (Pluronic F127) into the PES casting solution via nonsolvent-induced,
phase-separation process. The purpose of introducing Pluronic F127, which
contains polyethylene oxide (PEO) and polypropylene oxide (PPO) units,
into the polymer matrix is to increase the membrane hydrophilicity and
fouling-resistant ability. Additionally, segments of Pluronic F127 could act
as a binding site for the growth of in situ formed TiO,, leading to a more
stable interaction between the TiO, and the polymer matrix and subsequently
mitigating the issue of TiO, leaching from the membrane matrix. Fig. 2.5
illustrates the self-assembly of TiO, around the membrane pores, accompa-
nying the synchronous formation of PES membrane during the phase-
inversion process.

Li et al. [11] reported that upon addition of 2 mL of TBT and 0.5 g of
Pluronic F127 into the PES solution, substantial changes on the MMMs
microstructure were observed, whereby larger finger-like pores were formed
at the cross section and bottom surface of the MMMs. This enlargement of
macrovoids is attributed to the improved demixing process due to incorpo-
ration of Pluronic F127-bearing, hydrophilic PEO segments, and TBT con-
taining Ti-OH groups into the casting solution [11]. This finding was further
supported by the results of contact angle in which the values of 73.6 and
61.2 degrees were obtained for the pristine and TiO,/F127/PES membranes,
respectively. Although the TiO,/F127/PES membrane demonstrated improve-
ment in the pure water flux, its rejection performance against 1.0 g/LL BSA
solution was not compromised since ~96% rejection was obtained. In the
membrane fouling study, the performance of the TiO,/F127/PES MMMs
against BSA solution was found to be obviously improved with the incre-
ment of FRR. During the first cycle, the FRR of the tested membranes
increased from 62.5% to 83.9% corresponding to the pristine PES and TiO,/
F127/PES membranes, respectively. FRR increased from 51.5% to 78.5%
during the second cycle. This increase indicated that the modified mem-
branes showed enhanced hydrophilicity, flux, and antifouling performance
over the pristine PES membrane. In a separate study done by the same group
of researchers [32], the fouling mechanism of the newly developed, self-
assembled TiO,/F127/PES MMMs was investigated using sodium alginate
(SA), BSA, and HA. They reported that the MMMs exhibited a higher FRR
and less fouling after the membrane modification despite incorporation of a
lower TiO, loading (0.45 wt.%). In the study, it was concluded that the TiO,
self-assembled structure had effectively minimized the formation of a fouling
layer on the membrane surface by inhibiting the accumulation of organic
foulants inside the membrane pores.

Although TiO, has been found to be effective in mitigating membrane
fouling, the issues pertaining to its agglomeration and lower surface charge
properties still remain challenging. In 2018, Ayyaru and Ahn [12]
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FIGURE 2.5 Scheme of the self-assembly of TiO, around the membrane pore during the phase-inversion process [11].
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synthesized sulfonated TiO, (STiO,) by modifying TiO, with sulfonic acid
(—SO3H) group. They hypothesized that the replacement of a hydroxyl group
with —SOsH group in TiO, might help to provide better strategies for com-
batting the problems. This is because the —SO3;H group has stronger hydro-
philicity and greater negative charge. Through FTIR analysis, they affirmed
that —SOzH species were successfully attached to the TiO, surface after two
extra noticeable peaks at 1237 and 1139 cm ™', which were assigned to the
S =0 symmetric and asymmetric stretching vibrations, respectively, were
observed. Using the functionalized TiO, to fabricate the MMMs, the results
showed significant changes in membrane surface roughness, porosity, and
pore size compared to the TiO,/PES MMMs. The STiO,/PES MMMs
exhibited higher water flux (650 L/m?h) than that of TiO./PES MMMs
(522 L/m? h). Similarly, the STiO,/PES MMM:s showed higher FRR (95.3%)
compared to the TiO,/PES MMMs (76.7%). With the addition of 1 wt.%
STiO,, the BSA rejection of TiO,/PES MMMs increased from 92% to
98.7%. This is because the STiO, could provide higher hydrophilicity and
better water permeability and antifouling performance, as well as improved
BSA rejection due to the hydrogen bonding force and more electrostatic
repulsion properties of STiO,.

In 2017, Lee et al. [33] developed novel membrane architectures contain-
ing the fluorosilane-modified TiO, for improving physicochemical properties
of PVDF membrane in the application of membrane distillation. In this
study, hydrophobic TiO, was functionalized by 1H, 1H, 2H, 2H-perfluorooc-
tyltriethoxysilane (FTES) before being used as an additive to fabricate the
polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) electrospun
membranes. The FTES was introduced into the TiO, to guarantee proper dis-
persion and interfacial interaction between the nanomaterials and PVDF
polymer matrix as well as to improve its surface wettability. The schematic
representation of TiO, functionalization using hydrolyzed FTES is depicted
in Fig. 2.6. The fourier transform Infrared (FTIR) spectrum of the F-TiO,
showed several bands at 1113, 1143, 1191, and 1236 cmfl, referring to the
v(C—F,) and v(C—F;) bands, respectively. The bands with a lower intensity
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FIGURE 2.6 Schematic representation of TiO, functionalization using hydrolyzed FTES [33].
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at 1056 and 1210 cm ™!, associated with Si-O-Si were observed as evidence
of well-coated TiO, with FTES. Upon incorporation of F-TiO, into the dope
solution of PVDF-HFP for electrospinning, they reported that all F-TiO,/
PVDF-HFP electrospun membranes achieved higher and more stable water
flux of at least 40 L/m* h (60°C feed and 20°C permeate) with a 7.0 wt.%
NaCl as the feed solution. These membranes also exhibited more antiwetting
property while preserving high water flux as well as higher salt rejection
(99.99%) than the pristine electrospun membrane.

In a recent study conducted by Gebru and Das [34], TiO, was modified
using different amines [i.e., tetraethylenepentamine (TEPA), ethylenediamine
(EDA), and hexamethylenetetramine (HMTA)] before blending with cellu-
lose acetate (CA)-dope solution to fabricate ultrafiltration (UF) membranes
for Cr(VI) ions removal. As reported elsewhere [35,36], the incorporation of
amines into the membrane matrix appeared to be effective in removing
heavy-metal ions due to their tendency to develop complex reactions
between the heavy-metal ions and the nitrogen atom within the functional
groups. The efficiency of Cr(VI) concentration, solution pH, and type of
amine on the Cr(VI)—ions removal was investigated. The highest removal of
Cr(VI) ion was attained at a low feed concentration of 10 ppm at pH 3.5 due
to the availability of excess binding sites for Cr(VI) ions removal by CA/Ti-
TEPA. The maximum removal values of the CA/U-Ti (unmodified TiO,),
CA/Ti-HMTA, CA/Ti-EDA and CA/Ti-TEPA membranes against 10 ppm of
Cr(VI) ion at pH 3.5 are 47.2%, 86.4%, 93.6%, and 99.8%, respectively.

Rather than TiO,-based nanoparticles, TNTs were utilized in several
applications because of their higher specific surface area. Sumisha et al. [37]
adopted a facile and ecofriendly method to synthesize functionalized TNTs
and used it to modify polyetherimide (PEI) membrane for improved salt
rejection. The effect of TiO, and three types of functionalized TNTs, hydro-
gen trititanate nanotubes (pTNT), nitrogen-doped TiO, nanotubes (N-TNT),
and copper ion-exchanged nanotubes (Cu-TNT) on the PEI-based MMMs
was investigated. The introduction of functionalized pTNT developed broad
finger-like macrovoids in the bottom of the MMMs and the texture of macro-
voids became a sponge-like porous structure. The authors claimed that this
phenomenon is attributed to decreased interfacial stresses existing between
polymer and TNT that were tensed by forming interfacial pores due to
growth of the organic phase during the delayed demixing process.
Furthermore, extremely large pore size and higher porosity were observed
when N-TNT and Cu-TNT were incorporated into the PEI matrix. The PEI/
Cu-TNT membrane showed high water flux followed by PEI/N-TNT, PEI/
pTNT, PEI/TP, and pristine PEI membranes. This finding is perfectly
matched with the observed high hydrophilic nature of the PEI/Cu-TNT
MMMs compared to the other MMMs investigated. With respect to separa-
tion efficiency, the authors found that the membrane salt rejection rate was
increased in the order of PEI < PEI/pTNT < PEI/N-TNT < PEI/Cu-TNT.
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Several research studies have reported the effect of halloysite-clay incor-
poration on the TiO, and have used such hybrid nanomaterials to prepare
MMMs for enhanced water separation [38—40]. The halloysite nanotubes
(HNTs) are incorporated into TiO, due to their excellent hydrophilicity and
larger surface area. Zeng et al. [38] attempted to synthesize novel PVDF
membranes by blending different contents of titanium-dioxide halloysite
nanotube (TiO,-HNTs) composites into the PVDF matrix. The effects of
TiO,-HNTs content on membrane performance including hydrophilicity,
rejection ratio, and antifouling properties were investigated. The standard
hydrophilic tests indicated that the hydrophilicity of membranes was signifi-
cantly increased with the addition of TiO,-HNTs. The pure water flux of the
3wt.% TiO,-HNTs/PVDF was increased by 264.8% and 35.6%, respec-
tively, compared with the pristine PVDF and the 3 wt.% TiO,/PVDF mem-
branes. Additionally, these TiO,-HNTs/PVDF MMMs exhibited excellent
antifouling performance, which was attributed to the hydrophobic contami-
nants being resisted by the improved dispersion and hydrophilicity of TiO,
via HNTs loading.

In 2017 Mishra et al. [39] modified HNTs with 3-aminopropyl
triethoxysilane (APTES) before blending them with titanium(IV) isopropox-
ide (TIP) solution to form TiO,-Mo.HNTs using sol—gel method. A novel
UF hybrid membrane (TiO,-Mo.HNTs/PVC) was prepared by blending
TiO,-Mo.HNTs of different concentrations (0, 1, 2, and 3 wt.%) with the
14 wt.% polyvinyl chloride (PVC) matrix by phase-inversion process. The
results showed that pure water flux of the hybrid UF membrane increased
consistently with increasing nanofiller concentration in the polymeric
membrane matrix. The highest pure water flux was achieved by 2 wt.%
hybrid UF membrane, recording 197.5 L/m? h at 2 bar. This value was about
81% higher than the pristine PVC membrane (109.1 L/m*h). However, a
marginal flux reduction was observed in the 3 wt.% hybrid UF membrane
(179.2 L/m* h) due to lower membrane porosity formed. With respect to
BSA and HA rejections, all the hybrid UF membranes demonstrated a signif-
icant rejection of >80%. In addition, these hybrid UF membranes also
exhibited antibacterial properties in which their bacteriostasis rates were
recorded at 75%—97.5% (using 3 wt.% hybrid UF membrane) after being
tested with E. coli culture.

Salimi et al. [40] further explored the compatibility between TiO,-HNTs
at different concentrations (0, 0.5, 1, and 2 wt.%) and PSF membrane for nat-
ural organic matter (NOM) removal. They discovered that the MMMs with
1 and 2 wt.% TiO,-HNTs had excellent antifouling capacity and could
achieve FRR of >80%. The increased FRR of these two MMMs, however,
was compromised by the decrease in solute rejection. This could be attrib-
uted to high loadings of TiO,-HNTs that tended to increase porosity and
enlarge pore sizes on the membrane surface, adversely deteriorating the
membrane performance.
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FIGURE 2.7 Schematic presentation for hydrogen bonds between O =S =0 of PSF and
—SO3H on TNTs in the MMMs [41].
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To further improve the antifouling of UF membranes, Alsohaimi et al.
[41] modified PSF membrane using sulfonic acid-functionalized TNTs
(TNTs-SO5H). The TNTs-SO;H were first synthesized by performing a cou-
pling reaction between 3-mercaptopropyl trimethoxysilane and hydroxyl
groups on TNTs via in situ oxidation using 30 wt.% H,O, solution. The
MMMs containing different concentrations of TNTs-SOsH (0, 1, 3, and 5 wt.
%) were then prepared from the blend solutions of PSF/TNTs-SOzH via
phase-inversion method. Fig. 2.7 shows the hydrogen bonds between
O=S=0 of PSF and —SOz;H on TNTs in the MMMs. The FRR of the
MMMs was found to increase with increasing TNTs-SOs;H concentration
during which the FRR of the MMMs with 5 wt.% TNTs-SOsH was 77.4%—
90.1%, compared to 60%—67.5% for the membrane, with 1 wt.% TNTs-
SO;H during BSA and HA solution filtration. The HA rejection efficiency of
the TNTs-SO3H MMMs was improved with increasing TNTs-SO3;H concen-
tration, which contradicted the results reported by Salimi et al. [40] on BSA
rejection. The contradictory findings can be explained by the fact that the
negatively charged HA at pH 7 tends to be better retained by the negatively
charged MMMs due to the increase in —SOs;H groups in the MMMs.

In 2016, Bidsorkhi et al. [42] synthesized novel UF MMMs by incorpo-
rating self-synthesized nanoporous TiO, into the PSF matrix. The surface of
the nanoporous TiO, was modified with a silane-based coupling agent to
guarantee its proper dispersion in the polymer. The effects of the nanoporous
TiO, loading on the performance of MMMs were evaluated by conducting
UF filtration experiments with BSA solution. The results demonstrated that
the pure water flux of the MMMSs was found to escalate with added nanopor-
ous TiO, loading due to an increase in porosity and the formation of larger
pore sizes of the membrane upon addition of nanoporous TiO,. The highest
pure water flux was achieved by the membrane with 2 wt.% nanoporous
TiO,, recording ~260 L/m” h at 1 bar. This flux value was 53% higher than
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the membrane with 0.5 wt.% nanoporous TiO, (170 L/m? h). However, the
separation efficiency of the MMMs tended to decrease with the nanoporous
TiO, loading. The BSA rejection after 70-min filtration of the pristine mem-
brane and the membrane, incorporated with 0.5 wt.% nanoporous TiO,, was
100%. Rejection was slightly affected (99%) for both membranes incorpo-
rated with 1 and 2 wt.% nanoporous TiO,. The differences in solute rejection
of the MMMs can be explained by the increased membrane pore size as a
result of the formation of more macrovoids and thus higher porosity when
higher loading of nanoporous TiO, was used.

2.4 Mixed-matrix membranes incorporated with other
nanomaterials

Tannic acid is a low-cost and environmentally friendly substance which can
be extracted from plants. It consists of polyphenol with a number of o-dihy-
droxy and trihydroxy aromatic ring structures that make it easily adhere to
various substrates through covalent and noncovalent interactions [43].
Therefore tannic acid has been used to functionalize metals and metal oxides
to form inorganic and organic building blocks. The phenolic hydroxyl groups
contained in tannic acid could enhance the hydrophilicity of the metals and
metal oxides and at the same time improve the composite compatibility and
stability in the polymeric matrices.

Fang et al. [44] modified PES membrane by introducing different
amounts of hydrophilic iron-tannin framework (ITF) complexes (0.15—0.9 g)
into the membrane matrices. The ITF complexes were formed by the reaction
of three-galloyl groups from tannic acid with each Fe’" ion in the dimethyl-
formamide (DMF) solvent prior to the polymers addition. All of the fabri-
cated MMMs showed simultaneous enhancement of permeability and BSA
rejection compared to the pristine membrane even though the membrane
pore size was reduced upon incorporation of ITF complexes (see Table 2.3).
The ITF complexes were also found to be stable in the PES membranes in a
static immersion and dynamic filtration test under neutral aqueous environ-
ment. Although the release of Fe*" ions was detected at 4.25, 4.18, and
0.43 pg/em?® at pH 2, 3, and 4, respectively, no leaching of Fe** ions were
noticed at pH > 5, which suggests stability during typical water treatment
process with pH ranging from 5 to 8. This strategy was found to be easier,
less time-consuming, with higher permeability than the membrane surface-
coating method using ITF complexes.

MOFs could also be utilized to modify microporous membranes. They
consist of metal ions and organic ligands, forming one-, two-, or three-
dimensional structures. The main advantages of MOFs include good compat-
ibility with the soft polymer matrices, high surface area, and controllable
porosity [45]. Although MOFs contain organic ligands, they possess the
characteristics of an inorganic crystal. They tend to agglomerate in the



TABLE 2.3 Performance of MMMs incorporated with various functionalized nanomaterials.

Membrane

PES/DMF/PEG

PES/DMF/PEG/0.30 wt.% ITF

PSF/NMP/2 wt.% ZIF-8 (PSF/Z-2)

PSF/NMP/2 wt.% hZIF-8 (PSF/hZ-2)

PSF/NMP

Characteristics

Pore size =16.1 nm
Contact angle =75 degrees
Permeability = 197.8 L/m? h bar

Pore size = 14.5 nm
Contact angle = 57 degrees
Permeability = 319.4 L/m? h bar

Pore size =59.2 nm
Contact angle = 79.8 degrees
Permeability = ~250 L/m? h bar

Pore size=10.11 nm
Contact angle = 62.4 degrees
Permeability = 597 L/m? h bar

Contact angle =77.1 degrees
Permeability = 240 L/m* h (0.2 MPa)

Other findings

Rejection =25.9% (BSA)

FRR = 66.05% (BSA)/70.05% (HA)
Reversible fouling = 58.42% (BSA)/
57.62% (HA)

Irreversible fouling =33.94% (BSA)/
29.94% (HA)

Rejection =95.9% (BSA)

FRR = 88.29% (BSA)/90.81% (HA)
Reversible fouling = 77.1% (BSA)/
52.87% (HA)

Irreversible fouling=11.71 (BSA)/
9.18% (HA)

Porosity =59.2%

Rejection = ~97.5% (BSA)
FRR =55.9%

Irreversible fouling = ~45%

Porosity = 71.4%

Rejection = ~98.4% (BSA)
FRR=81.1%

Irreversible fouling = 18.7%

Porosity = 63.2%
Rejection = ~99% (BSA)
FRR = 64.5%

Reversible fouling = 45.7%

Reference

[44]

[46]

[47]



PSF/NMP/0.3 wt.% UiO-66-PSBMA

PES/NMP/0.6 wt.% pure SBA-15 (SBA@PES)

PES/NMP/0.6 wt.% silver-loaded SBA-15 (AgSBA@PES)

PVDF/DMACc/PVP/M-phenylenediamine (MPD)/trimesoyl
chloride (TMC)
PVDF/DMAc/PVP/MPD/TMC/NH,-MCM-41

PES/DMACc/PEG 4000

PES/DMAC/PEG 4000, 0.5 wt.% CuO-NH,

Contact angle = 66.3 degrees
Permeability = 602 L/m? h (0.2 MPa)

Contact angle = 64.8 degrees
Charge = —36.6 mV
Permeability = ~79 L/m? h bar

Contact angle = 64.8 degrees
Charge = —36.6 mV
Permeability = ~81 L/m? h bar

Contact angle = 80 degrees
Initial permeability = ~22.5 L/
m? h bar (NOM)

Contact angle = 13 degrees
Initial permeability = ~58 L/
m? h bar (NOM)

Pore size =26.6 nm
Contact angle = 70.2 degrees
Permeability = 554.2 kg/m* h

Pore size =39.2 nm
Contact angle = ~ 62 degrees
Permeability = 887 kg/m?* h

Porosity =73.4%
Rejection = ~98.5% (BSA)
FRR =72.5%

Reversible fouling = 58.1%

Rejection = ~97.5% (BSA) [48]
Reversible fouling= ~1.8 X 10" m™"
Irreversible

fouling= ~1.9x 10" m™'

Escherichia coli= ~111 CFU/cm?

Rejection = ~95.5% (BSA)
Reversible fouling= ~2.3 X 10" m™'
Irreversible

fouling= ~3.4Xx 10" m™'

E. coli= <1 CFU/cm?

Ag release = ~7.7 ug/g (water)

Rejection =73.2% (NOM) [49]

Rejection = 87.1% (NOM)
FRR =72.5%

Mean roughness = 8.46 nm [50]
FRR =39.9%

Mean roughness = 6.03 nm
FRR = ~37%



36 SECTION | 1 Different kinds of functionalized nanomaterial

membrane matrices, negatively affecting the membrane performance.
Therefore MOFs are normally functionalized with hydrophilic substances to
ensure homogeneous dispersion in the polymer solution.

Sun et al. [46] synthesized the zeolitic imidazolte framework-8 (ZIF-8)
and hydrophilized it with tannic acid to produce hZIF-8 as fillers for mem-
brane fabrication. The porosity and pore size of the membranes were consis-
tent with the thickness of the membranes as seen in Fig. 2.8 and Table 2.3.
In PSF/hZ-2 membrane (with 2 wt.% hZIF-8), the hydrophilic fillers
increased the exchange rate of solvent and nonsolvent during the phase-
inversion process, leading to increased membrane porosity and pore size
while reducing skin thickness. However, at higher filler concentration, the
hydrogen bonding between the hydroxyl group of hZIF-8, and the sulfonyl
and ether groups of the PSF hindered the mobility of the polymer chains,
suppressing the mass transfer of solvent and nonsolvent during membrane
formation. In a three-cycle, BSA filtration process, the PSF/Z-2 membranes
(with 2 wt.% ZIF-8) exhibited the greatest fouling tendency due to the hydro-
phobicity of the unfunctionalized ZIF-8. Conversely, PSF/hZ-2 membranes
demonstrated the highest FRR and the lowest irreversible fouling, resulting
from high hydrophilicity and negative charge.

Sun et al. [47] also prepared UiO-66-NH, and UiO-66-PSBMA as fillers
for PSF membrane fabrication. The functionalization process of the fillers is
shown in Fig. 2.9. Poly(sulfobetaine methacrylate) (PSBMA), a zwitterionic
polymer possessing cationic and anionic groups, was grafted onto UiO-66-
NH, (nonfunctionalized MOF) via atom-transfer/radical-polymerization pro-
cedure. The grafting of the hydrophilic PSBMA reduced the contact angle
and improved the filtration performance of the MMMs (see Table 2.3). The
size of water molecule was 2.8 A while the aperture size of the MOF was
around 6.0 A. The presence of MOFs in the membrane provided additional
paths for water to penetrate through the porous structure and tiny interspace.
The hydrophilicity of PSBMA further attracted the water molecules passing
through the pores and increased the membrane permeability as illustrated in
Fig. 2.9. The permeation flux of UiO-66-PSBMA/PSF membrane in cross-
flow filtration increased 2.5 and 2 times compared to pristine PSF and UiO-
66-NH,/PSF membranes, respectively. In the BSA rejection test, the incre-
ment of FRR and reduction of reversible and irreversible fouling indicated
that the antifouling was mainly contributed by the membrane hydrophilicity
rather than surface charge.

The introduction of mesoporous silica has shown potential for enhancing
membrane properties in terms of permeability and antifouling resistance.
Functionalization of the mesoporous silica followed by incorporation with
other materials could further enhance their properties by combining the
benefits of different materials. Diez et al. [48] prepared three types of nano-
materials (i.e., pure SBA-15 silica particles, metal-loaded SBA-15, and
amine-functionalized SBA-15) for PES-MMM fabrication. The surface free
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FIGURE 2.8 The cross-sectional FESEM images of PSF (A, Al), PSF/hZ-1 (B, B1), PSF/hZ-2 (C, C1), PSF/hZ-3 (D, D1), and PSF/Z-2 (E, E1) membranes.
(Note: The numbers after hZ and Z refer to the loading (wt.%) of nanomaterials added) [46].
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FIGURE 2.9 Illustration of the membrane modification processes using UiO-66-NH, and UiO-66-PSBMA [47].



Mixed-matrix membranes incorporated Chapter | 2 39

energy, AGgys, of the membranes was determined by measuring the contact
angle with water, glycerol, and diiodomethane. All of the membranes showed
hydrophilic properties with PES membranes and TriSBA@PES membranes
showing the lowest (—39.8 mJ/m?) and the highest (—20.8 mJ/m?) hydrophilic-
ity, respectively. The MMMs showed higher permeability ( > 30% higher than
PES membrane) owing to the enhanced membrane porosity, thinner skin layer
formed, and better pore interconnectivity. The study reported that membrane
hydrophilicity and surface charge did not play significant roles in explaining
the differential antimicrobial effect. The Ag and Cu-loaded SBA-15 mem-
branes exhibited high antimicrobial activity, with complete removal of bacterial
colonies on the membrane surface. In the stability test, the study found that the
release of Cu ions from the MMMs was high in nutrient broth (NB) medium
after immersion for 24 h, which is attributed to their interaction with organic
constituents in the NB medium. Conversely, lower release of Ag ions was
detected in the NB medium due to formation of insoluble AgCl in the NB
medium, which contained chloride.

MCM-41 is a type of mesoporous silica sieve which possesses well-
defined pore size and shape. Bao et al. [49] functionalized MCM-41 with 3-
aminopropyltriethoxysilane to form NH,-MCM-41 (amine-functionalized
MCM-41). A layer of the NH,-MCM-41 was then grafted onto the PVDF
membrane surface (g-PVDF) via interfacial polymerization. The g-PVDF
membranes became superhydrophilic with tremendous reduction of contact
angle from 80 (c-PVDF, without NH,-MCM-41) to 13 degrees. In the filtra-
tion of NOM using dead-end cell, the initial permeation flux of the c-PVDF
membranes was recorded at around 22.5 L/m? h bar while the c-PVDF mem-
branes was at around 58 L/m? h bar. After 180-min filtration, the permeation
flux dropped to around 15 and 45 L/m” h bar for the c-PVDF and g-PVDF,
respectively. The g-PVDF membranes showed higher rejection rate and
lower flux attenuation rate during the NOM filtration. This was due to the
hydrophilic layer of NH,-MCM-41, which reduced the adsorption of NOM
on the membrane surface and also acted as a barrier that hindered the pene-
tration of larger molecules through the membrane pores.

Nasrollahi et al. [50] also used 3-aminopropyltriethoxysilane as an amino
precursor to functionalize self-synthesized CuO and ZnO nanoparticles to
form CuO-NH, and ZnO-NH,, respectively. The amino-functionalized metal
oxides were blended with PES at different concentrations (0.1, 0.2, 0.5, 1,
and 2 wt.%). The contact angle of the PES membranes showed the greatest
improvement of around 18% and 14% for 2 wt.% of CuO-NH, and ZnO-
NH, blended membranes, respectively, due to the presence of amine and
oxygenated-hydrophilic groups of the functionalized metal oxides. The sur-
face roughness of the membranes was reduced with the addition of the fil-
lers, with 0.5 wt.% of CuO-NH, showed the smoothest surface. The
membranes were further compared with nonfunctionalized CuO and ZnO in
terms of flux and antifouling performance. All of the MMMs exhibited
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higher pure water flux than that of pristine PES membranes. In addition, the
MMMs with 1 wt.% of CuO-NH, showed the highest FRR after 90-min
BSA filtration. This is likely related to high hydrophilicity and smooth mem-
brane surface. The study concluded that the amino-functionalized CuO
showed greater dispersion and hydrophilicity than ZnO-NH, which led to
better permeability and antifouling of MMMs. Table 2.3 compares the char-
acteristics and performance of MMMs incorporated with various functiona-
lized nanomaterials for water treatment.

2.5 Adsorptive mixed-matrix membranes for heavy-metal
removal

One of the pioneering works concerning the development of adsorptive
membranes for use in heavy-metal removal was conducted by Paul Chen’s
research group in 2011. Zirconium oxide (ZrO,) nanoparticles were embed-
ded within PVDF flat-sheet membranes via direct-blending method for As
(V) ion removal [51]. It was reported that in addition to exhibiting excellent
pure water flux (177.6 L/m” h at 1 psi), the zirconium oxide embedded mem-
brane could achieve 21.5 mg/g of maximum adsorption capability against As
(V) ion during batch adsorption experiments. As a comparison, the pristine
membrane (without nanoparticle incorporation) showed negligible adsorption
capacity.

Many types of nanoparticles have been utilized to fabricate adsorptive
membranes and this detailed information can be found elsewhere [52].
Special focus will be given in this section to the surface-functionalized nano-
materials that could show better compatibility with polymeric membrane and
exhibit-enhanced adsorption capacity against heavy-metal ions.

In 2013, Shah and Murthy [53] fabricated a series of adsorptive micropo-
rous membranes by incorporating different types of surface-functionalized
MWNCTs ranging from zero to 1.0 wt.% for heavy-metal removals. Three
different functionalities were introduced onto the nanotube surface (i.e. oxi-
dized, amide, and azide). The presence of functionalized CNTs reduced the
membrane pore sizes (from 0.1 pm in the control membrane to 20—30 nm
in the modified membranes) and made them more hydrophilic. Most
importantly, it enhanced the membrane’s adsorptive nature against heavy-
metal ions, particularly Cr(VI) and Cu(Il) ions. The results indicated that
the membranes incorporated with amide and azide-functionalized CNTs
exhibited better metal binding capacity than the membrane incorporated
with carboxylic-functionalized CNTs and control membranes. When
1 wt.% amide or azide-functionalized CNTs were embedded within the
membrane matrix, Cr(VI) and Cu(Il) removal rates as high as 94.2%—
94.8% and 93.1%—93.9%, respectively, could be easily obtained. As a
comparison, the control membrane and the membrane incorporated with



Mixed-matrix membranes incorporated Chapter | 2 41

carboxylic-functionalized CNTs only showed ~ 10% and 80%—86% removal
rates, respectively, for both metal ions.

Using acid-functionalized MWCNTSs, Masheane et al. [54] synthesized
hybrid MWCNTs by depositing Fe-Ag bimetallic nanoparticles onto the sur-
face of CNTs and using the hybrid nanomaterials for the fabrication of
adsorptive PES membranes for Cr(VI) ion removal. The authors confirmed
the permanent embedment of Fe-Ag bimetallic nanoparticles onto the CNTs
since the detection of Fe and Ag ions in the solution (after prolonged sonica-
tion) were well below the detection limits by the analytical instrument. Upon
incorporation of hybrid MWCNTs, the resultant membrane demonstrated
high removal rates (~90%—100%) for Cr(VI) ions over a wide range of pH
(2—10) in comparison to the poor removal rates (<10%) exhibited by the
pristine PES membrane. The enhanced membrane, surface charge property
which resulted after the addition of hybrid MWCNTs is also considered an
important technique used to assist ions removal via Donnan exclusion
mechanism.

The use of functionalized MWCNTs was also reported by Madaeni et al.
[55] wherein they embedded oxidized nanomaterials within PVDF-based
membrane followed by polyacrylicacid (PAA) surface coating for Ni(Il)
removal. The mechanism of Ni(Il) adsorption using oxidized MNWCTs is
illustrated in Fig. 2.10. In contrast to most of the findings that have demon-
strated the positive role of nanofillers in improving membrane water flux,
the membrane incorporated with oxidized MWCNTSs demonstrated the oppo-
site result. The water flux adsorptive membrane was significantly affected,
reducing from ~ 670 L/m” h in the pristine membrane to ~ 40 L/m* h upon
addition 0.05 wt.% oxidized MWCNTs into the membrane. It was explained
that in situ polymerization of AA monomer into MWCNTs/PVDF membrane
resulted in pore filling in the inter-CNT gaps, which consequently reduced
pore void segment in membrane structure. Although the developed mem-
brane aimed to remove Ni(Il) ions from aqueous solution, its low adsorption
capability (i.e., 5.3 mg/g) was not adequate for this purpose.

Chitosan’s composition includes high contents of amine and hydroxyl
groups and is one of the polymeric materials that can be used directly for the
fabrication of adsorptive membranes for heavy-metal removal. Although
these could be used as the active sites for the sorption of metal ions, the rela-
tively weak mechanical strength and low porosity limit water application
[56]. In order to address the issue, Ouyang et al. [57] immobilized different
quantities of carboxyl-modified MWCNTs into chitosan-based membranes in
order to improve the membrane’s mechanical properties. With increasing
carboxyl-modified MWCNTSs/chitosan, the mass ratio went from zero to
12 wt.%. The tensile strength of the resultant membrane was gradually
increased from 1.16 to 2.52 MPa, owing to the strong interaction between
polymer and nanotubes via the formation of hydrogen bonds and the strain-
induced alignment of the CNTs in the chitosan membrane. The best
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A

FIGURE 2.10 Adsorptive mechanism for adsorption of oxidized MWCNTs toward Ni*" ions
[55].

performing membrane was able to achieve 126.7 mg/g adsorption rate
against U(VI), which was significantly higher compared to the pristine chito-
san membrane. The authors reported that acidified-
ethylenediaminetetraacetic acid (EDTA) solution was an effective agent to
regenerate the U(VI)-loaded, carboxyl-modified MWCNTs/chitosan mem-
brane. This type of membrane could be reused for up to five times with less
than 15% decrease in sorption capacity.

In addition to CNTs, another type of carbon-based nanomaterial that
could also be considered for adsorbing heavy-metal ions is GO nanosheet.
Kaleeklak et al. [58] modified PEI-based membranes using different concen-
trations of carboxylated GO (cGO) (0%, 0.075%, 0.15%, and 0.3%) and then
used the developed membranes to remove not only metal ions but also HA.
Through a carboxylation process, a substantial amount of —COOH group
was introduced into the GO sheets, which improved the membrane hydrophi-
licity (by decrease in contact angle) and water flux upon incorporation. In
addition to playing a role in removing metal ions via adsorption mechanism,
the cGO was also found to enhance the membrane surface, negative-charge
property that created greater repulsion between membrane surface and metal
ion and improved removal rate. For the membrane embedded with 0.3%
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FIGURE 2.11 Pb(I) ions adsorption of PES membrane incorporated with 0.25 wt.% PANi-
coated GO [Initial Pb(II) ion: 200 mg/L and pH: 6] [59].
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¢GO, the results showed that at least 95.5% Ni(Il) and 92.4% Cd(II) removal
rates could be achieved. The higher removal rate of Ni(Il) ion compared to
Cd(I) is likely due to the presence of vacant d-orbitals, attributable to higher
ligand stability of Ni*™".

To further improve the characteristics of GO nanosheet for toxic-metal
ion removal, Ghaemi et al. [59] performed in situ polymerization to coat the
surface of GO with polyaniline (PANi). PANi is one of the polymeric adsor-
bents that can efficiently remove metal ions from water. The modification of
GO nanosheet with this polymer followed by embedment into the membrane
matrix can lead to a higher heavy-metal uptake. Fig. 2.11 presents the Pb(II)
adsorption rate of PANi-GO-incorporated membranes as a function of time.
As shown, the adsorption capacity of the membrane sharply increased in the
first 2 h before the curve was gradually reduced from 2 to 5 h. Its capacity
became almost constant after 5 h due to the saturation of adsorption sites of
the membrane. The authors also confirmed that the Pb(II) adsorption onto
the membrane follows the pseudo first-order kinetics model (i.e., the sorption
only occurs on the local sites and the filling rate of the adsorption sites is
proportional to the number of vacant sites available on the adsorbent). This
sorption behavior is generally reported in other studies that focused on
adsorptive membrane development.

Daraei et al. [60] also modified the surfaces of nanomaterials using
PANi. The PANi-modified iron oxide (Fe3O4) was then incorporated into
PES membrane matrix for Cu(Il) ion removal. Upon incorporation of opti-
mum 0.1 wt.% PANi-modified Fe;0O,, the resultant membranes could remove
around 85% and 75% Cu(Il) ions when tested with 20 and 5 mg/L Cu(NO3),
aqueous solution, respectively. Nevertheless, it must be noted that the equi-
librium adsorption of the membrane against Cu(Il) ions was extremely low
(<1.6 mg/g) and no explanation was given by the authors for the poor
adsorption capability.
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In a recent study, Koushkbaghi et al. [61] fabricated a new type of dual-
layer MMMs in which nanofiber incorporated with aminated Fe;O, was
established on the top surface of asymmetric-PES membrane. The resultant
MMMs showed very promising results toward Cr(VI) and Pb(Il) ions adsorp-
tion, recording 509.7 and 525.8 mg/g, respectively at optimum pH of 3 in a
binary system. By increasing the thickness of nanofiber from 10 to 30 pm,
the metal ion removal rate of membrane could be further improved but with
a reduction in water flux. The reusability of the MMMs was also demon-
strated since the membrane could maintain high adsorption capability after
three sequential runs.

Another type of metal-oxide nanoparticle that can also be used for fabri-
cation of adsorptive microporous membrane is TiO,. It is perhaps the most
widely used nanoparticle for modifying the properties of UF membranes for
water treatment process, mainly due to its hydrophilic nature and relatively
low material cost. In the work conducted by Gebru and Das [34], TiO, was
modified using HMTA, EDA, and TEPA in an impregnation process and
then used as additive to fabricate adsorptive CA-based membranes for
enhanced removal of Cr(VI) ions. Fig. 2.12 shows the Cr(VI) removal rates
of different types of membranes as a function of filtration time. It is clearly
observed that the removal of Cr(VI) ions by the membranes is increased in
the order of CA/U-Ti<CA/Ti-HMTA < CA/Ti-EDA < CA/Ti-TEPA. This
result may be attributed to the different content and structure of the amine
groups (NH,— or NH—) within the membranes. CA/Ti-TEPA membrane
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FIGURE 2.12 Cr(VI) removal of CA membranes at pH 3.5 using initial ion concentration of

10 ppm at pressure of 150 kPa. (Note: U-Ti: ummodified TiO,, Ti-HMTA/-EDA/-TEPA: TiO,
modified by HMTA, EDA, and TEPA, respectively) [34].
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FIGURE 2.13 Schematic representation of ureido-functionalized PVA/silica nanofiber mem-
branes [62].

generally exhibited better adsorption capability due to the increased active
sites that are available for Cr(VI) ions removal.

Instead of using metal-oxide nanoparticles, Zhou et al. [62] utilized non-
metal oxide (SiO,, to synthesize nanofiber membranes for Pb(Il) and Cu(II)
adsorption. Fig. 2.13 illustrates the surface chemistry of the ureido-
functionalized PV A/silica nanofiber membranes. The results indicated that
the newly developed membranes possessed high brunauer-emmett-teller sur-
face area of ~460 m*/g and good Pb(II) adsorption capability of ~27 mg/g.
However, the membrane capacity for adsorption of Cu(Il) was rather poor
(<8 mg/g) due to the tendency to form chelating complexes with ureido
groups.

Research has also shown that functionalized clay could be introduced
into the polymeric membranes to improve not only their physicochemical
properties (structure, hydrophilicity, water flux, and antifouling resistance)
but also adsorption capability against heavy-metal ions. For instance, Hebbar
et al. [63] reported that the membrane properties with respect to porosity,
hydrophilicity, water flux, and heavy-metal adsorption capacity were
improved upon incorporation of acid-activated bentonite clay. It was also
shown that the higher the content of the clay in the membrane, the better the
membrane flux and rejection. The best results achieved by the membrane
incorporating 4 wt.% clay (determined based on the mass ratio of clay to
PEI) was 69.3%, 76.2%, and 82.5% rejection for 250 ppm of Cd(II), Ni(I),
and Cu(Il) ion solutions, respectively. The authors hypothesized that both
adsorption and sieving mechanism contributed to the removal of heavy-metal
ions.

Using acid-activated montmorillonite, Mahmoudian et al. [64] fabri-
cated a new type of MMMs, which exhibited good selectivity for the elimi-
nation of Zn(II) and Ni(II). In this work, the researchers evaluated the
membrane performance against four different types of heavy-metal ions.
However, the developed membrane only showed good removal rates for
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FIGURE 2.14 The possible mechanism of heavy-metal ions adsorbed on PDA membrane [65].

Zn(II) (up to 90%) and Ni(Il) ions (75%) in comparison to the Cd(II)
(~60%) and Cu(Il) (~58%) ions. The findings revealed that the selectivity
of adsorptive membrane against heavy-metal ions is strongly dependent on
the nature of the adsorbent introduced.

Other functionalized nanomaterials that have also been utilized for fabri-
cating adsorptive membranes are polydopamine (PDA) nanoparticles [65],
HNT [66], and zeolite [49]. Fang et al. [65] deposited PDA nanoparticles
onto the walls of UF membrane internal pores, aiming to improve membrane
adsorption capacities for selective heavy-metal ions. Besides demonstrating
ascendant BSA rejection (92.9%) and good pure water flux (166 L/m” h), the
PDA-incorporated PES membranes also showed reasonably favorable
adsorption capacities for Pb(Il), Cd(Il), and Cu(Il), recording 20.23, 17.01,
and 10.42 mg/g, respectively. Fig. 2.14 illustrates the possible Pb(Il) adsorp-
tion mechanisms of the developed membrane. The primary mechanisms
involved electrostatic attraction between the catechol group and the metal
ion, and the N atom in the NH, groups sharing an electron pair to form a
metal complex.

Although Bao et al. [49] and Hebbar et al. [66] also attempted to fabri-
cate adsorptive membrane for heavy-metal removal, their findings were not
very promising. The adsorption capacities for Cu(Il) and Cr(VI) on the
membrane incorporating amine-functionalized MCM-41 were only 3.7 and
2.8 mg/g, respectively, as reported in the work of Bao et al. [49]. Hebbar
et al. [66] were only able to remove 34% Pb(II) and 27% Cd(II) from the
feed solution using polydopamine functionalized HNT/PEI membrane. The
findings revealed that the selection of nanomaterials is critical during
adsorptive membrane fabrication. The ideal nanomaterials should exhibit
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high adsorption capacity, large-surface area, and good compatibility with
polymeric membrane.

2.6 Conclusion and future remarks

Microporous UF membranes have been used for industrial water and waste-
water treatment for more than 50 years. Over the past 10 years, we have
seen a large number of studies demonstrating the positive impacts of using
inorganic nanomaterials for improving the intrinsic properties of UF mem-
branes made of common-polymeric materials such as PES, PSF, PVDF, and
PAN. In most cases, it was reported that upon incorporation of nanomaterials
into the membrane matrices, the trade-off effect between water permeability
and solute rejection of the membranes could be overcome. Depending on the
nature of the embedded nanomaterials, additional features such as antifouling
properties, antibacterial resistance, and adsorptive capacities were demon-
strated. Despite significant progress, more research is still required. To the
best of our knowledge, no commercial MMMs are currently available for
water treatment applications. Several challenges need to be addressed before
such membranes can reach the commercialization level. These include the
long-term stability of the nanomaterials embedded within the membrane
matrices, manufacturing cost of the MMMs, and their mechanical properties.
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3.1 Introduction

Rare earth metal oxides have been used extensively in various applications
such as environmental, energy, and biomedical services due to their specific
properties such as grain size, elemental configuration, and self-organized
structures [1—3]. Current research focuses on cerium oxide nanostructure,
due to the low energy bandgap between Ce®* and Ce*™ states in cerium
oxide along with their high oxygen mobility and high oxygen storage
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capacity [4]. These properties make them suitable for applications in various
fields, as gas sensors, optoelectronics, catalysts, fuel cells, and solid-state
electrolytes [5]. There is numerous technically projected synthesis of nano-
sized ceria such as heterogeneous catalysts by chemical redox reaction, ther-
mal approach, sonochemical method, hydrothermal method, sol-gel process,
and self-assembled nanoprocesses [6]. Among these, the hydrothermal
method is widely used, because of the formation of homogenous nanopowder
as the initial product with a fine grain size [7,8]. In general, the photocataly-
tic efficiency increases by incorporating the heterostructures [9]. Because,
heterocomposites prepared can fine tune the electronic properties of the
photocatalyst by separating the electron-hole pairs in an efficient manner.

CeO, with transitional metal oxide (TMO) have gained much attention
because of their attractive optical possessions and photogenerated charge car-
riers, which may be enhanced in the CeO, matrix [10—12]. The exceptional
nanostructure morphology and mesoporous nature of cerium with 3d transi-
tional metal ions (TMO) allowed them to become a solar material [13].
When the transition metal ion in lower valance state than 4 is collectively
dispersed into the ceria matrix, the arrangement of atoms becomes dense and
this changes the electronic conductivity of metal ions [14,15]. However, to
enhance various properties of CeO, nanomaterials, it is desirable to condense
the atom size and enhance the growth of the energetic superficial zone [16].
A decrease in particle size augments the electrical conductivity and sensing
and catalytic properties of nanomaterials [17]. Here a simple chemical pre-
cipitation assisted hydrothermal method without any surfactant has been a
cause of stimulation of cerium, cadmium multifaceted nanomaterials with
higher surface area and the effective claims [18,19]. This simple method is
alternative to the chemical methods with surfactant which are very costly as
well as emit hazardous byproducts which can have adverse effect on the
environment [20]. Therefore we tried to fabricate CeO,/CdO nanomaterials
with high active surface area and less particle size using cost effective hydro-
thermal method [21,22]. In polluted waste waters elimination of organic dye
contaminants is necessary, because of the nonbiodegradable nature of the
pollutants [23]. Toxic organic dye degradation using semiconducting materi-
als in the existence of UV/visible light studied worldwide [24]. Convention
of herbicides, pesticides, and various synthetic dyes are widely polluting the
environment [25—28].

The organic pollutant like Rhodamine-B (RhB) dye has been used in pro-
ductions and in our day-to-day life and the RhB dye produces carcinogens like
aminobenzene [29]. The contamination of the physical and biological compo-
nents of the earth/atmosphere system to such an extent that normal environ-
mental processes are adversely affected [30]. Hence highly carcinogenic
organic compounds and their detoxification are critical to the situation and this
development converts existing research to preserve human health and security
[31]. Thus an efficient method to discard these organic contaminants from the
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various waste materials is needed [32]. The photocatalytic degradation (PCD)
of toxic organic dyes using catalyst such as TiO,, ZnO, CuO, CeO,, etc., in
UV/visible and xenon beams source is considered a highly effective method
[33,34]. Among the various photocatalysts, cerium oxide-containing transi-
tion metal oxides have proven to be very efficient. Rare earth/transition
metal oxide is easier to recover from aqueous systems due to its higher
molecular weight [35]. To understand the formation of heterostructured
CeO,/CdO binary metal oxide nanostructure, it is necessary to examine the
influences of the preparation conditions [36]. Since this is not dealt with
much in the literature, here we analyze the influence of preparation para-
meters on the synthesis of heterostructured CeO,/CdO binary metal oxide
nanostructures [37,38]. The exact mechanism of the degradation of dyes by
nanostructures is important to understand, but the pathway of decomposition
of synthetic dye during the whole process is still not clear and more investi-
gations are needed to characterize the various properties of CeO,/CdO mul-
tilayered nanomaterials [39]. Hence, in this present work, we prepared a
binary metal oxide CeO,/CdO nanostructure with almost uniform size of
clusters by hydrothermal technique in different ratios, which were studied
for the decomposition of water source and organic dye in aqueous system
illuminated with UV/visible light [40]. Also, the synthesized nanomaterial
with small grain size and large active surface area was examined against
A549 (human lung epithelial cell).

3.1.1 Structural investigation of CeO,/CdO nanostructures

The X-ray diffraction (XRD) of the chemical precipitation followed hydro-
thermal technique synthesized CeO,, CdO, and CeO,/MO binary metal oxide
in 1:1, 2:1, and 1:2 molar ratios correspondingly is shown in Fig. 3.1A. All
the peaks can be assigned to either CeO, or CdO phase and there are no
other new phases. This high-purity binary metal oxides reveal that the major
peaks of CeO, has 260 = 28.70, 33.08, 47.51, 56.44, 59.08, 69.47, 76.70, and
79.07 degrees corresponding to the (111), (200), (220), (311), (222), (400),
(331), and (420) planes and has cubic fluorite structure in which each metal
cation is surrounded by eight oxygen atoms (space group Fm-3m JCPDS
Card No. 34-0394). CeO, shows a dominant and high intense peak on (111)
plane, which needs high energy to form oxygen vacancies on (111) planes
than the less intense peak and they are highly stable. There was no evidence
of the presence of Ce,O3 phase. The diffraction peaks at 26 values of 33.08,
38.43, 55.31, 65.90, and 69.28 degrees correspond to pure CdO matching the
(111), (200), (220), (311), and (222) planes with cubic structure (JCPDS
Card No. 05-0640), thus indicating the formation of CeO,/CdO nanostructure
with excellent crystalline nature. The strength and locations of the peaks are
in perfect arrangement with the literature values. The decrease in the
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FIGURE 3.1 X-ray diffraction pattern of synthesized CeO,/CdO nanostructures: (A) pure ceria
(B) Ce/Cd, (C) Ce,/Cd, (D) Ce/Cd,, and (E) pure CdO.

intensity of CdO peaks indicates that CeO, is formed on CdO surface and
the increase in the ceria peak intensity suggests the larger crystallite sizes.

The XRD pattern of the sample shows no satellite peaks belonging to Ce
(OH); and hexagonal Ce,0s, thus indicating a complete conversion of the
sample into cubic fluorite ceria. The crystallite size of metal oxides was cal-
culated using Debye—Scherer’s formula D = 0.9\ (Gcosf, where “D” is the
crystallite size, A the wavelength of X-rays, 6, the Bragg diffraction angle,
and g, the full-width at half-maximum (FWHM) of the diffraction peak. The
Ce0,/CdO nanostructures showed only cubic phase, which confirms the
composition of CeO, and CdO in the heterostructure, and it is in good agree-
ment with early reported work. To establish charge balance, extra positive
ions must be introduced into the grain surface. Therefore the CeO, and CdO
are in the form of composites rather than as solid solution.

3.1.2  Fourier transform infrared spectroscopy

The Fourier transform infrared spectrum of CeO, mixed with CdO hetero-
structured binary nanostructures in different ratios (1:1, 1:2, and 2:1) is shown
in Fig. 3.2A in the wavelength range of 3700—400 cm ™ '. The extensive band
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FIGURE 3.2 FTIR spectra of CeO,/CdO nanostructures: (A) Ce/Cd; (B) Ce,/Cd;, and
(C) Ce,/Cd,.

in the range of 3600 cm ' is due to the OH stretching of water molecules
[41]. The broad peak at 450—700 cm™ ! is due to the characteristic stretching
of Ce—O bond and the frequency is reduced due to the formation of mixed
binary metal oxide [42]. The peaks at 800—1500 cm ™' are assigned to CdO
[23,43]. The band at low-frequency regions below 1400 cm ™' corresponds to
the formation of doped CeO,/CdO nanomaterial. The absorption peaks
between 1500 and 1700 cm ™' are attributed to the twisting vibration of the
adsorbed H,O molecules [44].

3.1.3 Field emission scanning electron microscopy studies

The comprehensive superficial morphology and effect of size and shape of
CeO, mixed with CdO in different molar ratios (1:1, 1:2, and 2:1) were
examined by field emission scanning electron microscopy (FESEM) analysis.
All the synthesized samples with different molar ratios form different
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FIGURE 3.3 Morphology evolution of CeO,/CdO nanostructures: (A, B) Ce;/Cd,; (C, D) Cey/
Cd, (E, F) Ce,/Cd, (G, H) pure ceria (I, J) pure CdO, and (K, L) EDX spectrum.

microstructures. Field emission scanning electron micrographs of CeO,/CdO
nanostructures at different magnifications for the prepared samples by hydro-
thermal method are presented in Fig. 3.3AL. Fig. 3.3G and H shows that the
FESEM images of CeO, are highly porous material with irregular shapes.
Fig. 3.31 and J shows the surface morphology of CdO, which has agglomer-
ated crystal phases. The FESEM images in Fig. 3.3A and B of binary metal
oxide Ce;/Cd; nanostructure have spherical and heterogeneous phase distri-
bution with more cavities. The particle size is in the range of 15—40 nm
with good porous morphology. Fig. 3.3C and D shows that the FESEM
microstructures of Ce,/Cd; binary metal oxide have small spherical shape
nanoparticles with aggregated morphology. The particle sizes are in the
range of 5—30 nm, respectively. A small variation was identified by FESEM
and XRD, since FESEM calculations are based on the difference between
the visible grain boundaries, whereas XRD calculations measure the
extended crystalline region that diffracts X-rays coherently [43]. The
FESEM images of Ce;/Cd, binary metal oxide show that the particle is
aggregated, which is due to the excess of cadmium metal oxide shown in
Fig. 3.3E and F. The minimum changes in the particles size could be due to
the particle aggregation [45]. Due to the morphological evolution of CeO,/
CdO nano structures with different conditions. Elemental analysis was done
along with FESEM using the EDX technique. EDX analysis revealed the
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peaks of the elements in the nanostructure. This data helped to ensure that
the cerium oxide and cadmium oxide synthesized by various routes resulted
in Ce0,/CdO nanostructures. The EDX spectra showed no other elements,
thus confirming the purity of the phase in the composite [46]. It is in good
agreement with the XRD analysis.

3.1.4 High-resolution transmission electron microscopy studies

The microstructures of the CeO,, CdO, and CeO,/CdO nanomaterials in dif-
ferent ratios (1:1 and 2:1) were analyzed by high-resolution transmission
electron microscope (HRTEM). Pure CeO, and CdO metal oxides have an
irregular shape as shown in Fig. 3.4A and F. Fig. 3.4G—J shows the
HRTEM images of Ce,/Cd; nanostructure and Fig. 3.4B—E shows the
HRTEM images of Ce/Cd; nanostructure prepared by hydrothermal method,
and the selected area of electron diffraction pattern is shown in Fig. 3.4E and
J. The fine particle is the aggregate of nanocrystallites and the shape is
spherical, and it reveals the polycrystalline cubic crystal structure [47,48].
Fig. 3.4C shows that the particles are more agglomerated with irregular
shape. Fig. 3.4G and H shows that the nanomaterial is monodispersed with
the spherical shape. From the HRTEM image it can be seen that the particle
diameter is in the range of 25—5 nm, which is consistent with XRD results
[49]. There is a slight difference in the average particle size of the samples,
which is due to the agglomeration of nanomaterials. Hence, the prepared
Ce0,/CdO nanostructures have a particle size in the range of 5—30 nm using
the hydrothermal method [50].

3.1.5 Diffuse reflectance spectroscopy studies

The optical possessions of pure CeO,, CdO, and mixed heterostructured
Ce0,/CdO metal oxide nanostructures with different ratios (1:1, 1:2, and
2:1) have been studied by UV-—visible [diffuse reflectance spectroscopy
(DRS)] dimensions; the results are shown in Fig. 3.5A and B. To evaluate
the bandgap of the synthesized nanostructures, diffuse reflectance spectros-
copy was obtained in the wavelength ranges of 200—800 nm [51]. The band-
gap energy is determined by appropriately fitting the data to the shortest
transition equation, (ahv) = A(hv—Eg)", where “v” is the frequency, “A” is a
constant, and “n” can have values 1/2, 3/2, 2, and 3 depending on the mode
of interband transition (i.e., through acceptable and direct forbidden, indirect
allowed, and indirect forbidden transitions, respectively). The bandgap of the
nanomaterials has been inferred from the altered Kubelka—Munk (K—M)
function plots. The reflectance data (R) stated as F(R) have been attained by
the submission of the K—M algorithm. In UV, visible diffuse reflectance
absorption spectra, (F(R)hv)"? versus photon energy design gives indirect
bandgap and (F(R)hv)* versus photon energy plot signifies a direct bandgap
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FIGURE 3.4 HRTEM images of CeO,/CdO nanostructures: (A) pure CdO, (B—E) Ce,/Cd;, (F) pure ceria, and (G—J) Ce,/Cd;.
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transition [52]. Both direct and indirect bandgap vitalities are originating to
be abridged with the particle size and morphology of nanomaterials, when
associated to the discrete metal oxides. Hydrothermally synthesized CeO,/
CdO nanosamples display the bandgap of 3.19, 3.15, 2.98, and 2.89 eV,
respectively. The variations in the bandgap energy are due to the different
preparation techniques, with average grain values, shape, and structural com-
plaint in the lattice [53]. The optical possession of the absorbance of cerium
oxide/cadmium oxide in the UV region proves that it may be used as a
respectable entrant for UV absorbing materials [54]. Cadmium oxide with
cerium oxide could decrease the bandgap of cerium increasing the growth
amount of Ce*" states, subsequent to the formation of contained vigor states
that are closer to the conduction band. The peak at 400 nm confirms the fluo-
rite cubic structure of nanostructures, revealing the quantum size effect
(QSE) of the blue shift modification in the UV—visible spectrum [55].
Hence, there is a transition of electron between the O 2p and Ce 4f states in
0°" and Ce**.

3.1.6 Micro-Raman spectroscopy

To evaluate the molecular motion of nanomaterials, Raman vibrational spec-
troscopy was used to classify and determine the structural symmetric of the
molecules. Raman spectroscopy helps in determining the inelastic scattering
of a monochromatic scattered light. CeO, nanoparticles displayed a solid
intense band at 434 cm™', which represents the F,, Raman active mode of
fluorite type-like cubic structures [56,57]. The structural characterization of
the CeO,/CdO nanostructures is clearly seen in Fig. 3.6A and B, which
shows the broad band at 464 and 815 cm™ ' laterally with a weak absorption
peak at 300, 370, 500, 605, 734, 780, and 864 cm”!. The band at 464 cm ™!
mostly resembles the F,, Raman active mode of cubic fluorite structure,
which proves that the synthesized nanomatrix clearly has a crystalline fluo-
rite cubic structure [58,59]. The peaks of the ceria metal oxides occur at
higher wave number with high concentration of other metal oxides. The shift
in the peak position is due to residual stress and the presence of other M**
metal matrix. This also shows that the CeO,/CdO nanostructure has
advanced oxygen defects [60]. Hence, Raman spectroscopy is a promising
tool for the structural elucidation of CeO,/CdO nanostructures can be used to
differentiate the different phase modes.

3.1.7 Photoluminescence spectra

The photoluminescence (PL) spectra of CeO, and CeO,/CdO metal oxide
nanostructure with different molar ratios 1:1, 1:2, and 2:1 are shown in
Fig. 3.7A—D, with an excited wavelength of 290 nm. The captured emission
spectra for pure CeO, are in the range of 250 nm for the short wavelength to
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400 nm for the long wavelength [61]. By the addition of CdO, the emission
peaks appeared at 400—450 nm in the red region spectrum with additional
changes in the broadness of the peak positions occurring at room tempera-
ture. The emission spectra of CeO,/CdO were characterized by major peaks
near 240, 260, 280, 380, 417, and 445 nm. All emission spectra showed a
prominent peak at 445 nm that was attributed to oxygen-related defects in
the CeO,/CdO at microscopy level [62]. The intensity of the emission band
at 445 nm increased with increasing CdO content in the CeO,/CdO nanos-
tructures. The violet band around 402 nm for the CeO, nanostructures initi-
ates from the defect states current widely among the Ce 4f state and O 2p
valence band [63]. The two blue emissions at 417 and 445 nm are connected
to the plentiful flaws such as displacements, which is supportive for fast oxy-
gen transference. At room temperature, electron transition results mostly
from imperfections level to O 2p level [64]. The quantum confinement effect
was pragmatic by earnings of PL spectroscopy, which stretches the nearby
subbandgap defect states and excitation spectra of the pure nanoparticles.
The superficial situations and concentration of defects can modify with the
developed circumstances, textural morphology, size, and shapes of nanocrys-
tallites [65].

3.1.8 X-ray photoelectron spectroscopy studies

The oxidation state of each element in the sample as well as the composition
of the surface functionalization of the Ce,/Cd; nanostructure was examined
by X-ray photoelectron spectroscopy (XPS). The obtained XPS results show
(Fig. 3.8) that the peaks correspond to C (1s), O (1s), Cd, and Ce (3d) for
CeO, NPs. The C (1s) signals are mainly expected due to trace quantity of
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FIGURE 3.8 XPS spectrum of Ce,/Cd; nanostructure.
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surface humidity and absorption of organic contaminants during handling.
CeO, nanosphere has the binding energy bands at 872.66, 887.85, 906.14,
922.14, 930.52, 916.34, and 921.33 eV. These spectra were found to be fully
consistent with those reported previously [66]. The lower energy level of O
(1s) signal at 529.13 eV is attributed to O>~ ions surrounded by Ce** ions,
which corresponds to the Ce—O bond in CeO,. The middle energy level of
O (1s) at 533.86 eV can be ascribed to the O jons in the Ce—O bond
where Ce is present in the 3 + state. Finally, the higher energy level of the
O (1s) signals located at 531.17 eV are due to OH on the surface and not
related to the presence of either Ce®" or Ce*".

3.1.9 Thermogravimetric analysis

Thermogravimetric (TG) analysis was carried out to quantitatively analyze
the presence of impurities and the stability of the nanostructure on its surface
level. Samples were interfaced up to 850°C at a rate of 5°C min under nitro-
gen atmosphere and the resulting thermogram is shown in Fig. 3.9. In the
sample Ce,/Cd; had a weight loss of 10% as observed up to 850°C. This
small reduction in the weight may be due to the removal of hydroxyl group.
The weight loss is taken in two parts. (1) The reduction in weight loss is 3%
as observed from room temperature to 200°C due to the release of physically
adsorbed water and the water of crystallization from the catalyst’s surface.
(2) A weight loss of 6% was as observed in TG curve in the temperature
range of 200°C—500°C, due to solid phase transition or the removal of inter-
nal water molecule. The weight loss from 500°C to 850°C is due to the loss
of mass but is very slight. Similarly, the weight loss in the sample Ce;/Cd;
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FIGURE 3.9 TG/DTA curve of CeO,/CdO nanostructures in ratios Ce;/Cd; and Ce,/Cd,.
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is 6% as observed up to 200°C and is due to the release of more surface
water molecules. The weight loss of nearly 3% from 200°C to 500°C is due
to the removal of chemically combined water molecules. The weight loss is
less above 500°C as observed in TG curve. Both the samples are also highly
stable on further heating. This confirms that cerium oxide and cadmium
oxide are well dispersed with good average crystallite size [67,68].

The differential thermal analysis (DTA) curves of the two CeO,/CdO
nanostructures prepared in ratios 1:1 and 2:1 (Fig. 3.9) differ slightly. The
nanostructure (Ce,/Cd;) exhibited three endothermic peaks. The first peak is
in the range of 70°C—100°C with the minimum value at 85°C. The second
endothermic peak is in the range of 151°—214°C with its minimum value
located at 178°C. The third endothermic peak is relatively broad in the range
of 273°C—362°C with its minimum at 336°C. Likewise, the sample Ce;/Cd,
exhibited three endothermic peaks. The first endothermic peak is broad and
in the range of 63°C—113°C with the minimum of 85°C. The second endo-
thermic peak is in the range of 148°C—204°C with a minimum at 180°C.
The third endothermic peak is in the range of 293°C—336°C with a mini-
mum at 311°C. The weight loss is probably due to the removal of physi-
sorbed water and interstitially combined H,O molecules. The weak peak at
400°C—850°C indicates the transformation of the CeO, and CdO oxides
phases [69]. The DTA curve did not show the exothermic peak related to
crystallization, also indicating the formation of CeO,/CdO nanostructures.

3.1.10 Photocatalytic activity

The photocatalytic activity of the binary metal oxides was evaluated by tak-
ing RhB as the model pollutant. Degradation studies were carried out at both
UV light (365 nm) and visible light irradiation. The process conditions were
optimized in terms of the following reaction variables:

effect of irradiation time on the photodegradation of RhB;
effect of pH on the photodegradation of RhB;

effect of initial concentration of RhB;

effect of catalyst dose;

reusability of catalysts; and

effect of catalyst on industrial wastewater.

Uk wh =

3.1.11 Degradation of Rhodamine-B using CeO,/CdO
heterogeneous catalyst

In this investigation, we chose textile synthetic dye Rhodamine-B as a pollutant
due to its high stability. Decomposition was examined using UV light irradia-
tion as shown in Fig. 3.10A—D. The degradation capacity of all the samples
with the ratios 1:0, 1:1, 1:2, 2:1, and 0:1 was investigated. The absorption
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FIGURE 3.10 Effect of photocatalytic degradation for RhB dye solution in the dark and under
UV light irradiation at different time intervals: (A) spectral changes of dye with catalyst—H,O,
at pH 9.0, (B) spectral changes of dye with catalyst—H,O, at pH 7.0, (C) spectral changes of
dye with catalyst—H,0, at pH 3.0, (D) C/C, vs time (min) for the photodegradation of dye, and
(E) percentage of efficiency, in the presence of catalyst—H,0, at pH 9.0, pH 7.0, and pH 3.0.

spectrum for decolorization of Rhodamine-B dye with and without CeO,/CdO
heterogeneous catalyst was recorded with time (#) in minutes under UV/
visible light irradiation. The absorption peaks at 554 nm were observed for
Rhodamine-B, confirming the photodegradation process [70]. The ratios
between C; (concentration of dye at different time intervals of UV expo-
sure) and C, (initial concentration) of the dye were plotted against the
time of UV exposure, to compare the efficiency of the degradation under
different conditions. The PCD efficiency of the different ratio samples
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shows the following order 2:1 = 1:1 > 1:0 > 1:2 > 0:1. It was observed that the
Ce,/Cd, and Ce,/Cd, samples exhibit the best photocatalytic activity compared
to all other samples. Both the catalysts have better specific surface area, more
reactive sites, mesoporous, higher ability toward absorption of light, and smal-
ler size with high dispersion usually leading to better photodegradation and
these features are present in CeO,/CdO heterogeneous catalyst [71].

3.1.12 Photocatalytic degradation of Rhodamine-B dye using
CeO,/CdO heterogeneous catalyst (Ce,/Cd, ratio)

The PCD activity of the CeO,/CdO nanostructures was evaluated by decom-
position of Rhodamine-B (10 ppm) using 50 mg of photocatalyst. The aque-
ous solution of the Rhodamine-B synthetic dye was not degraded in the
absence of Ce0,/CdO heterogeneous catalyst under UV radiation. But the
degradation of Rhodamine-B synthetic dye can be achieved efficiently at
365 nm using CeO,/CdO dispersions in aqueous medium [72]. The photo-
reactor consists of a cylindrical glass reactor with a high-pressure mercury
400 W lamp located in the front of the vessel. The variation of Rhodamine-B
absorbance through 30 min was measured at (Aj.x = 365 nm) using a UV/
visible spectrophotometer. The photocatalytic activity was examined against
the Rhodamine-B (RhB 99.95% purity). The aqueous Rhodamine-B solution
(100 mL) containing 50 mg catalyst was stirred for 30 min, kept in dark con-
ditions to reach the adsorption/desorption equilibrium between the catalyst
and RhB molecules, then placed inside the reactor setup and subjected to
irradiation by a UV light source (Apha.x = 365 nm) to induce photochemical
reaction; in this process, air was continuously bubbled into the reactor tube.
At the end, the dye solution was completely degraded with the color change
from pink color solution to colorless solution [73]. The degradation of
Rhodamine-B values were calculated as follows: the PCD efficiency (1) of
decolorization was calculated using the expression 1 = ((C, — Cp)/C,) X 100,
where C, is the initial concentration of Rhodamine-B and C; is the concen-
tration of Rhodamine-B after time “z.” By using the above formula, the irra-
diation time (vs) percentage of degradation at different pH values was
plotted as shown in Fig. 3.10D.

As can be seen, the degradation percentage increases with time.
Degradation of RhB was carried out with catalyst after 210 min of irradiation
time at pH 3.0, pH 7.0, pH 9.0, and only H,O,, and the dye degradation effi-
ciency was 45%, 48.6%, 52%, and 22.1%, respectively. The percentage of
degradation of dye was found to be less in neutral and acidic medium but
maximum at pH 9.0. Because at the basic medium the generation of hydrox-
ide (*OH) radical is favored and increases the decomposition of the dye com-
pared to pH 7.0. The results of the PCD spectra of RhB dye evidently prove
the gradual decrease in the absorbance with increasing irradiation time,
whereas the efficiency of dye degradation was 98.2%, 95.7%, and 92% for
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RhB dye using the catalyst and H,O, at pH 9.0, pH 7.0, and pH 3.0 in
Fig. 3.10E. The results showed that the RhB dye was degraded at 150 min of
irradiation time in basic medium whereas in neutral and acidic medium, the
dye was degraded after 240 and 270 min, respectively.

The photocatalytic activities of the synthesized heterostructured sample
depend on agitation speed, temperature, pH, and ionic strength. The genera-
tion of reactive oxygen species (ROS) in the presence of UV light by the cat-
alyst is higher, which is responsible for the decomposition of dyes into small
fractions [74]. The possible reason may be that in alkaline medium the
hydroxide ion is more easily oxidized to hydroxyl radicals and thus the effi-
ciency of the decomposition of dye is logically increased at pH 9.0. Hence,
pH and H,0, have more effects on the dye degradation. The concentration
of *OH radicals in the whole system increases by the addition of H,O, with
the heterogeneous system. H,O, is a better electron acceptor, since it gener-
ates more *OH radicals and inhibits the exciton recombination process at the
same time. When H,O, was added to the catalyst solution in basic medium,
the maximum degradation was achieved in the first 150 min. Once degrada-
tion is completed, the next set of molecules can diffuse immediately on the
surface of the catalyst for further degradation [75]. The O3 and OH® radicals
[ROS] can attack the functional group of the dye, which is attached to the
surface of the catalysts through Coulomb interactions, and degrade the dye
to the final products, such as CO,, NOj3, H,O, and H™. Since RhB dye is a
cationic dye, the decomposition is higher in basic media than in acidic and
neutral media, which is related to the adsorption capacity of dyes on the sur-
face of the catalyst.

3.1.13 Visible light—induced decomposition of Rhodamine-B using
CeO,/CdO heterogeneous catalyst (Ce,/Cd,)

To evaluate the photocatalytic activities of the synthesized CeO,/CdO hetero-
geneous catalyst (2:1), visible light irradiation was used for the decomposi-
tion of well-known organic dye RhB. The absorbance spectrum of RhB
synthetic dye is presented in Fig. 3.11. The degradation of RhB (10 ppm)
was examined in the presence of 50 mg of catalyst—hydrogen peroxide by
irradiating visible light at pH 9. The absorption at 554 nm decreases evenly
for the decomposition of RhB dye. The pink RhB dye solution becoming col-
orless in the presence of catalyst is confirmed from the absorption spectra,
which are significantly decreased at 554 nm with increase in visible light
exposure time (min). The efficiency of the decomposition of dye was found
to be 98%, which takes place after 40 min of irradiation of visible light in the
presence of synthesized CeO,/CdO heterogeneous catalyst. Finally, the results
clearly indicate that the synthesized CeO,/CdO heterogeneous catalyst has
significant catalytic activity and hence this could be a beneficial photocatalyst
for the decomposition of colored dyes.



Photocatalytic oxygen evolution reaction for energy conversion Chapter | 3 73

1.2

| m— 0 min|
| — 10 min
_ | =20 min
1.0 | e 30 min
| e 40 i |

0.8
0.6
0.4

0.2 4

Absorbance (arb.units)

0.0

300 400 500 600 700 800
Wavelength (nm)

FIGURE 3.11 Effect of photocatalytic degradation for RhB dye solution with catalyst—H,O,
at pH 9.0 under visible light irradiation at different time intervals.

3.1.14 Effect of pH on the photodegradation of Rhodamine-B dye

The rate of decomposition of Rhodamine-B synthetic dye was evaluated at
different pH as shown in Fig. 3.10A—C. In acidic medium (pH 3), the con-
centration hydronium ions are higher, proving a positive charge on the sur-
face of the catalyst, as well as a decrease in the number of active sites on the
surface of the CeO,/CdO heterogeneous binary metal oxide catalyst.
However, the substrate adsorbed on the surface of the catalyst, which directly
affects the electron transfer between the excited state dye and CeO,/CdO
heterogeneous catalyst, further influences the rate of the reaction. The
absorption of the cationic Rhodamine-B synthetic dyes in the mixture solu-
tion by CeO,/CdO catalyst becomes poor in the acid medium because of
lower concentration of active hydroxyl radicals and hence degradation of the
structure of Rhodamine-B synthetic dye into smaller nontoxic molecules is
still very slow. The rate of the decomposition process of the dye solution
was found to increase along with higher pH value because the heterostructure
binary metal oxide surfaces were predominantly negatively charged due to
the presence of hydroxyl groups. With higher pH values, the formation of
active *OH species is favored, which not only improves transfer of holes to
the adsorbed hydroxyls, but also has electrostatic attractive effects between
the negatively charged CeO,/CdO heterogeneous catalyst particles and the
operating cationic dyes [29]. Hence, we propose from our results that the sur-
face of CeO,/CdO is negatively charged so that the Rhodamine-B synthetic
dye adsorbs on it through the ammonium groups that are positively charged.
In acidic medium

Ce0, + CdO + HY + RhB* - Ce0O, + CdO +H'

3.1
+ RhB™ (Electronic repulsion) G-1)
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In basic medium

CeO, + CdO + OH™ + RhB' - Ce0, + CdO

32
+ O H ... RhB*(electronic attraction) (32)

3.1.15 Effect of irradiation time on the photodegradation of
Rhodamine-B dye

UV light plays a crucial role in the decomposition of Rhodamine-B synthetic
dye. The heterostructured binary metal oxide nanomaterials show outstand-
ing PCD with increase in irradiation time. The reason behind this may be
due to excitement of valence electrons from the ground state of the metal
oxide source to the excited state by illumination of UV light source, which
leads to the formation of high energy photoelectron. These photogenerated
electrons in the conduction band and the holes in the valence band produce
hydroxyl radicals in the whole system, which leads to the decomposition of
dye by color change from pink to colorless [76]. The photodegradation effi-
ciency of synthesized nanomaterial with different time intervals was studied
to investigate the effect of irradiation time on the photodegradation of
Rhodamine-B synthetic dye. This degradation process was carried out at
room temperature under UV light irradiation until the degradation process
completed. From the above results, we can see that Rhodamine-B synthetic
dye is decomposed, which is directly proportional to UV irradiation time as
shown in Fig. 3.10A—D. When Rhodamine-B synthetic dye in the presence
CdO decorated ceria nanomaterial was irradiated with the UV light at differ-
ent time intervals, a gradual change in color from pink to colorless occurs,
because the CdO decorated ceria nanomaterial decreases the electron/hole
recombination effect, improves the charge separation efficiency, and pumps
the photogenerated electron of ceria to create a ROS and thus an increase in
the degradation of pollutant [77].

3.1.16 Effect of catalyst dose on the photodegradation of
Rhodamine-B dye

To explore the effect of catalyst loading for the decomposition of RhB dye,
a series of batch experiments was carried out with catalyst CeO,/CdO hetero-
geneous binary metal oxide nanostructures, in which the loading of catalyst
was varied between 40 and 70 mg, and in all the cases we kept dye concen-
tration (10 ppm) and pH 9.0 as constant. The light intensity also remains the
same. Fig. 3.12 shows that the decomposition reaction increases up to 50 mg
of catalyst in 100 mL of the dye solution due to increase in the reactive sites
on the catalyst, beyond which it shows that the degradation process is
reduced, which may be due to the scattering of light and weakening in the
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FIGURE 3.12 Effect of catalyst dose on the photodegradation of Rhodamine-B dye.

penetration of light in the solution for the reaction [78]. At higher amount of
catalyst in the dye solution, the high energetic molecules get inactive by col-
lision with fewer energy molecules and the turbidity of the solution medium
becomes higher, which decreases the penetration of light, thereby leading to
the decrease in the rate of the reaction. Also, the photocatalyst absorbs lim-
ited light and the surface area becomes less because of the nanostructure
agglomeration at higher concentration of catalyst.

3.1.17 Effect of initial concentration of Rhodamine-B dye

PCD of RhB dye was studied for the various concentration of dye for 5, 10,
15, and 20 ppm to identify the effect of initial concentration of RhB
synthetic dye. The obtained results are shown in Fig. 3.13 in which the
efficiency of decomposition of RhB synthetic dye increases up to 98% for
10 ppm dye concentration and then decreases to 60% for the 15 ppm dye
concentration [79]. This may be due to the higher number of dye molecules
preferentially adsorbed on the surface of photocatalyst with increase in the
dye molecules, whereas the generation of ROS radicals and light irradiation
time remain constant. PCD efficiency decreases due to the fewer number of
ROS radicals for the decomposition of dye. Also, the penetration of photons
becomes poor in high concentration of dye [80]. This investigation reveals
that the maximum strength of RhB synthetic dye decomposed by a catalyst
dosage up to 10 ppm. To determine the stability of the catalyst, the reusabil-
ity of the heterostructured binary metal oxide catalyst was examined by sepa-
ration of the CeO,/CdO material used. The filtered catalyst was washed with
double deionized distilled water and dried at 120°C in an oven for 2 h; the
dried catalyst was then used for the further degradation of dye. In each cycle
Ce0,/CdO heterostructured binary metal oxide catalyst showed only
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FIGURE 3.13 Effect of initial concentration of Rhodamine-B dye.

minimum changes in the efficiency of dye decomposition. From the result,
we found that the degradation efficiency is reduced only by 4% at the end of
the three cycles, thus indicating that the CeO,/CdO heterogeneous binary
metal oxide catalyst was highly stable.

3.1.18 Removal of Rhodamine-B from urban wastewater

To illustrate the ability of our synthesized CeO,/CdO heterogeneous nanos-
tructure, the adequate photocatalytic effect for RhB in real wastewater was
studied. The PCD experiments were carried out in industrial wastewater by
using CeO,/CdO binary metal oxide catalyst. The industrial wastewater con-
taining Rhodamine-B dye (100 mL) with 50 mg catalyst and H,O, at pH 9
was placed inside the photocatalytic reactor setup and subjected to irradiation
by a UV light source (Ayax =365 nm). The absorbance capacity was mea-
sured for industrial wastewater with increasing time intervals using a
UV —visible spectrophotometer. The absorption value of RhB was decreased
consistently (at 552 nm) due to the structural degradation of RhB molecules.
From the plot of C/C, versus irradiation time for the PCD of industrial
wastewater, the dye degradation efficiency in wastewater was 89% of RhB
dye, which was degraded after 150 min of irradiation time, thus indicating
that the potential use of these materials in real wastewater treatment applica-
tions. We conclude that the increase in Cd ion concentration on the crystal
lattice of CeO, leads to the decrease in crystallite size and maximize the sur-
face area, which is readily available for preferential adsorption of dye mole-
cules over the catalyst surface. Therefore the dye molecules, which are
readily adsorbed in the surface of catalyst, will undergo decomposition.
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3.1.19 Mechanism of photocatalysis

Electrons and holes are created by illumination of UV light on CeO,/CdO
catalyst. The charge transportation processes of CeO,/CdO nanostructure
leads to UV light-driven photocatalytic decomposition of dye as shown in
Fig. 3.14. After absorption of UV light, the electron in the valence band of
both the binary metal oxide is energized and excited to conduction band,
thereby resulting in the separation of electron-hole pairs on the surface of the
Ce0,/CdO binary metal oxide NPs. The holes in the valence band are
trapped by the H,O to form active hydroxyl radicals (OH), which is the sec-
ond strongest oxidant having an oxidation potential of 2.8 eV next to fluorine
and holes form superoxides (O3, HO3) The photo excitation state of the
semiconductor generates electrons in the conduction band, which reacts with
oxygen molecule to form superoxide radical anions (O3). Usually the various
organic dyes undergoing the PCD under UV light irradiation is attributed to
their oxidation by the ROS, which have an ability to oxidize the organic pol-
lutant and yielding H,O, CO, molecules. Our results show that CeO,/CdO
binary metal oxide nanostructures act as a good heterocatalysts toward the

H*+ O0;—— "HO:+ H*
"HO:+e —— HO: H: 02

HO:r+H+ —— H:0:
i \ H,0,+e~—»yOH+'OH
Ores —» Oy 02 o 2
- \
G ¥
02 Reduction
N o7

Mineralized products

!'l CO,+H,0
H:0/OH™ Oxidation =P H,0;

H;O0 4+ h*———* OH+H'

R P T T P T
NSNS EEEEEEEE NSNS NSNS E R RS

FIGURE 3.14 Schematic diagram of the charge separation of CeO,/CdO nanostructures
showing photogenerated electron transportation processes leading to UV light-driven photocata-
lytic degradation of dye.
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decomposition of RhB synthetic dye and the dye has a higher affinity toward
the synthesized photocatalyst. Therefore due to the presence of synergic
effects in between ultrafine CeO,/CdO binary metal oxide heterocatalysts
lead to the decomposition of the various polluting organics. The complete
photodegradation process can be summarized by the following reaction
steps:

CeO, + hv—CeOy(e™ +h™) (3.3)

CdO + hv—CdO(e™ +h*) (3.4)
CdO(e~) + CeO, —»CeOy(e ™) (3.5)

e (CB,Ce0,) + 0, 503" (3.6)

0%~ +H,0-HO* (3.7)
h*(,5CdO) + H,0»CdO + H* + HO* (3.8)

RhB + (05~ +h™ + HO®*") (ROS) — mineralized products - CO,

3.9
+H,0 ( )

3.2 Conclusion

In this chapter we discussed well-dispersed cerium oxide/cadmium oxide
binary metal oxide nanostructures synthesized using the hydrothermal
method. The prepared nanostructures were characterized by various studies.
The XRD pattern showed that the cerium oxide-cadmium oxide nanostruc-
tures were of cubic phase clusters. The morphology of the binary metal oxi-
des was found to be spherical in shape by FESEM and HRTEM analysis.
RhB dye was degraded nearly at 150 min of irradiation time in basic medium
whereas in neutral and acidic medium, the dye was degraded after 240 and
270 min. The generation of ROS in the presence of UV/visible light by the
catalyst was found to be higher, which is responsible for the decomposition
of dyes into small fractions. The possible reason is because, in alkaline
medium, the hydroxide ion is more easily oxidized to hydroxyl radicals and
thus the efficiency of the decomposition of dye is logically increased at pH
9. Hence, pH and H,0, have more effects on dye degradation. The synthe-
sized nanostructures can be used as an anticancer agent. The different oxida-
tion states of metal oxides can tune the activities of the nanomaterials.
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Chapter 4

Functionalized metal-based
nanoelectrocatalysts for water
splitting

R.M.P.l. Rajakaruna and I.R. Ariyarathna
Department of Chemistry and Biochemistry, Auburn University, Auburn, AL, United States

4.1 Introduction

Fossil fuels such as petroleum and coal make up more than 80% of the
energy sources used around the world [1]. Although economical and reliable,
there are many drawbacks to relying on fossil fuel as the primary source of
energy. Fossil fuels are unsustainable and nonrenewable, and burning fossil
fuels releases gases that contribute to undesirable phenomena such as the
greenhouse effect, which leads to global warming [2]. These limitations have
generated increased interest in investigating renewable energy sources to
meet the demands for clean energy. Generating hydrogen from water split-
ting to be used as a source of energy has garnered attention as an economical
and sustainable source of energy [3]. Methods like water electrolysis, solar
thermochemical water splitting [4], nuclear-powered water splitting [5],
photoelectrochemical water splitting [6], natural gas steam reforming [7],
and coal gasification are used to generate hydrogen at industrial scales. Out
of these methods, solar thermochemical water splitting and nuclear-powered
water splitting require high reaction temperatures in the range of 1000°C.
Natural gas steam reforming and coal gasification release greenhouse gases.
Water electrolysis is considered a desirable method for H, generation since
it is environmentally benign, economical, and efficient [8].

In this chapter, recent developments in heterogeneous metal-based nano-
functionalized electrocatalysts for water splitting will be examined. A brief
discussion on the basic electrochemical concepts related to electrocatalysts is
also included for the better understanding of the parameters used to evaluate
the performance of the described functionalized nanomaterial electrocatalysts.

Water electrolysis was first reported in 1789 [9]. A typical water electrol-
ysis cell consists of an anode and a cathode immersed in an aqueous
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FIGURE 4.1 A typical scheme of a water electrolysis cell.

medium. Upon application of adequate potential between the two electrodes,
at the cathode hydrogen evolution reaction (HER) takes place while at the
anode oxygen evolution reaction (OER) occurs (see Fig. 4.1).

4.1.1 Fundamentals of water electrolysis
Half reaction at the cathode
2 H0(1) + 2e > Hogg) + 2 OH,
Half reaction at the anode
2 HyO) = Ong) + 4 Hy + e

Conversion of one mole of H,O into one mole of H, and a half mole of
O, at standard temperature and pressure (298.15K, 1 atm) requires
+237.5 kJ/mol of standard Gibbs free energy and the standard enthalpy of
water splitting is +286 kJ/mol [10]. Since water splitting is energetically
unfavorable, to obtain useful yields of hydrogen, catalysts can be used
(Fig. 4.2). The state-of-the-art HER catalysts are Pt based, whereas the OER
catalysts are IrO, or RuO, based. However, elemental Pt, Ru, and Ir are not
available abundantly and are also expensive. This limits the use of Pt-, Ru-,
and Ir-based electrocatalysts at an industrial scale [11].

Electrolysis of water requires a 1.23 V versus RHE. However, in reality a
potential higher than 1.23 V is required to drive the reaction to completion at
a reasonable rate (see Fig. 4.3) [12]. The extra voltage above 1.23 V required
to run the reaction is defined as overpotential (1) and electrocatalysts are
used to lower the 7 and accelerate the rate of the reaction and therefore
increase its efficiency.

Overall operational potential in water electrolysis is given by
Vop =123V + 1, + Inl +n,, where 1.23 V is the ohmic potential of water
splitting, 1, and In.| are anodic 7 and cathodic 7 respectively, and 7, is the
excess potential needed to overcome internal resistance. To obtain efficient
electrocatalytic activity, it is imperative that the OER and HER catalysts
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FIGURE 4.2 HER energetics in the absence and presence of a catalyst.
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FIGURE 4.3 Representation of the current—potential relationship for hydrogen evolution and
oxidation, and for oxygen evolution and reduction.

used at the anode and the cathode have low 7 so that the overall operational
potential for the system is low. To depict the relationship between n and the
steady state current density of electrocatalysts, Tafel plots can be used. For
the HER process the Tafel equation can be arranged as log(j) = log(jo)—
(n/b), where j is the catalytic current density and jj, is the exchange current
density (n>0.05 V). For OER the Tafel equation takes the form of log(j) =
log(jo) + (n/b). The Tafel slope b and exchange current density j, are used as
markers to evaluate performance of electrocatalysts. Smaller Tafel slopes
correspond to better performance in both OER and HER catalysts. Stability,
Faradaic efficiency, turnover frequency, 7, and current density are other
parameters used to evaluate the efficiency of a catalyst [13].

A good electrocatalyst should have a high number of active sites, be
stable for extended periods of time (preferably years), be economical to scale
industrially, possess good electron transfer ability, and have a high
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electrochemically active surface area easily accessible to the reactants and a
low n with high catalytic current density, and environmentally safe [13]. To
improve the performance of an electrocatalyst one of two major methods is
used. The intrinsic activity of the electrocatalytic material could be changed
by manipulating its composition or the number of active sites could be
improved by changing the morphology of the material.

4.1.2 Functionalized nanomaterials as electrocatalysts

Compared to their bulk counterparts, nanoelectrocatalysts for water splitting
introduce increased electrochemically active surface area and reduce the cat-
alyst loading [14]. The porosity of the nanostructures has been found useful
for electrocatalysis since it eases the mass transport of reactants. Facile diffu-
sion of reactants and electrolyte is another advantage of utilizing nanostruc-
tures as electrocatalysts. Individual nanoparticle electrocatalysts that have
poor intrinsic electrical conductivity can be improved by incorporating them
in conducting carbon frameworks to synthesize superlattice structures.
Traditional nanoscale electrocatalysts for water splitting suffer from several
drawbacks. The high surface energies of nanoparticles (NPs) could lead to
agglomeration when a high electrical potential is applied. This is detrimental
to the catalytic efficiency as agglomeration will inevitably decrease the num-
ber of available active catalytic sites [13]. Overoxidation of the catalyst sur-
face is another complication faced by nanoelectrocatalysts. Overoxidation
increases the internal resistance of the surface thereby increasing the excess
potential required for the reaction to proceed. This phenomenon too would
dampen the efficiency of the electrocatalyst. To overcome these obstacles
various electrode fabrication methods, which functionalize the nanoelectroca-
talytic surface, have been proposed.

Some of the methods used to obtain better electrocatalytic performance
are functionalizing carbon nanomaterials with transition metal NPs to form
metal @C core-shell type compounds, and formation of 2D nanostructures,
transition metal dichalcogenides, as well as layered double hydroxides
(LDH) [13].

Electrochemical deposition, hydrothermal growth, solvothermal growth,
chemical vapor deposition, and chemical exfoliation are some techniques
used to functionalize nanomaterials for electrocatalysis [15—17].

4.1.3 HER process

HER is a two-electron transfer process with AH,q4, as the intermediate. Here,
A is an active site on the electrode surface. In acidic medium, the HER pro-
cess takes place in either of the two mechanisms: Volmer step followed by
Heyrovsky step, or Volmer step followed by Tafel step.
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Volmer step:
A+H" +e—AHq
Heyrovsky step:
AHy +H +e—>H, + A
Tafel step:
AH,s + AHyqs » Hy + 2A
Mechanism in alkaline medium

H,O+e+ A—AH, + OH™
AHads + HQO + e—>H2 +A+OH™

AH,ugs + AHygs — Ho + 2A

The activation energy required for a electrocatalyst depends on the type
of the reaction interface. Since the HER process is a combination of hydro-
gen adsorption and desorption from the electrode surface, the strength of
the bonding between catalytic surface and hydrogen atoms needs to be at
an optimal level where it does not strongly favor one step over the other. If
the bonding between hydrogen and catalytic surface is weak, adsorption
will be inadequate, and the overall efficiency would suffer. On the other
hand, if the bonding between hydrogen and the electrocatalytic surface is
too strong, it will not desorb from the surface effectively, which would
lower the overall efficiency. This phenomenon is described by the Sabatier
principle [18]. Therefore the free energy of hydrogen adsorption of AGy of
the electrocatalyst needs to be considered when selecting a suitable catalyst
for HER.

The equation for Nernstian potential required for HER under standard
conditions is given by

) F

HT

RT i
Enpr = E% ) — — Xln(ay+/Pn,2) = —0.059 X pH; V vs NHE

The Nernstian potential for HER is independent of the electrolytes used
and depends on the pH of the medium. However, even though the potential
required is zero, to obtain the products an activation barrier needs to be
created [19]. Therefore in an efficient HER electrocatalyst Eygr >0V, and
sometimes >1 V needs to be applied along with an 7. Factors affecting the
performance of HER electrocatalysts include hydrogen adsorption free energy,
conductivity of the material, accessibility of the electrochemically active sites,
and morphology/structure of the electrocatalyst [13]. Out of the two half reac-
tions, HER is kinetically more favorable than the OER process, which is con-
sidered to be the bottleneck of the water electrolysis process [3].
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4.1.4 OER process

The equation for the Nernstian potential required for OER under standard
conditions is given by
o _RT . (ayPo,/P)

Eogr = E — X 1n
ER (,_g—zo) 4F aHzoz

=1.23V —0.059 X pH; V vs NHE

OER is a 4e process that involves overcoming a high energy barrier.
Therefore OER kinetics are sluggish in nature and require a higher 7 to be as
efficient as the HER process. The OER process may occur through the fol-
lowing mechanism. Here * denotes an active site on the surface of the
electrode.

OH +*—>OHy + ¢
OHads +OH - Oads + Hzo +e
Ogds T Ougs = 02

A low Tafel slope and low 7 required to reach a certain current density
indicates better OER activity.

4.2 Functionalized nanoelectrocatalysts for HER

4.2.1 Pt-based HER catalysts

Out of all the pure metals, Pt shows the greatest exchange current density
and the lowest 7 for HER. Therefore it is reasonable that Pt is the most com-
monly used electrocatalyst for HER. Even though various more economical
HER catalysts have been proposed, they have not been able to surpass the
performance of Pt-based catalysts. To lower the cost of Pt-catalyzed water
electrolysis, Pt loading should be decreased and Pt utilization efficiency
should be increased [20]. This could be achieved by alloying Pt with first-
row transition metals such as Co, Ni, and Fe, which may also enhance the
electrocatalytic performance of Pt. In addition to the improved electronic
features, this method introduces other valuable properties to the electrocata-
lyst depending on the metal used for the alloying process. For example, Ni
atoms on the surface are capable of desorption of poisoning intermediates,
which is beneficial for electrocatalysis. Feng and coworkers have reported a
one-pot solvothermal synthesis for melamine-assisted PtNi nanodentrites that
can be employed as HER catalysts. The presence of melamine, defects incor-
porated in the structure, and the stairstepped atoms of these nanodentrites
generate a highly efficient electrocatalyst due to an accelerated interfacial
catalytic reaction. One important characteristic of this catalyst is its ability to
function in both acidic an alkaline media. In 0.5 M KOH, 45 mV applied
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potential is necessary at 10 mA/cm?®. The electrocatalyst shows HER activity
in 0.5 M H,SO, medium as well [21].

Another Ni-incorporated Pt-based electrocatalyst nanostructure that is
exceptionally efficient at HER was introduced by Huang et al. They deco-
rated the {111} facet of PtNi NPs with NiO; the PtNi—QO/C was obtained via
annealing PtNi/C in air (see Fig. 4.4). In 1 M KOH, PtNi—O/C displayed a
389 mV n at 10 mA/cm?. Formation of atomic layers of Ni(OH), at the
{111} of PtNi—O/C improved the poor water dissociation displayed by other
Pt-based HER catalysts, and this is thought to be a major cause of the
impressive HER catalytic performance of PtNi—O/C nanostructures [22].

Pt-based electrocatalysts have also been alloyed with Ag to lower Pt
loading as well as to improve catalytic activity. AgPt hollow nanostructures
have high surface-to-volume ratios in addition to abundant catalytically
active sites, which make them attractive candidates for electrocatalysts.
Synthesis of hollow Ag,,Pts¢ nanotube bundles with impressive HER activ-
ity in acidic media has been recently reported. These nanotube bundles are
generated in a one-pot synthesis that is environmentally benign. The pres-
ence of the two metals, Ag and Pt, leads to synergistic effects and enhances
the catalytic activity [23].

Pt loading of the HER catalysts can be also decreased by designing Pt
nanostructure-loaded carbon supports. This introduces several advantageous
traits into the electrocatalyst. First, the isolation of Pt NPs by the carbon sup-
port prevents the particle aggregation. Also, carbon supports improve elec-
tronic conductivity of the catalyst. Furthermore, the interactions between the
support and the NPs generate synergistic effects beneficial for HER catalysis.
An HER active electrocatalyst made of Pt supported on mesoporous
nitrogen-doped carbon was reported by Li and coworkers. This Pt-based cat-
alyst requires low Pt loading of ~7.20 wt%. The intrinsic activity of Pt is
enhanced by nitrogen doping as well as the high exposed active surface area.
The catalyst showed —7 mV 7 at 10 mA/cm? and 20 h of catalytic activity
with negligible loss of performance [24].

Annealing |
in Air

@ Pt
PtNi © Ni PtNi-O
FIGURE 4.4 Air annealing conversion of PtNi/C to PtNi—O/C [22]. Adapted with permission
from Zhao Z, Liu H, Gao W, Xue W, Liu Z, Huang J, et al. Surface-engineered PtNi-O nanos-
tructure with record-high performance for electrocatalytic hydrogen evolution reaction.
J Am Chem Soc 2018;140:9046—9050. Available from: https://doi.org/10.1021/jacs.8b04770.
Copyright 2019 American Chemical Society.
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4.2.2 Nonnoble metal carbides and oxides

Mo-based electrocatalysts are pragmatic alternatives to the state-of-the-art
Pt-based HER electrocatalysts due to their availability, cost effectiveness as
well as favorable performance. The nitrogen-doped ultrathin Mo,C
nanosheets synthesized by Chen et al. is one such electrocatalyst. The MoO,
nanosheets have a thickness of ~ 1.1 nm and the N—Mo,C nanosheets are of
~1.0 nm thickness. The observed HER activity of 99 mV versus RHE at
10 mA/cm? current density is attributed to the high electrochemical area of
the 2D N—Mo,C nanosheets, which leads to facile diffusion between the
electrocatalyst and the electrolyte. Furthermore, the specific crystalline phase
of N—Mo,C nanosheets has exposed more Mo active sites making the cata-
lyst more efficient [25].

Even though WOj; is preferable to Pt-based HER catalysts due to their
low cost, performance of most reported WO; electrocatalysts for water split-
ting are inferior to Pt-based catalysts due to poor intrinsic activity. Zeng and
coworkers used liquid exfoliation to synthesize WO3 nanosheets with incor-
porated oxygen vacancies the inclusion of which elevates WOj3 to a degener-
ate semiconductor with improved conductivity. These modified WO;
nanosheets display efficient HER activity with 38 mV 7 at 10 mA/cm? [26].

4.2.3 Nonnoble metal dichalcagonides and phosphides

Efficient hydrodesulfurization agents such as transition metal dichalcogen-
ides and phosphides have been explored for their HER catalytic activity due
to the similarity of the mechanisms of hydrodesulfurization and HER. Both
the processes consist of reversible surface adsorption and desorption of
hydrogen atoms. The electronegativity of the heteroatoms P and S allow for
attraction of electron density from metal atoms, creating a negatively
charged environment around the hetero atom. This negative environment is
beneficial for trapping protons during HER [27].

Transition metal phosphides are synthesized by doping the transition
metal crystal lattices with phosphorous [27]. Phosphorous doping leads to
lowered hydrogen adsorption energy at the active sites, as well as improved
hydrogen desorption from active sites. One example for an efficient transi-
tion metal phosphide HER catalyst is the mixed transition metal Ni—Co—P
holey nanosheet, which has a low Tafel slope, 58§ mV 7 at 1.56 V applied
potential, and 10 mA/cm’. In addition to the favorable effects of P doping,
this structure benefits from the synergistic effects between Ni and Co atoms.
The catalyst has also shown long-term durability [28].

Transition metal dichalcogenide crystals consist of layers of metal each
sandwiched between two layers of chalcogenide and bound by weak van der
Waals interactions. In the 2D layered crystal structures of MoS,, though the
edges show good electrocatalytic activity, the basal plane sites do not.
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Therefore when designing MoS, catalysts care is taken to expose edge sites.
This is achieved by engineering various porous MoS, nanostructures includ-
ing nanosheets, nanodots, and monolayer nanosheets. Creating sulfur vacan-
cies in the basal planes also helps optimize the active edge sites. A MoS,
nanomesh with defects distributed evenly throughout the mesh has been
found to display efficient HER catalytic activity with 160 mV 7 at 10 mA/cm?
current density in 0.5 M H,SO,. The defects and holes have yielded optimal
active edge sites, optimal hydrogen adsorption energy as well as good conduc-
tivity to the electrocatalyst [29].

To further improve MoS, electrocatalytic activity, a 2D electrocatalyst
where Co(OH), NPs are confined in MoS, have been synthesized in alkaline
media. These NPs exhibit excellent HER activity and stability with 89 mV 7
at 10 mA/cm? current density. The stability of the catalyst is mainly due to
the confinement of Co(OH), in 2D MoS, nanosheets, which helps prevent
aggregation (Fig. 4.5) [30].

In addition to doping or alloying MoS,-based copounds, formation of
core-shell nanostructures could improve electrocatalytic performance of
MoS,. Core-shell nanostructures would minimize aggregation of the nano-
components of the catalyst and also, the electronic interactions between the
core and shell materials could create synergistic effects. MoSe, @MoS, core-
shell nanocomposites synthesized by a two-step hydrothermal method have
been reported as an efficient HER catalyst. This core-shell structure shows
improved electrocatalytic performance compared to single MoS, and MoSe,
the core and shell materials used [31]. Also, MoS, hollow nanospheres
encapsulated by controllable MoS, hollow microspheres have been

E
§ e MoS,
b P Confined
% Pristine COroTe
- MoS, S

Lower overpotential —>

FIGURE 4.5 The effect of confining Co(OH), in 2D MoS, nanosheets [30]. Adapted with per-
mission from Luo Y, Li X, Cai X, Zou X, Kang F, Cheng H-M, et al. Two-dimensional MoS2 con-
fined Co(OH)2 electrocatalysts for hydrogen evolution in alkaline electrolytes. ACS Nano
2018;12:4565—4573. Available from: https://doi.org/10.1021/acsnano.8b00942. Copyright 2019
American Chemical Society.
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synthesized and tested for HER activity. The structure allows for improved
active sites and electronic conductivity. The catalyst is stable in acidic
media, with a 7 of 112 mV at 10 mA/cm? [32].

4.2.4 Other transition metal nanostructures

Surface nanostructuring enhances electrocatalytic performance by increas-
ing the electrochemically active surface area. One complication of HER of
water electrolysis is the adhesion of air bubbles on the electrode surface.
Electrocatalysts engineered with nanostructure surfaces geared toward facil-
itating detachment of air bubbles have been designed. Electrodeposited
alloy Ni—Co nanocones grown on copper substrate have been employed as
HER electrocatalysts in 1.0 M KOH. Nanocones have nanosteps on their
surface that lead to increased active surface area compared to nanowire,
nanosheet structures. Also, these nanosteps introduce rough-edge active
sites that enhance the rate of mass transportation. Furthermore, the Ni—Co
alloy nanocones showed strong durability and HER activity at n 107 mV to
reach 10 mA/cm? current density [33]. Selected examples for HER nano-
electracatalysts for water-splitting are listed in the Table 4.1.

4.3 OER catalysts
4.3.1 Noble-metal nanocatalysts

Ru NPs are one of the most active OER electrocatalysts. One major draw-
back of using Ru NPs as OER catalysts is their oxidation in to various
Ru*~4* cations, and dissolution in the reaction media, which considerably
shortens the lifetime of the catalyst. To slow down the dissolution of
Ru*~**, and thereby improve OER activity of the catalyst, NP surfaces with
low index facets are used. Gloag et al. successfully engineered bimetallic
NPs with 3D branches that are also faceted using fcc-Au seeds and hcp-Ru
branches. These Au—Ru branched NPs boast of a 1.45 V 7 at 10 mA/cm? in
0.1 M HCIO,4. In Au—Ru core-shell NPs this 7 limits the catalytic current
density to 2.44 mA/cm? [50].

Kundu et al. synthesized a series of interconnected nanochain networks
of Ru® NPs at temperatures 30°C, 45°C, and 60°C, which they named
Ru-30, Ru-45, and Ru-60. These nanochain networks are synthesized without
any surfactant present. In 0.1 M NaOH, all three of the nanochain networks
show OER catalytic ability. The Ru® atoms on the surface undergo anodiza-
tion and form RuO, during water electrolysis. This newly formed RuO, cata-
lyzes OER process. Ru-30, Ru-45, and Ru-60 are reported to require an 1 of
(308 £2) mV to yield a current density of 10 mA/cm? [51].



TABLE 4.1 Summary of the performance of some HER electrocatalysts.

Material

Porous Ni—CNT nanocone composite

Mo, C on graphite oxide

CoSe,/WSe,/WO; nanowires on carbon cloth
Ni-doped FeP NPs on TiN nanowire arrays
Niz@—»Mo2,P nanowire arrays

MoP@P-doped carbon NPs in CNTs

WP nanostructures on carbon fibers
Ni3S;—NiOOH nanocomposite on Ni foam
Pt—Ni NPs on N-doped porous nanostructure carbon
CeO,—CoP—C nanostructure

CogMogC nanocrystals on graphene oxide
CoP—CNT composite microparticles

CosSe4 nanosheets embedded on N—CNT
Co;Se, nanosheets embedded on N—CNT
Cobalt/nitrogen-doped carbon

Fe—MnO nanocubes on reduced GO nanoflakes

3D MoS,—rGO@Mo nanohybrids

CNT, carbon nanotube; CF, carbon fiber; GO, graphene oxide.

Electrolyte

1.0 M KOH
0.5 M H,S50,
1.0 M KOH
1.0 M KOH
1.0 M KOH
0.5 M H,S04
0.5 M H,SO,4
1.0 M NaOH
1.0 M KOH
0.5 M H,SO,4
0.5 M H,S0,4
0.5 M H,SO4
1.0 M KOH
0.5 M H,S0,4
1.0 M KOH
0.5 M H,SO,4
1.0 M KOH

n at current density

— 82 mV at —10 mA/cm?
—280 mV at —5 mA/cm?
—115mV at =10 mA/cm?
—75mV at —10 mA/cm?
—72 mV at —10 mA/cm?
—75mV at —10 mA/cm?
—137 mV at —10 mA/cm?
— 160 mV at —10 mA/cm?
— 42 mV at —10 mA/cm?
—71 mV at —10 mA/cm?
— 64 mV at —10 mA/cm?
— 119 mV at =10 mA/cm?
— 174 mV at —10 mA/cm?
—240 mV at —10 mA/cm?
—224mV at —10 mA/cm?
— 721 mV (vs Ag/AgCl) at —300 mA/cm?
—123 mV at —10 mA/cm?

Tafel slope
(mV/dec)

120
N/A
121
73
46.4
55.9
69
92
82
53
44
64
73.2
43.8
88
107
62

Reference

[34]
[35]
[36]
(371
(38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[46]
[47]
(48]
[49]
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4.3.2 Nonnoble metal nanocatalysts

Tunable electronic structure, high number of active edges, and high specific
area make 2D nanocatalysts attractive candidates for efficient electrocata-
lysts. The OER catalytic ability of NiPS3 nanosheets layered with graphene
was studied by Ren et al. As a result of synergistic effect these ultrathin
composites show efficient OER activity demanding only an 1 of 294 mV for
a catalytic current density 10 mA/cm” [52]. Due to their excellent electrical
conductivity transition metal carbides are used as electrocatalysts. Ni/NizC
core/shell hierarchical nanospheres have been shown to be efficient OER cat-
alysts with 350 mV 7 at 10 mA/cm? in 0.1 M KOH solutions. This catalyst is
environment friendly and has long-term durability [53].

Yan et al. modified the active site of a Cu-based OER electrocatalyst by
metal doping. The goal of this exercise was to improve electron transfer
between the electrocatalytic active site and the electrode. They synthesized
Cu;S,4 nanodisks doped with Co and determined the OER activity in alkaline
solutions. The 7 displayed by Co-doped Cu;S; nanodisks was 270 mV at
10 mA/cm?. Apart from the improved electron transfer due to Co doping,
Co-induced phase transition improves OER kinetics [54].

In alkaline medium, by immobilizing Co,B and Co NPs in B- and N-
doped carbon, an electrocatalyst was synthesized that has shown OER activ-
ity at 1.53 V at 10 mA/cm?® and HER activity at 220 mV at 10 mA/cm?®. The
catalyst displayed multiple synergistic effects among its components [55].
Furthermore, a composite capable of catalyzing OER in alkaline medium
was synthesized by Huang and coworkers with carbon-coated and nitrogen-
doped CoP particles/CNTs. The CoP NPs are derived from Co-based metal
organic frameworks. Being attached to CNT has ensured that the catalyst has
high conductivity, and the porous structure has increased active surface area,
and active sites that are exposed. These factors contribute to the low 7
required to achieve 10 mA/cm® OER catalytic current density. At 251 mV
the CNT—NC—CoP composite reaches 10 mA/cm? [56].

Functionalized multiwall CNTs functionalized with nitrogen-rich emeral-
dine salt (ES) have been used to improve the electrocatalytic activity of mag-
netic maghemite (v-Fe,Os3). This stable electrocatalyst has shown efficient
OER performance in 0.1 M NaOH of 1.52V at 10 mA/cm®. In addition,
these multiwall CNTs have proven to be durable with the catalyst being
stable even after 5000 cycles of OER [57].

Co5304 NPs, which have high surface-to-volume ratio, have gained con-
siderable interest as OER catalysts. However, due to high surface energy,
as is the general tendency for NPs, these Co3;04, NPs suffer from aggrega-
tion, which negatively impact catalytic activity. Moreover, poor conductiv-
ity limits the use of Co3;04; NPs as electrocatalysts. Both of these
complications could be overcome by incorporating the Co3;O4 NPs in a
conductive carbon structure like graphene. Qiu et al. have used a Janus
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architecture made with graphite and graphene to stabilize Co3;04 NPs
using electrochemical activation and hydrothermal hybridization techni-
ques. Co304 NPs are uniformly distributed in the architecture. The OER
activity of this catalyst is 301 mV 5 at 10 mA/cm? [58]. Cos304 porous
nanosheets with exposed {112} high-index facets and oxygen vacancies
have exhibited OER activity with 314 mV 7 at 10 mA/cm®. In addition,
these nanosheets have been shown to be extremely durable with little
effect on the 7 even after 14 h long testing. The porosity of the structure
and the high number of exposed active sites are thought to be the reasons
for the improved OER efficiency [59].

OER catalytic activity can be enhanced by surface amorphization. Chen
et al. used fluoride surface engineering to improve a cobalt oxide/oxyhydrox-
ide OER catalyst in alkaline media. Due to the high electronegativity of fluo-
ride, Co centers become more ionized and therefore more hydrophilic. This
improves the electron transfer abilities of the catalytic system and also facili-
tates optimal adsorption of the reactive species to the surface of the catalyst.
OER activity of the ultrathin nanosheets of F—CoOOH/NF -catalyst is
270 mV at 10 mA/cm? in basic medium [60].

Zhao et al. reported an OER catalyst synthesized by an anion exchange
reaction where CosMn; LDH nanosheets were selenated to get Mn-
modulated cobalt selenide nanosheets (CoMnSe,). This catalyst has abundant
active sites, strategically engineered atomic disorder, and tuned electronic
structure. In 1.0 M KOH CoMnSe, requires an 7 of 0.27 V at a catalytic cur-
rent density 10 mA/cm? [61].

Introduction of very small amounts of Au or Ag into transition-metal-
based water-splitting catalysts has been found to improve their electrocataly-
tic ability due to the synergistic effects between the active catalytic sites and
the metal centers. This principle has been applied to nanocomposites synthe-
sized by embedding iron cobalt sulfides in N-doped carbon, where addition
of the metallic Ag has improved its OER activity so that 37 mV less 7 is
required to reach 10 mA/cm? catalytic current density compared to the non-
Ag loaded Fe—Co—S/N-doped carbon nanocomposites in 1.0 M KOH. This
enhancement of OER electrocatalytic activity is attributed to the increase of
active electrochemical surface due to Ag loading [62].

Even though its availability and low toxicity along with demonstrated cata-
Iytic activity render MnO, a desirable candidate for OER catalysis, poor con-
ductivity and inadequate amount of exposed active sites limit its performance
as a water-splitting catalyst. The poor conductivity could be remedied by
inclusion of Al. Fe, Co, or Ni cations into MnO,-based catalysts. This tech-
nique was used to synthesize MnO, nanosheets doped with cobalt with added
oxygen vacancies. These nanosheets were supported on carbon nanofibers
functionalized with cobalt and nitrogen. In addition to improving conductivity,
Co ions also participate in synergistic effects, which leads to improved cata-
Iytic performance. In 1 M KOH, this catalyst shows excellent durability and
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279 mV 7 at 10 mA/cm® current density [63]. Selected examples for OER
nano-electracatalysts for water-splitting are listed in the Table 4.2.

4.4 Bifunctional electrocatalysts

For efficient water splitting, both HER and OER processes require catalysts.
The state-of-the-art Pt-based HER catalysts perform better in acidic media.
In contrast, metal oxides such as RuO,, which are most commonly used as
OER catalysts, are unstable in acidic media and undergo deactivation. They
have better performance in strong alkaline solutions. This mismatch of pH
for the catalysts of the two half reactions makes it difficult to design bifunc-
tional catalysts that are efficient for the overall water-splitting process.
Bifunctional water-splitting electrocatalysts are applied as both anode and
cathode in a typical water electrolysis cell.

4.4.1 Noble metal nanocatalysts

RuO,-based electrocatalysts have been successfully used for OER catalysis
in both acidic and alkaline media. However, due to the tendency of RuO, to
oxidize into RuO,4, which dissolves in the electrolyte solution, maintaining
catalytic activity for extended periods is challenging. One-dimensional RuO,
nanorods (NR) synthesized by calcinating a carbon slurry containing Ru®™*
ions at 500°C have shown to retain its performance for 500 continuous
cycles. These RuO, NRs are formed without using any stabilizers and have
OER activity in 1.0 M NaOH and good HER activity in 0.5 M H,SO,. The
1D morphology of the catalyst has rendered a high surface-to-volume ratio,
which leads to efficient electrocatalytic activity [74].

4.4.2 Nonnoble metal nanocatalysts

Ni-based compounds with metallic characteristics have gained interest for
catalysis of water splitting due to their abundant availability, cost effective-
ness, as well as environmental friendliness. Since they have both proton
acceptor and hydride acceptor centers, in alkaline media nickel phosphides
are used as both HER and OER catalysts. To improve their performance, sur-
face engineering or inclusion of other metal species is carried out. Yan and
coworkers have employed both these techniques to create vanadium-doped
oxygen plasma Ni,P nanosheets for efficient overall water splitting. This
bifunctional catalyst requires 1.56 V 7 to reach 10 mA/cm?® current density
when it is used as both the cathode and the anode [75]. Also, Ni,P, type
electrocatalysts have been employed for activating both OER and HER pro-
cesses. The Ni,P, with the richest NisP, phase at 350°C (Ni,P, —350) dis-
played an efficient HER catalytic activity in both acidic and alkaline media.
Furthermore, excellent overall water splitting with Ni,P, —350) yielding



TABLE 4.2 Summary of the performance of some OER electrocatalysts.

Material

CoMnSe, nanosheets

FeNiPs in N-doped carbon nanofiber
Fe-doped Co,Sg nanomicrospheres on Ni foam
NiFeS, NPs on graphene

Ni/Co-based nanosheet arrays

DNA@IrO, NPs

NiCoSe, @NiO@CoNi,S,@CoS, on Ni foam
FeOOH@N!i3Si,010(OH),.5H,0 hybrid nanospindle
Co3ZnC/Co@N-doped carbon

CoP/Carbon dots

Pore-rich FeP nanorods on carbon nanotube

Electrolyte
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
0.1 M NaOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH

n at current density
270 mV at 10 mA/cm?
300 mV at 10 mA/cm?
270 mV at 10 mA/cm?
320 mV at 10 mA/cm?
247 mV at 10 mA/cm?
312 mV at 10 mA/cm?
310 mV at 30 mA/cm?
234 mV at 10 mA/cm?
366 mV at 10 mA/cm?
400 mV at 10 mA/cm?
300 mV at 10 mA/cm?

Tafel slope (mV/dec)
39
47
70
61
35
90
159.1
56
81
N/A
53

Reference
[61]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
(73]
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10 mA/cm? catalytic current density at 1.57 V applied potential in strongly
alkaline media has been reported [76]. A bifunctional catalyst for both HER
and OER of water splitting has been proposed using NigP; carbon-coated 3D
nanosheet array. The bifunctionality is suggested to arise from high conduc-
tivity of the electrocatalyst and the high number of active sites present in the
3D nanosheet array. This catalyst is HER active in both acidic and alkaline
media. To reach a current density of 10 mA/cm?, it requires an 7 of 267 mV.
Development of the heterojunction of NigP3/NiO, creates a synergistic effect,
which leads to efficient OER activity. This 3D carbon-coated NigP3
nanosheet array has an overall water-splitting ability with 1.65V 7 at
10 mA/em? [77].

4.4.3 Intermetallic nonnoble nanocatalysts

Vanadium-doped NiS, nanosheets have been reported as highly active elec-
trode for water splitting. Ni complexes with semiconductor properties are
known to be poor catalysts for water splitting due to their inefficiency in elec-
tron transportation. Here, doping of semiconductor NiS, with vanadium intro-
duces metallic characteristics to the catalyst and reconfigures the electronic
structure of NiS, thus improving the electron transportation ability to facilitate
good catalytic efficiency. These vanadium-doped NiS, nanosheets display
290 mV 7 for OER and 110 mV for HER at 10 mA/cm? (Fig. 4.6) [78].

An OER efficient heterostructure was designed by combining NiFe,O,
NPs and LDH of NiFe on Ni foam. This heterostructure is capable of driving
1000 mA/cm? current density at 265 mV. The HER activity of this electroca-
talyst is equally impressive with current density of 750 mA/cm? driven at
314 mV. Combination of NiFe,O, NPs with the Ni(LDH) nanosheets

Metallic V-doped NiS,

FIGURE 4.6 Illustration of overall water splitting by vanadium-doped NiS, nanosheets [78].
Adapted with permission from Liu H, He Q, Jiang H, Lin Y, Zhang Y, Habib M, et al. Electronic
structure reconfiguration toward pyrite NiS, via engineered heteroatom defect boosting overall
water splitting. ACS Nano 2017;11:11574—11583. Available from: https://doi.org/10.1021/acs-
nano.7b06501. Copyright 2019 American Chemical Society.
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improves the charge transfer ability as well as increases the electrochemi-
cally active surface area. When the heterostructure array is used as both
anode and cathode, the overall water-splitting ability is reported to be
1.535 V 5 at 10 mA/cm? [79].

Electrospun cobalt NPs embedded in porous carbon nanofibers doped
with nitrogen (Co—PNCNFs) have high OER activity in alkaline medium
due to the porosity of the structure as well as the strong synergistic effect
due to nitrogen doping and encapsulated metallic Co NPs. The system also
displays HER activity. Overall, when Co—PNCNFs are used as the anode
and the cathode, the 7 required is 1.66 V to reach a catalytic current density
of 10 mA/cm” [80].

Metallic Co and Ni active sites have low hydrogen adsorption energies.
Heterostructures of NiCo—NiCoO, embedded in carbon doped with nitrogen
are reported to be an efficient bifunctional electrocatalysts for overall water
splitting in alkaline media. This heterostructure retains its performance for at
least 50 h. The carbon encapsulation of NiCo—NiCoO, NPs have ensured
that this catalytic system is stable for extended periods of time. Also, this
bimetallic thin-film electrocatalyst benefits from the synergistic effects
between Ni and Co as well as between Ni and Ni oxide and Co and Co
oxide. When this heterostructure is used for both anode and cathode for over-
all water splitting 1.44 V 7 is required to achieve a current density of
20 mA/cm” [81].

Another stable Ni Co intermetallic catalyst efficient in catalyzing both
HER and OER in neutral pH (1 M PBS, pH 7) is Nigp;CogoP porous
nanosheets on carbon fiber paper. These nanosheets were used as both cath-
ode and anode with ~100% Faradaic efficiency where 1.89V 7 was
required to reach 10 mA/cm?®. A 2:1 ratio of H,:0, was obtained from this
system [82].

An efficient catalyst for both HER and OER in alkaline media was
reported by Sun and coworkers. Nickel diselenide NPs electrodeposited on Ti
plate (NiSe,/Ti) in 1.0 M KOH behave as a stable and efficient bifunctional
catalyst with 96 mV 7 at 10 mA/cm?® for HER and 295 mV at 20 mA/cm?
for OER. Another advantage of this bifunctional catalyst is its low cost,
which greatly enhances the scalability of the catalyst for industrial use [83].
Moreover, by electrodepositing a Co nanosheet array, which functions as the
HER electrocatalyst, and a CoFeBO nanosheet array, which is the OER elec-
trocatalyst, a bifunctional catalytic system was grown on Ni foam electrodes.
This system is reported to have better performance than the current state-of-
the-art Pt/C and IrO, electrocatalysts used for water splitting at 7s greater
than 50 mV. In addition, this catalyst retains its activity over an extended
period in 1.0 M KOH. For the HER process, an 1 of 20 mV was required to
achieve a current density of 10 mA/cm?. This high efficiency is due to the
large number of active sites present in Co nanosheet array. For OER an 7 of
245 mV was required to achieve a current density of 10 mA/cm? [84].
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Ni3S, nanorods doped with Mo have been grown on 3D Ni foam and
tested for their overall water-splitting electrocatalytic ability. This catalyst
has high active surface area and uniform growth due its structure, as well as
high charge transfer ability. These factors lead to high electrocatalytic per-
formance. In 1.0 M KOH, HER activity requires 7 of 278 and 180 mV for
OER to reach 100 mA/cm” current density [85]. Also, CoSn, tetragonal
nanocrystals grown on fluorine-doped tin oxide (FTO) were synthesized by
Menezes et al. In 1 M KOH, Co from CoSn, oxidizes and Sn is lost from the
crystal lattice. This results in highly disordered CoO,(H), which acts as a cat-
alyst for OER. The OER process displays an 7 of 299 mV at 10 mA/cm®.
The catalyst also showed HER activity with current density 10 mA/cm?® at 7
50 mV. For the HER process, the Co is the active site [86]. Selected exam-
ples for bifunctional nano-electracatalysts for water-splitting are listed in the
Table 4.3

4.5 Summary

In this chapter we discussed recent developments in metal-based nanofunc-
tionalized electrocatalysts for HER and OER processes and for overall water
splitting. Dependence on nonrenewable fossil fuels as the primary source of
energy has led to an energy crisis as well as harmful effects on the environ-
ment. To reduce the dependence on fossil fuel as an energy source, H, pro-
duction by water electrolysis can be used. Water electrolysis is a sustainable,
scalable, and environmentally friendly process with high energy storage den-
sity to obtain H,. For efficient H, production by water electrolysis catalysts
need to be used. Pt-based electrocatalysts for HER and RuQO, and IrO, for
OER require very low 7 and show excellent activity. However, the scarcity
and cost of these catalysts as well as the issues with stability have encour-
aged the use of more economical noble metal-based catalysts as well as
development of earth abundant and cost-effective transition metal oxides,
carbides, sulfides, and phosphides for HER and transition metal oxides and
hydroxides and bimetallic or trimetallic compounds of Co, Ni, and Mn as
OER catalysts. However, many improvements and structural tweaks are
required to match the catalytic performance of industrially used OER and
HER catalysts.

To decrease Pt-loading, Pt-based nanostructures have been alloyed with
first row transition metals such as Fe, Co, and Ni, and also electrocatalysts
with Pt nanostructure-loaded carbon supports have been designed.

In order to improve catalytic activity of transition metal-based electroca-
talysts various techniques have been employed. Poor charge transfer ability
is improved by doping and alloying with other metals. To increase the num-
ber of exposed active sites in TMDs, various porous nanostructures have
been designed. Doping transition metal nancatalysts with heteroatoms to
lower hydrogen adsorption energy at active sites. For increased active



TABLE 4.3 Summary of the performance of some bifunctional water-splitting electrocatalysts.

Material

NisP, on Ni foam
Carbon-encapsulated NiFe NPs

S, N codoped CNT-encapsulated core-
shelled CoS,@Co

3D networked Ni,P/Ni;S,
heteronanoflake arrays on Ni foam

Zeolitic imidazolate framework@LDH
on Ni foam

FeCo,S4 NSAs on Ni Foam
NisFeN/CC

Niq g5Feq.15P NSAs on Ni Foam
P—CoMoS/CC

NiCoFe,P/CC

3D Ni3S, on Ni Foam
Carbon-coated NigP3; NSAs

Electrolyte

1
1
1

1

1

1
1
1
1
1
1
1

.0 M KOH
.0 M KOH
.0 M KOH

.0 M KOH

.0 M KOH

.0 M KOH
.0 M KOH
.0 M KOH
.0 M KOH
.0 M KOH
.0 M KOH
.0 M KOH

OER activity 7 at
current density

182 mV at 10 mA/cm?
274 mV at 10 mA/cm?
157 mV at 10 mA/cm?

210 mV at 10 mA/cm?

318 mV at 10 mA/cm?

270 mV at 50 mA/cm?
190 mV at 10 mA/cm?
270 mV at 20 mA/cm?
260 mV at 10 mA/cm?
275 mV at 50 mA/cm?
242 mV at 10 mA/cm?
267 mV at 10 mA/cm?

LDH, layered double hydroxide; CC, carbon cloth; NSA, nanosheet array.

HER activity, 7 at
current density

64 mV at 10 mA/cm?
195 mV at 10 mA/cm?
112 mV at 10 mA/cm?

80 mV at 10 mA/cm?

106 mV at 10 mA/cm?

132 mV at 10 mA/cm?
105 mV at 10 mA/cm?
106 mV at 10 mA/cm?
66 mV at 10 mA/cm?
39 mV at 10 mA/cm?
89 mV at 10 mA/cm?
110 mV at 10 mA/cm?

Two electrode
system 749 (V)

N/A
1.575
1.633

1.45

1.59

1.56
N/A
1.61
1.54
1.51
1.577
1.65
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surface area compared to nanosheets and nanowires, transition metal nano-
cones have been synthesized.

Nanofunctionalization allows water-splitting electrocatalysts to achieve

increased active surface area, introduce disorder and porosity to the struc-
tures, enhance electrical conductivity, gain increased stability by forgoing
polymer binders, as well as create synergistic effects by doping nanomater-
ials with metals. All these modifications aid the design of economical,
robust, and efficient electrocatalysts.
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5.1 Nanographene: an introduction

Nanomaterials have unique characteristics and thus have versatile applica-
tions in industries, environmental analysis, catalysis, energy, medicine,
environmental remediation, etc. [1,2]. Among various nanomaterials,
two-dimensional (2D) carbon allotrope (i.e., nanographene) have received
significant attention as metal-free and green nanomaterials.

Nanographene (carbon allotrope) is made of 2D one-atom-thick carbon
sheets. Each graphene sheet acts as a single molecule and is composed of C-
atoms linked in hexagonal shapes with each other and covalently bonded to
three adjacent carbon atoms. Graphene has close resemblance with carbon
nanotubes as carbon atoms are linked in hexagonal pattern, but graphene is
flat rather than cylindrical. Due to the presence of covalently bonded carbon
atoms, graphene has very good tensile strength. Since graphene has a flat
structure rather than a cylindrical one all the atoms are accessible from both
sides. Thus there is more interaction with the surrounding molecules.
Further, graphene molecules have the capability to bond with a fourth atom
because each carbon atom in a graphene sheet is bonded to only three adja-
cent carbon atoms. This special capability along with its great tensile
strength and high surface-to-volume ratio make it very useful among other
nanomaterials or composite materials [3—7].

Catalysis plays a significant role in commercialization of chemical sci-
ence knowledge for material synthesis and is also widely used in environ-
mental protection, energy, organic synthesis, etc. Due to the high cost,
toxicity, environmental issues, and low efficiency of conventional catalysts
(i.e., metal and metal oxides), there is an urgent need to replace conventional
catalysts with nonconventional ones (green and environmentally benign).
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The unique characteristics of graphene make it attractive for development of
new metal-free green heterogeneous catalysts. This chapter gives a brief
review of the graphene chemistry and functionalization of graphene and cata-
lytic applications with special focus on the industrial, environmental, and
health issues of graphene.

5.1.1 Interest in nanographene

Special interest in nanographene as catalyst is due to its stability and the
ability to alter/functionalize its morphology, synthetic approaches, catalytic
performance and mechanisms, etc. [8]. A brief overview of current interest
in nanoscale graphene is given in Fig. 5.1.

5.1.2 Chemistry of nanographene

Graphene is a single atomic sheet of conjugated SP*-hybridized carbon
atoms. Three atomic orbitals of carbon, namely 2s, 2p,, and 2p,, undergo
hybridization to form SP? orbitals. These hybridized orbitals form covalent
sigma-bond with the neighboring three carbon atoms, with thickness 0.34 nm
and a carbon—carbon bond distance 0.142 nm [5]. SP? hybridization in
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Characteristics and Chemistry

Catalytic Aspects

Due to large surface area, unique adsorption capacity, facile electron conduction, tunable band-gap, etc.,
nano-graphene proof itself as green, sustainable and metal-free novel heterogeneous catalyst.

Applications

Mano-graphene have wide range of applications including catalysis, enviror Ir
sensor, energy, biomedical applications, etc.

FIGURE 5.1 Nanographene: an overview.
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graphene leads to a hexagonal planar structure, referred to as “honeycomb
lattice.” The remaining 2p, orbital is oriented perpendicular (out-of-plane) to
the planar structure and forms a w-bond. These w-bonds are delocalized over
all the carbon atoms and subsequently form the w-band. The o-bonds are
mainly responsible for the excellent toughness of the graphene lattice struc-
ture, while the w-band contributes to the electrical conductivity of graphene
[4,5,9]. Graphene is an analog of a giant aromatic polymolecule. Due to its
sheet structure, graphene has a wide open two-sided surface, which provides
a large specific surface area of ~2630 m?*/g [10]. Graphene has excellent
electrical (0 =64 mS/cm) and thermal conductivity (k=35 X 103 W/m/K)
making it attractive for developing new photocatalysts and electrocatalysts.
It also has high electrochemical, chemical, optical and thermal stability,
high mechanical strength (Young’s modulus, ~ 1100 GPa), and elasticity
[11—-13].

5.1.3 Synthetic methods

Selection of an appropriate synthetic route for nanographene synthesis plays
an important role in tuning the characteristics/properties of nanographene for
multidimensional applications. There are a number of methods frequently
used in graphene synthesis, which may be broadly categorized as (1) top-
down methods and (2) bottom-up methods [7,14,15]. The top-down method
of nanographene synthesis basically includes the exfoliation of graphite via
mechanical, thermal, chemical synthesis, electrochemical expansion, electro-
static deposition, etc. Other important top-down methods are microwave syn-
thesis, chemical and/or thermal reduction of graphene oxide, direct
sonication of graphite, super acid dissolution, etc. On the other hand, the
bottom-up method of nanographene synthesis includes chemical vapor depo-
sition (CVD), epitaxial growth, pyrolysis, arc discharge, electrochemical
reduction of carbon mono- and dioxide, confined self-assembly, etc. Among
the various top-down methods chemical reduction of graphene oxide is more
commonly used for large-scale and economical production of nanographene.
Overall, top-down methods have superiority over bottom-up methods with
respect to cheaper and high-quality nanographene production.

5.1.4 Characterization tools

Synthesized nanographene- and graphene-based nanocatalysts can be charac-
terized by various advanced instrumental techniques [4,7,9] including Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), scanning tunneling microscopy (STM), diffuse reflectance Fourier
transform infrared spectroscopy (DRFT-IRS), X-ray absorption near edge
structure (XRANES) analysis, X-ray absorption fine structure (XRAFS) anal-
ysis, etc. Raman spectroscopy is a quick, facile, and powerful analytical tool
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to investigate the structure, quality, quantity, and especially catalytic perfor-
mance of graphene-based nanomaterials. XPS is the best technique to study
surfaces, especially the modified surface of graphene-based nanomaterials,
which is crucial for catalysis. Number of layers, crystallinity, and size of
graphene-based nanomaterials can be determined by XRD analysis.
Morphology and the presence of any defects on graphene due to doping or
preparation methods can be detected by STM. DRFT—IRS is used to deter-
mine the Bronsted and Lewis acid active sites, two of the most significant
characteristics of graphene nanocatalysts.

5.1.5 Applications

Graphene and its derivatives attract a lot of attention from researchers due its
unique properties and a wide range of applications including catalysis [8],
energy storage and generation [16], sensing platforms [17], molecular imag-
ing [18], drug delivery [19], environmental remediation [15,20], etc.

5.2 Functionalization of nanographene

In order to develop modified graphene (chemically active) from pure gra-
phene (chemically inert), the electronic structure must be altered by tuning
the distribution of electronic states and increasing the density of states
(DOS) around the Fermi level [21—23]. Functionalization of nanographene
is discussed based on the (1) nature of the materials used in functionaliza-
tion, and (2) preparation methods.

In the first category, Ref. [24] provides a bottom-up account encompass-
ing the functionalization of graphene to design nanographene and its deriva-
tives with the highest achievable properties for their specific applications
based on material functionalization of nanographene [24]. Functionalization
of nanographene with organics, proteins, molecular linkers, etc., as soft mat-
ter and solid inorganic metals at nanoscale, semiconductors, etc., as hard
matter are the most important methods for fabricating high-performance
nanographene-based catalytic materials. Fig. 5.2 shows a schematic summary
of nanographene functionalization based on the nature of the materials used.

Method-based functionalization of nanographene is summarized in
Fig. 5.3, which includes thermal, hydrothermal, mechanical, and chemical
functionalization of nanographene [25]. Methods to prepare modified and
functionalized nanographene summarized in Fig. 5.3.

5.3 Catalytic properties and applications of functionalized
nanographene

Uses of catalysts in any chemical processes are better movement toward
sustainable world by decreasing the environmental impact of processes



Functionalized nanographene for catalysis Chapter | 5 115

R R
Nanographene
[
5 (Focorstner | o
) Soft Hard
Funchhonaliz;rhm of nano- Functionalization with solid
graphene with crganics, inorganic metals at nanoscale,
proteins, molecular linkers, etc. sarr?'ionndu:lors, etc. as hard
] as so!&,mattsrs - matters
U \L Nano-graphene provides an ideal platform for
functionalization with hard matters due its two-
Noncovalent | | Covalent dimentional (20) ultrathin structure and good
£ - - ther ical conductivity. Generally, i i
It can take place by pi-pi  Targeted sites amngygden-Cagg material can be either nucleated and grown in sifu
groups g - an h fled (if fabricated
attraction, van der Waals at basal plane and -COOH at inorgan B?e or gr? by ohysica p;fac:vc;:nl
forces  of  aftraction, edges, and (i) carbon-carbon attachment on the graphenersheet.
hydrophobic interaction, double bonds (-C=C) at basal
Iamong %’ll’tl;rs. plane of graphene
t is superior approach than ] : ;
cova e ation  Common Examples are: Graphene interfacing Graphene interfacing
beacuse it does hot distroy 1. Cycloaddition with nanoparticles of  with sem._lconductal
the conjugated network of 2. Nucleophilic epoxy ring opening reaction noble metals oxides

nano-graphene. Thus, retain 3. Esterification or isocyanate
the unique characteristics of 4. Diazotization
nano-graphene. 5. Acylation reactions

FIGURE 5.2 Schematic outline of nanographene functionalization.

The formation of folds by thermal treatment, electrostatic interactions or mechanical methods on the
graphene surface, resulting in distortion of the electronic distribution at the surface by destroying 2D structure of
graphene. For band-structure engineering of graphene and might render it suitable for catalysis, this method can be
used.

Mechanical ball milling
and etching methods are
typically used to reduce
graphene size as well as to
creat defect in them, thus
modulate the catalytic
activity for  Os-reduction
reactions.

Hydrothermally prepared
graphene sheets exhibit a
high catalytic activity, which
may originate from the high
density of defects introduced
at the low preparation
temperatures,

Methods to prepare

based

cataﬂlys;s

Chemical functionalization is one of the most effective method to modify the catalytic activity of graphene.
Hydrogen atoms terminating the edge of graphene may significantly affect the material's band gap, changing it
from nearly zero at low hydrogen coverage to 3.7 eV at high coverage. The precise effect of hydrogen is
dependent on the edge structure: whether it is zigzag or armchair. Doping is one of the most effective and
common methods for the chemical modification of graphene. The dopants used are mainly non-metallic elements
such as boron, nitrogen, sulfur and phosphorus; metal atom dopants, etc. The difference in electron distribution
between dopants and neighboring carbon atoms causes a local distortion of the electronic structure, thereby
changing the physical and chemical (including catalytic) properties of graphene.

FIGURE 5.3 Methods to prepare functionalized graphene-based catalysts.

involved in chemical and material sciences. Catalyzed reactions are green,
energy efficient, economical, and environment benign in comparison to non-
catalyzed reactions. Thus catalysis helps to conserve natural resources.
Catalysts have a wide range of applications including organic synthesis,
pharmaceuticals, energy, sensor, oil refinery, and remediation of natural
resources (air, water, and soil), etc. Recently, graphene has gained the atten-
tion of researchers as a heterogeneous, metal-free, and green catalyst to
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Graphene-based catalysts have great potential to act as metal-free green heterogeneous
nanocatalysts due to its unique characteristics. Graphene is a non-metal carbon allotrope. Itis a
two-dimensional(2-D), SP2-hybridized single layer carbon sheet. Due to presence of SP*-hybridized
carbon atoms, graphene has both the C-C sigma bond in-plane and pi-bond out-of-plane, which
facilitate electron conduction (delocalization) through graphane sheetl. Large specific surface area, 2-
D structure, facile decoration, easy electron conduction, tunable band-gap, high adsorption
capacity, etc. are unprecedented characteristics of graphene-based nanomaterials, which make
it noble metal-free green heterogeneous nanocatalyst.

FIGURE 5.4 Graphene as metal-free, green, heterogeneous catalyst and its applications.

replace conventional catalysts (metal-based homogeneous and heterogeneous
catalysts) or as supporting material for improving the performance of cata-
lysts [5,19,26—31]. High cost, toxicity, low efficiency, and environmental
impact of conventional catalyst limited its application. The unique character-
istics of graphene make it a more attractive green catalyst for various
advanced catalytic processes. Fig. 5.4 gives an overview of catalytic applica-
tions of nanographene.

5.3.1 Catalytic properties

Nanographene has various advantages including high surface area, economi-
cal, electron mobility, and thermal, chemical, electrochemical, optical stabili-
ties, etc., to synthesize new catalysts. Graphene has the highest surface area
(2600 m*/g) among other carbon allotropes. Due to its superior electron
mobility that facilitates electron transfer during the catalytic processes, nano-
graphene imparts better catalytic performance. The high thermal, optical,
chemical, and electrochemical stabilities of graphene improve the lifetime of
graphene-based catalysts [31—41]. Chemically modified graphenes (CMGs)
are the most promising catalysts for various catalytic processes (chemical,
optical, and electrochemical reactions) and are also attractive materials for
fabricating new catalysts and as support for loading catalysts of enzymes,
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oxides, metals, other carbon nanomaterials, etc. [32,33]. The future of
graphene-based catalysis is bright due to its affordability and sustainability
compared to metal-based catalysts [42]. The catalytic activities of graphene-
based catalysts can be tuned by doping with hetero atoms (nitrogen, boron,
or sulfur), which provide efficient active sites and also tune the band

gaps [43].

5.3.2 Catalytic applications

Graphene-based nanomaterials have a wide range of catalytic applications,
that is, organic synthesis [42], advanced catalysis including photocatalysis
[41], electrocatalysis [44,45], carbocatalysis [46], environmental remediation
[47], etc.

Graphene-based nanocatalysts have good capability to catalyze the redox
reactions. Redox reactions are one of the fundamental reactions frequently
used in clean operating electrochemical conversion and storage technologies
such as rechargeable metal-air batteries and polymer electrolyte fuel cells.
These devices are promising components for sustainable, clean and clean
energy generate on in coming future. Same time they have some technical
and economical issues, which can be solve by using graphene-based cata-
lysts. Graphene-based materials due to the unique tunable surface chemistry
and very high surface area are very attractive materials for electrocatalysis
community [48]. Ref. [48] gives a critical review of the importance of gra-
phene and its derivatives in the redox reaction electrocatalysis. Graphene
couples a highly graphitic characteristics with excellent surface areas, which
are important properties for enhancing the electrochemical stability and
activity of platinum nanoparticle supported catalysts. Surface tuning of gra-
phene either by chemical functionalization or heteroatom doping processes
provides beneficial catalyst support interactions resulting in improvement in
activity and stability. Under both acidic and alkaline conditions, the 2D
structure of graphene-based materials has shown very promising performance
as a host to support catalytically active inorganic nanoparticle catalysts [48].
Ref. [45] reviews the electrocatalytic application of graphene-based materials
as a catalyst support in low-temperature fuel cells [45]. Low-temperature
fuel cells are among the most promising technologies for efficient and reli-
able conversion of alcohol or hydrogen into electric energy in distributed
power generation, automotive, and portable electronic applications at large
scale. The electrocatalysts play a vital role in these devices and improve
overall reaction efficiency, cost, and durability. Using graphene sheets as a
support, the obtained metal particle size is very low in comparison to the
particle size obtained by using other carbon materials as supports. Low parti-
cle size favors the high metal loadings on graphene nanosheets (GNS). The
graphene oxide (GO) contains oxygen-containing functional groups (i.e.,
hydroxyl, carboxyl, and epoxy onto each side of the sheet), which improves
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electrocatalytic activity by functionalization of graphene, giving rise to
higher and more homogeneous metal dispersion [49,50].

Environmental degradation is one of the biggest problems the world is
facing today. With explosive increases in the human population and related
development activities our environment is being contaminated, with adverse
effects on all living things. Thus there is an urgent need to move all our
developmental/technological/scientific activities toward greener approaches
for sustainable development to protect the environment as well as life on the
earth. Graphene-based nanomaterials as novel materials for environmental
applications have gained increased attention from research communities.
Graphene-based nanomaterials may be used as building blocks for next-
generation water treatment and desalination membranes, as adsorbent or
photocatalysts for environmental remediation, and as electrode materials
(electrocatalysts) for pollutant monitoring or removal [20]. Fig. 5.5 briefly
summarizes the various environmental applications of graphene-based nano-
materials [51—69].

Graphene-based nanomaterials in combination with well-known photoca-
talytic materials such as TiO, have created new possibilities in the field of
photocatalyzed environmental remediation due to their flexible structure,
large surface area, high electrical and thermal conductivities, mobility of
charge carriers at room temperature, and high chemical stability [15].

The term carbocatalyst mainly refers to catalysts containing carbon—a
nonmetal element as the active constituent. The term carbocatalysis refers to
the acceleration of chemical transformation by addition of a carbon contain-
ing organic compound as catalyst. Due to its efficiency as well as selectivity,
carbocatalysis has been increasingly studied in recent years. In the construc-
tion of complex molecular moieties, carbocatalysis may play an important
role [42,46]. Replacing transition metal-based homogeneous and

Application of graphene-based nanomaterials in environment protection }
Graphene as photocatalysts:- Graphene as building
1. Degradation of organics blocks in membrane and
2. Reduction of heavy metals desalination technologies

3. Water disinfection
Graphene-based

Graphene as adsorbent materials:- electrodes
1. Metal ion adsorption (electrocatalysts) for
2. Organic compound adsorption environmental sensing

3. Gaseous adsorption

The 21*' century has been termed the Century of the Environment. The growing world population and
intensification of agricultural and industrial activities resulted as contamination of three fundamental elements
essential for life i.e air, soils and water, as global climate change, and other environmental issues are become
biggest challanges that the world is facing today.

FIGURE 5.5 Application of nanographene in environmental remediation.
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heterogeneous catalysts with alternative renewable resources such as carbon
is a part of moving toward more sustainable and greener science. From a
commercial point of view, carbon-based catalysts are economical in compari-
son to metal catalysts due to the considerably high feedstock of carbon
materials.

Graphene-based catalysts are widely used in photocatalytic processes
including H,O splitting to generate clean and renewable energy hydrogen
(H,), selective organic transformations and degradation of environmental
pollutants [41]. Nanographene has a synergic effect and can improve the cat-
alytic performance of metal photocatalysts in terms of better adsorption
capacity, lighter adsorption range, specific surface area, electron conductiv-
ity, etc. Similarly, graphene oxide also shows synergistic effects and can
enhance catalytic conversion in organic dyes via charge transfer across the
graphene interface to facilitate photosensitization [70]. Ref. [71] reported
nanographene as an electron-transfer medium during photocatalysis that can
store as well as transport the electrons through a stepwise electron transfer
process [71].

5.4 Industrial, environmental, and health issues of
nanographene

5.4.1 Industrial issues

According to a recent markets analysis report, the global graphene market is
expected to reach USD 278.47 million by 2020, with a growth rate of 42.8%
from 2015 to 2020 [72]. This report was based on the type of graphene (gra-
phene oxide, graphene nanoplateletes, and others) and its applications mainly
in electronics, catalysts, energy, coating, sensors, composites, and other sec-
tors. The commercial-scale production of graphene-based nanomaterials
aimed at industrial applications has grown significantly in recent years, espe-
cially since many companies in China have entered the market [73].
Compared with large-scale production of graphene, the use of thin graphene
sheets are very low. Almost all graphene manufacturers use these materials
in composites, energy storage, and functional coatings for electronics. China
is one of the biggest lithium-ion battery manufacturers in the world. In the
manufacturing of lithium-ion batteries, small graphene sheets are used as a
conductive additive in electrodes or as current-collector coatings.
Applications of small graphene sheets have also been extended for use as
anticorrosion and antistatic coatings, due to their unique characteristics (2D
structure, high electrical conductivity, and impermeability). Another applica-
tion of small graphene is mobile phones and light-emitting diodes.

BCC Research estimates that the global graphene-based products market
was worth $1.5 million in 2015. The market is expected to grow from
$310.4 million in 2020 to $2.1 billion by 2025, with a compound annual
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growth rate (CAGR) of 46.3% [74]. This report includes an overview of the
global markets for graphene technologies and commercial applications of
graphene-based materials/products in communications, solar cells, data stor-
age, thermal management, sensing and imaging, displays, capacitors, struc-
tural materials, and others industrial sectors. Analyses mainly consider the
global market trends, with data from 2014, estimates for 2015, and projec-
tions of compound annual growth rates (CAGRs) through 2020 and through
2025. The economic aspects of any material depends on their large-scale pro-
duction and commercialization. A number of issues need to be addressed to
advance the commercial application of graphene-based nanomaterials. For
example, the cost/performance ratio of graphene is a big concern for indus-
tries deciding whether graphene can be used in their products. The cost of
graphene is a big challenge. Along with the economical challenges, improve-
ment in techniques/processes used in synthesis of graphene are need to pre-
pare uniform graphene sheets with requisite properties. To extent application
of graphene in other emerging fields, methods for modification, doping
methods, dispersion methods, and functionalization processes are require
improvements/advancements. Graphene is expected to find large-scale com-
mercial utilization in the future, but no material can do everything [73].

5.4.2 Toxicity

Graphene-based nanomaterials, especially those involving cellular interac-
tions, must first prove to be biocompatible before they can expect to reach
their full potential for various bioapplications [25]. Nanographene because of
its extraordinary and noble characteristics has attracted great interest as a
promising nanomaterial for various bioapplications ranging from the biosen-
sing applications for a host of medical conditions to the delivery of che-
motherapeutics for treatment of cancers and even for the differentiation and
imaging of stem cells [75—78]. Despite the recent increase in the popularity
of graphene-based nanomaterials, there are still health and safety concerns.
Guo and Mei recently reported the toxicological effects of graphene-based
nanomaterials in mammalian cells, bacteria, and animal models [79].
Graphene and its derivatives including GO and reduced graphene oxide
(rGO) show toxic effects under both in vivo and in vitro conditions. Surface
modifications have great potential to reduce its toxic effects by altering its
interaction with living systems. Its toxicity depends on its shape, size, or sur-
face coating, which determines the interactions with the intracellular uptake,
cell membranes, and clearance pathways. Russier et al. performed a compar-
ative study to examine the size effect of nanographene and found that smal-
ler particles are more cytotoxic than bigger ones and also cause apoptosis
due to the direct cellular membrane destruction [80]. Fig. 5.6 illustrates
the various health and safety concerns including biocompatibility of
graphene-based nanomaterials [81,82].
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| Biocom patibility I

| Toxicity I

Graphene  biocompatibility
and solubility can be improved
by several surface
modifications. However,
additional coatings change the
graphene properties and
influence the interactions with
the cells. One of the most
frequently used polymers for

graphene surface
functionalization is
poly(ethylene glycol) (PEG).

PEG coating provides good
dispersibility, enhances
phaotothermal effect, helps GO

Toxicity depends on
the shape, chemical
composition, and
method of synthesis,
and on the route of
administration  (e.g.,
intravenous,  nasal).
The surface
modification of
graphene-based
nanomaterials is
crucial for reducing its
toxicity.

| Health and safety I

Despite of the great interest of the use of graphene-
based nanomatenals in various bioapplications, there
is still too little data concerning graphene immunity.
Further research should be considered, especially
concerning graphene biodegradation and the fate
in human organisms. Typical rules for the
development of graphene and its derivatives to
enhance their overall safety and minimize the risks
for adverse reactions in humans from exposure are
(i) to use small, individual graphene sheets that
macrophages in the body can efficiently internalize
and remove from the site of deposition; (i) to use
hydrophilic, stable, colloidal dispersions of graphene
sheets to minimize aggregation in vivo, and (iii) to
use excretable graphene material or chemically

to aiord macrophage modified graphene that can be degraded effectively.

recognition, and does not
cause hemolysis.

Numerous studies have proved graphene as a promising biomaterial with the potential to replace and improve
existing ones. However, some concerns remain relatively to the potential toxic effects of graphene-based
materials. The biocompatibility studies performed until now showed very divergent results, which do
not allow to obtain clear evidences regarding the safe use of graphene derivatives in the human body.

FIGURE 5.6 Health and safety concerns of graphene-based nanomaterials.

5.4.3 Biocompatibility

Biocompatibility of nanographene is discussed in this section in terms of
lifecycle assessment (LCA). LCA is a process used to measure the environ-
mental impacts of the processes used to fabricate new materials. LCA of gra-
phene is used to study the effects of different nanographene synthetic
methods on the environment. Thus the EIA (environmental impact assess-
ment) of graphene-based nanomaterials is conducted by LCA. Ref. [83]
describes the environmental impacts of synthesized nanographene via chemi-
cal and sonication methods using LCA [83], while Ref. [84] used LCA to
compare synthesized nanographene via biotechnological method (using bac-
teria Escherichia coli) and by chemical method (Hummers’ method) focusing
on energy consumption and environment [84]. Arvidsson et al. compared
both production routes for in-solution graphene using a cradle-to-gate LCA
focusing on potential differences in blue water footprint, energy use, ecotoxi-
city, and human toxicity and concluded that the blue water footprint and
energy use were approximately doubled in the chemical reduction method
compare to the ultrasonication method. While ultrasonication had the largest
human toxicity impact both methods had the same ecotoxicity impact. The
sensitivity analysis showed that solvent recovery is important to decrease
the blue water footprint of chemical reduction method and also reduce the



TABLE 5.1 Life cycle assessment (LCA) of graphene synthesis routes: chemical reduction method (CRM), ultrasonication method
(USM), and biotechnological method (BTM).

Parameters

Synthesis
procedure

Ecotoxicity

Physiochemical
properties

Human toxicity

Synthetic routes

Chemical reduction method (CRM)

Coal — Graphite

Hummers'
. process
Hydrazine
Graphene <—— Graphene Oxides
Reduction

Less toxic than USM

Thicker and lower the C/O ratio than
USM

Less toxic than USM

Ultrasonication method (USM)

Coal —> Graphite

Ultrasonication
with diethyl ether

Graphene

Toxic

Thinner graphene sheet and higher C/
O ratio

Toxic

Biotechnological method (BTM)
Graphite
Hummers'
process

E.coli; pH-7
Graphene <««————— Graphene Oxides
Incubated at

37°C for 20 days
Less toxic than CRM
Thinner and higher C/O ratio than CRM



Energy
requirement

Blue water
footprint

Summary

1642 Wh

Double of blue water footprint
(consumption of surface- and
groundwater for a particular process/
activity) of USM

Based on various LCA parameters, CRM
is not suitable for graphene synthesis
from environmental point of view.

About 1/2 of CRM energy
requirement

High recovery of solvent (diethyl
ether) observed in USM, which
lowers the combined negative

impacts of USM compared to CRM.

Thus USM is more environmentally
benign than CRM.

5 Wh

In regard to the less negative effects on the
marine aquatic ecotoxicity, the photochemical
ozone creation potential, global warming, etc.
biotechnological method may be considered as
green method for graphene production.
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impacts of almost all considered environmental impact categories in the
ultrasonication route. The results explore the possibility of using LCA based
mainly on information from patents and scientific articles, enabling the study
of products at early stages of technological development. Khanam et al. con-
cluded that the Hummers’ method (chemical reduction process) has higher
energy consumption (~ 1642 Wh) than the energy consumption of the bio-
technological reduction process (~5 Wh). The biotechnological method is a
green technique for the production of graphene, especially given the reduc-
tion in the negative effects on global warming, abiotic depletion, the photo-
chemical ozone creation potential, and the marine aquatic ecotoxicity
potential in comparison to the chemical reduction method. Table 5.1 lists the
synthetic routes of the chemical reduction method (CRM), ultrasonication
method (USM), and biotechnological method (BTM).

5.4.4 Sustainability

As graphene is just a carbon material (thin layer of graphite), it is a natural
material and has fewer negative effects on the environment from a sustainabil-
ity point of view. Graphene-based nanomaterials meet a number of needs of
modern society. For example, graphene can be used as the circular top of a
Coca Cola bottle to prevent microbial growth, as most promising material for
targeted treatment of cancer, and as building material for preparation cloths
used in bomb diffusing. However, there is little known about the toxicity of
graphene and due to its high cost it is not affordable for everyone [85].

5.5 Conclusions and future aspects

Functionalization of nanographene is of crucial importance for its catalytic
and other applications. Nanographene functionalization is based on two dif-
ferent approaches: the nature of the materials used and the methods of func-
tionalization. Both the surface as well as the basal plane of nanographene
can be modified or functionalized by using soft and hard functionalization
methods. Further, catalytic applications of functionalized nanographene
include in redox processes, organic synthesis, water splitting, oxygen reduc-
tion, carbon dioxide reduction, environmental remediation, etc., as discussed
in this chapter. The industrial, economical, health, biocompatibility, and sus-
tainability issues of nanographene were also discussed. As we know nanogra-
phene is carbon allotrope and thus has fewer negative effects on the
environment than other materials.

Currently, synthesis of active/functionalized nanographene directly from
graphite has attracted significant research interest. Therefore further research
is needed on functionalization of nanographene in order to improve its syn-
thetic route, yields (mass production), electrical and thermal conductivity,
etc., without compromising its positive inherent properties.
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Delivery of bioactives using
biocompatible nanodelivery
technologies

H. Turasan and J.L. Kokini
Department of Food Science, Purdue University, West Lafayette, IN, United States

6.1 Introduction

Biocompatible nanodelivery systems and fabrication methods are becoming
increasingly important for the encapsulation and delivery of bioactive com-
pounds and drugs. Encapsulating bioactive drugs in polymeric nanoparticles
improves their targeted and timely delivery, especially regarding less potent
drugs, which are administered through oral routes and therefore lose part of
their effects through the gastrointestinal tract [1]. The polymeric coating sur-
rounds the bioactive drug and provides hindrance from the harmful effects of
the gastrointestinal tract. This hindrance increases when the polymer has lon-
ger chains. Synthetic polymers have longer chains than natural polymers,
and so generally provide higher encapsulation efficiencies. However, admin-
istering synthetic polymers involves risk of accumulation in tissues, which
could lead to serious side effects.

Natural polymers, on the other hand, have minimal side effects in the
human body, due to their nontoxic and edible nature. They are also abun-
dantly available, inexpensive, and biocompatible. Depending on application,
a natural polymer to be nanoparticulated for drug delivery could be from a
plant origin (zein, kafirin, gliadin, starch, pectins, gums, etc.), or an animal
source (bovine serum albumin (BSA), ovalbumin, or gelatin). Depending on
the desired properties of the delivery systems, the particles could be protein-
based, polysaccharide-based, or a combination of both polymers. Protein
utilization is more advantageous than polysaccharides, since protein zeta
potentials can be tuned easily with pH alteration, to optimize electrostatic
attraction between the polyelectrolytes. The most common methods of deliv-
ery system fabrication are nanoprecipitation/desolvation, complex coacerva-
tion, and layer-by-layer (LbL) assembly. This chapter summarizes recent
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studies on fabrication of biobased delivery systems for the delivery of
bioactives and drug compounds, as well as fundamental studies that can aid
in comprehension of the thermodynamic mechanisms of nanoparticle
formation.

6.2 Fabrication methods of biopolymer-based nanodelivery
systems

6.2.1 Nanoprecipitation/desolvation

Nanoprecipitation, also referred to as solvent displacement or desolvation, is
a simple technique wherein two miscible solvents are used to particulate the
polymer, which acts as the coating material for the delivered bioactive [2].
The solvent that the polymer is dissolved in, which is often referred to as
“the solvent” or “the good solvent,” is dropwise added to the other solution,
which is usually a “nonsolvent” or “bad solvent” for the polymer [3,4]. The
lack of polymer solubility in the nonsolvent changes the conformation of the
polymer, leading to a rapid nucleation and aggregation of the polymer mole-
cules, and eventually to nanoparticles. The properties of the encapsulated
bioactives (i.e., hydrophilicity/hydrophobicity, solvent type, solvent-to-
nonsolvent ratio, temperature, or pH) can be varied. These parameters play a
significant role in the size, size distribution, shape, and morphology of the
nanoparticles, as well as their ability to efficiently encapsulate bioactive
compounds.

6.2.1.1 Nanoprecipitation/desolvation of proteins

The ability to change the charge on protein molecules through pH tuning
makes proteins advantageous biomolecules for nanoparticle fabrication.
Therefore many researchers are exploring ways to fabricate protein-based
nanodelivery systems with higher encapsulation efficiencies, and better bio-
active nutraceutical or drug release properties.

BSA, an animal-based protein, was nanoparticulated using the nanopreci-
pitation technique to encapsulate curcumin [5], which is a polyphenolic bio-
active compound that has antiinflammatory, antioxidative and cancer
chemopreventative properties [6]. The effects of two nonsolvents, acetone
and ethanol, were analyzed on the nanoparticulation efficiency of BSA with
four solvent ratios: 100:0, 70:30, 50:50, and 0:100, ethanol-to-acetone. The
nanoparticulation efficiency of BSA was highest at 99.2%, when acetone
was used alone as the nonsolvent. Ethanol alone exhibited a nanoparticula-
tion efficiency of 95%, and the mixtures of ethanol and acetone displayed
nanoparticulation efficiencies ranging between 75% and 97%. The smallest
BSA nanoparticles were fabricated when ethanol was used alone as the non-
solvent, and the largest nanoparticles were obtained with acetone solely.
The highest curcumin encapsulation efficiency was achieved when the
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FIGURE 6.1 In vitro release profiles of curcumin (A), and images of solutions (B). Reprinted
from Sadeghi R, Moosavi-Movahedi AA, Emam-jomeh Z, Kalbasi A, Razavi SH, Karimi M, et al.
The effect of different desolvating agents on BSA nanoparticle properties and encapsulation of

curcumin. J Nanopart Res 2014;16(9):2565. Available from: https://doi.org/10.1007/s11051-
014-2565-1 with permission from Springer Nature.

curcumin-to-BSA molar ratio was 1.5, and when ethanol was used as the
nonsolvent. Increasing the curcumin-to-BSA ratio increased the particle size
of the nanoparticles, while crosslinking the nanoparticles with glutaraldehyde
led to smaller particles and higher polydispersity index. Crosslinking also
increased the stability of the BSA nanoparticles. The curcumin release study
proved that BSA nanoparticles are able to control the release of encapsulated
curcumin, when compared to free curcumin in ethanol, or mixtures of BSA
and curcumin (Fig. 6.1).

Pristine kafirin nanoparticles, as well as kafirin/carboxymethyl chitosan
nanoparticles fabricated through nanoprecipitation method, were also used to
encapsulate curcumin, where 80% ethanol was used as the solvent and water
as the nonsolvent [7]. In the loaded samples, curcumin was added to the
kafirin solution, prior to nanoprecipitation. Further addition of carboxy-
methyl chitosan increased the size of the particles from 200 to 236 nm, and
the polydispersity index from 0.186 to 0.235. Introducing carboxymethyl
chitosan also increased the encapsulation efficiency from 55% to 86% and
the loading efficiency from 5% to 6%, due to additional hydrogen bonding
between the carboxylic hydroxy groups in carboxymethyl chitosan and car-
bonyl groups on kafirin, which led to a more stable nanoparticle formation
and higher retention of curcumin. Encapsulating curcumin in pristine kafirin,
or kafirin/carboxymethyl chitosan nanoparticles, improved its photostability
significantly, with higher stability in the latter. Additionally, the dissolution
of curcumin, both in simulated gastric fluid and in simulated intestinal fluid,
increased significantly. In another study, the same group encapsulated curcu-
min in kafirin nanoparticle-stabilized pickering emulsions [8]. Kafirin nano-
particles were prepared by a nanoprecipitation method using acetic acid as
the solvent and water as the nonsolvent, which were then used to
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homogenize different ratios of curcumin dissolved in vegetable oil to form
emulsions. Increasing temperature and pH yielded less stable Kkafirin
nanoparticle-stabilized pickering emulsions. The stability of curcumin
against UV radiation was higher when kafirin nanoparticle-stabilized emul-
sions were used to encapsulate curcumin, compared to bulk oil or Tween
80-stabilized emulsions, and lipid oxidation rates of kafirin nanoparticle-
stabilized emulsions were slower than Tween 80-stabilized emulsions.
However, kafirin nanoparticle-stabilized emulsions did not maintain stability
through gastric digestion process, due to pepsin hydrolysis.

Curcumin was also successfully encapsulated in soy protein isolate nano-
particles, fabricated with the desolvation method, where water was used as
the solvent for the protein and ethanol was the nonsolvent, containing
ethanol-soluble curcumin [9]. The use of ethanol and crosslinker concentra-
tions had a strong impact on the particle size and zeta potential of nanoparti-
cles. A minimum of 80% ethanol and 75% crosslinker was found necessary
to form stable nanoparticles, with a negative zeta potential of above
—36 mV and particle size around 200 nm. The highest encapsulation effi-
ciency of curcumin, 97.2%, was achieved with a curcumin-to-protein ratio of
1%, which also led to the highest amount of released curcumin: 78% over an
8 h period in PBS/Tween 20 solution (Fig. 6.2) [9].

Ovalbumin (OVA) and a-lactalbumin (a-LA) were also nanoparticulated
using the desolvation method [10]. Effects of methanol, ethanol, and acetone
as the nonsolvents were tested on the nanoparticle sizes, polydispersity
indexes, and zeta potentials of the nanoparticles. The smallest nanoparticles
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FIGURE 6.2 Release profile of curcumin from soy protein isolate nanoparticles fabricated with
nanoprecipitation method. Reprinted from Teng Z, Luo Y, Wang Q. Nanoparticles synthesized
from soy protein: preparation, characterization, and application for nutraceutical encapsulation.
J Agric Food Chem 2012;60(10):2712—20. Available from: https://doi.org/10.1021/jf205238x
with permission from ACS.
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DA® T" (°C)  PS° (nm) PDI* ZP* (mv)
Ethanol 80 1185 £ 1.9 0.166 £ 0.033 -339 £+ 1.1
Ethanol 50 1439 £ 0.3 0.196 £ 0.007 =335 £ 1.6
Ethanol 25 218.6 £+ 5.4 0.050 £+ 0.018 —-353 + 1.2
Acetone 80 2885 £ 1.0 0.220 £ 0.030 —355 £ 0.8
Acetone 50 2025 £ 1.0 0.023 £+ 0.014 =383 % 1.1
Acetone 25 217.8 £ 4.3 0.041 £ 0.030 =359 £ 1.3
Methanol 80 103.0 £ 0.8 0.075 £ 0.022 =366 £ 0.5
Methanol 50 116.1 £ 0.3 0.067 £ 0.021 =345 £ 15
Methanol 25 1622 + 3.7 0062 £ 0.017 —=3406 £ 08

DA® T (°C)  PS® (nm) pDI¢ ZP* (mv)

Ethanol 80 59.0 + 5.2 0.292 £ 0.018 =221 £ 0.8
Ethanol 50 48.5 + 3.0 0.342 £+ 0.009 —198 +£ 2.3
Ethanol 25 80.3 £ 2.8 0.231 £ 0.010 =248 £ 4.3
Acetone 80 538 + 4.2 0.211 £ 0.006 =270 £ 2.7
Acetone 50 86.4 + 2.1 0.094 £ 0.014 —245 4+ 3.7
Acetone 25 96.8 £ 12.2 0.196 £ 0.034 =226 £ 59
Methanol 80 58.6 + 8.4 0217 £ 0.031 =192 £ 1.3
Methanol 50 64.1 £ 2.7 0.204 £ 0.048 =241 + 0.6
Methanol 25 60.5 £ 7.8 0.224 + 0004 —158 £ 7.1

FIGURE 6.3 Effect of desolvating agent (a, DA) and temperature (b, 7) on particle size
(c, PS), polydispersity index (d, PSI), and zeta potential (e, ZP) of a-LA (top table) and OVA
(bottom table) nanoparticles. Reprinted from Etorki AM, Gao M, Sadeghi R, Maldonado-Mejia LF,
Kokini JL. Effects of desolvating agent types, ratios, and temperature on size and nanostructure of
nanoparticles from a-lactalbumin and ovalbumin. J Food Sci 2016;81(10):E2511—20. Available
from: https://doi.org/10.1111/1750-3841.13447 with permission from John Wiley & Sons.

of both OVA and o-LA nanoparticles were obtained when methanol was
used as the nonsolvent, due to its shortest aliphatic chain and therefore high-
est polarity among the three solvents. OVA nanoparticles had diameters
ranging between 60 and 160 nm, and those of a-LA nanoparticles ranged
between 150 and 230 nm. While different ratios of solvent-to-nonsolvent did
not have a significant effect on the particle sizes of either of these proteins,
heat treatment above their denaturation temperatures generally reduced parti-
cle diameters (Fig. 6.3). Crosslinking the proteins with glutaraldehyde during
nanoparticulation increased the stability of both OVA and o-LA nanoparti-
cles. This is due to bond formation between the amine groups of proteins
and the aldehyde group of glutaraldehyde, leading to tighter junctions and a
more stable network [11]. After 30 days of refrigeration, there was no signif-
icant change in the particle sizes or the polydispersity indexes of both OVA
and o-LA nanoparticles, indicating that OVA and a-LA are good candidates
for biopolymer-based nanodelivery systems.

Casein nanoparticles were also fabricated using nanoprecipitation techni-
ques, to encapsulate an anticancer drug: doxorubicin [12]. Water was used as
the solvent for sodium caseinate and CaCl, solution was used as the nonsol-
vent, to provide Ca™ ions. For drug encapsulation, doxorubicin was added to
the sodium caseinate solution prior to the nanoprecipitation step. Excess Ca™
ions provided by CaCl, solution led to packing of casein molecules and


https://doi.org/10.1111/1750-3841.13447

138 SECTION | 3 Functionalized nanomaterials

(A) 345 (B) 1
. : " Encapsulated
y Encapsulated .
? 34 et E | o Free
B W Free =
£ s -
= 135 - .
3 =
£ B
g a3 -
: s -
S g '
; a2s Ay, »
32 ?
DOX 3.28 pM Dox 1 pM DOX 0.5 uM
(O R
= 108
T »
v
- 85
g
z Ti4
nr: 78

High Low

FIGURE 6.4 (A) Cell uptake assay of casein-bound DOX and an equivalent amount of free
DOX (cell line, PANC-1). (B) Cytotoxicity assay of two concentrations of DOX in particles and
an equivalent amount of free DOX. (C) Cytotoxicity assay of blank nanoparticles,
high = 1.4 mg/mL and low = 0.5 mg/mL. Reprinted from Gandhi S, Roy I. Doxorubicin-loaded
casein nanoparticles for drug delivery: preparation, characterization and in vitro evaluation.
Int J Biol Macromol 2019;121:6—12. Available from: hitps://doi.org/10.1016/j.ijbiomac.
2018.10.005 with permission from Elsevier.

micelle formation, which then were used to encapsulate doxorubicin. Casein
formed spherical nanoparticles with diameters in the range of 100—300 nm,
and a polydispersity index of 0.334. Doxorubicin release from the nanoparti-
cles was faster in acidic pH (pH = 1) than physiological pH (pH = 7.4), pos-
sibly due to disintegration of casein micelles. It was concluded that these
nanoparticles are more likely to dissolve in the stomach, and would be more
suitable for delivery of targeted gastric cancer drugs. Cellular uptake of both
free doxorubicin, and doxorubicin encapsulated in casein nanoparticles, was
tested with human pancreatic carcinoma cells. Encapsulating doxorubicin in
casein nanoparticles significantly increased its cellular uptake and reduced
cancer cell viability, due to the high biocompatibility of casein with cell
structure (Fig. 6.4).

Whey protein is another dairy protein nanoparticulated with the desolva-
tion method, using ethanol as the desolvating agent [13]. Whey protein nano-
particles were immediately diluted in solutions having pH=3 and pH="7


https://doi.org/10.1016/j.ijbiomac.2018.10.005
https://doi.org/10.1016/j.ijbiomac.2018.10.005

Delivery of bioactives using biocompatible nanodelivery Chapter | 6 139

after nanoprecipitation, to test their stability. While in the pH =7 solution,
the dairy protein aggregates disintegrated and sizes decreased below
10 nm, showing that the particles were not stable at this pH. On the other
hand, pH =3 did not affect particle sizes. Increase in the ethanol-to-water
volumetric ratio from O to 5 during nanoprecipitation, increased the particle
size from 2.9 to 35.8 nm. Increasing the temperature of freshly nanoprecipi-
tated samples widened their particle size distributions, and increased the
average particle sizes significantly. Nanoparticles heated to 90°C exhibited
the highest particle size: 4294 nm. The same group also studied zinc incorpo-
ration into whey protein nanoparticles [14]. ZnCl, solution was added to the
protein solution prior to desolvation. Similar to their previous study, ethanol
was used as the desolvating agent and ethanol-to-water volume ratios of 0, 1,
2, and 3 were tested. Increasing zinc concentration caused larger particle for-
mations, especially at higher ethanol-to-water ratios. The largest particles
fabricated with 1 mM zinc exhibited average diameters of 100 nm, while 5-
and 10-mM zinc resulted in particles as large as 1 pm. When 10 mM zinc
was added to the protein solutions before nanoprecipitation, zinc loading to
the nanoparticles was higher than the 5 mM zinc addition. One week of stor-
age did not significantly affect the diameter of zinc-incorporated whey pro-
tein nanoparticles.

Modified nanoprecipitation methods were developed for the fabrication
of biopolymer nanoparticles [15]. The flash nanoprecipitation technique
(FNP) is a modified version of a nanoprecipitation technique, wherein the
biopolymer dissolved in a good solvent, and the desolvating agent (nonsol-
vent), are injected into a mixing chamber simultaneously. This creates an
instantaneous diffusion of the good solvent into the poor solvent, leading to
instant and continuous formation of biopolymer nanoparticles [15]. For the
fabrication of zein nanoparticles with FNP technique, aqueous ethanol solu-
tion and water, with or without sodium caseinate, were used as the good sol-
vent and the nonsolvent, respectively [16]. The effects of flow rate, zein and
ethanol concentrations, and the presence of sodium caseinate on the particle
sizes and £ potentials were analyzed. Increasing zein solution flow rate was
found to decrease the size of the particles in both the absence and presence
of sodium caseinate, beyond which no significant difference was found
between particle sizes. In the absence of sodium caseinate, zein nanoparticle
sizes were not affected by increasing zein concentration, and remained at
about 130—140 nm up to 5% (w/v). Higher zein concentration (7.5% w/v)
increased the particle size to 205 nm. In the presence of sodium caseinate,
increasing zein concentration steadily increased the particle size. This differ-
ence was attributed to the neutralizing pH of the mixture with sodium casein-
ate (6.4—6.95), which is close to the isoelectric point of zein, and therefore
eliminates the positive charges on zein molecules that usually prevent aggre-
gation of zein in acidic environments (Fig. 6.5) [16]. The smallest zein nano-
particles were fabricated when 60% and 70% aqueous ethanol was used as
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FIGURE 6.5 The effect of sodium caseinate on the particle size of zein nanoparticles.
Positively charged zein molecules at acidic pH in the absence of sodium caseinate lead to smal-
ler nanoparticles (left); neutralizing solution with sodium caseinate eliminates positive charges
of zein molecules, leading to aggregation and bigger nanoparticles. Reprinted from Li K-K,
Zhang X, Huang Q, Yin S-W, Yang X-Q, Wen Q-B, et al. Continuous preparation of zein colloi-
dal particles by Flash NanoPrecipitation (FNP). J Food Eng 2014;127:103—110. Available
from: https://doi.org/10.1016/j.jfoodeng.2013.12.001 with permission from Elsevier.

the good solvent, rather than 80—90% ethanol solution, both in the absence
and presence of sodium caseinate.

Microparticles fabricated from wheat gluten proteins soluble in ethanol
(gliadins), using the nanoprecipitation technique, were loaded with urea and
analyzed for their controlled release of urea, to test their potential as
prolonged-release fertilizers [17]. Water was used as the nonsolvent and eth-
anol was used as the good solvent for the proteins. Gliadin microparticles,
having diameters ranging between 900 nm and 1.7 pm, released 50% of the
loaded urea during the first hour of direct contact with the aqueous medium,
which was attributed to the urea that was on the surface of the microparti-
cles. A slow and gradual release of urea was observed until arrival at equilib-
rium in 12 h. Equilibrium was reached at 88% release of total urea, when the
urea concentration inside of the microparticles was equal to the urea concen-
tration in the aqueous medium. Gliadin was also nanoparticulated using 62%
ethanol as the solvent, and aqueous solutions such as NaCl and Pluronic F68
[18]. Zeta potential of gliadin nanoparticles reached a maximum of 23 when
the pH was 5, and decreased to —25 as the pH was increased to 9. The high-
est zeta potential at pH =5 and the lowest zeta potential at pH = 9 exhibited
the most stable gliadin nanoparticles. As the water-to-ethanol ratio increased,
the diameters of gliadin nanoparticles decreased from 340 to 235 nm.
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Increasing the mixing speed and NaCl concentration significantly increased
the particle diameters. Increasing the concentration of Pluronic F68 as a sur-
factant, or increasing the temperature (especially from 40°C to 60°C),
decreased the size of gliadin nanoparticles. Introduction of 2-
Mercaptoethanol and dithiothreitol separately, as reducing agents, also
decreased the particles sizes, with 2-Mercaptoethanol leading to smaller par-
ticles. Curcumin loading to the gliadin nanoparticles resulted in an encapsu-
lation efficiency of 68%, with a slight increase of particle size (from 296 to
378 nm) and an elevated polydispersity index, indicating a less homogenous
particle size distribution.

Gelatin nanoparticles encapsulating fluorescein-isothiocyanate-dextran as
the model drug were fabricated, with the addition of surfactants and crosslin-
kers (Fig. 6.6) [19]. Among Poloxamer 407, Poloxamer 188, polysorbate 80,
polysorbate 20 and TritonX-100, only Poloxamer 407 and 188 enabled
stable nanoparticle formation, at a minimum concentration of 7%. Isopropyl
alcohol, acetone, and acetonitrile were poor nonsolvents for nanoparticle for-
mation, but ethanol and methanol aided the formation of nanoparticles, with
mean particle sizes of 250 and 280 nm, respectively. The solvent-to-

nonsolvent ratio was also found to have a significant effect on particle size,
especially in the higher range. Crosslinking provided a slower release profile
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FIGURE 6.6 Fabrication of gelation nanoparticles using desolvation/nanoprecipitation method
with the addition of surfactant/stabilizer and crosslinker. Reprinted from Khan SA, Schneider M.

Improvement of nanoprecipitation technique for preparation of gelatin nanoparticles and poten-
tial macromolecular drug loading. Macromol Biosci 2013;13(4):455—463. Available from:

https://doi.org/10.1002/mabi.201200382 with permission from John Wiley & Sons.


https://doi.org/10.1002/mabi.201200382

142 SECTION | 3 Functionalized nanomaterials

of the drug from the nanoparticles, such that in the initial 120 h, only 20% of
the drug was released. With the addition of a digestive enzyme, trypsin, 80%
of the encapsulated drug was released within the hour of addition.

6.2.1.2 Nanoprecipitation/desolvation of carbohydrates

Due to their low toxicity, abundance, and high biocompatibility,
carbohydrate-based biopolymers have also been extensively studied for nano-
particulation and nanodelivery of bioactive nutraceuticals and drugs. Starch
nanoparticles were fabricated for the encapsulation of curcumin [4]. Effects
of amylopectin-to-amylose ratios were investigated using four types of corn
starch: native normal corn starch (~25% amylose), amioca starch (>99%
amylopectin), Hylon V (55% amylose), and Hylon VII (70% amylose).
Ethanol, methanol, and acetone were tested as nonsolvents for all the starch
types. Ethanol led to the smallest particle sizes for all types of starch, as low
as 98 nm particles, while acetone produced the largest nanoparticles, as high
as 475 nm particles. All four types of corn starch were successfully used in
fabricating nanoparticles, with normal corn starch leading to the most uni-
form particles (Fig. 6.7). Encapsulation of curcumin in starch nanoparticles
was proven to increase the stability of curcumin significantly.

In a similar study, different starch types with a greater variety of amylose
content (i.e., waxy corn starch [0.8%], tapioca starch [18.9%], sweet potato
starch [20.6%], normal corn starch [26.5%], potato starch [28%], pea starch
[40%] and high amylose corn starch [69.0%]) [20] were used to fabricate
nanoprecipitates. Smaller particle sizes were obtained, compared to the first
study mentioned [4], with mean particle diameters ranging between 75 and
30 nm for all types of starches. Potato starch resulted in the largest nanopar-
ticles, and high amylose starch resulted in the smallest. The amylose content
of the starch was found to have a linear correlation with the crystallinity of
starch nanoparticles. The starch polymers, amylose and amylopectin, were
also used separately for fabrication of nanoparticles [21,22].

Chitosan, obtained from deacetylation of chitin, is a commonly nanoparti-
culated polysaccharide for bioactive nutraceutical and drug delivery.
Chitosan is insoluble in water, and therefore acidic aqueous solutions or
other solvents are often necessary to solubilize it [23]. Two techniques were
used to fabricate lime essential oil-loaded chitosan nanoparticles: nanopreci-
pitation and nanoencapsulation. For nanoprecipitation of chitosan, acetic acid
and methanol were used as the solvent and nonsolvent respectively, where
lime essential oil was dissolved in the nonsolvent. For the nanoencapsulation,
lime essential oil was dissolved in a mixture of acetone, ethanol, and
lecithin, which later was added to the chitosan solution. Average particle
size of control chitosan nanoparticles was found to be 4.7 nm, while lime
essential oil-loaded chitosan nanoparticles were 6.1 nm. Nanocapsules had
slightly larger sizes than their corresponding nanoparticles, such that control
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FIGURE 6.7 Nanoparticles fabricated using desolvation method using normal corn starch (A),
Amioca (B), Hylon V (C), and Hylon VII (D) with ethanol as the nonsolvent. Reprinted from
Sadeghi R, Daniella Z, Uzun S, Kokini J. Effects of starch composition and type of non-solvent
on the formation of starch nanoparticles and improvement of curcumin stability in aqueous
media. J Cereal Sci 2017;76:122—30. Available from: https://doi.org/10.1016/].jcs.2017.05.020
with permission from Elsevier.

chitosan Nanocapsules were 5.8 nm and lime oil-loaded nanocapsules were
6.1 nm in size. With the encapsulation of lime oil, zeta potential of chitosan
nanoparticles decreased from 20.2 to 10.0 mV, and nanocapsules from 61.1
to 57.0 mV due to the reduction in the number of available —NH; ™" sites of
chitosan, as a result of interaction with lime oil. The antibacterial activities
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of nanoparticles and nanocapsules were tested on Staphylococcus aureus,
Listeria monocytogenes, Shigella dysenteriae, and Escherichia coli.
Nanoparticles fabricated with the nanoprecipitation method had a higher
antimicrobial effect on the bacteria than the nanocapsules. The highest inhi-
bition was seen when lime oil-encapsulated chitosan nanoparticles were used
against S. dysenteriae.

Nanoprecipitated chitosan nanoparticles were also loaded with citral,
another antimicrobial compound [24]. N-(methylsulfonic acid) and acetic
acid were used as solvents and methanol and water were used as nonsol-
vents. Smaller chitosan nanoparticles were obtained when chitosan concen-
tration was decreased or when nonsolvent-to-solvent ratio was increased.
Larger particles were fabricated when acetic acid was used as the solvent,
compared to N-(methylsulfonic acid), and when water was used as the non-
solvent, instead of methanol. The highest encapsulation efficiency of 88%
was reached when methanol was used as the nonsolvent and acetic acid as
the solvent. The loading capacity of the chitosan nanoparticles was 38%,
which indicates that 38% of nanoparticles were the encapsulated citral, by
weight.

Nanoprecipitation of locust bean gum was achieved by depolymerization
of the gum and solubilization of a citrate phosphate buffer, which was then
mixed with the nonsolvent isopropanol and boric acid solution. Allicin, an
antiinflammatory and antioxidant compound found in garlic, was encapsu-
lated in locust bean gum nanoparticles, which increased the particle sizes
above 100 nm. Allicin-loaded locust bean gum nanoparticles were stable for
12 h at pH 7.4. The nanoparticles were also tested for their cellular toxicity,
after which it was concluded that allicin-loaded locust bean gum nanoparti-
cles are safe for cells and therefore good candidates for edible drug and bio-
active delivery systems.

Cellulose, another naturally abundant polysaccharide, has also been nano-
precipitated into nanoparticles for bioactive and drug delivery. Cellulose,
extracted from cotton fibers with NaOH/thiourea/urea treatment and filtra-
tion, was nanoprecipitated using NaOH/thiourea/urea mixture as the solvent
and ethanol as the nonsolvent [25]. Methylene blue was used as the model
bioactive encapsulated in the cellulose nanoparticles and was dissolved in
the NaOH/thiourea/urea solution with chitosan prior to nanoprecipitation.
Even though the cellulose particles are used as bioactive delivery systems, it
has to be noted that the solvent mixture used in this nanoprecipitation
method is considered toxic, having possible carcinogenic effects. Spherical
nanoparticles were fabricated, especially when cellulose concentration was
increased in the solution (Fig. 6.8). Increasing cellulose concentration
increased the particle size, and decreasing the solvent-to-nonsolvent ratio
decreased the particle size, significantly. The smallest particles, fabricated
with 1:60 v/v NaOH/thiourea/urea-to-ethanol ratio, had a mean particle size
of 70 nm. Encapsulation efficiency of methylene blue was highest for the
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FIGURE 6.8 Cellulose fiber extracted from cotton, cellulose nanoparticles fabricated with nanoprecipitation using 0.001 w/v % (A), 0.005 w/v % (B),
0.01 w/v % (C), 0.03 w/v % (D), and 0.1 w/v % (E) cellulose. Reprinted from Chin SF, Jimmy FB, Pang SC. Size controlled fabrication of cellulose nanoparti-
cles for drug delivery applications. J Drug Deliv Sci Technol 2018;43:262—6. Available from: https://doi.org/10.1016/].jddst.2017.10.021 with permission from

Elsevier.
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smallest cellulose nanoparticles (89%), and decreased to 56% as the particle
size increased. Release kinetics of methylene blue was tested in PBS solu-
tions under constant stirring. The smallest cellulose nanoparticles, 70 nm in
diameter, exhibited the highest release rate of 38.5%, while the largest nano-
particles showed 11.7% release of methylene blue in the first 12 h. Complete
release of methylene blue was slower, as the diameter of the cellulose nano-
particles increased.

Natural gums from different origins can be nanoparticulated alone, or
coparticulated with other polymers to form nanoparticles. Carboxymethyl/
guar gums were conanoparticulated with the assistance of ultrasonication,
where water was used as the solvent and acetone as the nonsolvent [26]. The
particles were spherical, with sizes ranging between 12 and 30 nm and a few
clusters of 70 nm. Locust bean gum nanoparticles fabricated with the nano-
precipitation method were larger then carboxymethyl/guar gum nanoparticles
[27].

Another common technique to improve nanoparticle performance and
functionality involves fabrication of a nanoparticle using a polysaccharide,
and then coating it with another polysaccharide. For example, a hydrophobic
nanoparticle can be coated with a hydrophilic polysaccharide to improve its
solubility in water. Active polysaccharides from tea, pumpkin, and balsam
pear were encapsulated in maltodextrin nanoparticles, which were fabricated
with the nanoprecipitation method to enhance their bioavailability for
absorption in the gastrointestinal tract [28]. Maltodextrin dissolved in water
was nanoprecipitated with ethanol, followed by investigation of the effects
of three emulsifiers (SDS, Span 80, and Tween 80) and variants in the
solvent-to-nonsolvent ratio. Tween 80 emulsifier yielded the highest malto-
dextrin nanoparticle encapsulation (85.3%), followed by Span 80 (80.2%)
and SDS (78.6%), at a ratio of 1:10 solvent-to-nonsolvent. Increasing
solvent-to-nonsolvent ratio from 1:8 to 1:10 decreased the nanoparticle sizes.
However, further increase in the solvent-to-nonsolvent ratio to 1:12 increased
the particle sizes. Maltodextrin nanoparticles fabricated with SDS and Span
80 exhibited particle sizes in the range of 40—180 nm, while Tween 80
resulted in smaller nanoparticles (30—140 nm), due to its longer hydrophilic
head group and higher interaction with maltodextrin. Balsam pear polysac-
charide loading resulted in the largest nanoparticles, with a mean particle
size of 116 nm, followed by pumpkin polysaccharide (86 nm), and tea poly-
saccharide (81 nm). Polysaccharide loading increased the zeta potentials of
maltodextrin nanoparticles, resulting in higher stability. While pristine malto-
dextrin nanoparticles had an average zeta potential of —7.8, particles loaded
with balsam pear, pumpkin, and tea polysaccharides had zeta potentials of
—20.7, —28.4, and —32.8, respectively. Tea polysaccharide-loaded malto-
dextrin nanoparticles had the highest loading efficiency of 72.1%.
Polysaccharide loading improved the stability of nanoparticles against an
increasing NaCl concentration, up to 500 mM. The stability of nanoparticles
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also increased against pH treatment with a polysaccharide addition. The
most stable particles against pH values 1.2 and 7.4 were tea polysaccharide-
loaded particles, and the least stable loaded particles were obtained with bal-
sam pear polysaccharide loading.

Pullulan, a natural polysaccharide formed by the fungi Aureobasidium
pullulans, can also be nanoprecipitated in the form of a copolymer [29].
First, the copolymer pullulan-g-poly(/N-isopropylacrylamide) was synthesized
through free radical polymerization, and then nanoprecipitated using dimethyl-
formamide as the solvent and water as the nonsolvent. The antiinflammatory
drug Indomethacin was added into pullulan-g-poly(N-isopropylacrylamide)
solution prior to nanoprecipitation. Pullulan-g-poly(N-isopropylacrylamide)
nanoparticles were also fabricated with the dialysis method and compared
with nanoprecipitated nanoparticles. Particles fabricated with the nanopre-
cipitation method exhibited smaller diameters than the ones fabricated with
the dialysis method. Increasing the drug-to-polymer ratio to 1:1 (w/w)
reduced the particle sizes of nanoparticles prepared with both methods. The
highest drug entrapment efficiency of 80% was achieved with 1:1 (w/w)
drug-to-polymer ratio and 10 g/L. polymer concentration, which yielded
mean particle diameter of 247 nm, when particles were formed with nano-
precipitation. The particles’ polydispersity index grew with increasing
drug-to-polymer ratios. Drug in vitro % release was found to increase with
a change in drug-to-polymer ratio from 0.33:1 to 1:1 (Fig. 6.9). While com-
plete release occurred in PBS solution at pH = 7.4, only 60%—80% release
occurred in acetate solution at pH = 5. Increasing temperature from 25°C
to 37°C also increased % drug release (Fig. 6.9).

6.2.2 Coacervation

Particulation through complex coacervation uses the principle of ionic attrac-
tion between two polyelectrolytes that are oppositely charged. The attraction
between two polymers forms soluble or insoluble nano- or microparticles in
the solution, and often precipitates or remains as a suspension [30,31].
Weaker interactions, such as hydrogen bonding or hydrophobic interactions,
can also contribute to complex coacervation. Stability of the coacervate com-
plex depends on the magnitude of the charge difference between the two
polyelectrolytes. It is therefore crucial to select the appropriate polyelectro-
lytes, the solvent, and pH conditions in coacervation for maximum attraction
between the polyelectrolytes. The interaction between polyelectrolytes is
also effective on the resulting nanoparticle structure, texture, and encapsula-
tion efficiency [32].

Complex coacervation of biopolymers has been the focus of many lead-
ing groups. For example, Huang’s group’s focus has been mainly on under-
standing the mechanism of complex coacervation of many edible
polyelectrolytes (from food and agricultural sources), and investigating the
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FIGURE 6.9 In vitro release profiles of indomethacin from pullulan-g-poly(N-isopropylacrylamide) nanoparticles fabricated with nanoprecipitation method. (A) Release
of indomethacin from nanoparticles with different drug loading content, (B) Release of indomethacin from nanoparticles at different temperatures, (C) and (D) Release of
indomethacin from two types of nanoparticles with different drug loading contents at pH 5 and pH 7.4. Reprinted from Constantin M, Bucdtariu S, Stoica I, Fundueanu G.
Smart nanoparticles based on pullulan-g-poly(N-isopropylacrylamide) for controlled delivery of indomethacin. Int J Biol Macromol 2017;94:698—708. Available from:

https://doi.org/10.1016/j.ijbiomac.2016.10.064 with permission from Elsevier.
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effects of salt concentration, polyelectrolyte ratios, and protein
self-association on the coacervates [33,34]. Their recent studies include the
encapsulation and delivery of natural antioxidants in complex coacervates of
biopolymers, using the double emulsion technique [35,36]. Other groups
have also investigated the effects of these same parameters. Tirrell’s group
focused on looking at the effects of polypeptide ratio, salt concentration,
total polymer concentration, molecular weight, pH, and temperature [37].
Sample turbidity was used as the complex formation indicator, as well as
optical microscopy imaging; phase diagrams were established to distinguish
coacervate to solution boundaries. Their study confirmed the importance of
ionic strength on the complex formation, since salt can screen the charged
groups. Temperature was also found to be more effective on coacervate for-
mation when total polymer concentration was increased. Olsen’s group
investigated complex coacervation of supercharged proteins with polyelectro-
lytes, using succinic anhydride treatment to explore the effects of protein
charge on coacervation [38]. Their study showed that chemically superchar-
ging the proteins is more effective in inducing phase separation, leading to
complex coacervate formation, compared to changing the pH. This is
because coacervates were formed at lower charges, when the proteins were
supercharged.

Complex coacervation is specifically advantageous for encapsulation and
delivery of bioactives and drugs in the gastrointestinal tract, wherein the par-
ticle needs to remain stable at the low pH environment of the stomach, and
needs to disintegrate in the pH =6 environment of the intestinal tract.
Therefore the selection of polymers that have the highest attraction to one
another at acidic pHs need to be coupled with the collapse of that attraction
at pH = 6. Due to their edible nature and low toxicity, natural proteins or
carbohydrate-based biopolymers are useful for coacervation. This section
summarizes examples of recent studies wherein different pairs of biopolymer
polyelectrolytes were used for coacervation.

For a successful complex coacervation, an understanding of the thermo-
dynamic mechanism between polyelectrolytes is integral. The thermodynam-
ics of the interaction between sodium alginate and chitosan was studied
using isothermal titration calorimetry (ITC) [39]. The effects of pH on the
zeta potentials, the effect of the order of addition, and molar charge ratios of
the polyelectrolytes on particle size, size distribution, and stability were
investigated. Sodium alginate had a stable negative zeta potential with vary-
ing pH, but chitosan was positively charged below pH =8, and negatively
charged above pH = 8. pH =4 was the optimum pH value for coacervation,
since the difference in zeta potentials was highest (Fig. 6.10).

The overall enthalpy of the reaction between sodium alginate and chito-
san was higher (—3207 kJ/mol) when chitosan solution was added to sodium
alginate solution, than when sodium alginate solution was added into chito-
san solution (—1683 kJ/mol). Higher reaction enthalpy showed stronger
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FIGURE 6.10 Zeta potentials of sodium alginate and chitosan with varying pH values.
Reprinted from Yilmaz T, Maldonado L, Turasan H, Kokini J. Thermodynamic mechanism of
particulation of sodium alginate and chitosan polyelectrolyte complexes as a function of charge
ratio and order of addition. J Food Eng 2019;254:42—50. Available from: https://doi.org/
10.1016/j.jfoodeng.2019.03.002 with permission of Elsevier.
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FIGURE 6.11 Schematic mechanism of PEC formation as a function of the order of addition
and charge ratio. Reprinted from Yilmaz T, Maldonado L, Turasan H, Kokini J. Thermodynamic
mechanism of particulation of sodium alginate and chitosan polyelectrolyte complexes as a func-
tion of charge ratio and order of addition. J Food Eng 2019;254:42—50. Available from:
https://doi.org/10.1016/j.jfoodeng.2019.03.002 with permission from Elsevier.

interaction between the polyelectrolytes when sodium alginate was added
into chitosan. Sodium alginate addition into chitosan also yielded a higher
entropy change, which is another indicator of a higher order of polyelectro-
lyte coacervation. Addition of sodium alginate into chitosan formed smaller
nanoparticles, and increasing their molar charge ratio led to a sharper transi-
tion in zeta potential and the enthalpy of reaction, than when chitosan solu-
tion was added into sodium alginate solution. The effect of molar charge
ratios in two orders of addition can be seen more clearly in Fig. 6.11. When
alginate was added into chitosan, the initial positive zeta potential
approached electrical neutrality, and the positive charge ratio decreased,
resulting in an increase in PEC sizes. When chitosan was added into alginate,
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the initial negative zeta potential approached electrical neutrality; negative
charge ratio decreased. PECs formed this way also increased in size, with
decreasing negative charge ratio. However, the particles were larger when
chitosan was added into alginate. Sodium alginate into chitosan coacervates
were more stable during storage, when molar charge ratios were below 0.85.
Chitosan into sodium alginate coacervates were stable at charge ratios below
0.67. Sodium alginate into chitosan coacervates were more stable than chito-
san into sodium alginate coacervates. This study clearly shows the impor-
tance of the order of polyelectrolyte addition in coacervation.

The ITC analysis showed that when chitosan solutions were added to buf-
fers, exothermic reactions occurred due to the protonation of the amine
groups. When sodium alginate was added to the buffer solution, endothermic
reactions occurred due to hydration of hydrogen bonds in mannuronic and
guluronic acid [39]. While both alginate into chitosan and chitosan into algi-
nate reactions were exothermic, after saturation, alginate into chitosan
showed further endothermic reactions, due to dilution of hydrogen bonds;
chitosan into alginate exhibited an exothermic reaction, due to further pro-
tonation of amine groups.

Nanoparticles were formed from coacervation of BSA and poly-p-lysine
(PDL), and were tested for possible effects of molecular weight of PDL,
mass and molar ratios of the polyelectrolytes, salt, and crosslinker concentra-
tions on the nanoparticles [30]. BSA had a positive charge below pH =5 and
a negative charge above pH =5. Both high molecular weight (HMW) and
low molecular weight (LMW) PDL exhibited positive zeta potential below
pH=11. pH =7 was chosen as the optimum pH to form coacervates, since
the highest zeta potential difference occurred at this pH for both pairs of
polyelectrolytes. Smallest PEC nanoparticles for both HMW PDL-BSA and
LMW PDL-BSA were formed at pH =7, due to the highest electrostatic
attraction. LMW PDL-BSA nanoparticles had spherical shapes, and the smal-
lest of them were obtained at a mass ratio of 2 (BSA: PDL) and a molar ratio
of 7, with a particle diameter of 212 nm. HMW PDL-BSA nanoparticles had
nonspherical shapes, the smallest being obtained at a mass ratio of 2.5 (BSA:
PDL) and at a molar ratio of 15.6 with a particle diameter of 310 nm. In gen-
eral, HMW PDL-BSA coacervates were larger in diameter than LMW PDL-
BSA coacervates. Addition of salt decreased particle sizes for both HMW
PDL-BSA and LMW PDL-BSA nanoparticles, and the smallest particles of
HMW PDL-BSA were fabricated at 0.4 M salt concentration, while for
LMW PDL-BSA were formed at 0.1 M. LMW PDL-BSA nanoparticles were
loaded with curcumin (the model bioactive compound). The highest encapsu-
lation efficiency (60%), and the highest loading capacity (22 pug/mg) was
achieved at a curcumin-to-BSA ratio of 10.

Whey protein isolate (WPI) and chitosan can also form PEC nano/micro-
particles through complex coacervation [40]. Three types of chitosan were
studied, with varying degrees of deacetylation (83%, 94%, and 96%) and
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chitosan-to-WPI mass ratio on the coacervation yield, zeta potential, and
rheology of the coacervates. Among the three types of chitosan, 96% deace-
tylated chitosan generally gave the highest coacervation yield with WPIL. The
highest yield was observed at a chitosan-to-WPI mass ratio of 0.2:1.
Rheological tests proved that coacervates of WPI and 96% deacetylated chit-
osan had the most compact and strongest internal structures. This is due to
the higher number of free — NH; ™" sites of 96% deacetylated chitosan, which
can interact more with the — COQO~ groups of WPI, ultimately leading to a
stronger complex formation. The degree of deacetylation did not cause a sta-
tistically significant change in the zeta potential of chitosan alone. However,
when complex coacervations were formed with WPI, chitosan (83%)/WPI,
chitosan (94%)/WPI, and chitosan (96%)/WPI had zeta potentials of —6.67,
—9, and —9.93, respectively. The highest zeta potential magnitude of 96%
deacetylated chitosan/WPI coacervates also explains the higher stability and
strongest internal structure of this complex. Microparticles were loaded with
garlic extract as the model drug, and the highest total bioactive retention effi-
ciency of 61.40% was achieved with 96% deacetylated chitosan, followed by
94% (54.45% retention) and 83% (51.04% retention) deacetylated chitosan,
respectively.

WPI and chitosan complex coacervates were also fabricated to encapsulate
pure ergosterol and Agaricus bisporus L. extract [41]. Heat treating the loaded
microparticles at 55°C led to more spherical and better-defined shapes than
95°C heat treatment. Between 0.5 and 10.5 WPI-to-chitosan ratios, the 0.5
ratio exhibited higher encapsulation efficiencies in general. The optimal per-
formance of these particles was found to be 75% microencapsulation yield,
100% encapsulation efficiency, and 12% loading with RSM.

Microparticles fabricated from gelatin and gum arabic using complex
coacervation were used to encapsulate ascorbic acid [42]. The effects of gel-
atin and gum arabic concentrations, wall-to-core ratios, and pH on the parti-
cle size encapsulation efficiency, stability, and release profiles of particles
were investigated. Encapsulation efficiencies ranged between 27.3% and
93.8%, depending on the gelatin, gum arabic, and ascorbic acid concentra-
tions, the highest of which was reached with a 1:1 gelatin-to-gum arabic ratio
(7.5% wlv concentrations each) and 1:0.5 wall-to-core (w/w) ratio. The smal-
lest particles had a mean diameter of 7.7 pm and formed with a wall-to-core
ratio of 1:0.5 and 5% gelatin and 5% gum arabic concentrations; the largest
particles had a mean dimeter of 12.4 pm, fabricated with a wall-to-core ratio
of 1:0.75 with 5% gelatin and 5% gum arabic. Loaded nanoparticles showed
higher stability during storage at 20°C, compared to pure ascorbic acid. The
nanoparticles with the highest encapsulation efficiency (93.8%) also had the
highest storage stability (Fig. 6.12). Release of ascorbic acid from micropar-
ticles was generally slower near neutral pH values (7.6). At pH=1 or
pH = 12.0, the release of ascorbic acid was fastest (almost complete release
within the first 2 h).
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FIGURE 6.12 Stabilities of pure ascorbic acid and ascorbic acid encapsulated in coacervates.
Sample S8 (right-pointing triangle) has 7.5% (w/v) gelatin solution concentration, 7.5% (w/v)
gum Arabic solution concentration and 1:0.5 wall-to-core (w/w) ratio. For further information, please
see the original source. Reprinted from Rodrigues da Cruz MC, Andreotti Dagostin JL, Perussello
CA, Masson ML. Assessment of physicochemical characteristics, thermal stability and release
profile of ascorbic acid microcapsules obtained by complex coacervation. Food Hydrocoll
2019;87:71—-82. Available from: https://doi.org/10.1016/j.foodhyd.2018.07.043 with permission
from Elsevier.

Gelatin and pectin are another pair of polyelectrolytes used for fabrication
of coacervates [43]. The zeta potentials of gelatin and two types of pectin,
high methyl and low methyl, were analyzed with changing pH in the range of
3—6. Both types of pectin had negative zeta potentials, with low methyl pec-
tin having the lowest. Gelatin was positively charged below pH 4.75 and neg-
atively charged above pH 4.75. Zeta potentials of coacervates were also
measured with varying pH and polymer ratios. Regarding gelatin-to-low
methoxyl pectin coacervates, neutrality could only be reached at gelatin-to-
pectin ratios of 2:1 and higher, while gelatin-to-high methoxyl pectin coacer-
vates exhibited neutral charges between pH = 3.5 and 4.25 at all ratios. The
highest particulation yields for gelatin-to-low methoxyl pectin (65%) and
gelatin-to-high methyl pectin (67%) were achieved with 6:1 and 3:1 gelatin-
to-pectin ratios, respectively. Particles were loaded with cinnamaldehyde
and gelatin-to-high methoxyl pectin particles exhibited higher encapsulation
yield (93%) and encapsulation efficiency (89%), compared to low methoxyl
pectin. Encapsulation of cinnamaldehyde increased the particle size and
polydispersity index of gelatin-to-low methoxyl pectin particles more than
gelatin-to-high methyl pectin particles (Fig. 6.13). Thermogravimetric analy-
sis showed that encapsulation in coacervates improved thermal stability of
cinnamaldehyde significantly, as evident by comparison between coacervates
and cinnamaldehyde-gelatin-pectin physical mixtures. Coacervates also
retarded the release of cinnamaldehyde more than physical mixtures in hot
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FIGURE 6.13 Microscope images of gelatin: high methyl pectin (A, B), and gelatin-to-low
methyl pectin (C, D) particles unloaded (A, C) and loaded (B, D) with cinnamaldehyde.
Reprinted from Muhoza B, Xia S, Cai J, Zhang X, Duhoranimana E, Su J. Gelatin and pectin
complex coacervates as carriers for cinnamaldehyde: effect of pectin esterification degree on
coacervate formation, and enhanced thermal stability. Food Hydrocoll 2019;87:712—22.
Available from: https://doi.org/10.1016/j.foodhyd.2018.08.051 with permission from Elsevier.

water. Gelatin-to-high methyl pectin coacervates had the lowest cinnamalde-
hyde release (around 32%) in 2 h.

Thermodynamic interactions between low methoxyl pectin and sodium
caseinate during complex formation were studied using ITC, along with the
effects of pH, ionic strength, and temperature on the coacervates [44]. At
pH =5 and 7, there were no interactions between the polymers, evident from
almost no enthalpy change, due to their negative charges at this pH. Because
of their opposite charges at pH =3, an exothermic interaction occurred
between the polymers. Addition of NaCl prevented electrostatic interactions
between sodium caseinate and pectin, and a temperature change from 25°C
to 65°C increased the enthalpy change of the reaction, indicating a stronger
interaction between the polymers, possibly caused by the dissociation of low
methoxyl pectin at higher temperatures. Increasing temperature from 25°C to
65°C also decreased the entropy of reaction, which indicates the existence of
hydrophobic interactions between pectin and sodium caseinate molecules.


https://doi.org/10.1016/j.foodhyd.2018.08.051

Delivery of bioactives using biocompatible nanodelivery Chapter | 6 155

In another study, high methoxyl citrus pectin was chemically modified
to produce pectins with four degrees of esterification (DE) (8.6%, 41.9%,
72.3% and unmodified [88.4%]) which were then used to form complex
coacervates with pea protein isolate [45]. As the pea protein isolate-to-
pectin ratio was increased from 1:1 to 15:1, the pH value where complex
coacervates formed shifted to higher ranges. The optimum pea protein
isolate-to-pectin ratios for coacervate formation were found to be 8:1, 10:1,
10:1, and 15:1, for unmodified citrus pectin (with 88.4% DE), pectin with
72.3% DE, 41.9% DE, and 8.6% DE, respectively. At these optimum poly-
mer ratios, the pH range wherein maximum interactions occurred was
3.70—3.85. DE was also found to be effective on the critical pH value (the
pH where the first detectable interactions between polymers occur) for com-
plex formation: pectin with 8.9% DE began forming complexes with pea
protein isolate around pH 7.1, while for pectins with 41.9% DE and 72.3%
DE, this value was around 6.6, and around 6.4 with unmodified pectin
(88.4%). This is due to increasing the number of galacturonic acid residues
with lower percentage of DE, leading to more interaction with pea protein
isolate molecules. The rigidity of the pectin rod-shaped molecules was
affected by DE. Pectin with 8.9% DE had the most rigid molecules, evident
from intrinsic viscosity measurements; unmodified pectin exhibited the least
rigid molecules. Increasing pectin rigidity was found to increase hydrogen
bonding, and therefore the strength of interaction between pea protein iso-
late and pectin.

Lastly, cress seed mucilage and sodium caseinate were microparticulated
using complex coacervation, and utilized as a delivery system for curcumin
[46]. A study of the effects of pH on coacervation yield resulted in pH =4
as giving the highest absorbance value and coacervation yield, making it the
optimum pH value for the highest interaction between cress seed mucilage
and sodium caseinate. Increasing the mucilage-to-caseinate ratio from 1:1 to
4:1 increased the coacervation yield, but further increasing the ratio to 5:1,
decreased the yield slightly. Between spray drying and freeze drying, spray
drying was found to more effectively encapsulate curcumin in the coacer-
vates. While increasing curcumin concentration from 10% to 30% decreased
encapsulation efficiency, regardless of drying method or biopolymer concen-
tration, increasing the biopolymer concentration from 0.2 to 0.6 significantly
increased encapsulation efficiency—for both spray-dried and freeze-dried
particles. Encapsulation load was also similarly affected by increasing bio-
polymer concentration and the drying method, however, unlike encapsulation
efficiency, encapsulation load increased by increase of curcumin concentra-
tion. Release profiles of curcumin from spray-dried and freeze-dried micro-
capsulates showed that spray drying delayed the curcumin release more than
freeze drying. After 480 min, 80.26% of curcumin was released from freeze-
dried particles, while 63.47% of curcumin was released from the spray-dried
particles.
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The studies summarized here indicate that coacervation is a powerful
method of polyelectrolyte biopolymer particulation that can be used as drug
and bioactive carrier systems. They also exhibit the importance of tailoring
fabrication parameters to modify, make, and design particles with the desired
properties and functionality.

6.2.3 Layer-by-layer deposition

LbL deposition is another interesting method of fabricating nanoparticles
from polyelectrolyte biopolymers. The principle of LbL deposition consists
of the formation of alternating thin layers of oppositely charged polyelectro-
lytes to form a layered particle [3]. These particles can be spherical or tubu-
lar, and they can be hollow, offering a great deal of flexibility. After the
deposition of the first layer of a polyelectrolyte polymer on a solid template,
another oppositely charged polyelectrolyte polymer solution is added into the
system. This catalyzes electrostatic interactions, thereby forming a second
layer of polymer that is strongly bonded to the first. One pair of polyelectro-
lyte layers is often referred to as a “bilayer.” This process can be repeated
until the desired number of bilayers is reached. Each polymer may also
exhibit additional properties (e.g., hydrophobicity, porosity, surface rough-
ness, etc.), and depending on which polymer is deposited last, the functional-
ity and properties of the particle changes. The material to be delivered can
either be encapsulated in the core of the nanoparticles, within bilayers, or
between bilayers [47].

6.2.3.1 Spherical particle formation through layer-by-layer
deposition

The LbL technique has been used in the fabrication of hollow and solid
kafirin nanoparticles [48]. Regarding the solid kafirin nanoparticles, the
nanoprecipitation method was used, with ethanol as the solvent and water as
the nonsolvent for kafirin. Hollow kafirin nanoparticles were formed by a
sacrificial template, consisting of NaCOs;. First, the sacrificial cores were
prepared by adding aqueous sodium carbonate solution in ethanol, to reach a
final ethanol concentration of 70%. Kafirin in aqueous ethanol (70%) was
dropwise added to a sodium carbonate dispersion in ethanol, allowing kafirin
nanoparticles to form layers on sodium carbonate particles. These served as
nuclei for the precipitation of kafirin, and resulted in a kafirin coat surround-
ing the sodium carbonate particles (sacrificial template). Redispersion of this
solution in water helped sodium carbonate leach out of their kafirin coatings
and dissolve in water, resulting in hollow kafirin nanoparticles. Dextran sul-
fate and chitosan were used to form layers surrounding kafirin, and form a
likewise surrounding LBL particle. During this process, solid or hollow
kafirin nanoparticles were mixed with dextran sulfate solutions at pH =4,
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where kafirin particles have a positive zeta potential and dextran sulfate
molecules have a negative zeta potential. After the formation of the first dex-
tran sulfate layer, the solution containing negatively charged particles was
mixed with a positively charged chitosan solution, forming a second layer on
top of the dextran sulfate. This procedure was repeated twice, to form
two bilayers on the solid and hollow kafirin nanoparticles (Fig. 6.14).

FIGURE 6.14 TEM images of hollow (A, C, E) and solid (B, D, F) kafirin nanoparticles;
unloaded (A, B), curcumin-loaded (C, D), and curcumin-loaded LbL-assembled (E, F) kafirin
nanoparticles. Reprinted from Li X, Maldonado L, Malmr M, Rouf TB, Hua Y, Kokini J.
Development of hollow kafirin-based nanoparticles fabricated through layer-by-layer assembly
as delivery vehicles for curcumin. Food Hydrocoll 2019;96:93—101. Available from: hitps://doi.
org/10.1016/j.foodhyd.2019.04.042 with permission from Elsevier.
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Curcumin was selected as the model bioactive compound, and was added to
the kafirin ethanolic solutions for the loaded nanoparticles.

The hollow kafirin nanoparticles exhibited zeta potentials between —40
and —47 mV, indicating good particle stability. Neither the ratio of sodium
carbonate-to-kafirin, nor the presence of sodium carbonate, affected the sta-
bility of the kafirin nanoparticles. Particle diameters were not affected by the
encapsulation of curcumin; however, the addition of dextran sulfate/chitosan
bilayers increased the diameters of the kafirin nanoparticles from 60—70 to
200 nm, as expected. The ratio of curcumin-to-kafirin, as well as the struc-
ture of the nanoparticles (solid or hollow), significantly affected encapsula-
tion efficiency: the lowest encapsulation efficiency (42%) was achieved with
LbL solid kafirin nanoparticles with a curcumin-to-kafirin ratio of 1:5, and
the highest encapsulation efficiencies (94—95%) were achieved with LbL
hollow nanoparticles with curcumin-to-kafirin ratios between 1:15 and 1:30.
LbL assembly of nanoparticles improved curcumin dissolution in the gastro-
intestinal tract, compared to native curcumin, wherein LbL hollow nanoparti-
cles exhibited slower release kinetics compared to LbL solid Kkafirin
nanoparticles [48].

Solid lipid nanoparticles using LbL method were fabricated using soya
lecithin, sodium caseinate, pectin, and Compritol ATO 888, which is a glyc-
eride [49]. The LbL nanoparticles were designed by surface response meth-
odology. The first layer of the nanoparticles was formed by combining
lecithin with the lipid in a mixture of acetone and ethanol, where lecithin
forms a layer around the lipid molecule. The second layer surrounding core
lipid nanoparticles was fabricated by nanoprecipitating the lipid/lecithin mix-
ture in a sodium caseinate mixture. For the third layer, an aqueous pectin
solution was added to the mixture. Effects of four different pH values (4,
4.5, 5, and 6), two pectin concentrations (45 or 60 mg), and the effect of
heat treatment (80°C) were tested (Fig. 6.15), to ensure an electrostatic inter-
action between pectin and sodium caseinate.

Addition of the pectin layer increased the particle sizes from 317 to
437 nm and 438 nm in low and high pectin concentrations, respectively.
A decrease in particle size was observed in both pectin concentrations,

—
pH Thermal
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Double layer coated Pectin and SLNs Pectin loosely adsorbed  Pectin coated LbL SLNs
SLNs mixture on surface
—Solid lipid U - Lecithin ¢ - Sodium caseinate = — Pectin

FIGURE 6.15 Layer-by-layer assembly of solid lipid nanoparticles. Reprinted from Wang T,
Hu Q, Zhou M, Xia Y, Nieh M-P, Luo Y. Development of “all natural” layer-by-layer redispersi-
ble solid lipid nanoparticles by nano spray drying technology. Eur J Pharm Biopharm
2016;107:273—85. Available from: https://doi.org/10.1016/j.ejpb.2016.07.022 with permission
from Elsevier.
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when pH was dropped from 6.8 (initial pH) to 6, and remained stable at
pH =5 and 4.5. When pH was further decreased to 4, the size of nanoparti-
cles with low pectin concentration only increased by the addition of heat
treatment. For high concentration pectin nanoparticles, decreasing the pH to
4 increased the particle sizes, regardless of heat treatment. The zeta poten-
tials of the nanoparticles decreased with the pH values for both pectin con-
centrations. Heat treatment aided the formation of more spherical
nanoparticles. The optimal conditions for fabrication of ultrafine nanoparticle
powders, with spherical particle shapes and good redispersibility, were deter-
mined as pH 5 with 80°C heat treatment, and at higher (60 mg) pectin con-
centration (since higher pectin concentration prevented lipid agglomeration).
The redispersed LbL-assembled solid lipid nanoparticles also exhibited good
stability.

6.2.3.2 Nanotube formation through layer-by-layer deposition

With the choice of the right template, tubular nanoparticles can be fabri-
cated using LbL deposition [50]. Nanotubes from two biopolymers, BSA
and PDL, using a track-etched polycarbonate membrane as the templates
were fabricated. The optimum interaction pH of the polymers was deter-
mined with zeta potential measurements. At pH = 7.4 the highest absolute
opposite charges were observed between positively charged PDL and neg-
atively charged BSA, which is necessary for maximum attraction. To fab-
ricate the nanotubes, positively charged PDL solution was run through the
negatively charged polycarbonate membrane to form the first outer layer
by electrostatic attraction of PDL to polycarbonate. The second layer of
nanotubes was formed by running negatively charged BSA solution after
PDL. Two and three bilayers of BSA/PDL were formed by repeating the
same steps. The polycarbonate template was then dissolved in N,N-
dimethylformamide solution. Three bilayered nanotubes were the stron-
gest, with defined nanotube structures after drying. The average wall
thickness was 61 nm (Fig. 6.16A). Curcumin was loaded to the nanotubes
in two ways: by mixing the already prepared nanotubes with curcumin
solution, or by mixing curcumin into the ethanolic BSA solution prior to
nanotube formation. For the first loading method, curcumin encapsulation
was higher when the interior wall of the nanotubes were hydrophobic with
BSA [50]. The highest encapsulation efficiency (45%) and the highest
loading capacity of (0.27 g/g) nanotubes were obtained with three
bilayered nanotubes. The second encapsulation technique only allowed
formation of two bilayers, after which the hydrophobic environment of the
interior blocked the PDL solution from passing for the third time through
the template. These nanotubes had bigger cavities than the nanotubes fab-
ricated with the first method, and were more deformed than the three
bilayered nanotubes (Fig. 6.16B).
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FIGURE 6.16 BSA/PDL nanotubes with three bilayers (A) and BSA-curcumin/PDL nanotubes
with two bilayers (B). Reprinted from Sadeghi R, Kalbasi A, Emam-jomeh Z, Razavi SH, Kokini
J, Moosavi-Movahedi AA. Biocompatible nanotubes as potential carrier for curcumin as a model
bioactive compound. J Nanopart Res 2013;15(11):1931. Available from: https://doi.org/10.1007/
s11051-013-1931-8 with permission from Springer Nature.

Curcumin entrapment was also tested in LbL bionanotubes formed with
either chitosan (CHI) and a-lactalbumin (LAC), or BSA and k-carrageenan
(CAR), using the same polycarbonate template technique [51]. During the
tests with CHI and LAC, the highest absolute zeta potential differences with
opposite charges occurred at pH =7; the same, regarding BSA and CAR,
occurred at pH =4. The mechanisms of interactions were analyzed with
ITC, and both were found to be exothermic and driven by coulombic interac-
tions with an enthalpy of —0.494 kJ/g (LAC and CHI) and —6.14 kJ/g (BSA
and CAR). For both pairs of polyelectrolytes, three types of templates with
400, 600, and 800 nm pore sizes were tested. While 4 bilayers could be
deposited with a 400 nm template, 600 and 800 nm templates allowed depo-
sition of 5 bilayers. The average wall thickness of LAC and CHI nanotubes
were 81, 97, and 118 nm fabricated with 400, 600, and 800 nm templates,
respectively (Fig. 6.17). BSA and CAR interaction resulted in thinner walled
nanotubes of 60, 67, and 76 nm with 400, 600, and 800 nm templates,
respectively (Fig. 6.17).

Atomic force microscopy imaging and force mapping revealed that BSA/
CAR nanotubes were more robust than CHI/LAC nanotubes [51]. The higher
strength of BSA/CAR nanotubes was due to their stronger interaction, evi-
dent from their larger absolute zeta potential difference and higher enthalpy
differences. Stability tests indicated that CHI/LAC nanotubes were more
stable than BSA/CAR nanotubes in PBS solution, due to a more suitable pH
for the interaction between polyelectrolytes. Curcumin loading was accom-
plished by mixing the dried nanotubes in curcumin buffer solutions. BSA/
CAR nanotubes exhibited higher encapsulation efficiency (46.7%) and load-
ing capacity (0.175 mg/mg nanotube) than CHI/LAC nanotubes (36.9%
encapsulation efficiency and 0/14 mg/mg nanotube loading capacity).
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FIGURE 6.17 CHI/LAC (A, B) and BSA/CAR (C, D) nanotubes fabricated with 400 nm (A,
C) and 800 nm (B, D) pore-sized templates. Reprinted from Maldonado L, Chough S, Bonilla J,
Kim KH, Kokini J. Mechanism of fabrication and nano-mechanical properties of a-lactalbumin/
chitosan and BSA/k-carrageenan nanotubes through layer-by-layer assembly for curcumin
encapsulation and determination of in vitro cytotoxicity. Food Hydrocoll 2019;93:293—307.
Available from: https://doi.org/10.1016/].foodhyd.2019.02.040 with permission from Elsevier.

The release of curcumin from nanotubes was tested with PBS solution. BSA/
CAR nanotubes showed a faster release profile than CHI/LAC nanotubes,
which is similarly due to the pH of the buffer solution (7.5), which favors
the interaction between CHI and LAC more than BSA and CAR. Therefore
BSA/CAR nanotubes experienced a “burst” release of curcumin, with almost
100% release within the first 24 h, while a near complete release occurred
after 48 h in the case of CHI/LAC nanotubes. The cytotoxicity of free and
loaded nanotubes was tested with HelLa cells. While free BSA/CAR and
CHI/LAC nanotubes did not exhibit any toxicity on HeLa cells, curcumin-
loaded nanotubes showed concentration-dependent toxicity on the cells,
regardless of the polyelectrolyte pairs. The highest cell viability values
reached 65% with 60 pug/mL curcumin loading.

Polycarbonate membrane templates were also used for the fabrication of
LbL human serum albumin (HSA) and polyethylenimine (PEI) nanotubes
[52]. First, positively charged PEI solution was passed through the negatively
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charged polycarbonate template, followed by negatively charged HSA
solution. The total number of bilayers deposited on the polycarbonate tem-
plate was 5.5, indicating an additional layer of PEI deposition on the 5
bilayers of PEI/HSA. The average outer and inner diameters of the LbL
nanotubes were 455 and 275 nm, respectively, with an average wall thick-
ness of 151 nm. To study the adsorption of LbL nanotubes onto DNA
(PolyA,s), nanotubes were mixed with DNA solution. Due to the negative
charges of DNA chains, there occurred an electrostatic interaction between
the DNA chains and the positively charged PEI inner and outer walls of
nanotubes. As the pH was increased from 4.7 to 11, the adsorption percent-
age decreased from 94.8% to 87.0%, due to the decreasing positive charges
of PEI with an increase in pH. This reduction resulted in less interaction
between positively charged PEI and negatively charged DNA. The adsorp-
tion kinetics of DNA to LbL nanotubes were found to fit pseudo-second
order kinetics. The release of DNA from the LbL nanotubes were analyzed
by dissolving the complexes in phosphate buffer solutions at two pH values,
7.4 and 5.7. In the absence of NaCl, no release was observed, and increasing
NaCl concentration in the buffer solution increased the release of DNA
from the nanotubes. At pH = 5.7, more DNA was released from the nano-
tubes compared to pH = 7.4.

6.3 Conclusions

In this chapter is summarized recent studies which utilized various nano-
particulation techniques to fabricate edible and safe biobased nanodelivery
systems. Also, through the summary of fundamental studies, the chapter
has detailed the importance of understanding the mechanism of polymer
interactions and thermodynamics on the optimization of nanodelivery sys-
tems. The effects of many parameters (i.e., pH, zeta potentials, tempera-
ture, ionic strength through salt addition, order of addition, etc.) on the
size, distribution, encapsulation efficiency, and stability of the nanodeliv-
ery systems have also been covered. Collectively, these studies show that:
it is crucial to select polyelectrolyte pairs at optimum zeta potential differ-
ence for maximum attraction; choosing the optimum solvents for polyelec-
trolytes affects the particle size, morphology, and stability of the particles;
and the ionic strength of environment and temperature is effective on the
type of the interaction between the polyelectrolytes, leading to a more
stable system. The molecular weight of the polyelectrolytes, the mass and
charge ratios, and the order of polyelectrolyte addition were also proven to
affect significantly the reaction mechanism and bioactive encapsulation
efficiency. All these parameters should be carefully explored and studied
in detail, to fabricate and design nanodelivery systems efficiently, and
with better release profiles.
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7.1 Introduction

A variety of wastes are generated in both agriculture and marine fields
[1—5]. Their accumulation on this planet results in several environmental
and health difficulties [6]. Converting different wastes into value-added pro-
ducts, by respecting environmental demands, is an effective pathway to
reduce environmental difficulties, and improve economic sustainability of
wastes processing. This recycling approach is beneficial not only to the
environments, but also to industries, from economical point of view [6,7].
Biopolymers make up a fraction of agriculture, forestry, and marine wastes.
Biopolymers are alternatives to synthetic polymers made from petroleum,
however, their use has faced several major problems, including low degrada-
tion temperatures, poor mechanical properties, and high water vapor and gas
permeabilities [8,9]. Surface modification of biopolymers and introduction of
ionic groups, functional compounds, and fillers into biopolymers could solve
these problems [10,11]. The properties of biopolymers can be improved by
adding nanosized filler compounds to form composites. The latter materials
(biocomposites) have been fabricated using nanotechnology, in order to
improve stability of conventional polymeric matrices [12,13]. Various
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biopolymers and nanosized fillers have been used to form bionanocomposite
materials [14].

This chapter provides a review compiled from available literature on:
(1) fabrication of four biopolymer-based nanomaterials consisting of three
polysaccharides (cellulose, starch, and chitosan), and a protein (zein)
using surface modification or introducing additives, ionic groups, and
functional compounds into the polymer matrices, and (2) employing
nanoscience and nanotechnology to overcome limitations and to achieve
desirable products.

7.2 Sources, structure, and characteristics

Biopolymers (cellulose, starch, chitosan, zein) are naturally occurring materi-
als that are available in large quantities [14—20]. Renewable biopolymers
can be isolated from agricultural and forestry biomass.

Cellulose is the most available renewable polymer on the planet that we
live on. Its annual production is estimated to be over 7.5 X 10'° tons [17].
Cellulose is present in various plants as a principal component of cell walls,
microorganisms, and land and marine animals. It is widely distributed in
higher plants and annual crops. Wood (consisting of up to 50% cellulose) is
the most important raw material source for cellulose [17,21,22]. It is com-
prised of beta-(1, 4)-p-glucopyraonosyl units and forms a linear chain
through many inter- and intramolecular hydrogen bonding [23—25].

Starch occurs in many higher plants, especially cereals (grains),
legumes, and most tubers, as discrete particles called granules [26—29]. It
is a principal food reserve polysaccharide and serves as the predominant
storage carbohydrate in plants—a mixture of linear and branched «o-p-glu-
cans (amylose and amylopectin). Starch granules consist of amylose and
amylopectin and usually contain small amounts of proteins and lipids [30].
The ratio of amylose to amylopectin, size, particle size distribution, shape,
appearance, and properties of starches vary considerably with sources and
species. These variations could make starches viable in several field appli-
cations [18,31—33].

Next to cellulose, chitin is the second most abundant polysaccharide
found in nature. Chitin occurs naturally, as a support system in plants and
animals, hard skeleton of shellfish and marine invertebrate (i.e., crab, shrimp,
lobster, prawn, krill, clams, oysters, and squid) [34—37]. It is generally iso-
lated from crustacean shells, and is considered a cellulose derivative. The
chemical structure of chitin is similar to cellulose. The difference between
the chemical structures of cellulose and chitin, is that the 2-hydroxy groups
of cellulose have been replaced with N-acetyl groups, resulting in beta-
(1—4)-2-acetarnido-2-deoxy-p-glucopynnosic structural units (GIcNAc) [37].
Chitin is not soluble in most common organic and inorganic solvents.
Deacetlyation of chitin results in chitosan, which consists of 3 (1 »4) linked
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TABLE 7.1 Abbreviations appeared in this chapter.

Abbreviation Expression, term

BBB Blood—brain barrier

CLC Cross-linked cellulose

CNC Cellulose nanocrystal

CNCs Cellulose nanocrystals

DLS Dynamic light scattering
DNA Deoxy nucleic acid

FDA Food and Drug Administration
GIT Gastrointestinal tract

MRI Magnetic resonance imaging
NFC Nanofibrillated cellulose

NP Nanoparticle

NPs Nanoparticles

o/w Oil/water

PEG Polyethylene glycol

SPIO Superparamagnetic iron oxide
uv Ultraviolet

ZCCPs Zein/chitosan colloid particles

D-glucosamine residues [1,7,38]. This results in an improvement in its solu-
bility and promotes processing, thereby widening its practical applications.
Chitosans are used for both partially and completely deacetylated chitosans
[1,39]. Abbreviations and their corresponding expressions, resources, and
characteristics of biopolymers in general, and the characteristics of each
biopolymer (cellulose, starch, chitosan, and zein) are provided in
Tables 7.1—7.3, respectively.

Zein is the major storage protein in corn [40,41]. It consists of four com-
ponents (alpha, beta, gamma, and delta) with varying peptide chains, molec-
ular sizes, and solubilities. The most abundant protein in commercial zeins is
the alpha, which possesses complex groups of prolamines with molecular
weights of 19 and 22 kDa [42], and comprises 70%—85% of the whole zein
[41,43]. Zein with a significant amount of nonpolar amino acids (about 50%
of total amino acids residues in zein), is a hydrophobic protein [43,44]. Zein
is generated as a coproduct, when corn grains are processed for food, feed,
agriculture products, and fuels [45].
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TABLE 7.2 Resources, characteristics, properties, and functions of
biopolymers (cellulose, starch, chitosan, zein).

Item Conventional and large Nanomaterials
sized biopolymers

Resources Agriculture, forestry and The same as the conventional
marine (naturally occurring biopolymer counterparts
materials and available in large
quantities

Characteristics ~ Hydrophilic characters At least with one dimension in
(generally possesses nanometer- scale (1—100 nm)

hydrophilic groups) for
cellulose, starch, and chitosan,
both hydrophilic/hydrophobic
characters for zein

Properties Biodegradable and A large surface area per
biocompatible, poor water volume; and at least a property
vapor and gas barrier and that deviates from the value of
mechanical properties, film- the equivalent bulk materials
forming having the same composition;

superior (physical, chemical,
and thermal) properties
compared to traditional

counterparts
Functions Biopolymers having functional Nano-carriers; nanocomposites
groups are able to interact with
functional compounds
Applications Food, nutrition, Food, nutrition,
pharmaceuticals, medicals, pharmaceuticals, medicals,
cosmetics, health care cosmetics, health care

7.2.1 Properties and functions of biopolymers

Biopolymers (cellulose, starch, chitosan, zein) are biodegradable and bio-
compatible [18—21,38,46—48]. The biopolymers have poor water vapor,
oxygen and other gas barriers, mechanical, and thermal properties
[14,16,49]. The use of materials with barrier properties results in a shelf life
extension, by protecting food and drugs products from oxidative and micro-
bial deteriorations [50]. Properties of biopolymers, and properties of each
biopolymer (cellulose, starch, chitosan and zein) are given in Tables 7.2 and
7.3, respectively.

Cellulose and its derivatives exhibit film- and fiber-forming properties
(Kaplan, 1998a,b) [21,48]. The linearity of cellulose makes it easy for the
molecules to produce parallel arrays and cause a high degree of crystallinity
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TABLE 7.3 Characteristics, properties, and applications of biopolymers.

Biopolymers

Characteristics and
properties

Functions and applications
of biopolymer-based
nanomaterials

Cellulose High hydrophilic characters, Nanofibers, nanopapers,
film forming, fiber forming; high ~ nanocomposites
degree of crystallinity, highly
absorbent, and binding to water
properties
Starch High hydrophilic characters; Nanocomposites, starch
film forming nanocrystals can be used to
improve mechanical and barrier
properties
Chitosan Cationic nature, film forming, As antioxidant and
fiber forming; antibacterial and antimicrobial compounds in
antifungal properties food, nutrition, and medicine
sectors; as a core of
encapsulation system for
nutrient and drug releases
Zein Amphiphilic (hydrophobic/ As a shell of encapsulation

hydrophilic) character; film
forming, fiber forming;
antioxidant properties and oil

system in nutrient and drug
releases; nanocomposite in food
coating and packaging

resistance

[23,25]. Cross-linked cellulose (CLC), a highly absorbent with disintegration
and binding properties, was used as a tablet excipient in pharmaceutics.

Starch exhibits film-forming properties, however, the film is tough and rigid
[51]. Mechanical and barrier properties of the starch films can be reinforced
and improved by adding other polymers, functional compounds, and organic or
inorganic fillers to the starch matrix [51]. Mechanical, barrier, and physico-
chemical properties of the starch films exhibited a great variability, depending
on the compounds added to the matrix and the processing method. The modi-
fied materials were employed in active packaging for foods and drugs [52].

Chitosan is the only cationic polysaccharide, and its cationic nature in
acidic medium is especially unique among polysaccharides. Chitosan is very
sensitive to the presence of anionic substances in its solutions [31,39,53].
Chitosan with film-forming, antibacterial and antifungal properties, and hav-
ing the ability of removing of harmful heavy metal ions from polluted water
is a good and qualified candidate for food, nutrition and biomedical applica-
tions. However, its poor water vapor and gas barrier, and mechanical proper-
ties limit its uses [39,49,53,54].

Zein, having an amphiphilic (hydrophobic/hydrophilic) character, exhibits
film- and fiber-forming and antioxidant properties, and oil resistance. Fiber-
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like structures for the zein—starch system were also observed [52]. The func-
tions of zein nanomaterials are multiple: food or nutrient components, bioac-
tive compounds, cores of nanoencapsulated systems, shells of encapsulated
bioactive components, carriers of delivery systems, or fractions of assembly
systems [55]. Zein as a sole material cannot be used in food packing for two
major reasons: (1) it is brittle, and (2) has no sufficient water barrier proper-
ties. A solution for these problems is the use of additives (plasticizers and
hydrophobic materials), to improve flexibility and moisture barrier properties
[43,56,57]. A possibility to increase barrier properties of zein polymers is
treatment with stable silicates (montmorillonite, hectorite, and saponite)
[43,57].

7.2.2 Properties and functions of nanomaterials

Materials with the following characteristics create novel properties and phe-
nomena: “one dimension in nanometer-length scale (1—100 nm), a large sur-
face area, a large surface area per volume, and at least one property that
deviates from the value of the equivalent bulk materials having the same
composition” create novel properties and phenomena [13,58]. The greater
the surface area, the greater the surface area of nanoparticles (NPs) per mass
unit; greater surface area-to-volume ratio for nanomaterials yields an
enhancement in their biological activities, in comparison with bulk and
larger sized particles. NPs can be used as bioactive compounds in functional
foods [59,60]. At the nanometer level, some material properties are affected
by the laws of atomic physics, rather than behaving as traditional bulk mate-
rials do. In fact, their extremely small features size is of the same scale as
the critical size for some physical phenomena, such as light [24]. Properties
of synthetic polymers and biopolymers are closely related to their molecular
weights and sizes [61—63]. Generally, the amount of raw materials with
nanosized dimensions, in comparison with larger counterparts, in a desired
application can be reduced, whereas the properties and biological activities
of nanomaterials were improved [64]. The number of particles available per
square unit of area in a nanosystem is higher than that of a micron-sized sys-
tem [60,65]. Polymer nanocomposites exhibit superior physical, chemical,
and thermal properties, compared to traditional composites [24,50].

Nanoscience and nanotechnology are growing in various fields of sci-
ence, technology, and engineering, and could result in significant changes in
the world in the near future. The properties of nanomaterials enhance their
performances and applications. NPs (nutrients and drugs) can enter the
human body, including vital organs such as the brain, much easier than
larger particles [64]. Different research topics including preparations, proper-
ties, characterizations and applications of nanomaterials in vitro and in vivo
are now under investigation [13,58,66].
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7.2.3 Safety and toxicity of biopolymer-based nanomaterials

The three polysaccharides (cellulose, starch, chitosan) are environmentally
friendly compounds, safe, and nontoxic—or exhibit low toxicity
[15,18,67—69]. The toxicity of materials depends on their sizes, morpholo-
gies, and surfaces [55,62,70,71]. Toxicity is the major disadvantage of nano-
scale materials for food, nutrition, medical, and healthcare applications [13].
NPs can migrate from packaging/containers to food, nutrient, and drug com-
ponents [13]. Each new product prepared by nanotechnology must be exam-
ined for toxicity before marketing [64].

Cellulose-based nan-materials such as cellulose nanocrystals (CNCs)
have very low toxicity in several models (in vivo, in vitro) [71]. Starch is
nontoxic and edible [18,28,29]. It is a favored compound for oral drug deliv-
ery systems [72,73]. Chitosan is nontoxic, or exhibits a low toxicity [74,75].
Zein has been approved for oral use by the Food and Drug Administration
(FDA). Zein is recognized as safe for food applications [76]. However, the
toxicity of zein nanocomposites and zein-based NPs has not been investi-
gated yet [55,56]. The toxicity of nanostarches and nanochitosans have not
yet been investigated.

7.3 Preparation of biopolymer-based nanomaterials

Hydrophilic nature of biopolymers leads to poor water vapor, oxygen, and
other gas barriers, and poor mechanical properties. Surface modification, and
introduction of ionic groups thereon, makes the surface more hydrophobic
and leads to improvements in various mechanical and barrier properties
[10,11,77]. The properties and efficiencies of the biopolymer films can be
alternatively modified via making a blend as well as a nano-composite [a
mixture of polymer and a filler (a non-sized component such as nano-clay or
nano-sized silica) [10,11,77]. In coating and packaging technology, the modi-
fication results in shelf life extensions of food, nutrients, and drugs [56,70].
Biocomposite materials have been fabricated using nanotechnology, in order
to improve stability of conventional polymeric matrices [13]. The composites
can be constructed via electrostatic interactions of oppositely charged coun-
terparts. CNCs are produced from a variety of renewable sources, and they
can be chemically modified [78,79]. Chitosan is a suitable material to con-
struct NPs. Because of its reactive amino groups, it is more easily chemically
modified using various ligands or antibodies [67].

7.4 Applications of biopolymer-based nanomaterials

Natural materials have been used as food, nutrient, pharmaceutics, and cos-
metic compounds [80,81]. These materials can be used in agricultural prac-
tices, food coatings, and packaging to reduce environmental harms [7,82,83].
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Reinforced fillers have been used in polymer composites for a wide variety of
food, hygiene, cosmetic, and medical products [84]. The properties of natural
materials, as well as biopolymers (cellulose, starch, chitosan, and zein), can be
enhanced by adding nanosized fillers to form biocomposites [14,16,85,86].
Bionanocomposites consist of well-dispersed nanofillers (having a minimum
of one dimension within the nanometer range) into biopolymeric matrices. The
incorporation of bioactive compounds, such as vitamins, probiotics, antioxi-
dants, or other bioactive compounds, provides a way to develop novel nutri-
ents, drugs, and functional foods. The new materials may have physiological
advantages and could diminish the probability of diseases [55,64].

7.4.1 Cellulose

Enormous amounts of cellulose and its derivatives are consumed annually in
a wide variety of products, for example, fiber, textile, paper, and membranes
(Kaplan, 1998a,b) [21,48,87]. The hydrophilic and polar natures of cellulosic
fibers lead to two types of agglomerations: (1) that of nanofibrillated cellu-
lose (NFC) during mixing with a hydrophobic compound, and (2) irreversible
agglomeration of NFC during a drying process [10]. Cellulose has been
applied in a variety of surface modifications such as silylation [88], acetyla-
tion [89], and carboxymethylation [90], to overcome hydrophilic properties
of cellulose. The effects of various drying processes were also studied, for
the efficient use of NFC with superior properties [11]. Drying affects the
size and properties of nanofibers. The modified NFC can be also used to
improve the transparency and tensile strength of nanopapers [10,11,91].

Surface modification and conjugation with therapeutic nanomaterials
makes CNCs suitable as nanocarriers, and facilitates development of new
nanocomposites for drug delivery applications [71,78,79]. It is highly desir-
able to develop controllable methods for chemical or physical modification
of the CNC surface, preferably by using mild or green conditions [71].
Chemical treatments to modify the surface of cellulose are employed by the
introduction of hydrophobic moieties. Nanocellulose has been employed as a
reinforcement agent in polymer matrices. The major difficulty is to achieve a
homogeneous dispersion of nanocellulose in hydrophobic polymers [92].
Low-molecular-weight polymers, or oligomers, are adsorbed on the surface
of nanocellulose to achieve hydrophobicity. The surface modification of
nanocellulose presents several advantages, as it can enhance the interfacial
adhesion between nanocellulose and a polymer matrix, as well as the overall
performance of nanocomposites [93]. Cellulose in composite systems pro-
vides excellent physical and chemical features. This, together with environ-
mentally friendly capabilities, make them ideal materials for long-term
practical applications. Nanocellulose (nanocrystals and NFC) with different
properties matrices is potentially useful for a large number of industrial
applications [24,84].
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7.4.2 Starch

Starch has been used as a drug carrier in pharmacy and as a thin film coating
layer in food and drug packaging technology, because of its biocompatibility,
biodegradability, and nontoxicity [18,28,29]. Superparamagnetic iron oxide
(SPIO) as a core, and starch as a coating layer with suitable biocompatible
properties, have been used in medicine, particularly in magnetic resonance
imaging (MRI), tissue engineering, and drug delivery systems [18,60].
Starch-coated Superparamagnetic iron oxide nanoparticles (SPION) exhibit
biocompatibility, and can be transported in the extracellular space and inter-
nalized in nerve cells [18]. X-ray powder diffraction was used to confirm the
magnetite phase of the SPION.

A fresh starch film made by a casting method is thermoplastic, whereas a
stored starch film is rigid, and less elastic [51]. Comparison of mechanical
properties of starch fresh films and stored films reveals that recrystallization
occurs during the storage period. The rigidity effect can be inhibited, by add-
ing organic or inorganic fillers, functional compounds, or other polymers to
the starch matrix. Different physicochemical properties of the starch films
depend on which compound is added to the matrix, and the processing
method. Physical or chemical modification of native starch yields an increase
in its possible applications [47,94]. Starch/clay nanocomposite films with
superior barrier properties, in comparison with bulk counterparts are
suitable coating materials for food and drug coatings and packaging
applications.

Silver-coated starch exhibited antimicrobial properties. The presence of
silver particles on the starch was confirmed by UV spectra. Inhibitions
tests were performed for three types of bacteria on starch, coated by
AgNPs. The inhibition results were 25 pg/mL for Staphylococcus aureus,
and Salmonella typhi, and 12.5 pg/mL for Escherichia coli. The surface-
modified nanostarch with AgNPs shows a potential application for active
food coating and packaging [95]. The main interest of starch, in addition
to being low cost is that the raw material is relatively pure and does not
need intensive purification procedures, such as lingo-cellulosic materials
[7,50]. The reinforcing of starch nanocrystals is limited, compared to
CNCs, and a higher amount of the former is necessary to attain similar
reinforcing effects. However, other interesting properties can be obtained
from their platelet-like morphology, such as barrier properties [50]. Starch
nanocrystals create a tortuous diffusion pathway for water and oxygen
molecules to pass through. This suggests that nanostarch plays the same
role as nanoclays do, presumably due to the hydrophilic nature of starch
nanocrystals. Nanoclays have been used to improve water and gas barrier
properties [50].
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7.4.3 Chitosan and zein

Chitosan and its blends with other components (i.e., natural polymers, essen-
tial oils, and fillers) have been used for food protection [49]. Cationic amino
groups of chitosan can form complexes with negatively charges of drug/
deoxy nucleic acid (DNA) through strong electrostatic interactions [96].
Chitosan forms NPs through ionic gelation, and can be used in pharmaceuti-
cal preparations as a coating agent, tablet binder, gel former, in various drug
delivery systems, and mucoadhesive polymers to enhance drug permeation
and bioavailability [97]. It also exhibits potential as a nanocarrier. Chitosan
has been incorporated into a number of NPs formulations and has been criti-
cal in improving delivery of many drugs, since it exhibits better drug bio-
availability, stability, and targeted delivery (at the exact site). Cytostatic
activity was also increased over a long duration.

Chitosan conjugated with different contents of folic acid was used to pre-
pare chitosan NPs. The average particle size of NPs was between 120 and
140 nm, which is small enough to be up-taken by cancer cells via folate
receptor-mediated endocytosis [67]. The zeta potential was around 20 mV
and loading efficiency was about 60% [67]. A bioassay was performed on
chitosan conjugated with folic acid, which was loaded with indigo carmine.
The bioassay results revealed that the quantity of particles that which
adhered onto cells increased with incubation time, and the higher-conjugated
ratio of folic acid particles had a better adhesion effect. Based on the above-
mentioned results, a novel detection system was made to enhance the accu-
racy of endoscopic diagnosis for colorectal cancer [67].

Zein with positive charges is suitable for delivery of negatively charged
drugs, foods, and nutrients. The wide range of isoelectric points for zein is
an appropriate condition for delivery of different nutrients and drugs into the
body. Incorporating NPs with zein-based compounds expands their number
of possible applications. Composites of zein films [40,98], and zein nano-
composites films have been used for food packaging [56]. A layer of silica
deposited on the zein particles resulted in an improvement in their properties
[99]. Because of the several advantages of zein, in comparison with other
proteins, efforts have been made to explore the possibilities of utilizing zein
NPs for food and nutrition applications [45].

Vitamin D3 has been incorporated into zein coated with carboxymethyl
chitosan [100—102]. The nanocomplex can protect the embedded compound
against heat or light-induced degradation. NPs of carboxymethyl chito-
san—zein mixed were prepared, and then vitamin D3 was incorporated into
the combined biopolymers [101]. A nutrient delivery system was fabricated
in chitosan NPs as hydrophilic core, and zein as a hydrophobic shell.
Selenite (a form of selenium, a key trace element for human health), was
encapsulated into zein-chitosan mixed and formed a nano delivery system
[103]. Zein-chitosan core—shell NPs with a combined hydrophilic/
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hydrophobic character had a higher encapsulation efficiency and a slower
release rate in the gastrointestinal tract, in comparison with chitosan NPs
without any zein coatings. The hydrophobic zein shell prevented chitosan
dissolution in the acidic conditions of the stomach, reduced the rate of
releasing, and prolonged the release of hydrophilic selenite. Zein/chitosan
colloid particles (ZCCPs) were shown to be effective pickering emulsifiers
[104]. The resulting emulsions were highly resistant to coalescence over a 9-
month storage period. Food-grade ZCCPs stabilized pickering emulsions
have potential applications as emulsifiers to prepare edible pickering emul-
sions. Nanosized (<100 nm) zein spheres were employed for fabrication of a
series of fish oil/water (O/W) pickering emulsions (Soltani and Madadlou,
2016). The NPs of chitosan/DNA were made and then encapsulated into zein
using a O/W emulsion technique [19]. The resulting system exhibited tunable
loading, high encapsulation efficiencies, good protection properties within
gastric conditions, and intestinal enzyme-mediated release of transfection-
competent. The encapsulation of various compounds in zein, as well as their
coating particles with zein, has been shown to decrease the release profile
under simulated gastric conditions [19].

7.5 Conclusions

In this chapter, an effort was made to provide a review from some available
literature information on properties, functions, efficiencies, and applications
of biopolymer-based (cellulose, starch, chitosan, and zein) nanomaterials.
This chapter provided an up-to-date evaluation of the existing development
on the abovementioned biopolymer-based nanomaterials, and implication of
nanoscience and nanotechnology. Biocompatibility, biodegradability, natural
and abundant availability, and non- or low toxicity make biopolymers excel-
lent candidates for food, nutrition, and healthcare applications (i.e., pharma-
ceutical and biomedical, medicine, cosmetics). The biopolymers exhibit
coating and film-forming properties. In addition, cellulose, chitosan, and zein
also exhibit fiber-forming properties.

The mechanical and barrier properties of biopolymers can be improved
by introduction of fillers, functional compounds, or other biopolymers into
the biopolymer matrix. The new products (as nanocomposites) can be used
for food, drug coating, and packaging. Use of nanomaterials in food and
drug coating and packaging results in a longer shelf life in comparison to
bulk counterparts. Biopolymer-based nanomaterials can be constructed via
electrostatic interactions of opposite charges of biopolymers and additives.
NPs as foods, nutrients, and drugs are more efficient and more active than
that of bulk counterparts, and thus can enter easier into the human organs
much easier than larger particles.

Nanoscience and technology enables fabrication of nanomaterials with
better qualities, characteristics, and functionalities, in comparison with bulk
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and larger counterparts. The efficiency, rate of delivery, and controlled
release of food, nutrition, and drug nanomaterials have been enhanced.
Chitosan and zein with positive charges are suitable for delivery of nega-
tively charged foods, nutrients, and drugs. Nanocellulose and nanostarch can
be employed as nanofillers, also. Nanofillers show potential in certain appli-
cations to improve gas and water vapor barrier properties of other materials.

7.6 Future perspectives

Biopolymers with renewable and green resources that exhibit non- or low
toxicity and good biocompatibility are promising materials for food, nutri-
tion, medical, and healthcare applications. Investigation in the new area of
research “biopolymer-based nanomaterials” would result in better quality of
life, and prolonged period of living. However, the toxicity of biopolymer-
based nanomaterials must be examined before marketing, in order to elimi-
nate various risks of possible diseases.
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Surface functionalization of
PLGA nanoparticles for drug
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8.1 Introduction: background and driving forces
8.1.1 Nanoparticles as novel drug delivery systems

Nanoparticles are among the novel drug delivery systems—one of the most
extensively exploited, due to their unique properties related to their size [1],
capacity of drug protection [2], and controlled drug release [3].

Nanoparticles are colloidal carriers, varying in terms of particle size between
10 and 1000 nm, being typically smaller than 200 nm [4]. Their attributes com-
prise controlled drug release [5] and protection [2], which is particularly impor-
tant for inherently unstable drugs like therapeutic proteins and peptides [6].
Such applicability is due to their capacity to target organs and tissues, provide
drug delivery in a sustained manner without increasing the effective dose, and
improve patient compliance [7] by reducing the number of administrations, par-
ticularly regarding diseases that require chronic therapeutic regiments [8].
Parenteral nanoparticles, in particular, have been studied to deliver cancer drugs
and to treat central nervous diseases, since by attaining a size smaller than
100 nm facilitates the intracellular delivery of drugs, the accumulation in tumor
sites, and the permeation of the blood—brain barrier (BBB) [9,10].

8.1.2 Poly(p,-lactide-co-glycolide) nanoparticles

Poly(p,L-lactide-co-glycolide) (PLGA) polymers are biodegradable, biocom-
patible [11], and approved for medical use by the US Food and Drug
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Administration (FDA), and the European Medicines Agency (EMA) [12].
They first appeared as bioresorbable sutures in the 1970s [13] paving the
way for PLGA use as biodegradable drug release systems. In the late 1980s
Astra Zeneca introduced Zoladex an implant for prostate and breast cancer
still on the market today. The implant releases goserelin, a synthetic peptide
blocker of a luteinizing hormone-releasing hormone (LH—RH) receptor, in a
controlled release manner, and is aimed at reducing testosterone, or estradiol
production [14]. More recently, PLGA microspheres for subcutaneous
administration were marketed as Bydureon, from Astra Zeneca, for once-
weekly administration of exenatide, a glucagon-like peptide-1 receptor GLP-
1R agonist, targeted to treat adults with type 2 diabetes [15].

Research on PLGA has been done extensively with several patents [16]
and research papers still emerging, which illustrates that PLGA is regarded
as a very promising polymer with current pharmaceutical interest and chal-
lenges for researchers to overcome. However, modern PLGA research has
placed more emphasis on nanoparticles, rather than microparticles or macro-
implants, to deliver drugs in a controlled release and targeted manner [17].

8.1.3 Structure and properties of PLGA polymers

PLGAs are aliphatic polyesters, composed of monomeric units of lactic acid
and glycolic acid that are connected by ester linkages [18]. Their chemical
structure is represented in Fig. 8.1. They are considered relatively
stable when in a dry state, but when exposed to moisture or an aqueous envi-
ronment (e.g., in vivo) [13,19], the polymer chains are broken down to small
oligomers, and then to monomers, by a process of hydrolytic chain scission
[20,21]. Their final degradation products, the monomers glycolic acid and
lactic acid, are eliminated from the body through the Krebs Cycle [18].
There is extensive clinical and toxicological data to sustain the biocompati-
bility and biodegradability of these polymers [11].

@) H
R o) *
~o ot
x ¥
CH, 0

Uncapped PLGA: R

hydroxyl end group

End capped PLGA: R

FIGURE 8.1 Chemical structure of PLGA. “x” and “y” refer to the relative amounts of lactide
and glycolide units.

alkyl end group
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Since lactic acid is more hydrophobic than glycolic acid, PLGA copolymers
with higher ratios of lactic acid in their composition are expected to be less
hydrophilic, leading to their slower degradation [13,22]. The chemical and
physical properties of PLGA impact the release behavior of drugs loaded in
PLGA delivery devices. It is possible to tailor the drug release profile of a
drug by the type of PLGA carrier, with the right physical chemical character-
istics [23].

PLGA nomenclature is related to an important feature of their chains,
called the terminus group or end-group (Fig. 8.1). PLGA carrying free car-
boxylic end groups are known as “uncapped PLGA” [24]. They are more
hydrophilic and absorb more water, which leads to a higher degradation rate
when compared to the end-capped polymers [25]. End-capped PLGAs have
esterified carboxyl groups at the end of the chains [24].

The pKa of lactic and glycolic acid carboxyl groups is 3.86 and 3.83,
respectively, and at around a physiological pH = 7.4, these groups are nega-
tively charged [16]. Regarding uncapped PLGA, there is also a negative
charge contribution from the terminal free carboxylic end groups. The sum
of these negatively charged groups at physiological pH contribute for the
negative surface charge usually present in PLGA nanoparticles.

8.1.4 PLGA nanoparticles production techniques

There are three classical techniques, well-described in the literature, for
PLGA nanoparticle preparation [17]: nanoprecipitation (also called solvent
displacement or interfacial deposition) [26], emulsion—diffusion, and double
emulsification [27]. In the nanoprecipitation technique, PLGA is solubilized,
along with the drug and a lipophilic emulsifier (e.g., triglycerides) in a sol-
vent (e.g., acetone), constituting the solvent phase or organic phase. This sol-
vent phase is added dropwise to a nonsolvent phase or aqueous phase,
comprised of a PLGA nonsolvent (e.g., water) or a buffer with a surfactant,
usually poloxamer 188 [26,27]. This technique is the first option to encapsu-
late hydrophobic drugs in PLGA nanoparticles.

The emulsion—diffusion and double emulsification techniques allow the
incorporation of both lipophilic and hydrophilic drugs in PLGA nanoparti-
cles. In the emulsion—diffusion technique, if the drug is hydrophobic, it is
dissolved into an organic phase together with a polymer, and an oil in an
organic solvent that is partially miscible with water (e.g., ethyl acetate).
Using this technique, three phases are required to produce nanoparticles: an
organic phase, an aqueous phase, and a dilution of both phases [2,27]. The
organic phase is emulsified under vigorous agitation into the aqueous phase,
taking advantage of the high energy rotation of an ultra-turrax.

To incorporate hydrophilic drugs, instead of hydrophobic ones, with this
technique, the inner and outer phases are swapped. The aqueous phase is the
inner phase, and contains the drug with a stabilizing agent, such as poly
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(vinyl alcohol) (PVA) or poly(vinylpirrolidone) (PVP). The organic phase is
the outer phase and is composed of PLGA and an organic solvent (e.g.,
methylene chloride or acetone) [27].

There are two types of double emulsion techniques: water—oil—water
emulsion (w/o/w) and oil—water—oil emulsion (o/w/0). W/o/w allows for
higher encapsulation efficiency of hydrophilic drugs, to produce drugs-
loaded PLGA nanoparticles. Double emulsions are prepared in a two-step
process, using a hydrophobic and a hydrophilic surfactant to stabilize the
interface of the w/o internal emulsion, and the external interface of the oil
globules in w/o/w emulsions, respectively. The principle and solvents used
are the same as stated for single emulsions [2,27].

8.2 Active targeting by surface functionalization of PLGA
nanoparticles

As previously stated, nanoparticles are an efficient delivery system that
allows for controlled release of drugs for a prolonged period. This is espe-
cially beneficial for drugs with low therapeutic index (like cancer drugs),
with reduced half-lives (like therapeutic proteins) or with poor water solubil-
ity and stability. Notwithstanding their promising characteristics, PLGA
nanoparticles evidences some intrinsic drawbacks, which impair their role as
a novel drug delivery system/drug vector [2]. The nanoparticles’ small size
allow their accumulation in organs and tissues. A size smaller than 50 nm
can allow them to evade the reticulo-endothelial system (RES) [28]. In fact,
size determines the biological fate of nanoparticles, however, many times the
accumulation is not targeted to the desired tissue or organ where the drug
should act, resulting in adverse effects.

After intravenous administration, PLGA nanoparticles are rapidly
removed from systemic circulation due to opsonization by the enhanced per-
meation and retention (EPR) effect, unless the target tissue is a tumor. In this
case, the nanoparticles tend to accumulate due to leaky vasculature [29,30].

Also, the in vivo blood circulation time of nanoparticles, and the extent
to which they are taken up by cells, are affected by various factors, espe-
cially the nanoparticles’ surface charge. PLGA nanoparticles display a nega-
tive charge at the surface due to the chemistry of their chains. A change in
surface charge to positive values is sometimes desirable to achieve PLGA
nanoparticles with better clinical responses, such as enhanced cellular uptale
and opening tight junctions. PLGA nanoparticles are not uptaken by viable
cells, and they cannot pass through the BBB, which impairs their use as a
drug carrier to the brain [31]. Apart from their small nano size, once in the
body, the fate of PLGA nanoparticles is, among other factors, determined by
surface characteristics that govern the interaction of the nanoparticles and
the biological environment [16] (i.e., body fluids, cells, proteins, and salts).
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In fact, once PLGA nanoparticles are parenterally delivered and reach the
systemic circulation, the adsorption of proteins present in the blood starts
immediately, causing the formation of the protein corona [32], which may
change the surface charge of the nanoparticles. PLGA is negatively charged
at physiological pH, and together with its hydrophobic moieties, attracts
plasma proteins, most of which are cationic at this pH. The biodistribution of
the nanoparticles is believed to be determined to a major extent by the bind-
ing of plasma proteins (opsonines) on the particles’ surfaces, making them
recognized by the immune system as antigens. This eventually leads to a
reduction of nanoparticles’ blood circulation times [33,34].

These are among the rationales behind surface functionalization of nano-
particles. By actively targeting the particles, nanoparticles could be directed
to accumulate in specific sites. Active targeting is achieved by surface func-
tionalization of nanoparticles with recognized molecules, in order to enhance
intracellular delivery and to increase their retention in cells or tissues, which
improves their in vivo performance [16,35].

Functionalization of PLGA nanoparticles relies on the introduction of
ligands on the surface of the particle, usually taking advantage of the PLGA
carboxyl end groups [31]. These introductions can be performed by noncova-
lent interactions or by covalent conjugations [16,35]; the latter makes use of
chemical reactions, forming new bonds between PLGA and ligands.
Nevertheless, achieving functionalization of PLGA nanoparticles by perform-
ing conjugation reactions is not within the scope of this chapter. This chapter
deals exclusively with surface functionalization of PLGA nanoparticles by
noncovalent interactions.

Surface functionalization of PLGA nanoparticles by noncovalent interac-
tions is particularly interesting due to their simplicity and spontaneity, allied
with the fact that these noncovalent interactions prevent ligand degradation.
This factor should be considered when the ligand is a very viable molecule,
like an antibody. Also, even PLGA is reported to suffer from transamination
and hydrolysis reactions under very mild conditions. The major reported
drawbacks associated with these noncovalent interactions are linked to their
inherent weak chemical interaction.

8.3 Noncovalent functionalization of PLGA nanoparticles

Among the strategies to make PLGA nanoparticles stealth to the RES, two
are most reliable: (1) coating with hydrophilic nonionic polymers/surfactants
[33], and (2) altering the surface charge by coating the nanoparticles with
polyelectrolytes of opposite charge [36].

As previously mention, there are two types of PLGA polymers (Fig. 8.1):
chains with a free carboxyl end group known as uncapped PLGA, and chains
terminated with alkyl ester end groups or end-capped PLGA [16]. PLGA par-
ticles allowing surface functionalization by noncovalent interactions mostly
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FIGURE 8.2 Two ways for exploiting noncovalent interactions on a PLGA polymer chain (A);
and on the surface of a PLGA nanoparticle (B). The drawings are only demonstrative.

make use of uncapped PLGA in their fabrication process [16], since by
exploiting the particles’ negative charge, it is possible to form ionic interac-
tions between the PLGA exposed carboxylic end groups and positively
charged molecules (Fig. 8.2B). Another approach for noncovalent surface
modification relies on exploiting the hydrophobicity of both types of PLGA
chains. The hydrophobicity increases with the length of the chain [37]. This
type of surface functionalization is not as strong as the ionic one, and is per-
formed under uncontrolled conditions that may allow loss of coating mole-
cules during the fabrication method washing steps [16]. In general, the
adsorption of amphiphilic molecules for a specific surface modification is a
rapid and convenient method not deleterious for the ligands—if the interaction
is strong enough to resist premature desorption. Considering the physicochem-
ical characteristics of a preformed PLGA nanoparticle, the surface carboxylate
groups of uncapped PLGA allow for covalent and electrostatic conjugation of
ligands, whereas the hydrophobicity of the PLGA matrix can be exploited for
adsorption of hydrophobic, or even amphiphilic, ligands (Fig. 8.2A).

This section provides examples of functionalization approaches that take
advantage of ligand characteristics and the right conditions to create noncovalent
interactions between a ligand and PLGA. It highlights some biological effects
in vitro and in vivo, as well as their potential for therapeutic applications.

8.3.1 PEGylated PLGA nanoparticle

PEGylation technology can improve the aqueous stability and solubility min-
oring aggregation by steric stabilization, decrease immunogenicity, and pro-
long the systemic circulation of nanoparticles or other poly(ethylene glycol)
PEG-containing products [38,39]. PEG polymers have been extensively
employed for the modification of PLGA nanoparticles.

Due to their inherent hydrophobicity and surface negative charge, PLGA
nanoparticles are recognized by the RES system and rapidly cleared from the
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blood systemic circulation time. Coating the nanoparticles with a layer of
PEG has been shown to improve their time of residence in the body [9.40].
When attached to a particle surface, PEG ether groups can bind water mole-
cules via hydrogen bonding, introducing a highly hydrated hydrophilic coat-
ing layer around the particle, which tricks the plasma cells to recognize the
nanoparticle as only water [41].

Adding to that benefit, coating nanoparticles with a layer of PEG facili-
tates passive targeting of tumor tissue through EPR effect [42].

PEGylation is more often achieved by conjugating PEG to PLGA, by
using a chemical reaction prior to nanoparticle fabrication [43,44], or by
using block copolymers that already possess PEG moieties [31]. However,
regarding PLGA, this can be achieved by hydrophobic interactions using
PEG as a surfactant [16].

PLGA nanoparticles were produced and surface-coated with cationic diblock
copolymer, poly(L-lysine)—poly(ethylene glycol)—folate (PLL—PEG—FOL) by
ionic interactions in an aqueous phase, to enhance nanoparticles’ site-specific
intracellular delivery against folate receptor overexpressing cancer cells [45].
The nanoparticles showed improved cellular uptake to folate receptor overex-
pressing cells (KB) of human epidermal carcinoma, suggesting that they were
mainly taken up by folate receptor-mediated endocytosis. This demonstrated
an enhanced cellular uptake, achieved both by introducing a receptor ligand,
and by improving the circulation time with PEG-coated nanoparticles. Using
the same rationale, cell-specific homing moieties at the protein-repellent sur-
face layer, have been the focus of a study to deliver docetaxel (Dtxl). DtxI-
encapsulated PLGA nanoparticles formulated with poly(p,L-lactic-co-glycolic
acid)-block-poly(ethylene glycol) (PLGA-b-PEG) copolymer and surface
functionalized with A10 2'-fluoropyrimidine RNA aptamers were developed
to recognize the extracellular domain of the prostate-specific membrane anti-
gen (PSMA) [46]. In this study, 100% of mice survived after being treated
with the formulation.

8.3.2 Surfactant PLGA nanoparticles

Nonionic stabilizers/surfactants can be employed to coat PLGA nanoparti-
cles. Due to PLGA’s hydrophobic nature, hydrophobic or amphiphilic mole-
cules, polymers, and other substances could be adsorbed via hydrophobic
interactions. This is the principle followed by adsorbing amphiphilic mole-
cules like surfactants, polymers, or even proteins. However, regarding the
latter, electrostatic interactions are the major determinant for complexation
with particle surfaces [16]. Surface adsorption of surfactants via hydrophobic
interactions has an impact on the stability of nanoparticle suspensions, ensur-
ing repulsion between nanoparticles, and thus minimizing aggregation [47].
Among the most used are anionic surfactant sodium dodecyl sulfate (SDS),
nonionic poly(vinyl alcohol) (PVA) [48], and nonionic polysorbates [49].
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For toxicity reasons, nonionic poloxamers and PEG [36,49] are the common
choice; they are biocompatible and EMA and FDA approved. Poloxamers
(also known as Pluronics) are amphiphilic and arranged in an ABA manner:
triblock copolymers consisting of a hydrophobic poly(propylene glycol)
(PPG) middle block and two hydrophilic PEG outer blocks. This mode of
adsorption leaves the hydrophilic PEG side-arms in a mobile state, which
extend outward from the particle surface [49,50], and (as discussed in
Section 8.3.1) the extension of PEG chains results in a coating that ensures
stealth properties, once the PEGylated nanoparticles reach the systemic
circulation.

Saturated chains of phospholipids, such as 1,2-didecanoylphosphatidyl-
choline (DDPC) or 1,2-dipalmitoylphosphatidylcholine (DPPC), have been
proposed as efficient emulsifiers toward the preparation of PLGA nano-
spheres [16]. Another approach is the use of d-a-tocopheryl polyethylene
glycol 1000 succinate (TPGS), which offers several possible advantages over
other types of stabilizing agents. TPGS is amphiphilic and water soluble, and
is formed by conjugations of vitamin E and PEG. It is used for reversing or
preventing vitamin E deficiency, due to its good oral bioavailability, and is
also employed as a solubility and absorption enhancer as well as a vehicle
for drug delivery. Adding to these beneficial features, vitamin TPGS also
inhibits P-glycoprotein active transport carrier (P-gp), which effluxes drugs
effectively in the duodenum, avoiding accumulation and, subsequently, its
further absorption [51]. Moreover, it is a very good surfactant that is able to
stabilize particles [47].

Win and coworkers, prepared coumarin-6 loaded PLGA nanoparticles
using a modified solvent extraction/evaporation technique with a fluorescent
marker, to visualize the nanoparticles cellular uptake in colon cells, Caco-2
cell monolayers, either with PVA or TPGS as emulsifier. TPGS as
emulsifier-based nanoparticles were better internalized in the cells. The
TPGS coating of the nanoparticles insures a better cellular uptake, compared
with PVA-coated PLGA nanoparticles, making the former particles an oral
delivery alternative for anticancer drugs [52].

8.3.3 Polyelectrolyte—PLGA nanoparticles

The extracellular face of the cell membrane is composed of anionic phospho-
lipids, which are responsible for the membrane’s negative charge. Although
the surface charge of PLGA nanoparticles is negative, if a polyelectrolyte
interacts with the particles’ surface, forming a positive charge coat by elec-
trostatic interactions, cell binding to these coated particles may improve the
particles’ cell internalization rate and intracellular processing.

Chitosan is a biodegradable, biocompatible, hydrophilic polymer, posi-
tively charged at the physiological pH, that presents relatively low immuno-
genicity and is able to interact with anionic components (i.e., cell
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membranes and polymers, like PLGA) [31]. Chitosan has free amino groups
in its glucosamine monomeric unit with a pKa value of 6.3, which means
that at a pH lower than this pKa, its primary amino groups are protonated
and they can interact with hydroxyl groups of PLGA. Based on these desir-
able characteristics, chitosan can be used to coat PLGA nanoparticles and
develop targeted delivery systems.

Epirubicin (Epi)-loaded PLGA nanoparticles with (Epi—PLGA—CS—Apt)
and without aptamer, (Epi—PLGA—CS) for parenteral delivery with a particle
size of 222.7 and 183.2nm and zeta potentials of +10.2 and +18 mV,
respectively, were produced by double emulsion/solvent evaporation [53].
The obtained nanoparticles were coated with chitosan by promoting interaction
between the negative charge of PLGA and the positively charged chitosan. The
aptamer was electrostatically attached to the surface of Epi—PLGA—CS nano-
particle and confirmed by the increase in particle size and decrease in zeta
potential.

The in vitro cytotoxicity study, performed to assess the affinity of these
positively charged nanoparticles to the cell membranes, was successful, since
Epi—PLGA—CS—Apt were internalized in the cells. Also, in vivo results in
BALB/c mice with C26 colon carcinoma presented a remarkable reduction
in tumor growth, on account of the targeting provided by the STR1 aptamer
attached to the CS-modified Epi-loaded PLGA nanoparticles.

In another study, chitosan was also used to change the surface charge of
PLGA to improve its interaction with negative charged nucleotides. To
improve cell internalization, DNA-loaded PLGA nanoparticles, with zeta
potential of +10 mV at pH 7.4 and size under 200 nm, were produced by a
new emulsion—diffusion—evaporation technique using a PVA-—chitosan
blend to stabilize the final obtained nanoparticles [54]. Following the
preparation of the blank PLGA nanoparticles coated with chitosan,
nanoparticle—DNA complexes were prepared by mixing the nanoparticles
with plasmid at a concentration of 10 ug/mL in 25 mM Hepes (pH 7.4),
and in deionized water (pH 6.0), at room temperature. This procedure
yielded an efficient electrostatic complexation of the negatively charged
DNA to the cationic PLGA nanospheres.

8.3.4 Cell target ligands coupled on the surface of PLGA
nanoparticles

By taking advantage of PLGA hydrophobic and electrostatic interactions, a
cell target ligand can be exposed at the surface of the PLGA nanoparticles,
making the particles specific.

Lectins are molecules that recognize cells and are capable of promoting
cellular uptake of a cargo. They possess a binding affinity for glycosylated
components present in cell membranes. Once lectins are attached to the sur-
face of nanoparticles, they can specifically target the particles to cells and
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promote their cellular uptake [55], redirecting the nanoparticle cargo.
Mannan-decorated PLGA nanoparticles were produced as vaccine carriers to
dendritic cells; the in vitro uptake cell study demonstrated that decorated
nanoparticles were twice as efficiently internalized in bone marrow-derived
dendritic cells as the nondecorated PLGA ones [56].

PLGA carboxyl end-groups can be conjugated with biotin-NH,. As biotin
has a high affinity to avidin and analogues (e.g., strepavidin), the noncova-
lent interaction between biotinylated PLGA particles and avidin—ligand con-
jugates can be achieved. Coupling of biotin—PEG—NH, to PLGA
nanoparticles was also developed as a strategy to transform nanoparticles in
cell-recognizable ligands [57]. The same rational approach is behind the
attachment of targeting ligands like antibodies to PLGA nanoparticles [31]
and will be addressed in more detail in Section 8.3.5.

The receptors for glycoprotein transferrin are overexpressed in many
tumors. In a study, PLGA nanoparticles produced by nanoprecipitation were
coated with transferrin by adsorption. The results evidence a greater uptake
of transferrin—PLGA nanoparticles by glioma cells, confirming the benefits
of specific targeting. In the same way, albumin-loaded PLGA nanoparticles
revealed a longer systemic half-life [58], following their injection in mice
and rats, proving that protein coating prevents interactions between serum
and nanoparticles.

8.3.5 Antibody-directed PLGA nanoparticles

Nanoparticles coated with proteins and antibodies can bind to cell surface
receptors, providing targeted delivery [1]. The surface of nanoparticles is
often combined with monoclonal antibodies (mAb) to improve their targeting
efficiency. mAbs can be attached to the nanoparticles either by physical
adsorption or conjugation. However, being a protein, the structure of the
mADb could be impaired due to the harsh conditions of conjugation reactions,
losing its integrity. Physical adsorption of proteins on the nanoparticle sur-
face relies on a combination of hydrophobic and electrostatic interactions,
providing some strength to the chemical interaction.

In a study by Obermajer and coworkers, anticytokeratin monoclonal IgG
was bound to the surface of PLGA nanoparticles by adsorption, with its bio-
logical activity preserved, which was demonstrated by its high binding
capacity to breast cancer cell lysates (MCF-7 and MCF-10A neoT cell lines).
The same mAb was covalently bound to the nanoparticles using 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride as a bifunctional
reagent, but the biological activity of the mAb could not be preserved after
this conjugation reaction [59].

The affinity of proteins to PLGA depends on their isoelectric points and
media pH conditions. Under a physiological medium with pH around 7.4,
a therapeutic protein with a pl close to 7.4 will behave as uncharged,
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and therefore more capable to establish hydrophobic electrostatic interactions.
On the contrary, a protein with pI below 7.4, at physiological pH, will exhibit
positive charge and, consequently, will be more appropriate for interaction
with negative charged PLGA nanoparticles. The impact of adsorbing thera-
peutic proteins at the surface of PLGA nanoparticles by ionic interactions
also results in the momentarily shifting to zero of the surface charge of
PLGA, loss of electrostatic repulsion, and possible aggregation of the parti-
cles [16]. Also, one must account for the shifts in pH and ionic strength, as
well as competitive absorption of plasma proteins, after administration of the
formulation [16].

8.4 Nucleic acid-functionalized PLGA

The functionalization of the negatively charged surface of PLGA nanoparti-
cles with nucleic acid-based ligands is mainly achieved by resorting to non-
covalent chemical bonds, namely by electrostatic interactions between PLGA
and positively charged materials (polymers or lipids) used for nanoparticle
surface coating [60,61]. The surface modification is crucial for the subse-
quent complexation of the anionic macromolecules (i.e., the nucleic acid-
based ligands), since, without this modification, the PLGA nanoparticles
surface would repell the negative nucleic acid molecules, thereby hindering
their complexation. For that purpose, cationic polymers, such as chitosan
[53,62], polyethyleneimine (PEI) [60,63,64], as well as cationic lipids, such
as 1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA) [61],
were used as coatings in several studies concerning PLGA nanoparticles sur-
face functionalization with nucleic acid-based ligands.

Thus far, the surface of modified PLGA nanoparticles has been electro-
statically coupled with (Fig. 8.3): (1) antisense oligonucleotides—synthetic
single-stranded oligodeoxynucleotides which impair RNA processing, specif-
ically the translation, and modify the protein expression [62,65]; (2) small
interfering RNAs (siRNAs), which are noncoding RNA double-stranded
molecules with 21—23 nucleotides and therapeutic activity (since siRNAs
can target messenger RNA (mRNA) upon transcription to induce specific
gene silencing) [64,66]; (3) plasmid DNA (pDNA), so-called expression vec-
tors, are extrachromosomal circular double-stranded DNA molecules with c.
3 kb size, that encode genes through genetic engineering processes (trans-
genes), which, upon transport to the nucleus, will be transcribed and trans-
lated into proteins by the host cell [60,63,67]; (4) aptamers, which are
single-stranded molecules of nucleic acids (DNA or RNA) organized in ter-
tiary conformations (helices or loops) that exhibit a selective target binding
[53,68]; (5) mRNA, which encodes an amino acid sequence conveying the
genetic information from the complementary DNA (present in the nucleus)
to the ribosome (in the cytoplasm), where the translation process, the last
step of protein synthesis, occurs [61,69]. Regarding the nucleic acids
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FIGURE 8.3 Schematic representation of the nucleic acid-based ligands hitherto conjugated
with surface modified-PLGA nanoparticles.

formerly cited, antisense oligonucleotides, siRNA, pDNA, and mRNA have
essentially a therapeutic activity, whereas aptamers, besides acting as thera-
peutics, also enable a direct targeted therapy, due to the selectivity to cell
specific protein or nucleic acid receptors [68]. The surface functionalization
of PLGA nanoparticles with nucleic acid-based ligands is a promising tech-
nology, endowed with high therapeutic potential. It enhances the effective
delivery of these molecules by surpassing their limitations in permeating bio-
logical membranes, notably, their negative charge, hydrophilic nature, and
short half-life, which is due to nucleic acids’ proneness to enzymatic degra-
dation [62,68].

For instance, in a study by Taetz and coworkers, chitosan-modified
PLGA nanoparticles produced by the emulsion—diffusion—evaporation tech-
nique coupled with antisense 2'-O-methyl—RNA, a human telomerase inhibi-
tor sequence, demonstrated to be as effective as commonly used lipid-based
transfection  reagents  (e.g.,  N-[1-(2,3-Dioleoyloxy)  propyl]—N,N,
N—trimethylammonium methyl—sulfate, also known as, DOTAP) [62]. The
nanocomplexes displayed a homogeneous polydispersity, despite the increase
in particle size (175 nm), when compared to the bare PLGA nanoparticles
(135 nm). This was mainly attributed to the coating assembled in the nano-
particles’ surface. In terms of binding efficiency, the group noticed that high
concentrations of chitosan led to a higher antisense 2’-O-methyl-RNA cou-
pling. The uptake was visualized in two human lung cancer cell lines, A549
and Calu-3, as well as in a nonneoplastic human alveolar epithelial cell line,
hAEpC. In the lung cancer cell lines, the nanocomplexes penetrate inside the
cell, being, therefore internalized after 24 and 48 h. In contrast, the nanocom-
plexes in the nonneoplastic hAEpC cell line were observed in the cell
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membrane and no internalization occurred after 24 and 48 h, mainly due to
the defective endocytosis machinery of these cells. The antisense 2’'-O-
methyl-RNA-chitosan-PLGA nanoparticles proved to exert their action effec-
tively, thus reducing the telomerase activity and, consequently, the telomere
shortening in A549 lung cancer cells, with only a slight decrease in cell via-
bility [62].

Wang and collaborators, similarly to Jeon and collaborators, modified
PLGA nanoparticles with PEI in order to bind therapeutic siRNA molecules
[60,64]. In their study, the Wang group coupled S1 siRNA, which targets the
open reading frame (ORF) of the hepatitis B virus (HBsAg) genome, to the
modified cationic PLGA nanoparticles, and compared two different polymeric
coatings, PEI and chitosan [64]. The PEI-PLGA nanocomplexes were pro-
duced by the nanoprecipitation method, while the chitosan—PLGA nanocom-
plexes were produced by solvent evaporation, since the nanoprecipitation
method yielded particles with larger sizes (between 500 and 800 nm). As
expected, the coating increased the particle size of the nanoparticles, when
compared to bare PLGA nanoparticles; in this case, a c. 50—70 nm increase
was observed. The obtained chitosan—PLGA nanocomplexes evidenced a par-
ticle size of 261 nm, a polydispersity index (PI) of 0.2, and a zeta potential of
+28.7mV. In comparison, the PEI-PLGA nanocomplexes demonstrated a
smaller particle size and PI, 200 nm and 0.1, respectively, and a superior zeta
potential, +359mV. The transfection efficacy of PEI-PLGA and
chitosan—PLGA nanocomplexes was evaluated in a human liver cell line
(PLC/PRF/S) infected with the hepatitis B virus. A significant reduction of
HBsAg expression was noticed, however, among chitosan—PLGA and
PEI-PLGA nanocomplexes, the latter entailed a higher transfection effi-
ciency, albeit the reduction in HBsAg expression was more pronounced when
lipofectamine, a typical transfection reagent, was used. Notwithstanding,
when compared to lipofectamine, the PEI-PLGA and chitosan—PLGA nano-
complexes were less toxic (cell viability was 92.9% after exposition to the
nanocomplexes vs 72.4% after exposition to lipofectamine) [64].

In turn, Jeon and collaborators developed PLGA nanospheres, by the
water-in-oil-in-water solvent evaporation technique, which were further
coated by PEI and complexed with the transcription factor SOX9 pDNA,
plus the core-binding factor alpha-1 (Cbfa-1) siRNA [60]. SOX9 pDNA was
determined to enhance the expression of the SOX9 transcription factor, a
protein responsible for chondrogenesis, whereas Cbfa-1 siRNA targets the
Cbfa-1 gene, which is responsible for osteogenic differentiation. Therefore
the aim of the Jeon et al. study was to enhance the protein expression of
SOX9, and silence the protein expression of Cbfa-/ in order to increase the
production of cartilage. PEI-PLGA nanoparticles proved to be a more effec-
tive and less cytotoxic pDNA and siRNA transfection system than PEI itself.
Several techniques of molecular biology, namely reverse transcription poly-
merase chain reaction (RT—PCR) and Western Blot, allied with
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immunohistochemistry and immunofluorescence, indicated that the in vitro
(by using human mesenchymal stem cells, hMSCs cell line) and in vivo (by
using BALB/c mice subcutaneously injected with mesenchymal stem cells)
cotransfection of SOX9 pDNA and Cbfa—1 siRNA promoted by the PEI-
modified PLGA nanoparticles enhances the expression levels of the SOX9
gene, and other genes involved in the formation of extracellular matrix
(ECM) components (e.g., collagen type Ilal, COL Ilal), as well as reduces
the expression of Chfa-1 gene, thus promoting chondrogenic differentiation
[60].

Similarly, in Park and coworkers’ study, PEI-modified PLGA nanoparti-
cles were coupled with pDNA-containing SOX trio transgenes (SOXS,
SOX6, and SOX9 genes) to promote the delivery of these macromolecules to
human mesenchymal stem cells (hMSCs) and thus promote chondrogenic
differentiation and chondrogenesis [63]. To that aim, PLGA nanospheres
were produced by the water-in-oil-in-water solvent evaporation technique
and, subsequently, coated with PEI. The expression vectors pPEGFP—SOXS,
pEYFP—-SOX6, and pRed—SOX9 were prepared, by recombinant genetic
engineering. The pDNA—PEI-PLGA nanocomplexes exhibited a particle
size of 82 nm. Western Blot demonstrated that the transfection efficiency of
the three pDNA complexed with the PEI-PLGA nanospheres was greater,
when compared to lipofectamine and PEI as a gene delivery system. A quan-
titative real-time polymerase chain reaction (PCR) revealed that, in hMSCs,
the transfection of the three pDNA (pEGFP—SOXS5, pEYFP—-SOX6, and
pRed—S0OX9) led to a higher expression of chondrocyte-related proteins,
enhancing chondrogenesis and being therefore more effective than the trans-
fection of single pDNA [63].

Direct targeted delivery enhances the therapeutic effects of commonly
used chemotherapeutic agents, and may be obtained by the surface functiona-
lization of polymeric nanoparticles, constituting an innovative and promising
strategy for the treatment of cancer by reducing chemotherapy off-target
adverse effects [53]. For that purpose, Taghavi and colleagues encapsulated
an anthracycline, epirubicin (Epi), a known conventional chemotherapy
agent, in chitosan-modified PLGA nanoparticles. Subsequently, a mucin 1
(MUC1) aptamer (5STR1 aptamer) was electrostatically coupled to the
chitosan—PLGA nanoparticles in order to target MUCI1 receptors, which are
overexpressed in breast cancer cells (e.g., in the MCF7 cell line). The MTT
assay showed that the STR1 aptamer—chitosan—PLGA nanoparticles loaded
with Epi significantly reduced the viability in the MCF7 cells (34.2% cell
viability), while cell viability reduction in chinese hamster ovary cells (CHO
cell line), which do not overexpress MUCI receptors, was negligible (92.4%
cell viability). In vitro, STR1 aptamer—chitosan—PLGA nanoparticles loaded
with Epi were rapidly internalized by the cancer cells. The acidic tumor
environment subsequently led to the rapid degradation of chitosan and
PLGA, stimulating the release of Epi, which caused cancer cell viability
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reduction and ultimately enhanced Epi therapeutic efficacy. Such effects
essentially occurred due to the fact that the nanocomplexes were not
absorbed by the extracellular space and healthy cells. C26 colon carci-
noma cells, which overexpress MUCI1 receptors, were intravenously
injected in BALB/c mice. The administration of a single dose of 5TR1
aptamer—chitosan—PLGA nanoparticles loaded with Epi (2 mg/kg of Epi)
in the colon cancer-bearing mice model reduced the tumor growth, in
comparison with the controls. Such output proved that the functionaliza-
tion of PLGA nanoparticles with aptamers may be associated with the suc-
cessful delivery of conventional chemotherapeutic agents, by enhancing
their therapeutic efficacy, and thus constituting a potential cancer therapy
approach [53].

Quite recently, a hydrid nanosystem was produced using PLGA nanopar-
ticles as the core, and cationic lipids (DOTMA) as the shell [61]. These
nanosystems were designated as lipid—polymer hybrid nanoparticles (LPNs)
and were prepared by double-emulsion solvent evaporation [61,70]. The
LPNs were coupled with mRNA-mCherry, which encodes the mCherry fluo-
rescent protein [61]. The mRNA—LNPs nanocomplexes were produced at
different mRNA-to-LNPs ratios (1:10; 1:20 and 1:30) and compared with
the same ratios of mRNA—chitosan—modified PLGA nanocomplexes. The
mRNA —chitosan—PLGA nanocomplexes (<< 176 nm) exhibited a smaller par-
ticle size when compared to the mRNA-LNPs nanocomplexes (<<322 nm),
although the pI of the mRNA—chitosan—PLGA nanocomplexes was slightly
higher (< 0.3) than the pI of mRNA—LNPs nanocomplexes ( <0.2). The zeta
potential of mRNA —chitosan—PLGA nanocomplexes and mRNA—LNPs nano-
complexes was positive, except in the mRNA—LNPs nanocomplexes at a ratio
of 1:10, where the zeta potential was neutral (0 mV), suggesting the instability
of the system. Nevertheless, in the bone marrow-derived murine dendritic
cell line (DC2.4 cell line), the mRNA-LNPs nanocomplexes—at a ratio of
1:10—achieved a transfection rate of c. 40%, exhibiting higher transfection effi-
ciency and protein translation at higher w/w mRNA-to-LPNs ratios (1:20 and
1:30, c. 80%). Still, the transfection efficiency and protein translation were
higher with mRNA—LPNs nanocomplexes than with mRNA-chitosan-PLGA
nanocomplexes (c. 5%). The same was observed in lung cancer cells (A549
cell line), in which the transfection of mRNA—LPNs at a ratio 1:30 was
c. 60%. Additionally, according to the gel retardation assay, the transfection
kinetics is quick (i.e., the mRNA is released from the mRNA—LPNs after
15 min incubation with heparin). The higher transfection efficiency and kinetics
may be related to the additional hydrophobic interactions that DOTMA estab-
lishes with the PLGA surface. This data suggests the functionalized mRNA
hybrid nanosystems proposed by Yasar and coworkers may constitute a novel
and compelling strategy for gene-based vaccines [61].

Overall, the delivery of nucleic acids through the surface functionaliza-
tion of nanoparticles enables, first and foremost, a rapid release of kinetics,
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which blocks the enzymatic degradation of these unstable macromolecules,
enhances their stability, and circumvents the exposure of themolecules to the
stringent conditions of nanoparticle production.

In gene-based therapies, nanoparticles have shown higher transfection
efficiency rates than conventional transfection agents and polymers.
Polymeric nanoparticles are emphasized as eligible candidates for genetic
material delivery, chiefly due to their biodegradable biocompatible natures,
their propensity for scale-up, and easy functionalization through the use of
noncovalent interactions [64]. Nevertheless, the application of polymeric
nanoparticles, such as PLGA nanoparticles, in gene-based therapies is still
evolving and further in vivo experiments are needed to corroborate the
in vitro findings obtained so far.

8.5 Concluding remarks

Following recognition of PLGA nanoparticles as effective novel delivery
systems, targeting these particles has opened new pathways for providing
customized, safer, and thereby more effective treatments to patients. Surface
modification of PLGA nanoparticles by means of noncovalent surface inter-
actions is feasible, and although not as robust as covalent modification, could
be an interesting field to explore for improving the delivery of
biomacromolecules.
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9.1 Introduction

The area of nanomaterial research has continued to grow due to the materi-
als’ unique properties at the nanoscale, which make nanoparticles (NPs) a
promising tool for developing innovative, bio-based technologies within the
biomedical field. Accordingly the number of scientific papers related to NPs
in this field has also been continuously increasing through the years
(Fig. 9.1) illustrating how NPs may be used in the design, process, action
and delivery disposition of drugs. NPs can be prepared from a wide variety
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FIGURE 9.1 Number of publication entries and total citations referring to keywords “functio-
nalized nanoparticles and drugs” from 2006 to 2017 (search on the ISI Web of Knowledge,
November 2018).
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of materials and modified with various functional groups or ligands, allowing
them to display specific properties and to be applied in a range of
applications.

This chapter provides an overview on the use of NPs in the biomedical
sector, including the methods to functionalize them and their applications in
the biomedical field. This book chapter is useful to graduates, postgraduates,
senior researchers, educators, and scientists working in biomedicine, phar-
macy, biotechnology, nanotechnology, and related areas.

9.2 Functionalized nanoparticles in the biopharmaceutical
sector

Biopharmaceuticals are products derived from biological sources used as
therapeutic and medical solutions to treat diseases and pathological condi-
tions, while pharmaceuticals are products derived from the synthesis of
chemical compounds [1]. According to a report by Mordor Intelligence, it is
expected that the pharmaceutical market will present a compound annual
growth rate (CAGR) of 8.5% from 2018 to 2023, reaching a market value of
USD 341.16 billion in 2023 [2]. The biopharmaceuticals market growth
results from the high efficacy and safety of these drugs and their ability to
improve the quality of life and reduce death rates in patients with chronic
diseases [2]. Although there are several studies focusing on the development
of biopharmaceutical production processes (upstream and downstream pro-
cesses) [1,3,4], an important challenge for the biopharmaceutical industry is
to expand the use of these compounds. Fig. 9.2 summarizes the related appli-
cations of functionalized nanomaterials in biomedicinal and pharmaceutical
areas. NPs and functionalized NPs have been used in fields such as drug-
and gene-delivery, separation and purification of biological molecules and
cells, biodetection of pathogens, and detection of proteins.

NPs have been used in different industrial applications [6], such as in the
separation and purification processes of bio-based therapeutics. For instance,
Mesgari-Shadi et al. [7] used nanozeolite microspheres to purify scFv antibo-
dies produced by Escherichia coli HB2151 cells, achieving a scFv purity of
90% with a purification yield of 60%. Magnetic NPs are another type of
nanomaterial commonly used to extract and purify bioproducts, according to
a study by Gidke et al. [8]. Gold nanoparticles were functionalized with the
papain enzyme with the goal of producing a heterogenous biocatalyst, which
has been used in bionalysis and biopharmaceutical analysis [9].

One of the most relevant and frequently researched applications of func-
tionalized materials in the biomedical field is their use as drug delivery sys-
tems (DDS) where NPs act as carriers protecting the specific drug from
degradation and releasing it in the target tissue/cell, while improving the
drug bioavailability [5]. It is important to note that the material used for the
pharmaceuticals’ delivery must be biocompatible and biodegradable, or at
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FIGURE 9.2 Functionalized nanomaterials and their biomedical-related applications. Adapted
from Robles-Garcia MA, Rodriguez-Felix F, Mdrquez-Rios E, Aguilar JA, Barrera-Rodriguez A,
Aguilar J, et al. Applications of nanotechnology in the agriculture, food, and pharmaceuticals J
Nanosci Nanotechnol 2016;16(8):8188—8207 [5].

least able to be totally eliminated from the body since it will have intimate
contact with biological systems and an immunogenic reaction must be
avoided [5,10].

Several functionalized NPs have been used as DDS. For example, carbon
nanomaterials such as carbon nanotubes (CNT), carbon nanohorns (CNH),
graphene oxide (GO), and surface functionalized silica (silicon dioxide), and
silicon-based particles have been proposed for delivering pharmaceuticals
through oral administration [11]. More details on the preparation of these
materials are given below. Carbon nanomaterials have been specifically
researched for their use in the delivery of anticancer drugs [12]. The major
advantages of carbon nanomaterials include their ease of fabrication, chemi-
cally inert properties, and tailorable physicochemical properties [11,13].
Metallic carrier systems also have been considered to deliver drugs. For
example, Unamuno et al. [14] studied Fe and Zr-carboxylated metal—organic
frameworks (nanoMOFs) to encapsulate the aminoglycoside antibiotic
Gentamicin, demonstrating that this system preserved the antibiotic charac-
teristics under the intestinal conditions [14]. Other metal particles such as
gold-NPs [15] and supramagnetic metal oxides (iron oxides: Fe,O3 or Fe;0,)
[16] have also been studied for oral delivery applications.
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Due to their great capacity for increasing photoelectric interactions at
lower energy levels, functionalized gold-NPs have been studied for radiosen-
sitizing and imaging cancer cells. These materials are able to enhance the
impacts of radiotherapy by increasing the energy deposition in tumor tissues
[17]. Since DDS are the main application of functionalized NPs, a specific
section devoted to this topic is presented after the description of the NPs
types and their synthesis.

9.3 Types and synthesis procedures of functionalized
nanomaterials

9.3.1 Metal-based nanoparticles

Metal-based nanoparticles (metal-NPs) have captured the attention of many
scientists for over a century due to their unique properties, which allow them
wide applications in biomedical and pharmaceutical sciences, in biotechnol-
ogy, and in engineering. Metal-NPs can be used in magnetic separation, pre-
concentration of target analytes, targeted drug- and gene-delivery, and
diagnostic imaging [18]. Metal-NPs can also be synthesized and modified
with several chemical functional groups, allowing them to specifically bind
to antibodies, ligands, drugs, and other related biomolecules [18].

Metal-NPs are made simply through metal precursors, and all
stable metals can be used to synthesize nanoparticles [19]. However some
noble metal-NPs, such as silver and gold, have been gaining more attention
due to their unique properties and diversity of applications [20]. Although
the most widely used nanoparticles are silver-NPs, due to their antimicrobial
and antifungal properties gold-NPs have also gained a lot of interest because
they can be easily functionalized with various targeting ligands [20]. It is
advisable in pharmaceutical applications to functionalize the metal-NPs
surface because this helps maintain properties such as stability, adsorption
characteristics, therapeutic efficacy, and targeting ability. Additionally, func-
tionalizing the metal-NPs surface can also help with other challenges, such
as in in vivo environment (e.g., reticulo-endothelial system) detection,
adsorption of antibodies, cells, thiols and proteins, and cell uptake processes
[21]. There are many metal-NPs surface functionalization methods including
PEGylation (i.e., the process of attaching metal-NPs surfaces with engrafted
polymer chains, such as polyethylene glycol (PEG)) [21], thiol functionaliza-
tion, layer by layer (LbL) assembly, coating with biomolecules, and silica
coating [21].

PEGylation is a commonly applied method because it can customize the
surface properties of metal-NPs, allowing the targeting moieties to covalently
bond to the free ends of tethered chains, making metal-NPs that specifically
and firmly bind to receptors on the surface of the diseased cell [22,23]. After
selecting the proper PEG, the next step is annealing it to the metal-NP
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surface. Both covalent and noncovalent methods can be used. For solid NPs
such as gold, thiol binding is the classic approach where a sulthydryl-capped
PEG chain adheres to the gold surface [24].

Thiol functionalization involves thiolate monolayers assembled on differ-
ent bulk surfaces such as silver, gold, or platinum [25]. The thiol monolayers
are covalently linked to the surfaces by the reaction of the metal-NPs sur-
faces with the respective thiols, and, for some metals, by their reaction with
disulfides [25]. For gold-NPs surfaces, two different mechanisms for thiol
functionalization are applied [26,27]. One mechanism involves the reduction
by thiol of the gold’s upper surface oxide sublayer, establishing a gold-
thiolate bond, while the other mechanism involves hydrogen evolution by
the gold-mediated reduction of the thiol protons, which could lead to the
gold-thiolate bonding. The formation of the gold-thiolate bond in the pres-
ence of disulfide is a redox process, where the gold surface is oxidized by
disulfide and the disulfide bond is cloven [25—27].

The LbL method is the most widely used method for metal-NPs surface
functionalization due to the easy coating and good control over the resulting
biofilm’s thickness [21]. Alternate adsorption of cationic and/or anionic
polyelectrolytes on the metal-NPs surfaces results in polyelectrolyte multi-
layers. Although most of the reported LbL films are driven by electrostatic
interactions, other interactions such as hydrogen bonding are also used in
LbL assembly [28]. Availability of various polyelectrolytes provides the
option to vary the surface charge of metal-NPs from positive to negative,
and that might play a key role in biological applications [29].

The metal-NPs functionalization with biomolecules is vital in developing
biocompatible platforms with minimal toxicity for various biopharmaceutical
applications. Molecules such as folic acid, DNA, proteins, and oligonucleo-
tides can be used in surface functionalization of metal-NPs [21]. For
instance, there are three ways to functionalize gold-NPs with functional
groups or biomolecules: (1) by binding with functional groups of self-
assembled monolayer (SAMs); (2) by direct deposition of gold colloid onto
the electrode surface; and (3) by co-modification of mixed gold colloid with
other components in the composite electrode matrix [30]. Proteins or
enzymes can readily be immobilized on colloid gold by dipping a protein
solution onto the colloid, gold-modified, electrode surface. The electrostatic
interaction between the negatively charged citrate surface of colloidal gold
and positively charged groups of the protein leads to the adsorption of pro-
tein onto the electrode surface. SAMs can provide a simple way to tailor sur-
faces with well-defined compositions, structures, and thickness, which can
then be employed as specific functionalized surfaces for the immobilization
of gold nanoparticles and enzymes [30]. Gold-NPs-modified electrode
surfaces can be prepared by covalently binding gold-NPs with surface
functional groups (—CN, — NH,, or — SH) of SAMs-modified solid sur-
faces [30]. Short-chain molecules, such as cysteamine (Cyst) and
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3-mercaptopropionic acid (MPA), can be self-assembled on the gold disk
electrode for further binding of gold-NPs.

Metal-NPs covered with silica have become increasingly important in the
last decade for many promising catalytic and biomedical applications [31].
This type of material exhibits colloidal stability, as well as low level nonspe-
cific binding with biological matrices and molecules. In the late 1960s
Stober et al. developed the sol-gel chemistry (i.e., a method based on the
hydrolysis of tetra-alkyl silicate in a homogeneous alcoholic medium, using
ammonia as a catalyst) of silicon alkoxides for growing monodisperse, spher-
ical, silica nanoparticles in basic aqueous solutions containing different alco-
hols, such as methanol, ethanol, or isopropanol [32].

Based on the well-established Stober method, gold colloid nanoparticles
were developed by Liz-Marzan et al. [33]. The method includes the weak
surface attachment of the bifunctional (3-aminopropyl) trimethoxysilane in
aqueous solution. The -NH, groups are bound to the gold surface, and -Si
(OEt); groups are extended outward for hydrolysis and condensation with
sodium silicate to deposit a thin surface-protective silica layer, so as to be
transferred into alcohols to form a stable water/alcohol solution of gold-NPs
[33]. Then, thicker silica shells can be grown on surface-stabilized gold-NPs
by further hydrolysis/condensation of tetraethyl orthosilicate, a typical pre-
cursor of silicon alkoxides [33] (see Fig. 9.3). By modifying the silica-
coating with a variety of functional groups using silane and silane-coupling
agents, the intrinsic surface properties of silica-coated metal-NPs can be eas-
ily manipulated according to the intended application [21]. Prior to silica-
coating, numerous surface-attachment strategies have been developed in

4

FIGURE 9.3 Scanning electron microscopy (SEM) of gold-NPs (core) covered with silica
(shell) by the Stober method.
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aqueous solutions using bifunctional molecules by means of strong surface-
coordination or electrostatic interaction onto metal-NPs for -creating
colloidally stable, surface-protected NPs in alcoholic solutions. This surface-
protected NPs interface needs to have reactive hydroxyl groups to facilitate
the hydrolysis/condensation of tetraethyl orthosilicate [31].

9.3.2 Silica nanoparticles

Silica is a commonly used material due to its excellent thermal and mechani-
cal properties, and it is currently used in a wide variety of areas, such as
paints and coatings, electrical and thermal insulation, moisture and flame
retardants, catalysis, chromatography, and in the cosmetic, pharmaceutical,
and food industries [34]. There is also solid scientific knowledge about silica
and its derivatives regarding the preparation of silica colloids and NPs of dif-
ferent sizes in the nanometric range [34]. The synthesis of silica is based on
relatively simple methods that deliver high purity samples and narrow size
distributions. Beyond these advantages, the raw materials’ low cost and the
process of silica fabrication has boosted the use of silica NPs in several
industrial applications [34]. Silica nanomaterials have been synthesized and
functionalized in order to be applied in controlled release, purification and
synthesis, coatings, catalysis, and sensing [35]. Due to the high tunability of
silica NPs, they have been specifically engineered for drug delivery, includ-
ing genes for gene therapy [35].

Silica NPs are usually obtained from alkoxy silanes through hydrolysis
followed by condensation reactions involving oligomeric species, with tetra-
ethoxysilane (TEOS) as one of the most used precursors. The most common
method to prepare silica NPs, the Stober, or sol-gel, method [32], allows the
control of the particles’ dimensions down to spherical submicrometric silica
particles by varying the reaction parameters. An example of the morphology
of silica NPs is given in Fig. 9.4. These particles have a narrow size distribu-
tion, with size ranging from tens to hundreds of nanometers [32]. Due to the
existence of silanol (Si-OH) groups on the surface of the silica particles, their
reactivity can be altered by thermal treatments, and covalent bonds can be
established through these groups [36].

With improved properties, mesoporous silica nanoparticles (MSN) have
emerged in recent decades. These porous materials have high thermal and
chemical stability, high hydrophilicity, enriched surface by silanol groups,
easy surface modifications, high surface area, and tunable pore size and pore
volume. These improved characteristics make these materials suitable for
drug delivery, transport of therapeutics, and/or encapsulation of target mole-
cules [37—40].

MSN can be synthesized by several methods, one of them being the sol-
gel method. A common synthetic route to obtain MSN is a modified Stober
synthesis based on the use of templates that act as structure directing agents
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FIGURE 9.4 Scanning electron microscopy (SEM) of spherical silica particles obtained by the
Stober method.

[41,42]. The most common are surfactants (such as cetyltrimethylammonium
bromide (CTAB) and dodecyltrimethylammonium bromide (DTAB)) and/or
micelle forming agents or polymers. The concentrations and compositions of
silica sources, template-agents, temperature, and stirring conditions produce
materials with different properties in terms of particle size, pore size, pore vol-
ume, and shape [37]. The surfactant content constrains the particle morphology
since it changes the hydrolysis of the alkoxide and the micellization of the sur-
factant [41,43]. Vazquez et al. [41] studied the synthesis of several MSN that
could be used as drug deliverable containers. These particles were produced
by the sol-gel method with TEOS as the alkoxide precursor and CTAB as the
surfactant. By fixing the molar ratio of TEOS/EtOH to 1/20 and by varying
the molar ratio of H;O/NH; - H,O/CTAB, the particle morphology changed
from dispersed nanospheres to agglomerates [41]. No pore size changes were
observed, and particles were obtained with pore diameters from 2.5 to 2.8 nm
[41]. Although MSN size and shape have a large influence on the NPs’ behav-
ior, the surface modifications have an even more relevant impact.

One of the most common ways of obtaining functionalized silica materials
is through reaction with alkoxy silanes. This type of functionalization not only
allows for functionalized materials with different functional groups, but also
for the ability to use these molecules as a bridge to connect to others. The sil-
ica surface can be chemically functionalized with silicon alkoxides, such as
methyltriethoxysilane (Me-TES), 3-mercaptopropyltriethoxysilane (SH-PTES),
3-glycidoxypropyltriethoxysilane (Gly-PTES), 3-chloropropyltriethoxysilane
(CI-PTES), phenyltriethoxysilane (Ph-TES), 3-(2-(2-aminoethylamino)ethyla-
mino)propyltrimethoxysilane (NHNH,-PTMS) or amino propyl trimethoxysi-
lane (NH,-PTMS) [38,42—45].

Regarding the functionalization of already synthetized silica materials,
silica and the silane-coupling reagent are added to toluene, and the mixture
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is heated and refluxed [46]. Depending on the size of the silica materials, the
solid is collected by centrifugation or by filtration, and the precipitate
washed with toluene and other solvents such as ethanol, water, and methanol,
and then dried at room temperature. The composition of silica materials can
be controlled by hydrolysis/condensation of the organosilane compounds or
by co-condensation of silica precursors [46].

As mentioned above, in some cases, the functionalization with the alkoxy
silane is an intermediate step in which this molecule acts as a bridge for other
molecules. MSN organo-functionalized with g-glycidoxypropyltrimethoxysilane
(—Gly), phenyltriethoxysilane (—Ph) and 3-mercaptopropyltrimethoxysilane
(—SH) were further functionalized with protein-A by its addition to a phos-
phate buffer (pH 7.4) dispersion with the previous prepared MSN [44]. An
additional example is related to the preparation of SiO,-SH/IDA-Ni**. In
this case, after the synthesis of silica functionalized with thiol groups
(S8i0,-SH) by a hydrothermal method, a second functionalization is per-
formed with 3-glycidoxypropyltriethoxysilane-iminodiacetic acid (IDA),
achieving SiO,-SH/IDA, followed by a third step related to the chelation of
Ni?*  [47]. The compound (3-glycidyloxypropyl)trime-thoxysilane
(GPTMS) was used as a bridge to link MSN and chitosan, loaded with
doxorubicin hydrochloride (DOX) [48]. By an acid-catalyzed amino-oxi-
rane addition reaction, chitosan reacts with SiO,-Gly [49]. Curcumin
(CCM) amino-functionalized silica (CCM/SiO,-NH,) was prepared by
ammonia-catalyzed hydrolysis of TEOS, in the presence of CCM, and then
functionalized with 3-(aminopropyl)-triethoxysilane (APTES). This mate-
rial was further functionalized with folate using water-soluble carbodii-
mides (EDC) and N-hydroxysuccinimide (NHS). The carboxyl groups of
folic acid were activated with EDC in the presence of NHS and reacted
with the amino groups of CCM/SiO, —NH, by forming stable amide
bonds, leading to CCM/SiO, — FO [49].

Silica NPs can also be modified with enzyme molecules (glutamate dehy-
drogenase (GDH) and lactate dehydrogenase (LDH)) [45]. According to the
authors, after getting the amino-functionalized silica with 3-(2-(2-aminoethy-
lamino) ethylamino) propyltrimethoxysilane (NHNH,-PTMS) the particles
are treated with succinic anhydride in dimethylformamide solution, resulting
in carboxylate modified particles. The nanoparticles were then treated with
GDH or LDH in phosphate buffer solutions [45]. Anti-IgG was also immobi-
lized on the surface of silica materials after the functionalization with
methyltriethoxysilane (Me-TES), 3-mercaptopropyltriethoxysilane (SH-PTES),
3-glycidoxypropyltriethoxysilane (Gly-PTES), or 3-aminopropyltriethoxyilane
(NH,-PTES) [43].

Silica functionalization with ionic liquids (ILs) has also been reported in
which, in an intermediate step, the silica surface hydroxyl groups react with
a functional alkoxy silane, namely 3-chloropropyltriethoxysilane [50]. SiO,-
Cl is then refluxed in toluene with the molecule that originates the cation of
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the IL: imidazole, 1-methylimidazole, and 2-ethyl-4-methylimidazole [50].
The material obtained is washed with toluene, ethanol, and methanol, and
dried to obtain a supported IL silica material [51].

The LbL technique, as previously described, can also be used to functio-
nalize MSN with polyelectrolytes (see Fig. 9.5), given that polyelectrolytes
are commonly used as blocking materials in pH-responsive drug delivery.
The number of layers of the polycation, that is, polyallylamine hydrochloride
(PAH), and of the polyanion, that is, polystyrene sulfonate (PSS), onto the
surface of MSN influences the release profiles of the target molecule [52].

In summary, modified silica NPs have several applications in the biophar-
maceutical and biomedical field, for which specific examples are given in
Table 9.1.
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FIGURE 9.5 Scheme of polyelectrolyte assembly on silica surface.
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TABLE 9.1 Applications of modified silica nanoparticles in the
biopharmaceutical and biomedical field.

Applications of modified silica nanoparticles Reference
Stimuli-responsive drug delivery [39]
Nucleic acid delivery [53]
Drug delivery and biomedical applications [54]
Molecular imaging [55]
Biodistribution and toxicology [56]
Biomedical imaging [56]
Cancer theranostics [57]

9.3.3 Carbon nanomaterials

Carbon-based nanomaterials, including CNT, nanohorns, fullerenes, and gra-
phene derivatives, have gained significant interest in the scientific commu-
nity due to their unique physicochemical properties. These properties are
highly promising in many biomedical-related fields. In particular their low
cytotoxicity, achieved when properly functionalized, along with the possibil-
ity to link multiple bioactive molecules reinforces their potential in the bio-
pharmaceutical field.

Graphene has become one of the most interesting objects of research in
the last decade. Single layer graphene possesses an extended honeycomb net-
work—the basic building block of other important allotropes. Graphene can
be stacked to form 3D graphite, rolled to form 1D CNTs, wrapped to form
0D fullerenes, and shaped as conical nanotubes to form nanohorns, as
depicted in Fig. 9.6.

Although all these carbon allotropes have been explored for biomedical
applications, active research in this field is mostly devoted to the use of
CNTs and graphene derivatives as drug delivery vehicles, biosensors, nanop-
robes for biomedical imaging and, in certain circumstances, as nanodrugs by
themselves [58—60].

As for any nanomaterial to be used in living organisms, water solubility
and biocompatibility need to be achieved. Different carbon nanomaterials
require different strategies of surface functionalization to make them solu-
ble in an aqueous environment and compatible with cells and tissues.
Carbon-based materials present many challenges regarding their use in clin-
ical applications. Graphene and pristine CNTs are hydrophobic materials,
thus easy to aggregate in aqueous medium including proteins, salts, or other
ions, which can lead to toxicity. This happens due to the screening
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FIGURE 9.6 Examples of carbon allotropes used in biomedical applications.

electrostatic charges and nonspecific interactions between charged carbon
nanomaterials and proteins. For these reasons carbon nanomaterials’ sur-
face normally requires chemical functionalization or modification to obtain
the desired properties [61].

Surface functionalization of carbon nanomaterials may be carried out
through covalent or noncovalent routes. Covalent functionalization involves
chemical reactions and the formation of bonds at the surface of the carbon
nanomaterials, while noncovalent functionalization creates favorable interac-
tions between the hydrophobic domains of an amphiphilic molecule and the
surface of the nanomaterial.

Surface oxidation is the most common technique used to functionalize
carbon nanomaterials. Nitric acid is commonly used as an oxidizing agent.
During thermal oxidation, oxygen groups such as carboxylic acids, phenols,
anhydrides, and lactones are formed at the surface of the carbon materials
[62]. Further modification can be achieved by attaching hydrophilic poly-
mers such as PEG to oxidized CNTs, resulting in CNT-polymer conjugates
that are stable in biological environments, which have been used in both
in vitro and in vivo applications [63]. Apart from PEG there are many other
molecules that can be used for nanocarbon functionalization, namely folic
acid, DNA, chitosan, poly(vinyl alcohol), polyethylenimine (PEI), sulfonic
groups, and polyacrylic acid [58].

Noncovalent surface functionalization occurs through supramolecular
interactions between the pristine carbon nanomaterials and the coating
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molecules/polymers, which impart minimum structural damage and distur-
bance to the intrinsic properties of the functionalized materials. Carbon nano-
materials are known to noncovalently interact with various molecules
through weak interactions, such as m—m stacking interactions, electrostatic
interactions, hydrogen bonding, and Van der Waals forces [64—66]. These
noncovalent methods increase water miscibility, reducing their toxic effect;
however, there are some disadvantages related to noncovalent functionaliza-
tion, including vulnerability to the external environment. Many biomole-
cules, polymers, and surfactants have been used for the noncovalent
functionalization of carbon nanomaterials to obtain better biocompatibility.
For instance, interactions between proteins and CNTs may occur by m—=
stacking between CNTs and aromatic residues (Trp, Phe, Tyr) of proteins,
enhancing their adsorptivity and biocompatibility, rendering them less toxic
as compared to pristine CNTs [67,68]. CNT-protein bioconjugates have been
applied in biosensor fabrication, drug delivery, and cancer therapy. Some of
the proteins that have been immobilized onto CNTs through covalent lin-
kages include chrymotrypsin, ferritin, fibrinogen, hemoglobin, and streptavi-
din. Several researchers have reported the covalent immobilization of
proteins onto CNTs using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) as the crosslinking agent [62,69]. CNTs functionalized with DNA
have actually been shown to enhance DNA stability. DNA can bind to
single-walled CNTs, forming tight helices around them, or they can form
noncovalent conjugates with CNTs [70]. DNA-functionalized CNTs can be
used as biological transporters and also as biosensors [70].

The hydrophobic interactions, m—m= stacking, and electrostatic interac-
tions between carbon-based nanomaterials and drugs can be used for efficient
drug- or gene-loading. Based on this concept, modified carbon nanomaterials
are used to deliver a drug or gene to improve its therapeutic effect and
reduce its severe adverse effects [71]. CNTs and graphene-based materials
possess a high photothermal conversion coefficient, making them suitable for
photothermal therapy. In addition, photosensitizers can be loaded onto the
surface of carbon-based materials allowing them for being used in photody-
namic therapy [72].

9.4 Immobilization of functionalized nanomaterials in
membranes

The immobilization of functionalized nanomaterials in structured supports
(e.g., monoliths, films beads, fibers, membranes) has many advantages, such
as an easy material recovery from the reaction media, low leaching,
enhanced mechanical strength, and prolonged reusability. An ideal support
should be stable during the application, offer a high specific surface area,
and a strong adherence for the material NPs, as well as a high affinity
towards target substances (e.g., pharmaceuticals). The use of porous
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membranes also allows the process scale-up in continuous operation and an
easy regeneration procedure using simple cleaning with solvents (e.g., hot
distilled water) [73,74].

The successful application of membranes in biopharmaceutical-related
processes depends on several membrane properties: a desired pore size and a
narrow pore size distribution, which control the molecular transport; a high
porosity and low membrane thickness, which favor a high permeate flux; a
certain mechanical strength; and sufficient thermal and chemical stability.
Furthermore, biocompatibility and resistance to biofouling are vital to
in vivo applications in order to avoid a negative immunological response and
loss of functionality [75]. A membrane typically acts as a physical barrier
separating two different phases, but it may also be applied to immobilize
enzymes [62,76—78], liposomes [79—81], microspheres [82,83], and NPs
[84—86]. Inorganic membranes provide high chemical resistance, but they
are expensive, less available, and offer limited mass transfer. On the other
hand, polymer membranes are cheaper and more suitable to be prepared with
different shapes (flat-sheet, fibers, beads) and a wide variety of
functionalities.

The immobilization of NPs in polymer membranes can be achieved by
several techniques (Fig. 9.7), which are divided in to three main categories:
(1) chemical methods, where covalent bonds are established between NPs
and the polymer matrix; (2) physical methods, where weaker and noncova-
lent interactions take place; and (3) entrapment, where particles are retained
or entrapped in the membrane pores [75]. The membrane’s porous structure
and the surface hydrophilicity can be tuned by adding different amounts of
these nanomaterials, as well as their dispersion, interaction, and distribution
in the polymer chains that can define the membrane’s overall performance
and stability. More typical polymers such as PEG, poly(lactic-co-glycolic
acid) (PLGA), poly(vinyl-2-pyrrolidone) (PVP), polyvinylalcohol (PVA),
cellulose, alginate, and chitosan have been researched as well as other less
frequently used polymers such as polyvinylidene fluoride (PVDF), polypro-
pylene (PP), polyamide (PA), polyamidoamine (PAMAM), polyacrylonitrile
(PAN), polyethylene (PE), PEI, and polyethersulfone (PES). These mem-
branes were studied in drug- and gene-delivery, cancer therapies or other
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FIGURE 9.7 Scheme of the different techniques to immobilize nanoparticles in membranes.
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diseases, detection of proteins, biosensing and immunoisolation [84,86—91].
Some examples are described in Table 9.2.

Using the chemical method, nanomaterials can be linked by covalent
bindings to specific functional groups (e.g., —COOH, —CHO, —OH, —CN,
and —NH,), which are created in the membrane by different pretreatments.
Some of these functional groups include epoxies, anhydrides, aldehydes, car-
boxylic, amides, and amines. The chemical methods of preparation generally
allow a strong and stable immobilization of NPs, which are usually carried
out by immersing the membrane in the corresponding solution containing the
NPs or even by filtrating this solution through the membrane [74]. In certain
cases an external energy source like UV irradiation can be used to start the
binding reaction [92]. In general, NPs covalently bonded to membranes pos-
sess good resistance to variations in pH, ionic strength, desirable tempera-
ture, good reusability, and low leaching.

In the physical method, NPs are linked to the membrane by different non-
covalent interactions such as Van der Waals forces, H-bonding, and
hydrophobic-hydrophilic, or electrostatic interactions. In general, these meth-
ods lead to weaker interactions than those established by chemical methods
and, consequently, a larger amount of leaching is expected. Adsorption is
one of the most simple and common mechanisms used to noncovalently bind
NPs to a membrane [74,93]. The surface chemistry of the nanomaterial plays
an important role in this aspect because NPs with a different point of zero
charge (pHpzc) lead to more intense interactions in the membrane due to the
formation of electrostatic interactions. Furthermore the charge of the mem-
brane can be negatively (e.g., carboxyl groups) or positively (e.g., protonated
amino groups) charged depending on the isoelectric point of the polymer and
the pH of the media.

TABLE 9.2 Nanoparticle and polymers used in biopharmaceutical and
biomedical processes.

Nanoparticle type Polymer type  Application Reference
Nano-MnO, Chitosan Immunosensor for CEA® [84]
Nano-CeO, PLGA—PEG Cerebral ischemic therapy [86]
CNT/graphene Chitosan Detection of EBNA-1 [87]
Gold PEG Delivery of anticancer drug [88]
Graphene oxide PEG—PEI Gene delivery [89]
Platinum PLGA—PEG Delivery of cisplatin [90]
SiO, PAMAM Drug delivery [91]

CEA, carcinoembryonic antigen; EBNA-1, Epstein Barr virus nuclear antigen 1.
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In the entrapment category, NPs are not bound, but entrapped or retained,
in membranes. This approach does not require any modification of the sur-
face chemistry of both NPs and membranes, and the immobilization can be
achieved following two different strategies: (1) NPs are incorporated into the
membrane during the fabrication step; and (2) a solution containing NPs is
filtered through the membrane with the NPs being retained in the pores [75].
The first method possesses the advantage of a low amount of leaching,
although the activity of the resulting membrane should be lower because
some NPs cannot be accessible to target substances. In contrast the second
approach creates membranes with a higher activity but also higher amounts
of leaching.

9.5 Functionalized nanoparticles as drug delivery systems

The use of NPs as DDS in the biopharmaceutical or biomedical field is well
explored, and therefore is discussed in more detail. The increasing need for
more efficient and less invasive methods to treat disease is stimulating the
development of modified NPs to be applied in DDS. In fact, in terms of the
health care market, nanotechnology for developing DDS is estimated to be
around $300 billion [94]. The main challenge in the development of DDS
using NPs is the achievement of perfect biological activity with high stabil-
ity, while being able to maintain the drug levels in the body and minimize
side effects [95]. In the pharmaceutical sector this type of system is consid-
ered a nanopharmaceutical or nanomedicine [96]. The NPs used can be from
either organic or inorganic materials, with sizes ranging between 1 and
100 nm [97].

Drug administration routes can be oral, parenteral, transdermal, inhala-
tional, or subcutaneous injection among others [98]. Accordingly drugs must
be loaded into NPs without leakage or catabolism by enzymes to recognize
and access the specific target tissue or cell [98]. The functionalization of
NPs by targeting ligands (drugs, biomolecules, and other chemical moieties)
able to identify a specific biological target is entirely possible, promoting the
drug delivery to a specific type of cell [96]. Modified NPs usually offer bet-
ter transport properties and pharmacokinetic profiles and can penetrate dee-
per into tissues through fine capillaries and epithelial linings, resulting in a
more efficient delivery of therapeutic agents to target sites [99].

Compared to traditional pharmaceuticals, formulations, and administra-
tion routes, DDS carrying the active pharmaceutical ingredient (API) offer
notable advantages, including: (1) improved delivery of drugs that are poorly
soluble in water; (2) delivery of a high dose of the therapeutic agent;
(3) improved protection of a drug from harsh environments; (4) decrease of
dosing regularity; (5) controlled and precise release of a drug; and (6) pre-
vention of side effects if a proper DDS is used [95,96]. However some disad-
vantages can be also found, such as a material’s toxicity, product
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degradation, a drug’s rapid release, and high cost [95]. All these advantages
and disadvantages depend on the material type and functionalization. Thus
there is an urgent need to experiment and design improved biomaterials to
be used as DDS that can provide more efficient loading and controlled
release of APIs [96].

Recently the surface modification design for advanced DDS has allowed
for the development of new treatment strategies [11]. There are a number of
carriers, including organic- and inorganic-based, or a hybrid combination of
the organic and inorganic compounds, that can be used to produce a DDS.
Inorganic nanoplatforms include metallic nanostructures, silica nanoparticles,
and QD, while organic nanocarriers include polymeric, lipid-based (e.g.,
liposomes and nanoemulsions), dendrimers, and carbon-based materials.
Hybrid combinations include colloidal gold encapsulated in liposomes or
superparamagnetic iron oxide particles encapsulated in polymeric nanoparti-
cles [100].

Regarding the optimal ligand design, surface properties must be con-
trolled for a precise material 3D structure and chemical composition of spe-
cific functional groups that can interact with the API. The most used method
of nanoparticle modification is through the attachment of PEG, minimizing
the risks of opsonization and the immunological barriers (phagocytic) of NPs
[20]. Hydrophilic coatings, such as PEG, can also reduce interactions with
plasma proteins [24] and reduce agglomeration of the nanoparticles, avoiding
a higher cytotoxicity [101,102]. Other types of ligands are described in
Table 9.3.

Examples of most common functionalized nanoparticles as drug carriers
and their applications are presented in Table 9.3. For more information about
the incorporation of nanoparticles into drug delivery applications, current
databases such as the Nanomaterial Registry (https://www.nanomaterialregis-
try.com/) and CaNanoLab (https://cananolab.nci.nih.gov/) can be easily
accessed and are recommended. A general scheme on the properties and
characteristics of modified nanoparticles as DDS is presented in Fig. 9.8.

9.6 Conclusions and future trends

NPs represent a bridge from materials to the biopharmaceutical and medici-
nal fields, where they have a remarkable role as therapeutic carriers and
diagnostic tools. Several materials have been reviewed, together with a range
of functionalization methods and functional groups. This chapter briefly
described the several materials used, types of functionalization and prepara-
tion, and the related biomedical applications of these NPs. The design of
nanostructures by controlling their surface properties is the main strategy to
achieve improved responses of each type of application. The chapter also
briefly described the synthesis and functionalization of metal-based, silica,
and carbon NPs that have been mainly used in diagnosis, biosensing and
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TABLE 9.3 Examples of functionalized nanoparticles and their applications
as drug delivery systems.

Material

Chitosan

Dextran
Magnetite
Magnetite
Silica

Mesoporous

Silica

Gold

Gold

Gold

CNT”

CNT

Graphene

Functionalization

DNA

N, N'-carbonyldiimidazole

Anthracendion derivative
mitoxantrone

Poly(ethylene glycol)

2-Devinyl-2-(1-hexyloxyethyl)
pyropheophorbide

Folic acid®; mannose; glycerol-
derived polyol-based silanes,
orthosilicic acid, sodium
metasilicate, tetraethyl orthosilicate
(TEOS); tetramethoxysilane (TMOS);
tetrakis (2-hydroxyethyl)
orthosilicate.

Amino acids and peptides

Amine

Peptide

Adsorption of phospholipid with
poly(ethylene glycol) (PL-PEG 2000)
chains and terminal amine or
maleimide groups (PL-PEG-NH, or
PL-PEG-maleimide)

Polyethylenimine-grafted

Peptide-silica coated

“Review article: some examples of surface ligand are given.
CNT, carbon nanotubes.
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FIGURE 9.8 General scheme highlighting the properties, characteristics, and way of action of
modified nanoparticles to be used as DDS.

bioimaging, and as DDS. The work that has been conducted in this field so
far has provided a better understanding of the NPs relevance and has brought
significant contributions to the biomedical field. However, there is still a
need to find materials with improved efficacy and low cytotoxicity where
bio-based materials and bio-inspired functional groups may play a significant
role. NPs that respond to stimuli such as temperature, pH, and light, and that
are aimed at improving drug release and diagnosis performance must also be
more deeply investigated.
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10.1 Introduction

There is a strong drive to design innovative nanoparticles (NPs) because they
possess exceptional properties and bridge the gap between bulk materials
and atomic or molecular structures [1]. A bulk material has constant proper-
ties because it adheres to the laws of classical physics. At the nanoscale, the
material follows the laws of quantum mechanics, wherein the nanomaterials
have exceptional surface properties leading to the effective entrapment of
drugs and providing a larger surface area for interaction with the cells [2].
Hence, nanomaterials serve as extraordinary carriers for drugs and active
organic ingredients (AOI) in animal and plant cells. There is also a great
interest in developing groundbreaking strategies for functionalization of
nanomaterials, because this improves the therapeutic efficiency of these car-
riers and allows drugs or AOI to reach the desired site avoiding unspecific
interactions. In this context, different classes of nanomaterials like carbon
nanotubes (CNTs), metal-NPs, magnetic NPs, and polymeric carriers are
suitably functionalized with therapeutic or target-specific moieties like si-
RNA, aptamers, hydrophobic drugs, folic acid, etc., to enable a site-specific
targeting [3]. Functionalized nanomaterials have immense applications in
biomedicine and healthcare beginning with the diagnosis of a disease to its
therapeutic remedy [4]. Ultrasensitive biosensor devices have been designed
that can detect disease-specific biomarkers at a very low concentration,
enabling early diagnosis of diseases like cancer, AIDS, Alzheimer’s, etc. [5].
Additionally, smart drug delivery systems have been designed that enable
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drugs to be carried for prolonged circulation time without degradation and
for site-specific release without affecting healthy cells [6].

Similarly, functionalized nanomaterials have been widely used in agricul-
ture for encapsulation and entrapment of agrochemicals such as fertilizers,
pesticides, herbicides, plant growth regulators, and other active substances
[7—12]. These nanocarriers enable controlled and slow release of agrochem-
icals, which in turn allow the slow uptake of active ingredients. Hence, the
effectiveness of agrochemicals is increased because they can bind firmly to
the plant surface, reducing the amount of agrochemical waste that enters the
environment [13]. This chapter gives an overview of the various strategies
employed to design and synthesize innovative functional materials, and illus-
trates their potential applications in biomedical, pharmaceutical, agriculture
and agri-food industries, along with their challenges.

10.2 Strategies for functionalization of nanomaterials

Functionalization of nanomaterials has exponentially gained interest due to
their wide spread applications in biomedical, drug delivery, sensors, agricul-
ture and other industrial applications. The plasmonic properties of NPs are
vulnerable to their size, shape, and composition [14]. So stabilizing NPs is a
crucial step in preserving their desired properties. Most nanomaterials with-
out any surface functionalization generally tend to aggregate or show unde-
sired toxicity. Surface functionalization is a process that incorporates
suitable materials on to the NPs’ surface in order to improve their applicabil-
ity and reduce toxicity [15]. Numerous kinds of materials, including small
organic molecules, dyes, polymers, inorganic materials, and biomolecules,
are used to functionalize nanomaterial surfaces [3]. Fig. 10.1 shows the vari-
ous types of functionalization possible over nanomaterial surfaces.

Functionalization of nanomaterials can be performed by several methods
including pre and postsynthesis methods. In presynthesis or in situ synthesis
methods, desired functional materials are directly added to the reaction while
nanomaterials formation. Reduction of auric chloride to synthesize gold NPs
with cysteine and tyrosine use this method [14]. Most of the surface functio-
nalization will only be done by postsynthesis. This gives full control over the
surface modification of nanomaterials. These postsynthesis methods can gen-
erally be classified into the following categories: covalent, noncovalent func-
tionalization, grafting, and physical adsorption methods [17]. These methods
ensure the coating or grafting of desired material on the NPs surface while
maintaining their stability and native properties. Fig. 10.2 illustrates the vari-
ous opportunities for nanomaterial functionalization.

Covalent functionalization: In covalent functionalization, the selected
group will be attached using strong binding groups by performing organic
coupling reactions. One of the functional groups is first attached to the NP
surface, then it is coupled with selected functional material by performing
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FIGURE 10.2 Strategies for NP functionalization. Reproduced with permissions from Sun T,
Zhang YS, Pang B, Hyun DC, Yang M, Xia Y. Engineered nanoparticles for drug delivery in can-
cer therapy. Angewandte Chemie International Edition. 2014;53(46):12320—12364. https://doi.
org/10.1002/anie.201403036 [18]. Copyright John Wiley & Sons, Inc.

organic reactions. This method further divided into indirect and direct meth-
ods. The indirect method refers to the formation of oxygen-containing groups
on the surface, then coupling with the desired material [19]. The direct
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method makes use of the surface charge associated with NPs to form strong
covalent bonds such as thiol functionalization of gold nanomaterials [20].

Noncovalent functionalization: Noncovalent functionalization utilizes the
surface charge of the nanomaterial as well as functional moiety. In this
method, functional material is attached or wrapped on to the NP surface by
using noncovalent interactions such as hydrogen bonding, Van der Waal’s
interactions, electrostatic interactions, and m—7 stacking [21]. Polymer or
surfactant-coated nanomaterials are the best examples of this type of functio-
nalization [5]. In another strategy, supramolecules are used to functionalize
the surface of the nanomaterials, and they serve as a host to derive further
desired materials [22].

Grafting: Grafting is a covalent functionalization technique generally
used to introduce polymers on to the surface of nanomaterials to synthesize
polymer brush-coated NPs for sensing and adsorption applications [23].
Chemical grafting techniques are basically classified as “grafting onto” and
“grafting from” approaches. The “grafting from” approach begins by attach-
ing monomeric groups on the NP surface, followed by in situ polymerization
[24,25]. Organo-functional silanes, like nipam, are widely used for “grafting
from” processes since they can be polymerized easily. A variety of polymeri-
zation techniques, including free radical, cationic, anionic, ring opening, and
controlled radical polymerizations, have been used for the growth of polymer
chains on NP surfaces [18]. “Grafting onto” approaches are another effective
method which involves the reaction of functional end groups of polymers
with the reactive groups of NPs or electrostatic interaction with it’s charged
surface. In this method, the polymer is bound with the NP surface by utiliz-
ing one of the reactive functional moieties present in the polymer. Grafting
of biomolecules, such as DNA and photo-reactive polymers such as polydo-
pamine OR polyaniline, are coated using this strategy [26—28] (Fig. 10.3).

Physical methods: Physical methods are similar to noncovalent functiona-
lization methods where only the natural affinity of the molecules are used to
coat over the NP surface by physisorption. Polymers are generally coated by
physisorption methods providing a passive layer and preventing NP aggrega-
tion. Polyelectrolyte materials are coated layer-by-layer using this method.
First, one polyelectrolyte is physisorbed on the NP surface which binds to
the surface utilizing columbic interactions, then other, oppositely charged
material is coated over the primary layer by controlling thickness [20,21,29].

Other unconventional methods are also used for NP functionalization.
Most of these methods use specific affinity of the functional groups to mod-
ify the NP surface. For example, facet-selective conjugation of DNA mole-
cules onto upconversion NPs via ligand competition reaction was introduced
to graft biomolecules over upconversion NPs [28]. Ligand exchange methods
are often used to replace small molecules attached to the NP surface by
exchanging it with another strong affinity molecule in order to induce the
desired properties. This method is also used to interchange the NP surface
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from hydrophilic to hydrophobic and vice versa. Grinding induced covalent
functionalization was used to graft carbon-based materials on to the NP sur-
face is a straightforward green method [30]. Encapsulation is another method
to functionalize metal-NPs where inorganic or organic material is coated
over the surface of NPs to create core shell-type materials [31].

Non-metal nanomaterials like carbon dots and graphene are generally
functionalized using covalent modification strategies. These materials often
possess conjugation or reactive sites where other molecules can bind through
a covalent bond [32,33]. Functionalization of metallic NPs have wide spread
applications and there are number of strategies to functionalize the surface
depending upon their application. These materials are convenient to functio-
nalize either by noncovalent functionalization using their surface charge or
by using metal coordination bonds, or via covalent functionalization by intro-
ducing small ligands on to the surface.

Functionalization of magnetic nanoparticles: Magnetic NPs (MNPs) are
interesting materials with potential use in biomedical applications, but they
often fail to deliver due to their toxic nature. The major issues associated
with MNPs are their hydrophobicity, toxicity, and poor binding ability with
defined target molecules. The successful utilization of MNPs for biological
applications requires that surface functionalization should ideally impart the
following properties to MNPs [34]. They must be free from aggregation and
have increased hydrophilic nature [18]. Capping agents must eliminate the
toxicity of MNPs and give control over their magnetic nature. Surface func-
tionalization of MNPs should also prevent their self-association and agglom-
eration. Functional moieties should be carefully selected to achieve these
capabilities, including water compatibility and stability, while at the same
time surface functionalization should not adversely affect the magnetic prop-
erties of the materials (Fig. 10.4).

10.3 Functionalized nanomaterials for biomedical and
pharmaceutical applications

10.3.1 Functionalized carbon-based materials for biomedical and
pharmaceutical applications

Due to their unique physic-chemical properties and exceptional ability to
penetrate cell membranes, carbon-based materials like CNTs and grapheme
are attractive tools for drug delivery [36,37]. Carbon-based materials are also
useful in other biomedical fields like biosensing [38], tissue engineering,
[39] and gene therapy [40]. Surface functionalization of a suitable ligand to
carbon-based material can impart advanced hydrophobic/hydrophilic proper-
ties, cell penetrating properties, and site-specific targeting abilities
(Fig. 10.5). Such functionalizations are also useful for solubilization of
hydrophobic drugs, and its efficient entrapment further allows controlled
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FIGURE 10.5 Schematic illustration showing the different applications of CNTs such as drug
delivery, diagnostics, biosensors, biomedical imaging, as well as tissue engineering and regener-
ative medicine. Reproduced with permission. Copyright 1994, ACS.

release of the drug only to specific disease cells [41]. Several recent studies
have shown that single-walled carbon nanotubes (SWNTs) have been func-
tionalized with different bioactive and therapeutic ligands to make them a
more effective drug delivery system [42,43]. SWNTs have a large surface
area and a workable dimension due to surface modification, which is rela-
tively easy to achieve [44]. A variety of carriers like peptides, proteins, si-
RNA, therapeutic DNA, and drug molecules can effectively be delivered
with high efficiency and potency through functionalized SWCNTs due to
their ability to traverse the cell membrane.

Several studies have recently been published on the application of func-
tionalized CNTs. Both SWCNTSs and multiwall carbon nanotubes (MWCNT)
have been functionalized for various biomedical applications (Fig. 10.5).
Guest molecules, like drugs, nucleic acid, SIRNA, and metal-NPs, can be
effectively attached to CNTs due to the reactive surface sites. Attachment of
such ligands imparts biocompatibility and enhances their application as drug
carriers. CNTs can also be feasibly modified with peptides, organic mole-
cules, carbohydrates, and polymers, and, as a result, effective drug delivery
systems can be designed [45]. Using this method, anticancer drugs and genes
were delivered to human gastric cancer cells via polyethylenimine-
functionalized carbon nanotubes tagged with AS1411 aptamer. The carboxyl
group present SWCNTs surface were first modified with a polyethylene glycol
(PEG) linker and then a modified branched polyethylenimine (PEI 10 kDa)
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was grafted to create a vehicle for siRNA delivery. Next, an AS1411 aptamer
(nucleolin ligand) was covalently attached to SWNT-PEG-PEI conjugate to
facilitate drug delivery to the tumor cells overexpressing nucleolin receptors
on their surface. Cell viability assays confirmed that the functional SWCNT
with doxorubicin intercalated in it could effectively selectively target gastric
cancer cells that were overexpressing nucleolin [46]. CNTs have also recently
been used to effectively deliver anticancer herbal molecules with improved
therapeutic efficacy and safety [47]. In another study, covalent functionali-
zation of the CNTs was done using PEG chains terminated by folic acid
fragments. Such functional CNTs hold doxorubicin inside their inner core
at a neutral pH, while unloading the drug in a slightly acidic environment.
These constructs may serve as excellent carriers of doxorubicin because
tumor microenvironments are slightly acidic due to hypoxia, as well the
overexpression of folic acid receptors on the surface of cancer cells [48].
The functionalization of both SWCNTs and MWCNTSs may be done suitably
to allow their complex formation with DNA so CNTs can also potentially
be used as gene carriers [27]. MWCNTs have also been functionalized with
magneto-fluorescent carbon QDs. As a result, these nanocomposites possess
high heat-generating ability, pH and NIR responsive drug delivery, and
heat-induced high drug release capacity. Therefore targeting doxorubicin
(Dox) through such nanocomposites is very effective and could kill cancer
cells at very low concentrations [49]. Liu et al. reported functionalization of
carboxylated SWCNT with hydroxypropyl-3-Cyclodextrin (HP-3-CD) for
improving the biocompatibility and reducing the toxicity of CNTs. These
functionalized CNTs served as an excellent delivery vehicle for the antican-
cer drug formononectin (FMN) [50]. In another study Singh et al. used
SWCNTs functionalized with polysaccharides, such as alginate (ALG) and
chitosan (CHI), as a delivery vehicle for the anticancer drug curcumin [51].
MWCNT functionalized with chitosan-folate has been used for the targeted
delivery of docetaxel to lung cancer cells [31]. Chitosan-folate conjugated
MWCNT were found to be biocompatible and effectively target docetaxel
to lung cancer cells overexpressing the folic acid receptor. The ICs, values
indicated that docetaxel loaded inside chitosan-folate conjugated MWCNT
was 89-fold more effective than docetaxel delivered alone to human lung
cancer cells (A549 cells). A combination approach of targeting anticancer
drugs with NPs that are NIR responsive and generate hyperthermia has
delivered encouraging results in the treatment of problematic cancers.
Recently Wang et al. reported a multimodal MWCNT formed via layer-by-
layer deposition of polypyrrole and gold NPs onto the surface of MWCNT.
This material was used as an effective carrier of doxorubicin and killed can-
cer cells effectively via photothermal therapy combined with the drug’s
anticancer effects [52].

CNT functionalization has also been performed to treat diseases apart
from cancer. Nerve growth factor functionalized MWCNT exhibits
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neuroprotective effects for prolonged periods in an in vitro model of ischemic
stroke and could be potentially used for treating neurological disorders [53].
CNTs possess exceptional properties like mechanical strength, optical transpar-
ency, and good biocompatibility. These qualities make the materials excellent
candidates for treating several pathologies in ophthalmology and excellent
therapeutic tools for corneal biomechanic enhancement [54]. MWCNT
were functionalized with recombinant Dengue envelope (DENV3E) pro-
teins have also been used as a vaccine against Dengue because it induced
significant and specific immune response in mice [55]. The therapeutic
efficiency of CNT drug carriers can be further improved by adopting vari-
ous strategies like optimization of length [56], modulating hydrophilicity
of CNTs by PEG functionalization [57], and synthesizing CNT composites
with chitosan/gelatine [58].

Apart from CNTs, graphene/grapheme oxide possesses unique physio-
chemical properties like exceptional mechanical strength, electrical and ther-
mal conductivities, and optical transmittance [59]. Functionalization of the
grapheme surface imparts it with more biocompatibility, water solubility,
and makes it useful as an excellent drug delivery system (Fig. 10.7). The sur-
face properties of the grapheme-based materials are exceptionally superior
due to their nanosize, which in turn leads to a large surface area for interac-
tion with cells. As a result of this, graphene-based nanomaterials can be used
for a plethora of biomedical applications including drug and gene delivery,
tissue engineering, bioimaging, and biomedical devices [60] (Fig. 10.6).

Several recently published studies demonstrate the application of
grapheme-based materials in drug delivery. Wang et al. functionalized the
surface of graphene oxide with PEI and PEG. The PEG/PEI modified gra-
phene revealed enhanced cellular uptake and low toxicity in raw264.7
macrophages [61]. Deb et al. designed a chitosan functionalized nano-
biocomposite of graphene oxide for the codelivery of two anticancer drugs:
camptothecin (CPT) and 3,3’-Diindolylmethane (DIM). The data from
in vivo studies revealed that drugs carried by these functionalized CNTs
showed better biodistribution/bioavailability, low toxicity, and enhanced
therapeutic efficiency [62]. Oz et al. reported functionalization of reduced
graphene oxide via thiol—maleimide “click” chemistry for easy attachment
with the thiol-containing molecules [63]. In another work, a targeted drug
delivery system based on nano-graphene oxide was designed by functionali-
zation with dopamine and preparing an aptamer decorated, dextran coated
nano-graphene oxide [29]. Xie et al. reported surface modification of gra-
phene oxide (GO) nanosheets by protamine sulfate/sodium alginate for anti-
cancer drug delivery. Such functionalization enables enhanced dispersibility
and stability to drug-loaded GO under neutral conditions and drug release
only in acidic medium [64]. Functionalization of grapheme oxide with folic
acid, tea polyphenols, and AuNPs enable them to act as excellent drug deliv-
ery vehicles for curing tumors. Folic acid conjugation leads to targeted
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delivery because folic acid receptors are overexpressed in cancerous cells
[65]. Functionalization of graphene-based materials with tea polyphenols
leads to excellent antioxidant and anti-inflammatory properties and also
induce apoptosis in cancerous cells [66]. Functionalization with AuNPs, gold
nano shell, and ultrasmall fluorinated grapheme shows high NIR absorbance,
creating drug delivery systems that could kill tumors by NIR photothermal
therapy [67,68].

10.3.2 Functionalized metal nanoparticles for biomedical
applications

Metal-NPs have immense applications in the biomedical field as molecular
probes for cell imaging as drug delivery vehicles and as therapeutic and
diagnostic tools [69]. Due to their nanosize, NPs have exceptional optical
and electronic properties as compared to bulk metals. For example, bulk
gold is inert while gold NPs (AuNPs) are used as a catalyst; bulk gold is yel-
low, while the color of nanosized gold ranges from wine red to blue due to
surface plasmon resonance. Due to these exceptional properties metal-NPs
derived from gold and silver are extensively used as sensors and diagnostic
tools for identifying biomarkers related to diseases [70]. Different kinds of
ligands like aptamers, peptides, oligonucleotides antibodies, and enzymes,


https://doi.org/10.1016/j.jconrel.2013.10.017

242 SECTION | 3 Functionalized nanomaterials

etc. can be readily functionalized on the surface of AuNPs to effectively use
them as probes. Oligonucleotides conjugated to AuNPs can be used for
detecting complementary DNA; [71] aptamer functionalized AuNPs can bind
to target receptors; [72] and enzyme conjugated AulNPs can detect the pres-
ence of specific substrates, which may be biomarkers for the disease [73].
AuNPs are being used extensively for developing diagnostic tools for the
early detection of cancer [74]. AuNPs-based immunoassay are highly sensi-
tive and can detect cancer-specific biomarkers at very minute concentrations
[75]. In these conditions, Kavosi et al. designed ultrasensitive electrochemi-
cal immunosensors using AuNPs/PAMAM (Polyamidoamine) dendrimer
loaded with an enzyme-linked aptamer as an integrated triple signal amplifi-
cation strategy for detection of PSA (Prostate specific antigen) biomarkers in
prostate cancer cells [76]. Similarly, an electrochemical aptamer/antibody
(Apt/Ab) sandwich immunosensor for selective and sensitive detection of
epidermal growth factor receptor EGFR, a biomarker for cancer has also
been designed [77]. AuNPs are also used effectively in cancer radiotherapy
due to their high x-ray absorption and superior chemical, optical, and electri-
cal properties [78].

Apart from the application of AuNPs in the diagnosis of cancer, they can
also be used as a therapeutic tool for killing tumors [79]. The therapeutic
agents can be efficiently integrated with the engineered NPs of optimal sizes,
shapes, and surface properties to prolong their circulation time, increase sol-
ubility and biodistribution, and reduce their immunogenicity [80]. AuNPs
also serve as an excellent delivery system for drugs, nucleic acid [81], and
Si-RNA [82]. The use of these functionalized AuNPs is immense in cancer
therapy. Due to the enhanced permeability of cancer cells, AuNPs and their
payload can selectively deposit in cancer cells without effecting healthy cells
[83]. AuNPs also have exceptional abilities to absorb near infrared (NIR)
light. When NIR is shined on them, the AuNPs that are embedded in the can-
cer cell will absorb NIR leading to heat generation. This process is known as
hyperthermia [84]. Hyperthermia drugs will be released from AuNPs, and a
combination of the drug, as well as heat, will rupture cancer cells without
affecting healthy cells [85]. Thus the applications of functionalized AuNPs
for photothermal therapy (PTT) of cancer are of great interest [86]. Due to
low toxicity, facile synthesis, easy functionalization, and superior optical
properties, AuNPs are the most extensively studied metal-NPs for biomedical
applications [87]. The different applications of functionalized AuNPs are
shown in Fig. 10.7.

Silver NPs have excellent antibacterial and antimicrobial properties. The
functionalization of silver NPs is ideal for targeting a broad spectrum of
microbial diseases and to prevent infections. Recently antibacterial properties
of both functionalized gold and silver have been extensively illustrated [88].
Functionalization of antimicrobial peptides and polymers may be further
executed to enhance the antimicrobial activities of these NPs [89].
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10.3.3 Functionalized magnetic nanoparticles for biomedical
applications

Magnetic NPs (MNPs), as the name suggests, are nanosized particles with
magnetic properties formed by metals like iron, cobalt, and nickel [90]. Due
to the unique magnetic properties and ability to interact with the biological
system at the cellular and molecular level, MNPs have attracted considerable
attention for applications in biomedicine as contrast agents for magnetic res-
onance imaging (MRI) and as carriers for drug delivery [91]. MNPs can be
suitably functionalized with a wide variety of ligands using modern nano-
technology tools and their properties greatly improved [92,93]. However, the
safety and efficacy of MNPs are always of great concern. To improve the
biocompatibility of MNPs, organic and inorganic polymers like RGD pep-
tides, dextran, chitosan, and fibronectin can be used to coat the magnetic
core [15]. Such functionalization greatly improves their biocompatibility by
modulating solubility and interaction properties and reducing toxicity [94].
For the biomedical application of MNPs, it is vital that they be biocompati-
ble and have some specified criteria to reduce the risk of any toxicity associ-
ated with them [91]. The main criteria that MNPs should possess for
successful biomedical applications are biocompatibility, biodegradability,
amenability to surface modification, physical and chemical stability, and
effectiveness in minimal doses [95]. Fig. 10.8 illustrates the functionalization
strategies adopted to make MNPs more biocompatible and accessible for
biomedical applications [96].
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It is desirable that MNPs should have superparamagnetic properties.
Superparamagnetic iron oxide NPs (SPIOs) are the most commonly used
MNPs for biomedical application because iron is present in the human body
naturally in the form of ferritin. Thus the iron-containing NPs are extremely
biocompatible because they can be easily metabolized in the body. SPIONs
are very small sized MNPs, typically less than 30 nm, and are coated with
either a biocompatible organic or inorganic polymer with the core formed by
magnetite (Fe3;0,4) or maghemite (v-Fe,O3). At sizes below 30 nm, magnetite
(Fe304) or maghemite (~-Fe,O3) acquire superparamagnetism, making the
particles ideal for pharmaceutical use because they will not have the ten-
dency to self-agglomerate [97]. A wide variety of biomedical applications
are offered by MNPs, like their utility as MRI contrast agents, for magnetic
labeling, for cell sorting, for controlled drug release, for killing tumors by
hyperthermia, and as biosensors [98]. The functionalization of MNPs ensures
that there are controllable interactions with the living cells and no undesired
response is elicited. The functionalization strategies also tune the coatings in
such a way that the MNPs are best suited for the application envisioned [99].

The most widely used biomedical application of MNPs is as MRI contrast
agents. The magnetic particles can penetrate deeply inside cells and produce
magnetic signals which can differentiate between diseased and normal cells
[100]. The use of iron oxide MNPs has also been approved by the US Food
and Drug Administration due to their excellent biocompatibility and low tox-
icity [101]. Recently multimodal imaging tools have also been designed by
functionalizing MNPs to optical and fluorescent probes [102,103]. Another
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important application of MNPs is as labeling agents for biological entities
like DNA, peptide, and protein cells. Labeling biomolecules with MNPs
allow them superior biosensing applications as compared to other fluorescent
and optical probes. Many recent studies demonstrate that biomolecules
labeled with MNPs are used for biosensing applications, especially in cancer
diagnosis. Stem cells could also be labeled by MNPs and their growth and
differentiation tracked inside the body [104,105]. MNPs are widely used in
regenerative medicine because they have the potential to track the long term
fate of the implants and monitor stem cell differentiation [106].

Another important application of MNPs is in controlled drug release
[107]. Functionalization of biocompatible nanocarriers with MNPs ensures
the drug loaded inside the carrier is released only at the target site [108].
The drug delivery system functionalized via MNPs can be transported to the
desired site by the application of a magnetic field. The drug loaded inside a
MNP-decorated delivery vehicle can be reliably released at the target site,
and its therapeutic efficacy will be enhanced several fold [109]. Another
interesting property of MNPs is that they are heated by the application of
time, varying by magnetic field, so the local heat generated by this process
can be used for killing cancer cells using a combination of chemotherapy
and hyperthermia [110]. Due to the enhanced permeation and retention of
cancer cells, MNPs can penetrate and become embedded inside cancer cells
without going inside normal cells [111]. Cancer cells are also more sensitive
to high temperatures as compared to healthy cells, so they burn under these
conditions while there is no deterioration in healthy cells. It is also important
that the localized magnetic hyperthermia should be produced at a very low
concentration of MNPs, and this can be done by modulating the amplitude
and frequency of the applied magnetic field [112]. There are several exam-
ples in the supporting literature where this combined therapeutic approach
has been used for successfully combating cancer [103,113].

10.3.4 Functionalized polymer-based nanomaterials for biomedical
and pharmaceutical applications

The biodegradable and biocompatible polymers are an excellent scaffold for
the design of cutting edge drug carriers because they could help with the
effective entrapment and controlled release of the drug only to the target site
[[14—116]. Functionalization of polymeric nanostructures such as hyper-
branched polymers [117], dendrimers, [118] and polymeric micelles [119]
are of great interest due to their immense potential in drug delivery.
Different types of biodegradable polymers are functionalized with bioactive
moiety like folic acid, aptamer, and cell penetrating peptides to utilize their
full potential in targeted drug delivery. Using this approach, a variety of mul-
tifunctional nanocarriers (e.g., NPs, micelles, polymersomes) for the delivery
of molecules like vitamins, hormones, peptides, proteins, si-RNA, nucleic
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acid, etc., as well as therapeutic drugs are synthesized [114,120]. The different
functionalization strategies adopted for the modification of polymers and their
biomedical applications are illustrated in Fig. 10.9.

Polymeric micelles are synthesized via functionalizing hydrophilic seg-
ments to hydrophobic biodegradable block polymers. Polymeric micelles
(PMs), due to their nanometric size, high stability, (low critical association
concentrations (CMC)), and core shell arrangement, serve as excellent drug
delivery vehicles [122]. Such PMs could serve as excellent carriers for
hydrophobic drugs like doxorubicin since its amphipathic nature will allow
the drugs to get solubilized and entrapped and reach the target site without
degradation [123,124]. A hydrophobic drug like doxorubin can also be
grafted on a hydrophilic block polymer to make a drug polymer conjugate,
which will enhance the therapeutic efficiency of the drug [125].
Hydrophobic biodegradable polymers can also be functionalized or grafted
with therapeutic moiety, that is, hydrophilic aptamers or si-RNA to develop
a combination drug delivery system [126,127]. Another interesting class of
polymers are the stimulus-responsive polymers. Such polymeric systems
exhibit large, sharp changes in response to physical (such as temperature,
solvents, or light) and chemical stimuli (such as reactants, pH, ions in
solution, or chemical recognition). These polymers are of great use in con-
trolled drug delivery, and they facilitate release of the drug only in
response to desired stimuli. In a recent review, Zhou et al. comprehen-
sively covered the advances in the development of stimuli-responsive PMs
for drug delivery, imaging, and cancer therapy [128]. Fig. 10.10 illustrates
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FIGURE 10.9 Functionalization strategies for biomedical applications. Reproduced with per-
missions from Pawar PV, Gohil SV, Jain JP, Kumar N. Functionalized polymersomes for bio-
medical applications. Polym Chem 2013;4:3160. https://doi.org/10.1039/c3py00023k [121].
Copyright Royal Society of Chemistry.
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the different functionalization strategies adopted for effective therapeutic
application of PMs.

Apart from micelles, other polymeric nanocarriers used widely for tar-
geted drug delivery include nanocapsules, nanogels, liposomes, dendrimers,
and biodegradable and biocompatible hybrid polymer-based NPs [129].
These polymer NPs have been efficiently functionalized to create multifunc-
tional therapeutic vehicles for treatment of a variety of diseases [130].
Recently, several interesting reports on the functionalization of biopolymers
and their biomedical applications were published. In one report, Wei et al.
conjugated a new tumor-penetrating peptide, cysteine-arginine-glycine-
aspartic acid-lysine (CRGDK), onto the surface of doxorubicin encapsulated
polymeric micelles (PM). The CRGDK peptide can specifically bind to
neuropilin-1 that is overexpressed in cancer, which leads to enhanced cellular
uptake and cytotoxicity as assessed by in vitro studies. In vivo studies
revealed a high accumulation and penetration of drug-loaded PMs on tumor
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FIGURE 10.10 Functionalization of PMs for drug delivery. Reprinted with permission from
Nicolas J, Mura S, Brambilla D, MacKiewicz N, Couvreur P. Design, functionalization strategies
and biomedical applications of targeted biodegradable/biocompatible polymer-based nanocar-
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cells leading to their greater therapeutic efficiency [131]. Deng et al. described
the design of a biodegradable PMs loaded with doxorubicin that could effi-
ciently suppress tumors by killing circulating tumor cells [132]. Zhu et al.
show that cRGD-functionalized biodegradable PMs mediates enhanced doxo-
rubicin (DOX) delivery to U87MG glioma xenografts in vivo [133]. In their
comprehensive review, Pang et al. review the recent advances in pH-
responsive polymer—drug conjugates with different chemical structures and
architectures, and they attempt to clarify their mechanism of action, synthesis,
and characterization technology [134]. Cagel et al. presented relevant research
outcomes, which revealed polymeric mixed micelles are better drug delivery
systems as compared to polymeric pristine micelles [135]. Multifunctional
and multimodal therapeutic polymer carriers are also created by adding
AuNPs/MNPs and QDs for loading drugs. Such multifunctional carriers are
very effective theragnostic tools for targeting diseases cells because they can
be used for imaging, diagnosing, and curing the diseased cells [136].

10.4 Application of functionalized nanomaterials in
agriculture and agroindustry

Nanotechnology permits broad advances in agricultural research, due to the
distinct properties of nanomaterials like improved plant disease resistance,
efficient nutrient utilization, and enhanced plant growth [8,9]. In addition,
nanoscale devices with unique properties make the agricultural systems
“smart.” Such devices are capable of responding to different situations by
themselves, thus taking appropriate remedial action. These smart systems
deliver chemicals in a controlled and targeted manner similar to the proposed
use of nanodrug delivery in humans [8,137,138]. Smart delivery systems in
agriculture should possess a combination of time controlled, specifically tar-
geted, highly controlled, remotely regulated/preprogramed/self-regulated, and
multifunctional characteristics to avoid biological barriers for successful tar-
geting. Agriculture and food system security, innovative delivery systems for
disease treatment, new tools for molecular and cellular biology, and new
materials for plant pathogen detection are some of the nanotechnological
links to agriculture science [9,139].

10.4.1 Impact of functionalized nanomaterials in agriculture

The functional carbon-based nanomaterials (fCBNMs) have become very
important materials for the agricultural industry due to their distinctive opti-
cal properties, high mechanical strength, and electrical and thermal conduc-
tivity. The advantage of using fCBNMs, especially carbon nanotubes
(CNTs), single-wall carbon nanotubes (SWCNTs), double-wall (DWCNTs),
and multiwall (MWCNTSs) functionalized with MNPs (fMNPs) (commonly
consist of two components, a magnetic material and a chemical component
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that has functionality) is that the inner, unoccupied area allows packing of
suitable chemicals for plant protection, and fMNPs allow outer control of the
movement of nanocarriers inside the plant structure [9,140]. Properly func-
tionalized nanocapsules result in greater piercing via the cuticle and allow
for the controlled and slow release of herbicides to reach the target weed.
This is a best example for reducing the plant toxicity of herbicides on agri-
cultural crops by controlling parasitical weeds with nanocapsulated active
ingredients [141]. Other studies show that amine terminated tetra (ethylene
glycol) functionalized honeycomb mesoporous silica NPs (MSNs) with 3-nm
pores can transport DNA and chemicals into both plant cells and intact
leaves [142]. Surface modified NMs (coating and functionalization) can sig-
nificantly change and transform the properties for their absorption and accu-
mulation by the plant [143].

Several studies show mixed (positive and negative) results on the plant
toxicity of CNMs in plant systems [9]. One suggests that CNMs have some
beneficial effects on seed germination, growth, and development, as well as
several plant physiological processes, while a second study indicates that
CNMs have toxic effect on plants [9]. Cafias et al. [144] reported the root
elongation of six different plant species (Brassica oleracea, Daucus carota,
Cucumis sativus, Lactuca sativa, Allium cepa, and Solanum lycopersicum)
and phytotoxicity after exposure to SWCNTSs nonfunctionalized and funca-
tionalized with poly-3-aminobenzenesulfonic. The SWCNTs boost the
growth of Cucumis sativus and Allium cepa onion in 24—48 h, while remark-
ably affecting root elongation of Brassica oleracea, Daucus carota Lactuca
sativa, and Solanum lycopersicum. A wide range of concentrations of func-
tionalized SWCNTs (9—1750 pg/mL) were found to have no effect on the
physiology and developmental processes of Brassica oleracea and Daucus
carota. However, most of the studies showed that high concentrations of
NMs indicated a certain degree of the phytotoxicity. Among the six species
tested, the Lycopersicon esculentum showed the highest degree of sensitivity
to SWCNTs [144]. The researchers showed that fCNTs, especially CNTs,
revealed distinct toxic behaviors on plants but generally were less toxic than
non-fCNTs. However, how the CNTs were functionalized was not specified.
In spite of this, their study focuses on the significance of surface properties
of CNTs in determining toxicity in plant species.

Hamdi et al. [145] showed that non-fMWCNTSs decreased the root (88%)
and shoot (78%) pesticide (chlordane, cis- and trans-chlordane, trans-nonachlor)
content in lettuce. The suppression was more modest with amino-fMWCNT,
where root decreases were 57%, and shoots were only 23%, relative to controls,
after exposure 1000 mg/L non-fMWCNT for 19 days. These findings have
implications for food safety and for the use of engineered NMs in agriculture,
especially with leafy vegetables [145].

The highest increases in seed germination and enhanced seedling growth
were observed for tomato plants exposed to fMWCNTs with stronger
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negative groups and well-dispersed MWCNTs. The authors propose that
fMWCNTs enhanced the production of water channel protein (WCP) in
tomato plants [146]. The exposure of tomato cells to carboxylic-fCNTs could
lead to the activation of stress-related genes such as TDR3 and heat shock
protein 90 and the gene (LeAgp2) for tomato WCP [147]. In Arabidopsis,
exposure of carboxyl-groups functionalized CNTs induced a decrease in the
defence response, which was partially reversed with the exogenous applica-
tion of salicylic acid [148]. The activation of root initiation and root elonga-
tion was recently observed in in vitro cultures of blackberry treated with
fSWCNTs [149].

Chen et al. demonstrated that wheat plant growth was increased under the
amine-functionalized grapheme (fGO) exposure, and the stem (19.61%) and
root (19.27%) lengths were enhanced at high concentrations (2000 pg/mL).
However, the plant tissue structures were not affected, and neither unfunctio-
nalized GO nor f{GO were observed to accumulate in the wheat plant root
cells [150].

The adhesion strength strongly depended on the functional groups on the
NP (three abamectin-loaded poly lactic acid (PLA) NPs (CH3CO—PLA—NS,
HOOC—PLA—NS, and H2N—PLA—NS) with various functional groups) sur-
face, and was easily regulated by varying functional groups. These results
reveal a route to develop smart pesticide NPs with adhesion regulation
through light, heat, or pH for different purposes in crop protection. Using
these smart pesticide NPs, it becomes possible that pesticide losses could be
substantially lowered and effective utilization efficiency improved, leading to
decreased spraying dosage, residue, and pollution in food and the environ-
ment [151].

Apart from controlled release, silica NMs have also been proposed as
active ingredients against insect pests. Since many insects, such as the
Sitophilus species that infests agricultural products during storage, have
become resistant to a variety of active ingredients, that also remain as resi-
due on the protected crops, Debnath et al. proposed the application of surface
functionalized silica NMs as an insecticide [152] to overcome the problem
of resistance development to conventional insecticides. In their study [152],
regardless of the mechanism of action, silica NM achieved up to 69% mor-
tality of Sitophilus adults, whereas the bulk form only reached 23%, indicat-
ing the presence of a nonspecific effect.

10.4.2 Impact of surface modified, labeled, and conjugated
nanomaterials in agriculture

Nanotechnology is used in the agricultural industry primarily for the develop-
ment of new materials via different strategies, including coating, labeling, con-
jugated, and functionalized nanomaterials. To date, nanomaterials have been
applied to the following plant species with the indicated impact: Lemna minor
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(coated ZnO NPs; size: 20 nm; impact on plant: toxicity [153]); Cucumis
sativus (coated ZnO NPs; size: 75 nm; impact on plant: phytotoxicity [154]);
Pisum sativum (Fe@ZnO NPs; size: 130 nm; impact on plant: no sign of tox-
icity [155]); Gossypium hirsutum (phycomolecule-coated —ZnO NPs; size
2—54 nm; impact on plant-enhanced growth and biomass [156]); Zea mays
and Brassica oleracea var. capitate (citrate-coated-Ag; size: 11 nm; impact
on plant: inhibition of germination and early development [157]); Lolium
multiflorum, Panicum virgatum, Carex lurida, C. scoparia, C. vulpinoidea,
C. lorox, Eupatorium fistulosum, Phytolacca lorox s, Scirpus cyperinus,
Lobelia cardinalis, Juncus lorox (poly vinyl pyrrolidone (PVP), and gum ara-
bic coated-Ag; size: 21 and 6 nm; impact on plants: indirect and direct
effects of NPs [158]); Actinidia deliciosa var. deliciosa (PVP-coated-AgNPs;
size: 10 nm; impact on plant: damaged pollen membranes and inhibited
pollen germination [159]); A. thaliana (PVP-coated-AgNPs; size: 20 nm;
impact on plant: biomass declined [160]); Eruca sativa (coated PVP-coated-
AgNPs; size: 10 nm; impact on plant: improvement in plant growth [161]);
Arabidopsis and poplar (carbon-coated and PEG-coated-AgNPs; size: 25 nm
and 5, 10 nm; impact on plant: stimulated root elongation, fresh weight
[162]); Ricinus communis (PVP-coated-AgNPs; size: <100 nm; impact on
plant: no effect on seed germination [163]); Triticum aestivum (PVP-coated-
AgNPs; size: 10 nm; impact on plant: affect the levels of several proteins in
multiple cellular compartments and toxicity is driven primarily by released
Ag ions [164]); A. thaliana (citrate-stabilized AgNPs; size: 20 nm; impact on
plant: accumulated in stomatal guard cells [165]); Spirodela polyrhiza (GA-
AgNPs; size 6, 20 nm; impact on plant: induced reactive oxygen species
accumulation, changed the antioxidant enzymes activities, and NPs also
changed the chloroplast ultrastructure [166]); Nicotiana xanthi (citrate-
capped AuNPs; size: 3.5 and 18 nm; impact on plant: necrotic lesions till 2
weeks and later on no stress [167]); Oryza sativa, Raphanus sativus,
Cucurbita mixta cv. White cushaw, and Lolium perenne L. (functionalized
Au NPs; size: 6—10 nm; impact on plant: most efficiently translocated into
plant shoots from the roots [168]); Solanum lycopersicum (PVP—coated-
AuNPs; size: 10, 12, 15, 20, 30, 40, 50, 80, and 100 nm [169]); Hordeum
vulgare (citrate-stabilized AuNPs; size: 2, 21 nm; impact on plant: transloca-
tion [170]); Allium cepa (citrate-capped AulNPs; size: 15, 30, 40 nm; impact
on plant: phytotoxicity [171]); Nicotiana tabacum cv petite Havana (meso-
porous silica nanoparticles (MSNPs)—Fluorescein isothiocyanate (FITC)
labeled; size: 100—200 nm; impact on plant: NPs pores that can transport
DNA [142]); Quercus macdougallii (citrate-coated Fe3;Qy; size: 6—10 nm;
impact on plant: improved the germination and growth parameters [172]);
Triticum aestivum (citric acid—Fe;04 NPs; size: ~ 18 nm; impact on plants:
exposure did not alter germination, plant growth, and chlorophyll content
[173]); Zea mays (FITC-conjugated ZnO; size: 15—30 nm; NPs are trans-
ported by the apoplastic pathway to the endodermis [174]); Citrullus lanatus
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(FITC-conjugated ~-Fe,O5. size: 21.2nm); Zea mays (FITC-conjugated-
Fe,03; size: 17.7 nm; concentration depended effect [92,93]); Citrus reticula-
ta (FITC-conjugated ~-Fe,Os; size: 82.9nm; NPs at low concentration
contribute to the synthesis of chlorophyll [42,43]); S. lycopersicum (citric
acid coated-CeO,NPs; size: 8231 nm; impact on plant: coated and bare NPs
increased stem length, while coated increased CAT activity, total chloro-
phyll, Chl. a and Chl. b in leaves [175]); Brassica napus (PVP-coated-
CeO,NPs; size: 55.6 nm; impact on plant: enhanced photosynthetic machin-
ery performance and proline synthesis regulation [176]); canola (citrate-
coated-CeO,, size: 3.5 or 31 nm [177]); Lily (ZnS-coated CdSe QDs; size:
6.3 nm; impact on plant: QDs were utilized for live imaging in plant systems
[178]); Allium fistulosum (QDS565 streptavidin conjugate; size: 15 nm; com-
parison of QDs with conventional detection systems in immune-labeling
experiments demonstrated greater sensitivity than the conventional system
[179]); Zea mays (water-soluble mercapto-acetic acid (MAA)-coated CdSe/
ZnS QDs; QDs caused very low cytotoxicity on maize seed germination and
root growth [180]); Medicago sativa (mercapto-propanoic acid (MPA) coated
CdSe/ZnS QDs; size: 3.6—4.5 nm; impact on plant: cell growth was signifi-
cantly reduced [181]); Nicotiana tabacum (silica/BSA-coated QDs; size:?;
impact on plant: successfully employed Trojan peptoids as vehicles into liv-
ing tobacco cells [182]); rice (MPA-linked-Oleic acid-CdSe QDs; size:?;
impact on plant: seed germination was arrested with QD [183]); tomato
(CNTs-QD conjugates; size:?; impact on plant: significantly accelerating
leaf senescence and inhibiting root formation [184]); Medicago sativa
(MPA-CdSe/ZnS QDs; size: 13.5 nm; impact on plant: QDs were found to
be cytotoxic and genotoxic to plant cells, although not lethal [185]);
Arabidopsis thaliana [coated CdSe/CdZnS QDs (Coatings: poly(acrylic
acid-ethylene glycol) (PAA-EG), polyethylenimine (PEI) and poly(maleic
anhydride-alt-1-octadecene)—poly(ethylene glycol) (PMAO—PEQG)); size:
(data not shown); impact on plant: showed generally uniform distribution in
the leaves and more cadmium accumulation [186]. The recent research
shows that positively charged AuNPs are most readily taken up by plant
roots, while negatively charged AuNPs are most efficiently translocated into
plant shoots (including stems and leaves) from the roots [168].

10.5 Conclusion

The functionalization of NPs offers several advantages and makes them
suitable for a wide range of applications from diagnosis to therapy for con-
trolling plant and animal diseases. The properties of nanomaterials have been
tuned via functionalization in order to perform the desired functions. To suc-
cessfully prepare a functional NP for biomedical or agricultural applications,
it is necessary to carefully select and optimize the functionalization strate-
gies. A careful analysis of the physico-chemical and biological properties
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should be performed, and the nature of core, shell, and ligands should be
carefully tuned. It is also necessary to understand the biological interactions
of nanomaterials with plant and animal cells and to address safety concerns
for successful implementation in pharma and agro-based applications.
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11.1 Introduction

Our world is now experiencing different types of environmental issues like
high levels of pollution, greenhouse gas effects, and climate change. These
environmental issues arise because of industrialization, urbanization, and con-
tamination with different harmful gases and it degrades the environmental bal-
ance as well as affects human health [1]. Scientists have for many years been
trying to reduce these problems by focusing on different technologies to
develop alternative solutions to these environmental issues. On the other hand,
industry is a crucial factor for the evolution of our modern society. Most of our
needs are fulfilled by the services and product supplied by industries. Thus for
long-term improvement, it is very obvious to find some new substances and
techniques. Also, the continuously increasing worldwide demand for resources
and energy makes it necessary to search for more efficient, economical,
environmentally friendly, and sustainable sources of energy.

Nanotechnology is one of the most promising technologies today and plays
a very important role in various industries through the use of nanomaterials. In
fact, the investigation and application of nanomaterials have become one of
the most rapidly emerging research areas. As the name suggests, nanomaterials
are ultrafine particles with size in the nanometer range. The definition of nano-
particles is based on the fields, substances, and applications to which they are
applied. But in general nanomaterials are viewed as materials with particle size
10—20 nm. In the nanorange size huge changes occur in their physical and chem-
ical properties, in comparison to their parent bulk materials. According to other
definitions, particles with size range in between 1 nm and 1 um or particles with
at least one dimension in the 1—100 nm range are called nanomaterials. At this
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scale physicochemical characteristics are majorly dependant on the unit shape and
size and also their reactivity with biological matrix, since it is different than with
large particles. Nanomaterials can be produced naturally through different geolog-
ical, combustion, and biological processes. Additionally, nanomaterials are manu-
factured to developed materials with special optical, mechanical, chemical,
magnetic, and electrical properties through molecular-level engineering [2].

Although nanomaterials have many advantages, they also have some limita-
tions such as surface reactivity and insolubility in various solvents. Additionally,
they can react with substrate, host media, or other individual species, which
may limit their use in specific applications. These limitations can be elimi-
nated by functionalizing or modifying the nanomaterials with some specific
chemical moieties. The main benefit of functionalization is to tune their
required characteristics in a predictable way and fit them in certain applica-
tions [3]. Functionalization of nanomaterials has opened up a new scope in
the development of improved tools for industrial applications.

In this chapter, we focus on the classifications of nanomaterials, their
functionalization, and their role in energy or electrical/electronic industries.
Firstly, classification of nanomaterials and requirements of functionalizing
nanoparticles are discussed. Then we discuss their applications in the elec-
tronics, electrical, and energy industries.

11.1.1 Classification of nanomaterials based on dimension

Nanomaterials include a wide range of materials that have size in the nano-
scale range and can be prepared mechanically, chemically, physically, or nat-
urally. Different structures of nanomaterials are based on their dimensions:
three-dimensional, two-dimensional, one-dimensional, and zero-dimensional
nanomaterials.

11.1.1.1 Three-dimensional nanostructures

Three-dimensional nanostructures are associated with three arbitrary dimen-
sions, which are beyond the nanorange (> 100). This kind of nanostructure
is the combination of multiple nanocrystals, fashioned in various directions.
This category of nanomaterials includes foam and honeycomb, fibers and
nanotubes, layer skeletons, powdered nanoparticles, and layered composites
[4]. Carbon nanobuds, which are made up of a combination of carbon nano-
tubes (CNTs) and fullerenes, are another member of this category [5].

11.1.1.2 Two-dimensional nanostructures

Nanostructures of this category consist of two dimensions beyond the nanor-
ange (> 100) and one dimension in the range of nanometer. Two-dimensional
nanomaterials can be:

e Single layered or multilayered
e Crystalline or amorphous
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e Metallic, ceramic, or polymeric
e Accumulated on a substrate and can consist of different chemical
configurations

Graphene, which is a single graphite layer, is a common example of this
class. The structure of graphene is made up with conjugated sp® hybridized
carbons. It is one type of carbon allotrope with honeycomb structure. Some
other examples of two-dimensional nanostructures [6] are nanolayer, nanofi-
ber, nanowall, nanocoating, nanosheet, nanostraw, etc.

11.1.1.3 One-dimensional nanostructures

One-dimensional nanostructures are associated with one dimension not
enclosed in nanorange and two dimensions that are in nanorange. One-
dimensional materials can also be metallic, polymeric, or ceramic; crystal-
line or amorphous. Examples of nanomaterials that belong to this class [7]
are nanotube, nanorod, nanowire, filament, or fiber.

11.1.1.4 Zero-dimensional nanostructures

Nanomaterials of this category have all the dimensions in nanorange, which
means they must have their size below 100 nm. Common nanomaterials of
this category are spherical-shaped materials, but cubes, and nanorods, and
polygon-shaped nanostructures can also be included in this class. Some gen-
eral examples of this class [7] are holospheres, noble metal nanoparticles,
metal/metal oxide nanoparticle, core-shell nanomaterials, quantum dots, etc.
A schematic representation of the classification of nanomaterials according
to their dimensions is given in Fig. 11.1.

11.1.2 Classification of nanomaterials according to chemical
composition

According to the chemical composition, nanomaterials can be categorized
into different classes as follows [7]:

e Carbonaceous nanomaterials are derived from carbon-containing materi-
als including fullerene, CNTs, and graphene.

e Metallic nanomaterials are derived from noble metal (platinum, gold,
and silver nanoparticles), transition metal (iron, zinc, copper, etc.), and
metal oxides (alumina, titania, and silica).

e Highly branched dendrimers have a branch-like structure with dimen-
sions in the range of nanometer are classified in this category.
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FIGURE 11.1 Schematic representation of classification of nanomaterials according to their
dimension. Redrawn from T.A. Saleh and V.K. Gupta, Nanomaterial and polymer membranes:
synthesis, characterization, and applications, 2016, Elsevier.

o Nanocomposites are nanomaterials formulated by mixing various types
of composite materials with at least one of the component with dimension
in the nanorange.

o Quantum dots are basically nanocrystals, which have a fluorescent prop-
erty with high photostability and unique optical and chemical properties.

11.1.3 Properties of nanomaterials

With decreasing particle size and increasing surface area, the properties of
bulk materials start to change. For example, fundamental properties like
melting point and dielectric constant may change due to the particle size and
these changes are called “size effect.” Therefore, having very small particle
size, the nanomaterials have distinctive physical and chemical properties in
comparison to their precursors or parent bulk materials.

11.1.3.1 Thermal property

Nanoparticles have lower melting point than the bulk materials because
lower energy is required to make them move. As an example, gold as bulk
material has a melting point of 1336 K. With decreasing size, the melting
point of gold decreases gradually and when size becomes 2 nm the melting
point lowers more than 500°C than the bulk material.

11.1.3.2 Structural property

Nanomaterials can easily be absorbed into cell membrane; this phenomenon
is called enhanced permeation and retention [8]. Additionally, high surface
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area and large surface-to-volume ratio enhance the solubility, reactivity, and
sintering performance of nanomaterials.

11.1.3.3 Optical property

Nanomaterials with size in the nanorange absorb light of certain wavelength,
because the plasma absorption occurs due to the plasma vibration of the elec-
trons [9]. The color of the transmitted light depends on the particle size and
the nature of the material [9]. As a result, we may observe different colors of
a same nanomaterial, which depends on the change in particle size.
Additionally, materials like germanium and silicon exhibit indirect transition,
means they do not produce light as bulk substances, but emit light like direct
transition type materials due to the quantum effect of the nanoparticles.

11.1.3.4 Electronic property

Electronic property as well as particle size of nanomaterials is very useful to
improve the performance of electronic devices. In the electronic industry,
there is a huge need for materials with elevated dielectric constant to produce
thin and tiny electronic devices. X-ray diffraction study has confirmed that
when particle size decreases to the nanometer range, the dielectric constant
increases considerably. For example, the dielectric constant of PbTiO;
enhances drastically while particle size reaches in the range of 20 nm. Also,
the lowest particle size required to maintain the ferroelectric property
changes according to the nature and constitution of nanomaterials. Similarly,
the Curie point is the point where ferroelectric material converted to para-
electric material decreases considerably with decreasing particle size of the
substance [9].

11.1.3.5 Magnetic property

The superparamagnetic property can be generated when particle size is
reduced to nanoscale range. In the Nanoparticles having paramagnetic prop-
erties, each single particle has an ferromagnetic property associated with a
single magnetic domain. But, In the presence of an external magnetic field,
nanoparticles become magnetized and arrange in the same direction as the
magnetic field and by removing the magnetic field, magnetization vanishes.
Magnetization is dependent on the particle size of the nanomaterials and
their paramagnetic nature decreases with increasing the particle size of the
material [9].

11.1.3.6  Mechanical property

The mechanical property or hardness of a material enhances with decreasing
the size of a material in nanorange. For example, ceramic material shows a
special superplastic property in the nanorange, which is enlarged several
times than the bulk material at elevated temperature [9].
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11.1.4 Functionalization of nanomaterials

Modification or functionalization of nanostructured materials is an area of
high significance/importance in the field of nanotechnology. The application
of nanomaterials in various fields remains limited to some extent due to their
insolubility in different solvents and rigidity. The smooth surface of nanoma-
terials without modification cannot allow any physical or chemical interac-
tion with the matrix or any other material. The unmodified nanoparticles
form stable agglomeration due to the intermolecular interaction specially
dipole—dipole or Van der waals interactions, which prevent their dispersion
into the solvent [10].

Through surface functionalization, different types of functional groups or
chemical species can be introduced on the surface of nanomaterials, which
can generate specific active sites according to the requirements. Monitoring
the functionalization, a wide range of application of nanomaterials can be
controlled and toxicity can also be reduced. Different surface characteristics
including their interaction with other materials, solubility, and agglomeration
in various solvents can also be tuned by surface modification. Compared
with the unmodified nanomaterials, functionalized nanomaterials have
opened up several new options in different fields of application due to their
excellent surface interaction with other particles [11].

Functionalization can be carried out through covalent or noncovalent
interactions (such as electrostatic, van der Waals, and hydrogen bonding
interactions) by changing reaction temperature, solvents, and surfactants,
which provide opportunities to control the desired functionalities and unique
configurations. In covalent types of interactions chemical bonds are formed
with the atoms present on the surface of the nanomaterials through chemical
reactions. Nanomaterials become hydrophilic due to this type of functionali-
zation and get easily soluble in organic solvents. In noncovalent types of
interaction, functionalization is carried out by ionic boning, m — 7 stacking
interaction, hydrogen bonding, or hydrophobic interaction. In this type of
interaction, the electronic configuration and properties of the atoms present
on the surface remain unaltered [12]. Different functionalization pathways
including chemical methods, ligand exchange process, and grafting of syn-
thetic polymer are used to improve the property of nanomaterials including
solubility, biocompatibility, and addition of different active sites. In this sec-
tion, different types of functionalization processes are described.

11.1.4.1 Chemical methods

Chemical methods of functionalization are actually the chemical reactions
taking place at the interface of nanomaterials in a specific solution. To
improve the reactivity, solubility, hydrophobic interaction, mechanical as
well as spectral properties, chemical treatment methods are introduced to
functionalize the unmodified nanomaterials. The common chemical treatment
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methods are acid treatments (to clean the surface contaminations and oxides),
alkali treatments, hydrogen peroxide treatments, heat treatments [13], and
treatment with silane coupling agents and metal ethoxides/alkoxides [14].
Here, two very common types of chemical methods, which are treatment
with silane coupling agents and metal ethoxides/alkoxides, are described for
the functionalization of nanomaterials.

The most popular and simple functionalization of nanomaterials through
chemical treatment route is silane modification. Herein, modification of nanoma-
terials can be carried out by introducing silane coupling agents on the surface
through chemical treatment [ 14]. This method can enhance the dispersion stability
of nanoparticles in different solvents and increase the affinity between nanoparti-
cles and polymer surfaces. In Fig. 11.2, a coupling agent 3-methacryloxypropyl
trimethoxysilane was used to modify the nanomaterial, and it was observed that
the surface of the unmodified nanomaterials is covered with only —OH group; on
the other hand, after functionalization, the surface of the nanomaterial gets cov-
ered with 3-methacryloxypropyl trimethoxysilane. This modification enhances
the solubility of nanomaterials in different solvent media.

Similarly, some metal epoxides/alkoxides like aryl or alkyl isocyanates
and propylene oxides are also used for surface modification [15]. For
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FIGURE 11.2 Modification of a nanoparticle with 3-methacryloxypropyl trimethoxysilane.
Reproduced with permission from S. Kango, S. Kalia, A. Celli, J. Njuguna, Y. Habibi and
R. Kumar, Surface modification of inorganic nanoparticles for development of organic—inorgan-
ic nanocomposites—a review, Prog Polym Sci 38 (8), 2013, 1232—1261.
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example, Sabzi et al. reported surface functionalization of TiO, nanoparticles
using aminopropyl trimethoxysilane, which introduced improvement of the
mechanical and UV protective properties of polyurethane composite coating
[16]. Ma et al. studied surface modification using KH570 silane coupling
agent to improve the dispersion stability of ZnO nanoparticles [17]. In another
report, surface of Al,O; nanoparticles were modified with 3-chloropropyl
triethoxysilane and octyltriethoxysilane, which enhance the hydrophobic inter-
action of nanoparticles with syndiotactic polypropylene matrix [18].

11.1.4.2 Ligand exchange process

To stabilize the nanoparticles in solution and prevent agglomeration, specific
organic molecules or polymers are used during the synthesis process. The
added materials bind to the surface of the nanoparticles and monitor their
shape and size as well as improve their properties. These specific molecules
are termed as capping agents, ligands, or surfactants, depending on their
chemical composition and role. Some examples of this kind of ligand are
trioctylphosphine (TOP), oleylamine (OAm), oleic acid (OA), polyvinyl
alcohol (PVA), polyvinyl pyrrolidone (PVP), cetyl trimethyl ammonium bro-
mide (CTAB), ascorbic acid (AA), etc. The capping ligand materials coated
on the surface of the nanoparticles act like “organic armor,” resisting the
reactant molecules approach to the nanomaterial surface. In the ligand
exchange process, ligands bonded at the surface of nanoparticles get inter-
changed by a competitive interaction process. Through this ligand exchange
process, nanomaterials can be decorated widely by various ligands according
to the requirements [19].

According to Greenham et al. a ligand layer a few nanometers thick is
enough to protect the nanoparticles and to check the movement of electrons
among the nanoparticles before the recombination can take place [20].
Commonly, most of the bulky organic ligands do not have any functionally
active groups to take part in the charge transfer between the nanoparticles.
Thus the removal of synthesis ligands from the nanoparticle surface is required
to increase the charge transfer and avoid the recombination loss. This can be
obtained by replacing the bulky ligands with more suitable ones. For example,
Zhu et al. reported a ligand exchange process to functionalize CdSe/ZnS quan-
tum dots [21]. They used different dithiols and thiols as surface ligands and
exchanged them with trioctylphosphine oxide/trioctylphosphine (TOPO/TOP).
The synthesized quantum dots provided enhanced optical properties [optical
stability and photoluminescence (PL) emission intensity] while TOPO/TOP
ligand was used.

However, the existence of capping ligands can introduce complexity in
the system like uncertain charge transfer and noncovalent interaction
between nanomaterials and reactants. The substituted ligand should be eas-
ily replaceable by vacuum procedure or thermal annealing to achieve the
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improved conductivity and charge separation [22]. Previous studies [23]
have described enhanced photocurrent in poly(3-hexylthiophene):CdSe
nanorod films after thermal annealing that resulted in a decrease in the
number of substitution ligands. After annealing the substitution ligands
may be present in the nanofilm, but they should consist of at least one
m-electron system, which can provide charge transfer by combining with
other nanoparticles. A recent report by Celik et al. [24] described an
improved surface functionalization technique for nanoparticles by mixing
the benefits of ligand exchange and washing method, which allowed
an enhanced solar cell execution with power conversion efficiency values
of 3.5%.

11.1.4.3 Grafting of synthetic polymers

Another surface modification technique is grafting of synthetic polymers, which
increases the chemical reactivity and changes the surface morphology of nano-
materials. There are three processes of polymer grafting functionalization:
grafting-to, grafting-from, and grafting-through. In the grafting-to process, an
end-functionalized polymer is bonded directly on the suitable nanomaterial sur-
face. In the grafting-from process, polymer chains are generated from an initiat-
ing site of the surface. In the grafting-through process a low-molecular weight
monomer is copolymerized with another monomer on the surface of the nano-
material [25].

Monomers with low molecular weight can penetrate the agglomerated
nanoparticles and can react to the active sites of the nanoparticle surface.
This will also make the nanoparticle surface hydrophobic, which is an essen-
tial criterion for mixing of filler and matrix. Fig. 11.3 shows the dispersion
of nanomaterials due to polymer grafting in a polymer matrix [26]. A suc-
cessful grafting can be obtained by placing the initiating groups on the
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FIGURE 11.3 Schematic representation of (A) agglomerated nanoparticles in the matrix poly-
mer in the case without grafting polymer and (B) separation of particles due to the presence
of grafting polymer. Reproduced with permission from S. Kango, S. Kalia, A. Celli, J. Njuguna,
Y. Habibi and R. Kumar, Surface modification of inorganic nanoparticles for development of
organic—inorganic nanocomposites—a review, Prog Polym Sci 38 (8), 2013, 1232—1261.



278 SECTION | 4 Nanomaterials for Electronics, Electrical and Energy Industry

nanoparticle surfaces. After that, the polymerization reaction (including cat-
ionic, anionic, or radical polymerization process) with propagation of the
grafter polymers will start from the surface of the nanomaterial [27]. For
example, Rong et al. reported the grafting of polyacrylamide and polystyrene
on the surface of alumina nanoparticles [28]. Wang et al. proposed a photo-
catalytic polymerization technique for the fabrication of poly(methyl methac-
rylate)-grafted TiO, [29]. In the presence of light, poly(methyl methacrylate)
chains are grafted directly on the surface of the TiO, nanoparticles present in
water.

11.1.4.4 Miscellaneous methods

Other surface functionalization methods include in situ surface modification
and adsorption of polymeric dispersants on the surface of nanomaterials. In situ
surface modification techniques are performed during the nanoparticle synthesis
phase. Thermal decomposition of organometallic compound, reverse micelle
methods, and polyol methods are examples of in situ surface modification tech-
niques [14,30,31]. To prevent the aggregation, surfactants or capping agents
like OA, amines, and TOPOs are dissolved into the reaction solution. On the
other hand, anionic or cationic dispersants are used to disperse hydrophilic
nanoparticles into highly polar organic solvents. Steric repulsive forces are gen-
erated among the polymer chains by the dispersants and enhance the surface
charge. This results in improved dispersibility of the nanoparticles. Different
types of polycarboxilic acids and their salts are used as anionic surfactants to
disperse various types of nanoparticles including Al,O;, TiO,, and Fe,O3
[32—34].

11.2 Industrial applications

Nanotechnology offers cost-effective and sustainable industrial procedures
with the ability to design atoms with specific properties by controlling their
uniqueness [35]. As described above, nanomaterials are fabricated from vari-
ous types of molecules or atoms with different shapes and morphologies
such as rod, wire, sphere, cube, etc., and are functionalized according to the
required surface reactivity and application. Due to the excellent technologi-
cal and industrial properties of functionalized nanomaterials, significant
efforts have been made to design them for different industrial applications.
In this section, we focus on the application of functionalized nanomaterials
in the electronic, electrical, and energy industries.

11.2.1 Applications of functionalized nanomaterials in the
electronics industry

In the electronics industry, functional nanomaterials such as semiconductors,
metal oxides, noble metals, and alloys are used to develop electrophotonic,
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stretchable, and flexible electronics. In the last 5 years, the use of nanomater-
ials has increased enormously within the electronics industrial sectors.
Around 900 companies worldwide have been working to develop advanced
nanomaterials and nanodevice invention. Improvement of our modern tech-
nology is guided significantly by the tiny version of three-dimensional elec-
tronic gadgets with implanted logic circuit to allow diverse applications such
as wearable electronics and display device. New-generation electronic
devices like flexible and faster electronic storage systems, which consist of
millions of nanosized transistors, can go beyond microprocessing and con-
tribute to the development of new electronic devices. The other characteris-
tics of nanodevices are portability, durability, flexibility, miniaturization and
easily integrating structure [36].

For example, Zhang et al. reported a new process to synthesize size-
controlled copper nanoparticles through an advanced polyol method and
used it in flexible printed electronics [37]. After tuning copper nanoparticles
with different sizes, it was found that nanoparticles of 50 nm size exhibited
better performance. The nanoparticles were used to prepare highly efficient
ink by dispersion that was screenprinted on a flexible surface. The conduc-
tive ink pattern exhibited very low resistivity of 16.2 u{2 cm, when kept
under N, atmosphere at 240°C for 40 min. The nanomaterial showed good
oxidation resistance and remained unchanged after 30 days under normal
environment. Kang et al. introduced a metamaterial with excellent flexibility
and resonance intensified light concentrating property [38]. They used a
dual-layered nanometallic absorber to provide nonlinear optical process con-
trolled by the voltage, where second harmonic generation and optical rectifi-
cation were monitored by the applied voltage.

Among several nanomaterials used in nanodevices and nanoelectronics,
CNTs occupy an important position, due to properties like chemical stability,
large surface area, and impressive mechanical properties. Usually silicon
semiconductors are used in solar cells, but when CNTs are introduced into
the semiconductors, they provide much higher electricity than silicon, per
square inch. Due to their excellent electron-emitting properties, CNTs are
used in producing thinner TVs, paper batteries, and faster computers [36].

Zhong et al. used random, solution-derived CNT film to fabricate top-
gate field-effect-transistors (FETs) and integrated circuits, particularly five-
stage ring oscillators with oscillation frequency of 5.54 GHz [39]. Generally,
CNT network films used in FETs show very poor performance and cannot
be used in flexible applications. In their work, they modified the CNT films
to obtain enhanced performance as FETs. The prepared transistor showed a
high current density of 0.55 mA/pm and 0.46 mS/pm transconductance at
0.8 V supply voltage. Song et al. introduced ZnO nanorod-deposited gra-
phene as a flexible antireflection array for solar cells [40]. A better perfor-
mance was obtained from a rough surface of polydimethylsiloxane (PDMS)
coated with graphene-tapered ZnO nanorod than the bare PDMS surface.
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After different bending experiments, the material exhibited outstanding anti-
reflection characteristics on the bouncy surface by combining the antireflec-
tion property of ZnO and flexibility of graphene. Kim et al. developed CNT
composited with PDMS and found that composite showed high stretchability,
elasticity as well as high conductivity than neat PDMS films shown in
Fig. 11.4 [41]. Later on, metal-fee elastic circuit was prepared by the nano-
composite and the material was tested as strain sensor. Additionally, the
composite material was used as an electrode for electroencephalogram. In
another report, a cost-effective nanoimprinting process was used to fabricate
an antireflctive nanodome with high packing density and improved transmit-
tance of a flat glass substrate [42]. UV imprinting, one of the most promising
procedures of nanomaterial fabrication, was used to fabricate nanodome pat-
tern on glass substrate by a series of UV replication process. The shape of
the nanodome was dependant on SiO, layer thickness and the antireflective
property of the nanomaterial was analyzed by measuring the optical transmit-
tance. Around 3% enhancement in transmittance was observed compared
with the bare glass substrate.

(B)

(©)

FIGURE 11.4 Applications using CNT/PDMS composite: (A) Photograph of finger attached to
CNT/PDMS sensor, (B) circuit working during bending and (C) assembled flexible electronic
circuit. Reproduced from J.H. Kim, J.Y. Hwang, H.R. Hwang, H.S. Kim, J.H. Lee, J.W. Seo,
et al., Simple and cost-effective method of highly conductive and elastic carbon nanotube/polydi-
methylsiloxane composite for wearable electronics, Sci Rep 8 (1), 2018, 1375—1385.
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Jung et al. synthesized Ag-nanowire network to functionalize PDMS sub-
strate that was found to be a transparent, elastic, and electromagnetic inter-
ference (EMI) shielding material [43]. The prepared material exhibited
efficient EMI shielding for wireless power transmission set-up and could be
used in human skin and biological systems.

11.2.2 Application of functionalized nanomaterials in the
electrical industry

Recently, there have been a variety of technological improvements in research
and development projects associated with nanomaterials and nanotechnology
used to enhance the efficiency and reliability of ordinary materials. The electri-
cal industry has taken the benefits of nanotechnology and found different appli-
cations such as nanodielectrodes and electrical transformers. In this section we
look at the role of nanomaterials in dielectric fluids, insulating materials, out-
door insulators, etc.

Electrical transformers are one of the most common components of electric-
ity generation and distribution network, because any fault in them results inter-
ruption in power supply. Actually, electrical transformers are static devices
containing several types of inner construction substances like metals or plastics.
In dry-cast transformers, polymeric resin is introduced to encapsulate the inner
components, and in oil-immersed transformers insulating fluids are incorporated
with thermal and dielectric properties [44]. Recently, nanofluids have been
regarded as a promising option. The new-generation transformer with insulating
nanofluids showed improved cooling capacity. Taha-Tijerina et al. reported a
dielectric mineral oil-based nanodiamond fluids as transformer insulating fluid
[45]. They reported 70% increase in thermal conductivity using nanodiamond
containing thermal fluids than in normal mineral oil. Li et al. presented natural
ester-based insulating fluids with Fe;O, nanoparticles [46]. Physical, chemical,
electrical, and aging properties of the dielectric mineral insulating oil were
studied. It was found that the introduction of magnetic Fe;0, nanoparticles
enhanced the lighting impulse breakdown voltage of natural ester nanofluids.

In electrical transformers, solid insulating materials are a crucial element
that increases the lifetime of the instrument. A variety of cellulose-based
materials like pressboard and paper are used as solid insulator in power
transformers. A cellulose-based solid insulating material was developed by
Yuen et al. using montmorillonite (MMT) clay particles to modify the craft
papers [47]. The breakdown voltage enhances from 50.3 to 56.9 kV by using
kraft MMT-insulating nanopapers. Also, it was observed that the tensile
strength of the craft MMT paper was reduced with increasing MMT nanopar-
ticles. Chatterjee et al. reported a gas sensor fabricated by ZnO thin film,
which allowed online monitoring of three gases including carbon monoxide,
hydrogen, and methane, dissolved in transformer oil [48]. It was found that
the sensitivity of the ZnO thin film was enhanced by doping. They fabricated
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ZnO-doped manganese film for detecting the three gases at different tem-
peratures so that major defects like overheated cellulose insulation, arcing,
and corona could be predicted.

Kruzepa et al. developed electrical transformers in which they replaced
commercial copper wire with conducting CNT fibers [49]. Setyawan et al.
[50]. reported a magnetic nanoribbon made up with NANOMET alloy of
Fe—Co—Si—B—P—Cu using a spinning technique. It was reported that the
annealed sample exhibited high flux density of 1.83 T and low coercivity of
5—7 A/m, which made it a better option than commercial copper wire.

11.2.3 Energy applications

Energy has become the milestone for continuous growth of society and econ-
omy and its increased demand has adverse environmental effects. Therefore
research on energy now includes all aspects like generation, harvesting, sav-
ing, conversion, and storage of energy with an aim of finding more sustain-
able and environmentally friendly sources of energy. Nanomaterials exhibit
unique properties and have played a significant role in every aspect of recent
advancements in energy fields. For example, nanomaterials such as Li-ion
batteries, Na-ion batteries, Zn-air batteries, supercapacitors, fuel cells, etc.,
are used in the field of energy storage. In this section, we focus on electro-
chemical energy conversion routes along with their applications in the design
of batteries.

The most important part of electrochemical energy conversion system is
catalyst. The functionalized nanomaterials further allow designing of catalyst
materials with improved selectivity, better efficiency, and required electro-
chemical properties with tuned electrochemical surface area and surface
energy. To discuss the role of nanomaterials in energy conversion or storage,
here we provide the basic electrochemical conversion reactions (such as oxy-
gen evolution reaction (OER) and hydrogen evolution reaction (HER))
involved in battery supercapacitor and fuel cell applications.

In the electrochemical conversion of energy, two fundamental reactions are
very important: OER and HER. They are the central reactions of electrocataly-
tic water splitting systems, fuel cells, and metal-air batteries. Fabrication of
electrocatalyst for splitting of water to the molecular oxygen and hydrogen is
very important for huge-scale energy storage systems. In general, fuel cells or
metal-air batteries consist of a two-electrode system, where the cathode part
involves HER and the anode part involves OER as shown in Fig. 11.5 [51].

11.2.3.1 Role of functionalized nanomaterials in oxygen
evolution reaction

OER is a four electron-proton combined reaction, which requires high
energy, or in the words, high overpotential, and needed to overcome the
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FIGURE 11.5 Polarization curves for HER (left) and OER (right) and hc and ha are the over-
potentials for cathode and anode at the same current density (j), respectively. Redrawn from
N.T. Suen, S.F. Hung, Q. Quan, N. Zhang, Y.J. Xu and H.M. Chen, Electrocatalysis for the oxy-
gen evolution reaction: recent development and future perspectives, Chem Soc Rev 46 (2), 2017,
337—365.

kinetic energy barrier. In the last few decades, OER has been widely studied
and various types of electrocatalysts have been fabricated to enhance electrode
kinetics and stability under different electrolyte environments. Theoretical den-
sity functional theory (DFT) calculations provide the limiting step of OER,
which is the binding strength of oxygen molecules at the electrocatalyst surface
[52]. However, highly efficient, inexpensive, and stable elctrocatalyst for OER
are still not very common. Different electrocatalytic kinetic parameters includ-
ing onset potential, overpotential, Tafel slop, and exchange current density are
used to properly evaluate the activity of electrocatalysts.

Two precious metal oxides, RuO, and IrO,, are generally used as electro-
catalysts due to their excellent electrocatalytic activity in both acidic and
basic medium [51]. Initially, these two materials were functionalized and
applied for OER. For example, Audichon et al. designed core-shell confor-
mation IrO,@RuO, to improve the efficiency of RuO, [53]. The modified
nanomaterial exhibited excellent efficiency with enhanced stability and low
overpotential (~300 mV) than individual RuO, and IrO,. After 1000 cycles,
the existing active sites for IrO, @RuO,, IrO,, and RuO, were found to be
96.7%, 87.8%, and 90.8%, respectively. Al-Mamun et al. reported that
CoCr,04 coupled with carbon nanosheet (CNS) showed better performance
than unmodified CoCr,O4 [54]. Modified CoCr,0O4/CNS exhibited suffi-
ciently lower charge transfer resistance even less than commercial RuO,.

It was also reported in the literature that substitution of anions can lead
to an alternative way of enhancing OER performance of electrocatalyst. This
idea also was proposed by Duan et al. [55]. They fabricated Fe- and O-
doped Co,P phase (CoFePO) grown on Ni-foam and compared it with
unmodified CoPO, CoO, and Ni-foam. The modified hybrid catalyst allowed
impressive OER activity with overpotential value of 274.5 mV at current
density of 10 mA/cm?, and the values were found to be smaller than the
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CoPO, CoO, and Ni-foam samples. Sun et al. compared different bimetallic
systems where Co- and Ni-porphyrin coated on reduced graphene oxide
forming a layer-by-layered structure was prepared [56]. They found opti-
mized eight layered compounds, which showed 50 mV/dec Tafel slop with
overpotential of ~330 mV.

Chen et al. proposed a special 3D architecture by combining nitrogen-
doped graphene and CNTs as metal-free electrocatalyst for OER [57]. This
3D electrocatalyst consist of porous structure with high surface area as well
as higher active sites and its electrocatalytic activity was compared with non-
doped graphene-CNTs. It was observed that nitrogen-doped graphene-CNTs
(showed 141 mV/dec Tafel slop and 365 mV overpotential at 5 mA/cm?) and
showed improved OER activity than nondoped graphene—carbon.

11.2.3.2 Role of functionalized nanomaterials in hydrogen
evolution reaction

In recent decades, hydrogen has been considered as the most suitable energy
carrier because of its largest gravimetric energy density, without emission of
carbon dioxide [58]. Hydrogen can store energy generated from any sustain-
able resources in the form of chemical bonds. The stored energy can be
transferred to end-users by changing in electrical energy through the metal-
air batteries or fuel cells when required. However, hydrogen cannot be
obtained in free form; generally it is present as compounds like hydrocarbons
and water. Presently, it is generated from hydrocarbon reforming steams,
which emit large amounts of greenhouse gases.

Production of hydrogen at industrial scale that is sustainable, cost-
effective, and environmentally friendly is still a challenge for researchers.
Therefore a sustainable generation of hydrogen through photocatalytic or
electrocatalytic water splitting has been proposed, where water molecules
can be dissociated to H, and O,, using the renewable solar energy, indirectly
or directly [59]. HER is the cathodic part of half-cell reaction of water split-
ting. It is an important reaction of various energy conversion devices like
artificial photosynthetic cell and water electrolyzer. The standard reduction
potential of HER is EIO{+ /0 =0V versus reversible hydrogen electrode at
pH =0. But the reaction is not easy and electrocatalysts require a certain
amount of energy to overcome the potential energy barrier and initiate the
HER. Similar to OER electrocatalytic parameters like overpotential, Tafel
slop, exchange current density, and onset potential are the parameters used
to properly evaluate the HER performance [59].

Noble metals including Pt, Ir, Ru, Pd, and Rh are the ideal electrocatalyst
for HER [59]. In order to increase the surface specific activity and decrease
the price/cost of platinum group metals, their alloying with some nonprecious
metals were also studied. Generally, alloys exhibit distinct characteristics in
comparison to the pure metals. For example, Greeley et al. investigated HER
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performance of binary alloys, using a computational screening method
depending on DFT utilizing more than 700 binary alloys [60]. Among them,
the alloy of Pt and Bi was found most impressive. Calculation showed that
AG of BiPt was found ~0.04 eV, close to that of Pt, which indicated the
comparable or even better HER performance of BiPt than pure Pt. In 2013,
another group of scientists proposed the fabrication of tungsten carbide nano-
crystals taking mesoporous graphitic C3N,4 (g-C3Ny) as a reactive template
with tungsten precursors at high temperature and inert gas environment [61].
The synthesized electrocatalyst allowed better HER performance than unmod-
ified mesoporous g-C;N,4. Cao et al. reported the trigging effect on HER per-
formance, due to the introduction of Co in molybdenum nitride nanomaterials
[62]. Using a two-step solid-state reaction, CoysMo; 4N, nanomaterial was
synthesized. The electrocatalyst showed a very impressive HER performance
(overpotential ~ 200 mV at 10 mA/cm? current density) compared with Co
and MoN. Popczun et al. first synthesized a phosphorus precursor tri-n-
octylphosphine (TOP) to prepare CoP by a high-temperature solution phase
reaction [63]. At the decomposition temperature of ~320°C, TOP-generated
phosphorus with which the preformed metal nanoparticles (Co here) were
reacted through a nanorange Kirkendall pathway. It was found that as-
prepared hollow cobalt phosphide nanocrystals coated on Ti foil exhibited
more efficient electrocatalytic activity toward HER in 0.5 M H,SO4 medium
than the bare Ti electrode. Zheng et al. introduced a metal-free hybrid electro-
catalyst by coupling graphitic-carbon nitride on N-doped graphene [64]. The
electrocatalytic activity of g-C3N,4, N-doped graphene, and C3N,4 coupled N-
doped graphene were compared and the latter showed extraordinary HER per-
formance, comparable Tafel slop, and overpotential value with any well-
established metal catalyst.

11.2.3.3 Role of functionalized nanomaterials in battery design

In last few years, rechargeable batteries have been widely investigated as an
important part of portable electronic device and electric vehicles. They are
used as a continuous power supply source due to their high efficiency, cyclic
stability, impressive specific energy density, low memory, and self-discharge
effect [65]. However, these rechargeable batteries still required further
advancement to meet the requirements of higher safety, lighter weight, and
long-time service.

As we can see in the literature, most of these concerns are directly depen-
dent on the electrode materials used in the design of the battery. Therefore
researchers are very actively involved in investigation of a huge range of
electrode substances, which can show better electrochemical performance
and henceforth improve the overall efficiency of battery. Among the current
options, lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs) have
established their positions as a worldwide power sources in portable energy
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devices. They are used in laptops, smartphones, and in medical devices
(pacemakers and prosthetics) as well as in high-power supplying energy stor-
age stations and energy grids [66]. Improvements in battery-related materials
have been made possible because of functionalized nanoparticles. We have
compiled here some of examples, where functionalized nanomaterials were
very well used in the design of batteries. An overview of the functional
nanomaterials used in different types of batteries is shown in Fig. 11.6 [65].

Vinayan et al. reported an anode material for LIBs by the fabrication of
graphene-multiwalled carbon nanotube (G-MWCNT) hybrid using chemical
vapor deposition method [67]. Higher electrical conductivity of MWCNTSs
triggers the mobility of electrons in the electrode, which makes G-MWCNT
a better anode than solar-exfoliated graphene. The initial charge and dis-
charge capacity of G-MWCNT were found to be 912 and 1371 mAh/g,
respectively, which was much higher than the charge and discharge capacity
of solar-exfoliated graphene (443 and 588 mAh/g, respectively).

Bang et al. prepared two-dimensional MoS, nanosheets composite with
reduced graphene oxide (rGO) as an anode material for SIBs [68]. They
compared the current capacities of pristine MoS,, exfoliated MoS,, and
MoS, composited with rGO. It was found that MoS, composited with rGO
exhibited the highest first discharge capacity than the unmodified MoS,
nanosheets. Zahoor et al. fabricated o- and 6-MnO, nanomaterials with
urchin and flower like morphology using a low-temperature hydrothermal
process [69]. According to their report, the Li-O, batteries performed better
with MnO, catalyst than without any catalyst. Between «- and 6-MnO,,
a-MnO, showed improved performance as anode in LIBs and exhibited
impressive catalytic activity, good cyclic stability, and high current capacity.
Liu et al. fabricated porous CoO@C nanohybrid as an anode material of

Li/Na/Mg-ion batteries Li/Na/K-5 batteries
M,0, + 2yLi* + 2ye~ <= xM + yLi,0 S+ 2Lt + 2e7 <> LiS
MO, + yLi* + ye~<> LiMO,

Anode L Cathoee

-
-

Functional
nanomaterials

Metal-0,/air

Hybrid batteri :
ybrid batteries baktiiries

e.g. Zn-air/Ni etc.

Li/Na-0, batteries
0, +2Li* + 2e” <> Li,0, (non-ag)
0, +4Li* + 4e"+ 2H,0 <> 4LiOH (aq)

FIGURE 11.6 Functional nanomaterials used in different types batteries. Reproduced with per-
mission from J. Mei, T. Liao and Z. Sun, Two-dimensional metal oxide nanosheets for recharge-
able batteries, J Energy Chem 2017.
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LIBs [70]. They compared the catalytic activity of the material with bare
CoO microsheet anode. CoO@C exhibited good cycling performance and
excellent reversible capacity of about 990 mA h/g (after 30 cycles), whereas
bare CoO microsheet allowed the reversible capacity of 600 mA h/g only
(after 20 cycles). In a recent study, Panda et al. prepared a two-dimensional
MoTe, nanolayers deposited on reduced graphene oxide to improve the elec-
trochemical performance of MoTe, anode [71]. The material used as anode
in SIBs and exhibited excellent electrochemical activity of 280 mA h/g at
1.0 A/g current rate for 100 cycles, against sodium metal. In another study,
silica nanoparticles (Si-NPs) were double coated by graphene and LisSiO,4
(Si-NPs@graphene@Li,SiO4) [72]. In addition, Si-NPs, Si@graphene,
Si@Li4Si0,4, and Si-NPs@graphene @Li4SiO, nanomaterials were also pre-
pared and their performance for LIBs was compared to each other. The Si-
NPs@graphene @Li,SiO, material has shown their improved performance as
anode material in LIBs than the others. In addition, it has also overcome the
lower columbic efficiency generated due to the large volume changes and
fast capacity decay.

11.2.3.4 Role of functionalized nanomaterials in supercapacitors

Supercapacitors are very promising energy storage devices consisting of two
types of electrode materials [73]: (1) Material store charges via surface
adsorption and (2) material store charges applying faradic redox reaction. The
supercapacitor made up of first kind of material is known as electrochemical
double layer supercapacitors (EDLS), while the supercapacitor with the sec-
ond kind of electrode material is called a pseudocapacitor. In the EDLS, car-
bonaceous nanomaterials like CNTs, graphene oxide, activated carbon, and
graphene are commonly used for preparation of electrodes. However, in pseu-
docapacitors different types of conducting polymers, metal oxides, and hydro-
xides are used as electrode material.

The main key factors to improve the electrochemical energy storage
mechanism of supercapacitors are optimization of band gap, structural versa-
tility, charge carrier mobility, and electrical conductivity. It was found that
use of modified nanomaterials as EDLS and pseudocapacitive electrode
materials increases the energy and power density as well as provides excel-
lent electrochemical performance by increasing the available free charge car-
riers [73].

Very recently, antimony fabricated by a modification procedure of liquid
phase exfoliation was used as electrode material in a supercapacitor [74]. It
was found that use of antimony significantly enhanced the energy storage
capacities of bare screenprinted electrode in galvanostatic charging as well
as cyclic voltammetry. Antimony performed remarkably and showed the
capacitance of 1578 F/g and charging current density of 14 A/g. This elec-
trode system showed high power and energy density of 4.8 kW/kg and
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20 mW h/kg, respectively. Ensafi et al. proposed a supercapacitor material
where adenine was decorated on the surface of reduced graphene oxide
(Adenine@rGO) applying diazonium reaction, and this modification enhances
the supercapacitive behavior of bare rGO [75]. Adenine was used to modify
the surface of reduced graphene oxide and it introduced electrochemical
activity as well as pseudocapacitive nature to the final material. The property
of EDLC was introduced by reduced graphene oxide to the final electrode
and the material achieved 700 F/g specific capacitance at 0.5 A/g current
density.

Xie et al. reported the synthesis of cobalt-doped nickel sulfide with high-
density active edge sites [76]. Cobalt doping introduced an enhanced activity
and capacitive nature to the normal nickel sulfide. The modified electrode
material offered impressive electrochemical activity with 2141.9 F/g specific
capacitance at 2 A/g current density, due to the presence of active site enriched
edges. Xing et al. reported a facile and easy hydrothermal method to synthesize
Co0304 nanowire @NiO nanosheet structures, which was used as supercapacitor
electrode [77]. The nanomaterial exhibited 2018 mF/g specific capacitance at
2 mA/cm? current density, which is much higher than the bare NiO nanosheet.
It was found that even after 10,000 cycles, the supercapacitor allowed impres-
sive capacity retention of 73.5% at 10 mA/cm? current density.

In another report, carbon nanofibers were combined with reduced graphene
oxide using spraygun deposition process, which is a fascinating method from
an industrial point of view [78]. They reported that combined the final product
exhibited better performance than the individual raw materials and the calcu-
lated values of capacitance and power were found to be 20 F/g and 40 kW/kg,
respectively. Zhang et al. fabricated a MoO,-based superhydrophobic sub-
stance with very high contact angles on soft/hard substrate [79]. Tuning the
raw MoO,/graphite carbon materials with different structures and function-
alities, MoO, nanotubes with carbon exhibited the best supercapacity with
impressive cyclic stability and high gravimetric capacitance. Mary et al.
reported a hydrothermal synthesis method of ZnCo,0,4 nanocrystal and mod-
ified it by changing three different surfactants including oxalic acid, ammo-
nium fluoride, and ethylene glycol [80]. Electrochemical activity was
studied using three electrode systems and the best activity was obtained
with ethylene glycol surfactant-modified nanomaterial with a specific capac-
itance of 276.4 F/g at 2 mV/s scan rate. A few energy field applications of
functional nanomaterials are summarized in Table 11.1 [81—90].

11.2.3.5 Role of functionalized nanomaterials in fuel cells

Fuel cells are more popular than other energy storage systems because of
their high fuel flexibility and electrical efficiency. In fuel cells, electrochemi-
cal reactions occur by supplying H, and O,, and factor that influences the
electrochemical performance is the electrode material (i.e., cathode and
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TABLE 11.1 Few applications of functional nanomaterials in the field of
energy industry [81—90].

S.
no.

1.

Material

CeO,/CoSe,

g-C;N4/graphene

CoNi/ultrathin

graphene layer

Ni/NiO-CNT hybrid

SnO

NiC0,04

Cu,O/CuMnOy4

Fe;0,@C@PANI

Cu-CeO,

Pro.75r0.3C00.9F€0.103

Application

OER

OER

HER

HER

SIBs

LIBs

SC

SC

SOFC:
anode

SOFC:
cathode

Substrate

GCE

GCE

GCE

Ni foam

Carbon
cloth

Ni foam

Electrochemical
performance

Overpotential 288 mV at
10 mA/cm? and Tafel
slop 44 mV/dec

Overpotential 539 mV at
10 mA/cm? and Tafel
slop 68.5 mV/dec

Overpotential 142 mV at
10 mA/cm? and Tafel
slop 105 mV/dec

Overpotential 100 mV at
100 mA/cm?

Coulombic efficiency
~79.1% (first cycle),
initial capacity

1072 mAh/g (100 mA/g)
and cycling stability
452 mAh/g (1000th
cycles at 1.0 A/g)

Coulombic efficiency
~71.6% (first cycle),
initial capacity

1738 mAh/g (200 mA/g)
and cycling stability
1170.1 mAh/g (50th
cycles at 0.2 A/g)

Specific capacitance
4264 F/g and retention
of specific capacitance
~73% (10 A/g)

Specific capacitance
322.5 F/g and potential
window —0.1t0 0.6 V

DC conductivity
5200 s/cm with
improved electronic
conductivity

Conductivity 1236 s/cm
at 700°C
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Ref.

[81]

[82]

[84]

[85]

[87]

(901

CNT, Carbon nanotube; GCE, glassy carbon electrode; HER, hydrogen evolution reaction; LIBs, lithium ion batteries;
OER, oxygen evolution reaction; PANI, polyaniline; SC, supercapacitor; SIB, sodium ion batteries; SOFC, solid oxide

fuel cell.
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anode). Fuel cells are categorized according to the nature of electrolyte; for
example, alkaline fuel cells (with alkali as electrolyte), direct methanol fuel
cells (with methanol as electrolyte), phosphoric acid fuel cells (acid as elec-
trolyte), solid-oxide fuel cells (oxide as electrolyte), proton exchange mem-
brane fuel cells, etc. [91]. A schematic representation of a solid-oxide fuel
cell is shown in Fig. 11.7. Catalysts used as electrode materials are responsi-
ble for speeding up the reactions. Therefore modified nanomaterials offer
excellent electrocatalytic activity as the electrode material for fuel cells.
Some examples showing the role of functionalized nanomaterials in improve-
ment of fuel cell performance are given in the following.

Wang et al. synthesized nitrogen coordinated single Co atom catalyst through
single-step thermal activation from Co-doped metal organic framework [92].
The catalyst exhibited sufficient activity and stability for oxygen reduction
reaction (ORR) in acidic medium with a comparable performance with Fe-
based catalysts. Fuel cell study confirmed that the catalyst can act as highly
efficient cathode in proton exchange membrane fuel cells. Manikandan
et al. used a high-temperature solvothermal process to fabricate bimetallic
nanoparticles including NiFe-, NiCu-, and NiCo-based alloys with size
smaller than 20 nm [93]. The electrocatalytic activity of the nanocatalyst
was explored by rotating disk electrode for HOR, and it was used as anode
material in alkaline fuel cells.

In another report a Fe-based metal supported on MOF (i.e., FePhen@MOF-
ArNH3;) was prepared and its electrocatalytic activity toward oxygen reduction
reaction was compared with Pt/C in phosphoric acid fuel cells [94]. According
to the result, the prepared material was a good option to replace Pt/C catalyst.
Duan et al. reported Y- and Zr-doped perovskite material as an efficient and
stable electrocatalyst [95]. They used the material as a cathode material in
solid-oxide fuel cell, which can perform below 500°C.

Hydrogen ms=p

Hydrogen d¢mmm m==p Water (vapour)

FIGURE 11.7 Schematic representation of a solid oxide fuel cell. Reproduced with permission
from A.M. Abdalla, S. Hossain, A.T. Azad, P.M.I. Petra, F. Begum, S.G. Eriksson, et al.,
Nanomaterials for solid oxide fuel cells: a review, Renew Sust Energ Rev 82, 2018, 353—368.
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11.3 Conclusion

Nanotechnology has been revolutionary in fields such as science and engi-
neering different nanomaterials have been developed for commercial use
[96—97]. Nanomaterials with special characteristics have been fabricated and
introduced into various applications. Modification of nanomaterials is essen-
tial to prevent agglomeration, improve dispersion stability and reactivity of
the surface sites, and for compatibility. Surface functionalization can be car-
ried out by polymer grafting, ligand exchange process, or by introducing
small substances like silane coupling agents. Modification enhances the inter-
action between nanomaterial surfaces with the matrix which results special
optical, electronic, electrical, thermal, mechanical, and chemical properties.
In this chapter, we focused on recent developments of nanomaterials and
their application in the electronic, electrical, and energy industries with dif-
ferent modifications according to requirements. Specific surface area, electri-
cal conductivity, and electrocatalytic activity are crucial factors for a high-
performance nanomaterial in industrial applications. The enhanced perfor-
mance, durability, and potential of the modified nanomaterials used in elec-
tronic devices offer more opportunities for low-power, portable, and fast
nanodigital thin-film devices. Nanomaterials are used as advanced electroca-
talyst in various renewable and sustainable energy storage and conversion
systems including OER, HER, batteries, supercapacitors, and fuel cells. They
play an important role in developing cost-effective, sustainable, durable, and
green catalyst materials for several real-time applications in the energy
industry. As can be seen, the increasing use of functionalized nanomaterials
has a real impact on industrial development as they are commercially avail-
able as chemical agents and important materials for various applications.

Author declaration

Ms. De contributed greatly to the writing of this book chapter along with
drawing the figures and tables, securing copyright permissions, etc.

References

[1] Arfin T, Tarannum A. Engineered nanomaterials for industrial application: an overview.
Handbook of nanomaterials for industrial applications. Elsevier; 2018. p. 127—34.

[2] Richards RM. Introduction to nanoscale materials in chemistry, edition II. Nanoscale mate-
rials in chemistry. Hoboken, NJ: John Wiley & Sons, Inc; 2009. p. 1—14.

[3] Neouze MA, Schubert U. Surface modification and functionalization of metal and metal
oxide nanoparticles by organic ligands. Monatsh Chem 2008;139:183—95.

[4] Pokropivny VV, Skorokhod VV. Classification of nanostructures by dimensionality and
concept of surface forms engineering in nanomaterial science. Mater Sci Eng C 2007;27
(5—8):990-3.


http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref1
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref1
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref1
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref2
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref2
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref2
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref3
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref3
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref3
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref4
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref4
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref4
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref4
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref4

292

[5]

(6]

(71

[8]

[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

SECTION | 4 Nanomaterials for Electronics, Electrical and Energy Industry

Nasibulin AG, Pikhitsa PV, Jiang H, Brown DP, Krasheninnikov AV, Anisimov AS, et al.
A novel hybrid carbon material. Nat Nanotechnol 2007;2(3):156—61.

Krishnan D, Raidongia K, Shao J, Huang J. Graphene oxide assisted hydrothermal carbon-
ization of carbon hydrates. ACS Nano 2013;8(1):449—57.

Saleh TA, Gupta VK. Nanomaterial and polymer membranes: synthesis, characterization,
and applications. Elsevier; 2016.

Maeda H. The tumor blood vessel as an ideal target for macromolecular anticancer agents.
J Controlled Rel 1992;19(1—3):315—24.

Kurokawa Y, Hosoya Y. Surface 1996;34(2):100—6.

Jeon IY, Chang DW, Kumar NA, Baek JB. Functionalization of carbon nanotubes.
Carbon nanotubes-polymer nanocomposites. In Tech; 2011.

Prasad S, Kumar V, Kirubanandam S, Barhoum A. Engineered nanomaterials: nanofabrica-
tion and surface functionalization. Emerg Appl Nanopart Arch Nanostruct 2018;305—40.
Georgakilas V, Otyepka M, Bourlinos AB, Chandra V, Kim N, Kemp KC, et al.
Functionalization of graphene: covalent and non-covalent approaches, derivatives and
applications. Chem Rev 2012;112(11):6156—214.

Liu X, Chu PK, Ding C. Surface modification of titanium, titanium alloys, and related
materials for biomedical applications. Mater Sci Eng R Rep 2004;47(3—4):49—121.
Kango S, Kalia S, Celli A, Njuguna J, Habibi Y, Kumar R. Surface modification of inor-
ganic nanoparticles for development of organic—inorganic nanocomposites—a review.
Prog Polym Sci 2013;38(8):1232—61.

Lin F. Preparation and characterization of polymer TiO, nanocomposites via in-situ poly-
merization (Master’s thesis, University of Waterloo); 2006.

Sabzi M, Mirabedini SM, Zohuriaan-Mehr J, Atai M. Surface modification of TiO, nano-
particles with silane coupling agent and investigation of its effect on the properties of
polyurethane composite coating. Prog Org Coat 2009;65(2):222—8.

Ma SR, Shi LY, Feng X, Yu WJ, Lu B. Graft modification of ZnO nanoparticles with
silane coupling agent KH570 in mixed solvent. J Shanghai Univ (Engl Ed) 2008;12
(3):278—82.

Truong LT, Larsen A, Holme B, Diplas S, Hansen FK, Roots J, et al. Dispersibility of
silane-functionalized alumina nanoparticles in syndiotactic polypropylene. Surf Interface
Anal 2010;42(6—7):1046—9.

Merg AD, Zhou Y, Smith AM, Millstone JE, Rosi NL. Ligand exchange for controlling
the surface chemistry and properties of nanoparticle superstructures. Chem Nano Mat
2017;3(10):745-9.

Lu Z, Yin Y. Colloidal nanoparticle clusters: functional materials by design. Chem Soc
Rev 2012;41(21):6874—87.

Zhu H, Hu MZ, Shao L, Yu K, Dabestani R, Zaman M, et al. Synthesis and optical prop-
erties of thiol functionalized CdSe/ZnS (core/shell) quantum dots by ligand exchange. J
Nanomater 2014;. Available from: https://doi.org/10.1155/2014/324972.

Niu Z, Li Y. Removal and utilization of capping agents in nanocatalysis. Chem Mater
2013;26(1):72—83.

Huynh WU, Dittmer JJ, Libby WC, Whiting GL, Alivisatos AP. Controlling the morphology
of nanocrystal—polymer composites for solar cells. Adv Funct Mater 2003;13(1):73—9.
Celik D, Krueger M, Veit C, Schleiermacher HF, Zimmermann B, Allard S, et al.
Performance enhancement of CdSe nanorod-polymer based hybrid solar cells utilizing a
novel combination of post-synthetic nanoparticle surface treatments. Sol Energy Mater
Sol Cell 2012;98:433—40.


http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref5
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref5
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref5
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref6
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref6
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref6
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref7
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref7
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref8
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref8
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref8
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref8
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref9
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref9
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref10
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref10
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref11
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref11
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref11
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref12
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref12
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref12
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref12
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref13
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref13
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref13
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref13
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref14
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref14
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref14
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref14
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref14
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref15
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref15
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref15
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref15
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref15
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref16
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref16
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref16
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref16
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref17
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref17
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref17
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref17
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref17
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref18
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref18
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref18
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref18
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref19
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref19
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref19
https://doi.org/10.1155/2014/324972
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref21
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref21
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref21
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref22
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref22
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref22
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref22
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref23
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref23
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref23
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref23
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref23

[25]

[26]

(271

(28]

[29]

[30]

[31]

(32]

(33]

(34]

[35]

[36]

(371

[38]

(391

[40]

[41]

[42]

[43]

Functionalized nanomaterials for electronics and electrical Chapter | 11 293

Roy D, Semsarilar M, Guthrie JT, Perrier S. Cellulose modification by polymer grafting:
a review. Chem Soc Rev 2009;38(7):2046—64.

Rong MZ, Zhang MQ, Zheng YX, Zeng HM, Walter R, Friedrich K. Structure—property
relationships of irradiation grafted nano-inorganic particle filled polypropylene compo-
sites. Polymer 2001;42(1):167—83.

Tsubokawa N, Kogure A, Sone Y. Grafting of polyesters from ultrafine inorganic parti-
cles: copolymerization of epoxides with cyclic acid anhydrides initiated by COOK groups
introduced onto the surface. J Polym Sci A Polym Chem 1990;28(7):1923—33.

Rong MZ, Ji QL, Zhang MQ, Friedrich K. Graft polymerization of vinyl monomers onto
nanosized alumina particles. Eur Polym J 2002;38(8):1573—82.

Wang X, Song X, Lin M, Wang H, Zhao Y, Zhong W, et al. Surface initiated graft poly-
merization from carbon-doped TiO, nanoparticles under sunlight illumination. Polymer
2007;48(20):5834—8.

Pileni MP. The role of soft colloidal templates in controlling the size and shape of inor-
ganic nanocrystals. Nat Mater 2003;2(3):145—50.

Feldmann C. Polyol-mediated synthesis of nanoscale functional materials. Adv Funct
Mater 2003;13(2):101—7.

Sato K, Kondo S, Tsukada M, Ishigaki T, Kamiya H. Influence of solid fraction on the
optimum molecular weight of polymer dispersants in aqueous TiO, nanoparticle suspen-
sions. J Am Ceram Soc 2007;90(11):3401—6.

Palmqvist L, Holmberg K. Dispersant adsorption and viscoelasticity of alumina suspen-
sions measured by quartz crystal microbalance with dissipation monitoring and in situ
dynamic rheology. Langmuir 2008;24(18):9989—96.

Nsib F, Ayed N, Chevalier Y. Dispersion of hematite suspensions with sodium polymetha-
crylate dispersants in alkaline medium. Colloids Surf A 2006;286(1—3):17—26.

Hussain CM, Hussain CG. Future of industrial development and nanomaterials: (conclud-
ing notes). Handbook of nanomaterials for industrial applications. Elsevier; 2018. p.
1073—6.

Lah NA, Zubir MN, Mahendran A, Samykano L. Engineered nanomaterial in electronics
and electrical industries. Handbook of nanomaterials for industrial applications. Elsevier;
2018. p. 324—64.

Zhang Y, Cui C, Yang B, Zhang K, Zhu P, Li G, et al. Size-controllable copper nanoma-
terials for flexible printed electronics. J Mater Sci 2018;53(18):12988—-95.

Kang L, Cui Y, Lan S, Rodrigues SP, Brongersma ML, Cai W. Electrifying photonic
metamaterials for tunable nonlinear optics. Nat Commun 2014;5:4680—6.

Zhong D, Zhang Z, Ding L, Han J, Xiao M, Si J, et al. Gigahertz integrated circuits based
on carbon nanotube films. Nat Electron 2018;1(1):40—5.

Song T. Graphene-tapered ZnO nanorods array as a flexible antireflection layer. J
Nanomater 2015;12—17.

Kim JH, Hwang JY, Hwang HR, Kim HS, Lee JH, Seo JW, et al. Simple and cost-
effective method of highly conductive and elastic carbon nanotube/polydimethylsiloxane
composite for wearable electronics. Sci Rep 2018;8(1):1375-85.

Lim J, Lee SM, Jang HY, Kim SM. Fabrication of an antireflective nanodome array with
high packing density for photovoltaic applications. J Nanomater 2015;6—11. Available
from: https://doi.org/10.1155/2015/561586.

Jung J, Lee H, Ha I, Cho H, Kim KK, Kwon J, et al. Highly stretchable and transparent
electromagnetic interference shielding film based on silver nanowire percolation network
for wearable electronics applications. ACS Appl Mater Interfaces 2017;9(51):44609—16.


http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref24
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref24
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref24
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref25
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref25
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref25
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref25
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref25
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref26
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref26
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref26
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref26
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref27
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref27
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref27
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref28
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref28
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref28
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref28
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref28
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref29
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref29
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref29
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref30
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref30
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref30
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref31
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref31
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref31
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref31
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref31
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref32
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref32
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref32
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref32
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref33
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref33
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref33
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref33
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref34
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref34
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref34
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref34
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref35
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref35
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref35
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref35
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref36
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref36
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref36
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref37
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref37
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref37
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref38
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref38
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref38
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref39
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref39
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref39
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref40
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref40
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref40
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref40
https://doi.org/10.1155/2015/561586
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref42
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref42
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref42
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref42

294

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

SECTION | 4 Nanomaterials for Electronics, Electrical and Energy Industry

Contreras JE, Rodriguez EA, Taha-Tijerina J. Nanotechnology applications for electrical
transformers-a review. Electr Pow Syst Res 2017;143:573—84.

Taha-Tijerina JJ, Narayanan TN, Tiwary CS, Lozano K, Chipara M, Ajayan PM.
Nanodiamond-based thermal fluids. ACS Appl Mater Interfaces 2014;6(7):4778—85.

LiJ, Liao R, Yang L. Investigation of natural ester based liquid dielectrics and nanofluids.
In High Voltage Engineering and Application (ICHVE), September, 2012 International
Conference on IEEE, 2012, pp. 16—21.

Yuan Y, Liao R. A novel nanomodified cellulose insulation paper for power transformer.
J Nanomater 2014;.

Chatterjee A, Sarkar R, Roy NK, Kumbhakar P. Online monitoring of transformers using
gas sensor fabricated by nanotechnology. Int T Electr Energy 2013;23(6):867—75.
Kurzepa L, Lekawa-Raus A, Patmore J, Koziol K. Replacing copper wires with carbon
nanotube wires in electrical transformers. Adv Funct Mater 2014;24(5):619—24.

Setyawan AD, Takenaka K, Sharma P, Nishijima M, Nishiyama N, Makino A. Magnetic
properties of 120-mm wide ribbons of high B s and low core-loss NANOMET®) alloy. J
Appl Phys 2015;117(17) 17B715.

Suen NT, Hung SF, Quan Q, Zhang N, Xu YJ, Chen HM. Electrocatalysis for the oxygen
evolution reaction: recent development and future perspectives. Chem Soc Rev 2017;46
(2):337—65.

Kolla P, Smirnova A. Catalytically active nanomaterials for electrochemical energy gener-
ation and storage. ACS Symposium Ser 2015;1213:137—-72.

Audichon T, Napporn TW, Canaff C, Morais C, Comminges C, Kokoh KB. IrO, coated
on RuO, as efficient and stable electroactive nanocatalysts for electrochemical water split-
ting. J Phys Chem C 2016;120(5):2562—73.

Al-Mamun M, Su X, Zhang H, Yin H, Liu P, Yang H, et al. Strongly coupled CoCr,0.,/
carbon nanosheets as high performance electrocatalysts for oxygen evolution reaction.
Small 2016;12(21):2866—71.

Duan J, Chen S, Vasileff A, Qiao SZ. Anion and cation modulation in metal compounds
for bifunctional overall water splitting. ACS Nano 2016;10(9):8738—45.

Sun J, Yin H, Liu P, Wang Y, Yao X, Tang Z, et al. Molecular engineering of Ni—/
Co—porphyrin multilayers on reduced graphene oxide sheets as bifunctional catalysts for
oxygen evolution and oxygen reduction reactions. Chem Sci 2016;7(9):5640—6.

Chen S, Duan J, Jaroniec M, Qiao SZ. Nitrogen and oxygen dual-doped carbon hydrogel
film as a substrate-free electrode for highly efficient oxygen evolution reaction. Adv
Mater 2014;26(18):2925—30.

Walter MG, Warren EL, McKone JR, Boettcher SW, Mi Q, Santori EA, et al. Solar water
splitting cells. Chem Rev 2010;110(11):6446—73.

Zeng M, Li Y. Recent advances in heterogeneous electrocatalysts for the hydrogen evolu-
tion reaction. J Mater Chem A 2015;3(29):14942—62.

Greeley J, Jaramillo TF, Bonde J, Chorkendorff IB, Ngrskov JK. Computational high-
throughput screening of electrocatalytic materials for hydrogen evolution. In Materials for
sustainable energy: a collection of peer-reviewed research and review articles from Nature
Publishing Group. 2011. p. 280—84.

Garcia-Esparza AT, Cha D, Ou Y, Kubota J, Domen K, Takanabe K. Tungsten carbide
nanoparticles as efficient cocatalysts for photocatalytic overall water splitting. Chem Sus
Chem 2013;6(1):168—81.


http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref43
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref43
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref43
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref44
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref44
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref44
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref45
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref45
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref46
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref46
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref46
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref47
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref47
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref47
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref48
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref48
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref48
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref48
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref49
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref49
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref49
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref49
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref50
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref50
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref50
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref51
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref51
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref51
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref51
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref51
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref51
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref52
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref52
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref52
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref52
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref52
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref52
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref53
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref53
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref53
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref54
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref54
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref54
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref54
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref54
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref54
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref55
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref55
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref55
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref55
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref56
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref56
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref56
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref57
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref57
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref57
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref58
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref58
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref58
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref58

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(711

[72]

(73]

[74]

[751

[76]

[(77]

(78]

Functionalized nanomaterials for electronics and electrical Chapter | 11 295

Cao B, Veith GM, Neuefeind JC, Adzic RR, Khalifah PG. Mixed close-packed cobalt
molybdenum nitrides as non-noble metal electrocatalysts for the hydrogen evolution reac-
tion. J Am Chem Soc 2013;135(51):19186—92.

Popczun EJ, Read CG, Roske CW, Lewis NS, Schaak RE. Highly active electrocatalysis
of the hydrogen evolution reaction by cobalt phosphide nanoparticles. Angew Chem Int
Ed 2014;53(21):5427-30.

Zheng Y, Jiao Y, Zhu Y, Li LH, Han Y, Chen Y, et al. Hydrogen evolution by a metal-
free electrocatalyst. Nat Commun 2014;5:3783—90.

Mei J, Liao T, Sun Z. Two-dimensional metal oxide nanosheets for rechargeable batteries.
J Energy Chem 2017;.

Wu S, Du Y, Sun S. Transition metal dichalcogenide based nanomaterials for recharge-
able batteries. Chem Eng J 2017;307:189—-207.

Vinayan BP, Nagar R, Raman V, Rajalakshmi N, Dhathathreyan KS, Ramaprabhu S.
Synthesis of graphene-multiwalled carbon nanotubes hybrid nanostructure by strengthened
electrostatic interaction and its lithium ion battery application. J Mater Chem 2012;22
(19):9949—56.

Bang GS, Nam KW, Kim JY, Shin J, Choi JW, Choi SY. Effective liquid-phase exfolia-
tion and sodium ion battery application of MoS, nanosheets. ACS Appl Mater Interfaces
2014;6(10):7084—9.

Zahoor A, Jang HS, Jeong JS, Christy M, Hwang YJ, Nahm KS. A comparative study of
nanostructured o and 6 MnO, for lithium oxygen battery application. RSC Adv 2014;4
(18):8973-17.

Liu J, Zhou Y, Liu C, Wang J, Pan Y, Xue D. Self-assembled porous hierarchical-like
CoO@C microsheets transformed from inorganic—organic precursors and their lithium-
ion battery application. Cryst Eng Comm 2012;14(8):2669—74.

Panda MR, Sarkar A, Bao Q, Mitra S. Electrochemical investigation of MoTe,/rGO com-
posite materials for sodium-ion battery application. In: AIP Conference Proceedings, AIP
Publishing, May 2018; 1961;1:030033—37.

Ai Q, Zhou P, Zhai W, Ma X, Hou G, Xu X, et al. Synergistic double-shell coating of gra-
phene and Li,sSiOy4 on silicon for high performance lithium-ion battery application. Diam
Relat Mater 2018;88:60—6.

Wang G, Zhang L, Zhang J. A review of electrode materials for electrochemical superca-
pacitors. Chem Soc Rev 2012;41(2):797—828.

Martinez-Perifan E, Down MP, Gibaja C, Lorenzo E, Zamora F, Banks CE. Antimonene:
a novel 2D nanomaterial for supercapacitor applications. Adv Energy Mater 2018;8
(11):1702606—13.

Ensafi AA, Alinajafi HA, Rezaei B. Adenine decorated@ reduced graphene oxide, a new
environmental friendly material for supercapacitor application. J Alloy Compd
2018;735:1010—16.

Xie S, Gou J, Liu B, Liu C. Synthesis of cobalt-doped nickel sulfide nanomaterials with
rich edge sites as high-performance supercapacitor electrode materials. Inorg Chem Front
2018:5(5):1218-25.

Xing L, Dong Y, Hu F, Wu X, Umar A. Co30, nanowire@ NiO nanosheet arrays for
high performance asymmetric supercapacitors. Dalton Trans 2018;47(16):5687—94.
Bondavalli P, Pognon G, Koumoulos E, Charitidis C. Dynamic air-brush deposition method
for the new generation of graphene based supercapacitors. MRS Adv 2018;3(1—2):79—84.


http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref59
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref59
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref59
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref59
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref60
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref60
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref60
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref60
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref61
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref61
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref61
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref62
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref62
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref63
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref63
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref63
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref64
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref64
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref64
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref64
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref64
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref65
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref65
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref65
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref65
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref65
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref66
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref66
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref66
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref66
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref66
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref66
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref66
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref67
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref67
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref67
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref67
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref67
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref68
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref68
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref68
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref68
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref68
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref68
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref69
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref69
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref69
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref70
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref70
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref70
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref70
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref70
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref70
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref71
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref71
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref71
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref71
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref72
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref72
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref72
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref72
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref73
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref73
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref73
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref73
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref73
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref74
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref74
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref74
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref74

296

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]
[971

SECTION | 4 Nanomaterials for Electronics, Electrical and Energy Industry

Zhang Y, Yang S, Wang S, Liu HK, Li L, Dou SX, et al. Engineering high-performance
MoO,-based nanomaterials with supercapacity and superhydrophobicity by tuning the raw
materials source. Small 2018;1800480—18004.

Mary AJC, Bose AC. Surfactant assisted ZnCo,0O,4 nanomaterial for supercapacitor appli-
cation. Appl Surf Sci 2018;449:105—12.

Zheng YR, Gao MR, Gao Q, Li HH, Xu J, Wu ZY, et al. An efficient CeO,/CoSe, nano-
belt composite for electrochemical water oxidation. Small 2015;11(2):182—8.

Tian J, Liu Q, Asiri AM, Alamry KA, Sun X. Ultrathin graphitic C3N, nanosheets/gra-
phene composites: efficient organic electrocatalyst for oxygen evolution reaction. Chem
Sus Chem 2014;7(8):2125—-30.

Deng J, Ren P, Deng D, Bao X. Enhanced electron penetration through an ultrathin gra-
phene layer for highly efficient catalysis of the hydrogen evolution reaction. Angew
Chem Int Ed 2015;54(7):2100—4.

Gong M, Zhou W, Tsai MC, Zhou J, Guan M, Lin MC, et al. Nanoscale nickel oxide/
nickel heterostructures for active hydrogen evolution electrocatalysis. Nat Commun
2014;5:4695—700.

Zhang F, Zhu J, Zhang D, Schwingenschlogl U, Alshareef HN. Two-dimensional SnO
anodes with a tunable number of atomic layers for sodium ion batteries. Nano Lett
2017;17(2):1302-—1311.

Leng X, Shao Y, Wei S, Jiang Z, Lian J, Wang G, et al. Ultrathin mesoporous NiCo,0,4
nanosheet networks as high-performance anodes for lithium storage. Chem Chem 2015;80
(12):1725-31.

Du D, Lan R, Xu W, Beanland R, Wang H, Tao S. Preparation of a hybrid Cu,0O/
CuMoO, nanosheet electrode for high-performance asymmetric supercapacitors. J Mater
Chem A 2016;4(45):17749—-56.

Wu Q, Chen M, Chen K, Wang S, Wang C, Diao G. Fe;04-based core/shell nanocompo-
sites for high-performance electrochemical supercapacitors. J Mater Sci 2016;51
(3):1572-80.

Shaikh SP, Muchtar A, Somalu MR. A review on the selection of anode materials for
solid-oxide fuel cells. Renew Sust Energ Rev 2015;51:1—8.

Sun C, Hui R, Roller J. Cathode materials for solid oxide fuel cells: a review. J Solid
State Electrochem 2010;14(7):1125—44.

Abdalla AM, Hossain S, Azad AT, Petra PMI, Begum F, Eriksson SG, et al. Nanomaterials
for solid oxide fuel cells: a review. Renew Sust Energ Rev 2018;82:353—68.

Wang XX, Cullen DA, Pan YT, Hwang S, Wang M, Feng Z, et al. Nitrogen-coordinated
single cobalt atom catalysts for oxygen reduction in proton exchange membrane fuel cells.
Adv Mater 2018;30(11):1706758.

Manikandan M, Singh G, Barnett AO, Seland F, Sunde S. Development of Ni-based bime-
tallic electrocatalysts for hydrogen oxidation reaction in alkaline fuel cells. In: Meeting
Abstracts No. 30; Electrochem. Soc. April 2018; 1737.

Strickland K, Pavlicek R, Miner E, Jia Q, Zoller I, Ghoshal S, et al. Anion resistant oxy-
gen reduction electrocatalyst in phosphoric acid fuel cell. ACS Catal 2018;8(5):3833—43.
Duan C, Hook D, Chen Y, Tong J, O’Hayre R. Zr and Y co-doped perovskite as a stable,
high performance cathode for solid oxide fuel cells operating below 500°C. Energy
Environ Sci 2018;10(1):176—82.

Hussain CM. Handbook of nanomaterials for industrial applications. Elsevier; 2018.
Hussain CM, Kharisov B. Advanced environmental analysis-application of nanomaterials.
The Royal Society of Chemistry; 2017.


http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref75
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref75
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref75
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref75
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref75
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref76
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref76
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref76
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref76
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref76
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref83
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref83
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref83
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref83
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref83
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref84
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref84
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref84
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref84
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref84
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref84
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref85
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref85
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref85
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref85
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref86
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref86
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref86
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref86
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref87
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref87
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref87
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref87
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref88
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref88
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref88
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref88
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref88
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref89
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref89
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref89
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref89
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref89
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref89
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref90
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref90
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref90
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref90
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref90
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref90
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref91
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref91
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref91
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref92
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref92
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref92
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref77
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref77
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref77
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref78
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref78
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref78
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref79
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref79
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref79
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref80
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref80
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref80
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref80
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref80
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref81
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref82
http://refhub.elsevier.com/B978-0-12-816787-8.00011-9/sbref82

Section 5

Functionalized
nanomaterial in
environmental industry



This page intentionally left blank



Chapter 12

Functionalization of graphene
oxide with metal oxide
nanomaterials: synthesis and
applications for the removal of
inorganic, toxic, environmental
pollutants from water

Shraban Ku Sahoo and G. Hota
Department of Chemistry, NIT, Rourkela, Odisha, India

12.1 Introduction

Water pollution causes disease and death and is a major global problem [1].
Water contaminants include inorganic pollutants (i.e., arsenic, cadmium,
chromium, fluoride, lead, and mercury), organic contaminants (i.e., acrylam-
ide, phenol, benzene hexachloride, and carbon tetrachloride), and different
organic dyes (i.e., congo red, methyl blue, and methyl orange) [2—5].
Although inorganic pollutants such as heavy metal ions and fluoride are
essential nutrients in proper concentration, the environment and human
health are threatened when the proper concentration is exceeded. The
maximum-acceptable concentrations of these inorganic pollutants in drinking
water have been established by World Health Organization (WHO) and
many countries, as shown in Table 12.1. Some toxic metal ions such as Hg
D), Pb(Il), Cr(VI), Cd{I), and As(III)/(V) and fluoride(F ) are nonbiode-
gradable and accumulate in the environment and living organisms. Their
metabolites are toxic, carcinogenic, and mutagenic, and cause chromosomal
fractures and respiratory disorders. The removal of these inorganic contami-
nants from wastewater effluent before it is discharged into a natural water
stream is vital [6—9]. Processes such as reverse osmosis, precipitation, acti-
vated carbon filter, membrane separation, ion exchange, photocatalysis,
adsorption, solvent extraction, and nanofiltration have been employed.
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TABLE 12.1 Permissible limits of selected inorganic pollutants in drinking water in different countries (mg/L).

Inorganic pollutants
Arsenic

Cadmium

Chromium

Fluoride

Mercury

Lead

WHO
0.01
0.003
0.05
1.5
0.006
0.01

us
0.01
0.005
0.05

0.002
0.015

EU
0.01
0.05
0.005
1.5
0.001
0.01

China
0.01
0.005
0.05
0.001
0.01

Australia

0.007
0.002
0.05
0.001
0.05

Canada
0.025
0.005
0.05
1.5

0001
0.05

Japan
0.01
0.01
0.05
0.0005
0.01

India
0.05
0.01
0.05
1.5
0.001
0.05



Functionalization of graphene oxide Chapter | 12 301

Of these, adsorption is the most commonly used method, due to its low cost,
simple operation and design requirements, low residual product generation,
lack of interaction with toxic substances, and potential for reuse [10—12].

Any materials having dimensions in the range of 1—100 nm are called
nanomaterials [13]. They may be zero dimensions (0D), one (1D), two (2D),
or three (3D) dimensional materials [14]. Nanomaterials containing nano-
tubes, nanofibers, nanowires, nanorods, and nanoparticles possess unique
properties (i.e., small dimension structure and high aspect ratio), making
them useful for application in adsorption, filter media, composite materials,
biomedical applications, and nanocatalysis [15—18]. Nanocomposites are the
composite systems in which at least one of the constituent phases is in the
nanometre range (1 nm = 10~ m). During the past 10 years, nanocomposite
adsorbents have proven to be a suitable alternative to microcomposites and
monolithic adsorbents [19,20].

Their large surface areas and high reactive sites make nanosized metal
oxide adsorbents promising for use in removal of inorganic pollutants from
aqueous medium [21—23]. Due to being environmentally friendly and cost
effective, metal oxide (i.e., aluminum, iron, and magnesium) nanocomposites
can be used in the catalyst industry, gas sensors, solar cells, and adsorption
[24—28]. They are considered to be promising for use in heavy metals and
fluoride removal from aqueous systems. Research has shown that metal
oxide nanomaterials are good adsorbents. However, nanosized metal oxide
adsorbents aggregate during the adsorption process, which decreases their
adsorption capacity. In order to decrease the aggregation behavior of nano-
materials, and improve adsorption capacity, recent research has focused on
engineered nanomaterials being mounted onto high surface-area GO
nanosheet substrate [29,30].

Graphene is one of the most promising advanced carbon-based nanoma-
terials. It has a 2D honeycomb sp? carbon lattice, large theoretical surface
area (2630 m%/g), excellent chemical inertness, high transparency, enormous
electron mobility, good thermal conductivity, and remarkable -elasticity
[31—33]. This composition makes graphene a favorable material for various
applications including sensors, transistors, catalysis, and environmental pol-
lution treatment. GO is an oxidized derivative of graphene and contains
epoxide, hydroxyl, and carboxyl groups. These functional groups lead to the
negative charge, hydrophilicity, and easy dispersion of GO in aqueous solu-
tions. These characteristics make GO a potential candidate for the removal
of different pollutants by adsorption [34,35]. Due to its large surface area
and presence of a large number of functional groups, GO can be used to
grow various nanoparticles. Since GO also helps in preventing agglomeration
of nanoparticles, it can be effectively used as a template or precursor for the
growth of different kinds of nanoparticles. In functionalization of GO with
metal oxide nanomaterials, graphene not only serves as a highly conductive
support material but also provides a large surface for the dispersion of metal
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oxide nanoparticles [7,36,37]. GO can be surface modified by using different
organic groups, inorganic groups, or polymer. It has been used for removing
inorganic environmental pollutants to achieve high adsorption efficiency.
These functional groups can form stable chelates with heavy metal ions.
Metal oxide, based on functionalized GO nanocomposites has received more
attention in the adsorption field due its achievements of high capacity and
electivity in the last few years [38—42].

This chapter summarizes the synthesis of functionalized GO, especially
functionalization of GO-based nanosheet substrate with aluminum, iron, and
magnesium oxide nanocomposites. The functionalized GO-based nanosheet
has been used as nanoadsorbents for the removal of inorganic, toxic, environ-
mental, pollutants (mainly arsenic, chromium, mercury, lead, fluoride, and
cadmium) from water. Impregnation of metal oxide nanomaterials onto GO
nanosheet substrate may generate novel nanocomposites materials for effi-
cient toxic ion removal and improved adsorption capacity. The adsorption
affinity, mechanisms, and factors of sorption capacity are discussed here.

12.2 Preparation of metal oxides functionalized GO
nanocomposites

12.2.1 Preparation of GO using modified Hummer’s method

GO was prepared from graphite powder using a modified Hummer’s method
(shown in Fig. 12.1) by oxidation treatment [43]. Sulfuric acid (98%), graph-
ite powder, and sodium nitrate (1:1 ratio) were dissolved and stirred in an
ice bath. Next, KMnO, was added slowly under continuous stirring condi-
tions for another few hours. The temperature of the reaction mixture was
increased to 98°C and continuously stirred for 12 h. The suspension was
cooled to room temperature and mixed with distilled water followed by addi-
tion of 30% H,0, and sonicated for 30 min to molt GO into single layers.
The diluted mixture was then centrifuged for 15 min at 10,000 rpm. The
solid residue was washed properly with distilled water and HCI(5%) several
times for complete neutralization, followed by being vacuum dried at room
temperature for 12 h, to obtain GO powder.

471 Modified Hummer's method z—:/ /};—,j- Exfoliation
S L LA A et -

1 AN -
H,50,, KMnO,, NaNO, . (AT %{{_

.
Graphite Graphite Oxide Graphene Oxide

FIGURE 12.1 Synthesis of GO by Hummer’s method.
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12.2.2 Functionalization of GO with metal oxides nanomaterials

GO nanosheets decorated with metal oxide nanoparticles combine the
outstanding features of each because of the synergistic effect between them.
The synthesis of GO-based composites provides a vital landmark to enhance
the application behavior of metal oxide nanomaterials in adsorption fields.
These hybrids have versatile and tailor-made properties with performances
superior to those of other oxide nanomaterials. Thus considerable efforts
have been made to decorate GO with metal oxides nanoparticles [7,35,37].
To date, various kinds of metal oxides have been synthesized and supported
on GO for heavy metals and fluoride adsorbents, which include TiO,, Al,O3,
SiOz, Ml’l02, FC304, F6203, FCOOH, AIOOH, MgO, MF6204 (M = Mg, CO,
Ni, and Mn), and their mixed binary oxides [35,37]. The size and shape of
nanomaterials are important factors affecting their adsorption performance.
Efficient synthetic methods to obtain shape-controlled, highly stable, and
monodisperse metal oxide nanomaterials have been widely studied during
the last decade. For synthesis of these GO-based metal oxides, serval meth-
ods are used such as chemical precipitation [30,44,45], self-assembly
[29,46], sol-gel [47,48], and hydrothermal synthesis [49,50] techniques
In the following section, we will briefly overview the synthesis of
graphene—metal oxide composites with a focus on recent developments.

12.2.2.1 Preparation of GO functionalized with iron oxide
nanoadsorbents

Iron oxides exist in many forms in nature. Magnetite (Fe;0,4), maghemite
(v-Fe;03), and hematite (a-Fe,O3) are the most common. The iron oxide
nanomaterials and their mixed-oxide nanocomposites have received much
more attention for use in wastewater treatment due to their unique properties,
such as extremely small size, high surface-area-to-volume ratio, surface mod-
ifiability, excellent magnetic properties, easy preparation, cost effectiveness,
and high biocompatibility [23]. Recently, many methods have been devel-
oped to synthesize GO-based iron oxide nanocomposites. Here, we will dis-
cuss simple and cost-effective methods.

Chandra et al. reported on the development of magnetic graphene hybrids
(RGO—Fe30,) via a simple chemical method using Iron (II) and (III) chlo-
ride precursors [44]. The procedure details are shown in Fig. 12.2. This

Hummer Method Graphene Reduction of GO ‘ Fe,0, RGO
1. H,;SO,, NaNO, in H,0 (();:; 1 30% NH, pH=10 |_Hybrid Powder |
2 KMnO, 2 NjH, 90°C l
3.30%H,0, | 2Fecyy 3. 30% H,0; Application
12 As*/as™
FeCl, Removal

FIGURE 12.2 Synthesis and application of Fe;04,—RGO composites [44].
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prepared nanocomposite was used to remove the As(II) and As(V) from
drinking water in wide areas of South Asia.

Deng et al. used a low-cost coprecipitation method for preparation of
GO-based Fe;04 nanocomposite [51]. The formation of magnetic iron oxide
nanoparticles was achieved by coprecipitation of iron oxide nanoparticles on
the surface of GO nanomaterials. In this method 1 g dry GO was dispersed
in 100 mL ultrapure water with ultrasonication to form stable suspension.
Then, 5.8 g ferrous ammonium sulfate and 10.7 g ammonium ferric sulfate
were dissolved in 100 mL ultrapure water to form mixed iron—salt solution
under oxygen-free condition. 10 mL aqueous ammonia was rapidly added
into the mixed solution to generate iron oxide nanoparticles, followed by
slow addition of GO suspension with stirring. The reaction was continued for
45 min at 85°C with stirring for 45 min and then cooled to room temperature.
Ultimately, the desired solid was assembled by a magnet and was washed
properly with ultrapure water and anhydrous ethanol three times, respec-
tively, and dried for 12 h at 70°C in a vacuum oven. GO was functionalized
by goethite (FeOOH—GO), which was synthesized via an in situ hydrolysis
technique reported by Kuang et al. (shown in Fig. 12.3) [53]. First, GO
(0.1 g) was dispersed in 100 mL of water and sonication for 30 min. Then
2.7 g of FeCl3.6H,0 was added into GO solution. Subsequently, the mixture
was put in the water bath at 80°C and stirred for 4 h. The synthesized precip-
itate was separated by centrifugation then washed with water and ethanol.
They also synthesized FeOOH—GO in the presence of 4.1 g anhydrous
sodium acetate (called FeEOOH + Ac—GO). The morphology and phases of
prepared FeOOH on GO surface was different, that is, rice spike-like
Akaganeite was formed in absence of acetate and spherical goethite quantum
dots are formed in presence of acetate ions. Both adsorbents were used
for the removal of fluoride ion; FeOOH + Ac—GO was more effective.

8.1 KMnQ /Graphite

| &1 HSOMPO,

. 50% H0,
————————————

—COOH

I
1:1 Fay{S0,),/FeS0,
0% NH MO o pH =10

FET
ODI

= =
(=]
I

Graphene oxide (GO)

45 Iron hydroxide . ._
& ron oxide ‘ ‘ ‘%
Iron oxide-graphene oxide composites
(FeO,-GO)

—O0H

Graphite

0-o0— (—coo-i§
S
o

B -000—|

HoOO—

8000 l -8

Iron hydroxide-graphene oxide
composites

FIGURE 12.3 Schematic synthesis of FeO,—GO nanocomposites [52].
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H. Su et al. reported the synthesis of a new range of iron oxide—GO nano-
composites having different iron oxide content (36—80 wt%). These are
high-performance adsorbents for arsenic removal by coprecipitation of iron
oxide on GO sheets [52]. The detailed method is shown in Fig. 12.3.

Manganese dioxide/iron oxide/graphene-based magnetic nanocomposites
(MnO,/Fe;04/GO) was synthesized by a simple two-step reaction and imple-
mented for the removal of hexavalent chromium ion from water [54]. In the
first step, GO—Fe3;0, was synthesized in a one-pot solvothermal method
using Fe(acac); and ethyl glycol as precursor. Then MnO, was coated with
Fe;04/GO by simple immersion into a KMnQO, aqueous solution, which is
similar to MnO, coated on carbon nanotubes.

Bhunia et al. used a different type of synthetic method for the prepara-
tion of porous rGO—Fe(0)—Fe;04 composites with high surface area for
the removal of all toxic heavy metals such as Cr(VI), Hg(I), Pb(II), Cd(Il),
and As(III) [55]. In this procedure, the Fe;O,4 nanoparticles of the rGO—Fe
(0)—Fe;04 composite were assumed to be intercalated in rGO layers and
successively converted to Fe(0) by thermal annealing at different tempera-
tures in a Ho/Ar atmosphere. At 400°C, a matrix of Fe(0)—Fe;0,4 was sup-
ported on rGO, whereas at 600°C, Fe;0, was absolutely converted to Fe(0)
(Fig. 12.4).

o Iron Oxide

YAY !

Heterogeneous
surface

FIGURE 12.4 Synthesis of the porous rGO—Fe(0)—Fe3;0,4, and rGO—Fe(0) [55].
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Metal ferrites, such as nickel, cobalt, magnesium, and manganese, are
more widely used in adsorption due to their spinel structure. They exhibit
excellent chemical stability, saturation magnetization, and easy separation.
The hydrothermal method is most popular for use in synthesis of metal fer-
rite structure. Ag—CoFe,04—GO nanocomposite was synthesized by hydro-
thermal method using Co(NOj),-6H,0, Fe(NO3);-9H,0, AgNO;, and
CH;COONa in the ethanol suspension of GO, which was used to purify both
bacteria and Pb(Il) from polluted water. This method was reported by Ma
et al. [56]. Lingamdinne et al. synthesized GO-based nickel ferrite
(GO—NiFe,0,4) using a simple cost-effective coprecipitation method. This
method uses nickel and iron nitrate solution with NaOH as precipitating
agent and Pb(IIl) and Cr(IIl) as adsorbents [57]. The other recently devel-
oped methods used to synthesize functionalized GO with iron oxide-based
nanocomposite are summarized in Table 12.2.

12.2.2.2 Preparation of GO functionalized with other metal
oxide nanoadsorbents

For adsorption of heavy metals and fluoride from aqueous systems, the most
widely studied metal oxides (excluding iron oxides) are manganese oxides,
aluminum oxides, magnesium oxide, zirconium oxide, cerium oxide, and
titanium oxides. These are cost effective, have large surface area, and are
nontoxic [43].

Jin et al. reported the synthesis of amorphous alumina-modified expanded
GO (Al,O5/GO). The composite was prepared via a facile solution method
followed by thermal treatment at 450°C for 2 h, which was used to remove
trace fluoride ions in aqueous solution [72]. S. Kanrar et al. used a simple
coprecipitation method for the synthesis of GO-based iron and aluminum
mixed-oxide composite using ammonia solution as precipitating agent [63].
The highly efficient heavy metal adsorbent AIOOH—RGO nanocomposites
were synthesized using hydrothermal method, which was reported by C. Gao
et al. [73]; 0.57 g of AI(NOs3);-9H,O and 0.27 g of urea were added to
18 mL of 0.5 mg/mL GO aqueous solution under stirring, Finally, it was
treated under hydro-thermal condition at 180°C .

Varadwaj et al. synthesized three-dimensional (3D) porous Mg — Al lay-
ered double-hydroxide nanocomposites decorated onto the GO surface using
coprecipitation technique [74]. GO was fabricated by a modified Hummer’s
method then layered double-hydroxide nanosheets were homogeneously
grown on the surface of the GO sheets by an in situ crystallization approach,
using a coprecipitation method. Wen et al. also synthesized the same materi-
als using the hydrothermal method [66]. In this procedure, GO was sonicated
in Milli-Q water for 1 h to achieve homogeneous suspensions. A solution of
MgCl, - 6H,0, AlCl;-6H,0, and hexamethylenetetramine with appropriate
ratios was added. The resulting solution was stirred and then transferred to a



TABLE 12.2 Removal of different inorganic pollutants by metal oxide-

functionalized GO nanoadsorbants.

Adsorbent

Anionic polypeptide poly
(-glutamic acid)—
functionalized magnetic
Fe;04—GO—
(0—MWCNTs) hybrid
nanocomposite

Fe304—GO

EDTA functionalized
magnetic graphene oxide

Ag/n—Fe,05@r—GO

Polypyrrole decorated
reduced graphene
oxide—Fe3;0y4

MnO,/Fe;0,/GO

Smart magnetic graphene
oxide

Iron—aluminum
oxide—graphene oxide

Hierarchical
AlOOH@reduced graphene
oxide

Graphene oxide decorated
by MgO nanocubes

Mg — Al layered double
hydroxides and graphene
oxide

Graphene oxide—hydrated
manganese oxide

Graphene oxide—MgO
nanohybrid

Preparation
method

A simple one-
pot reaction

Chemical
precipitation in
N, atmosphere

Hydrothermal
method

Chemical
precipitation

Situ
polymerization

Solvothermal

Microwave
oven under a
nitrogen
atmosphere

Chemical
method

Antisolvent
process

Precipitation
method

Hydrothermal
process

Chemical
precipitation

Precipitation
method

Target
metals

As(IIl)
As(V)

Pb(Il)
Hg(Il)
Cu(ln)
Phb(I1)

Cr(VI)

Pb(Il)

AS(V)

Pb(Il)

Pb(Il)

Maximum
adsorption
capacity
(mg/g) at pH

625.00 at 8.0
574.71 at 5.0
384.62 at 5.0

85.00 at 4
38.00 at 7

508.4 at 4.2
268.4 at 4.1
301.2 at 5.1

42.9 at 5

293.3 at 3

193.1 at 2
175.4 at 5

4.86 at
neutral pH
3.26

6.00
2213 at7

118.7 at 6.5

187.9 at 6.5

180.26 at 5

>553 at 6.5

190 at 6.5

Refs

[58]

[591

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

(Continued)
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TABLE 12.2 (Continued)

Adsorbent Preparation Target ~ Maximum Refs
method metals  adsorption
capacity

(mg/g) at pH

Functionalization of GO Hydrothermal F~ 34.24 at 6 [43]
with MgO—MgFe,O,
binary oxides

Graphene oxide/Fe—Mn Chemical Hg(ll) 329at7 [69]
composite method
3D graphene/6—MnO, Self-assembly Pb(l1) 643.62 at 6 [46]
aerogels Cdrn 250.31 at 6
Cu(ll) 228.46 at 6
MnFe,O,—graphene Solvothermal Pb(Il) 100.00 at 5 [70]
composite process Cd(n 76.90 at 7
Graphene oxide-based Precipitation Ph(Il) 25.00 at 5.5 [57]
inverse spinel nickel ferrite method Cr(I) 45.50 at 4
rGO/ZrO, Hydrothermal F- 46.00 at 7 [50]
method
SiO,—graphene composite Chemical Ph(Il) 113.6 at 6 [71]
method
Magnetic SiO,@CoFe,O4 solvothermal Cr(VI) 207.91 at 1 [47]
nanoparticles decorated on and sol—gel
graphene oxide processes
Reduced graphene oxide- sol—gel route As(V) 99.5 at 6 [48]
supported mesoporous As(I1) 77.7 at7
Fe;O5/TiO;, nanoparticles
Flower-like TiO, on Hydrothermal Cd(In 14.9 at 5 [49]
exfoliated graphite oxide method Pb(l1) 35.6 at5

50 mL Teflon-lined stainless-steel autoclave. The autoclave was heated to
140°C and maintained for 12 h. Morphology of both the materials is similar;
both are excellent adsorbent for toxic arsenic and lead from aqueous
solution.

The GO and magnesium oxide (MgO) nanohybrid (GO—MgO) was pre-
pared by simple precipitation method and has been successfully utilized for
the removal of Pb(Il) from water. Mg(NO3),.6H,O was used as a precursor
and NaOH as precipitating agent, as reported by Mohan et al. [65].
GO—MgO nanocomposite was also synthesized by Heidarizad et al. using
simple sol-gel method with MgCl,.6H,0 metal precursor [75].
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Pan et al. synthesized both o and ~ manganese dioxide-decorated GO
(GO—MnO.,). This was accomplished via fixation of crystallographic MnO,
(o, 7y) on the surface of GO. It was then used as an adsorbent material for
simultaneous removal of thorium/uranium ions from aqueous solutions [76].
GO—a—MnO,, MnCl, - 4H,0 (0.1364 g) was added into GO (0.1970 g) and
isopropyl alcohol (60 mL) solution and sonicated. An aqueous solution of
KMnOy (0.077 g KMnO4/4 mL H,0O) was immediately put into the mixture.
Then it was refluxed at 87°C with vigorous stirring. In this synthesis 12 mL
of water with 0.077 g of KMnQ,, rather than 4 mL water, was used for con-
verting the o-phase to ~-phase. The detailed synthetic mechanism is
described in Fig. 12.5.

Santhosh et al. synthesized magnetic SiO,@CoFe,0, nanoparticles deco-
rated on GO using solvothermal and sol-gel processes [47]. The prepared
nanocomposite materials were used as magnetic adsorbents for the removal
of organic and inorganic pollutants (i.e., acid black 1 dye and Cr(VI) ions)
from aqueous solution.

The rGO/ZrO, nanocomposite was prepared by Mohan et al. using a sim-
ple one step hydrothermal method in which ZrOCl,.8H,O acted as the ZrO,
precursor and GO as the supporting material [50]. Other recently-developed
GO-based metal oxides nanocomposites are presented in Table 12.2.

(-GOM)

FIGURE 12.5 Schematic diagram the growth of needle-like a-MnO, or spindle-like v-MnO,
on GO: (A) GO, (B) Mn*" adsorbed GO, (C) in situ formation of MnO, on GO by redox
reaction [76].
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12.2.3 Preparation of surface modified GO metal oxides
composite nanoadsorbents

In recent years, researchers have also focused on surface modified GO with
organic, inorganic, and polymer molecules and decoration with different
types of metal oxides nanomaterials. The main advantages of these types of
adsorbent materials include high selectivity and high adsorption capacity
because these groups can form stable chelates with heavy metal ions.

Li et al. developed a simple chemical bonding method to synthesize mag-
netic cyclodextrin—chitosan/GO and tested adsorption behaviors of Cr(VI) in
aqueous solution [77]. The results show that with the advantage of large sur-
face area, abundant hydroxyl and amino groups of the material, and the mag-
netic property of Fe;O,4, the Cr(VI) can be easily and rapidly extracted from
the water by magnetic attraction. In this method, 0.1 M 1-ethyl-3-(3-dimethyla-
minoprophy) carbondiimide hydrochloride and 0.1 M N-hydroxyl succinimide
solutions were added to the GO dispersion with continuous stirring in order to
activate the carboxyl groups of GO. The pH of the resulting solution was main-
tained at 7.0 using dilute sodium hydroxide. Magnetic cyclodextrin—chitosan
(0.1 g), the activated GO solution, and 5 mL glutaraldehyde were added into a
flask and dispersed in distilled water by ultrasonic dispersion for 10 min. After
ultrasonic dispersion, the mixed solutions were stirred at 65°C for 2 h.

Ternary magnetic composite polypyrrole-modified rGO—Fe;0, nanopar-
ticles (Ppy—Fe3;04/rGO) were fabricated by a simple two-step reaction route,
which is shown in Fig. 12.6 [61]. First, Fe;04/rGO composite was fabricated,

FeCl6H:0 _

' KBHq, Ethanol > o T 4
Qs >
rGO/Fes04
AT
apt
<
CTA

%o
(NH):5:05
{550 Py monomer

. z CTAB modified rGO/FeaO4
Ppy decorated rGO/FeaOs

FIGURE 12.6 Synthetic roots for ternary magnetic-composite polypyrrole-modified
rGO—Fe;04 nanoparticles (Ppy—Fe;04/rGO) [61].
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then polypyrrole was decorated on the surface of Fe;0,/rGO composite by
in situ polymerization. This was done using ammonium persulfate (APS) as
the oxidant. No acid was used.

Cui et al. reported the synthesis of EDTA-functionalized magnetic GO
(EDTA—GO—Fe;0,) and used it as adsorbent for heavy metal (Pb(Il), Hg
(II), and Cu(I)). GO was synthesized by modified Hummer’s method and
Fe;04—nanoparticles were synthesized by hydrothermal method [59]. For
the synthesis of magnetic GO (GO—Fe30,), the prepared Fe;04 and GO
(mass ratio of 1:1) solution was added into the Teflon-lined autoclave and
reacted for 8 h at 200°C. For EDTA—GO—Fe;0,, 1.0 g GO—Fe;0,4 was dis-
persed in 20 mL of acetic acid (10%) aqueous solution and 6.0 g EDTA was
evenly dispersed in 100 mL of methyl alcohol. Next, the mixtures were
mixed by mechanical rabbling and reacted at room temperature for 24 h.
Zhao et al. established a simple hydrothermal method for preparing ammine-
functionalized GO decorated with Fe;O, nanoparticles. This was used for
selective removal of hexavalent chromium [78]. Here, 0.5 g FeCl; - 6H,O0,
3 g sodium acetate, and 30 mL diethylenediamine were dissolved in
GO—ethylene glycol solution at ambient temperature. The mixture was trans-
ferred into a Teflon-lined stainless-steel autoclave and reacted at 200°C for
6 h. Additional materials involving synthetic procedure are listed in
Table 12.2.

12.3 Removal of inorganic pollutants from water using metal
oxide-functionalized GO—nanosubstrates

The interaction between toxic metal and fluoride ions and the surface
oxygen-containing groups such as hydroxyl, carboxyl, and epoxy plays an
important role in adsorption capacity of heavy metals on GO-based metal
oxide nanomaterials. In this section, the effect of adsorption affinity,
mechanisms, and factors (such as pH, time, and temperature) on adsorption
capacity are discussed.

12.3.1 Adsorption of anionic pollutants

The primary anionic-inorganic pollutants present in wastewater are fluoride,
nitrates, arsenic, and chromium. In aqueous solution, fluoride is present as
F, arsenic is two formed (i.e., arsenate (As(V)) and arsenite (As(IIl)), and
chromium is also two formed (i.e., Cr(VI) and Cr(III) complex). As(V) is
primarily in surface water and As(IIl) is primarily in groundwater water sys-
tems. Among the two arsenic forms, As(IIl) is present in negative ionic form
(H,AsOy) in all pH conditions. However As(V) exists mainly as H3AsO, at
pH < 2.2, H,AsO, at pH range 2.2—6.98, HAsO;  at pH 6.98—11.5 and
AsOi_ at pH > 11.5. For chromium complex, Cr(IV) is more toxic than Cr
(III). At low pH, the predominant Cr(VI) form is HCrO,, but as the pH
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increases, this form converts to CrzO%_ or CrOi_ [47,48,66,78,79]. For these
anionic pollutants, a low pH value is required for better adsorption. At low
pH the surface of the adsorbent becomes highly protonated and positively
charged, which favors the electrostatic interaction between the anionic pollu-
tants and adsorbent surface. Increasing pH of the solution makes the surface
negatively charged, greatly weakening the electrostatic attraction between
the adsorbent and negatively charged anionic pollutants. This decreases the
removal efficiency. At higher pH, there is competition between negative
hydroxyl group (OH ) and anionic contaminants.

12.3.1.1 Adsorption of fluoride (F~)

Water contaminated with fluoride ions has become a worldwide problem.
The source of the contamination is industrial manufacturing of semiconduc-
tors, makeup, ceramics, and aluminum smelting. The presence of higher con-
centration of fluoride ions in drinking water (more than 1.5 mg/L) causes
numerous bone diseases (i.e., skeletal fluorosis, dental fluorosis, arthritis,
osteoporosis, and many more) [43]. Thus the urgency to develop a
suitable technique for fluoride ion removal.

Anions have been proposed to be adsorbed on adsorbent surface through
specific and nonspecific processes. The specific adsorption involves ligand
exchange reactions, wherein the anions displace —OH groups from the sur-
face. The nonspecific adsorption involves electrostatic forces and mainly
depends on the pHpzc (point zero charge) of graphene to adsorb the fluoride
ions from water. Research suggests that fluoride adsorption by GO-based
metal oxide nanocomposite involves ion exchange between fluoride ions in
solution and hydroxyl ions on graphene. Adsorption of fluoride is affected
by the pH of the solution and an acidic medium (less pH). Adsorption capac-
ity increases with temperature. Sahoo et al. [43] used GO—MgO—MgFe,O,
magnetic nanocomposite for fluoride removal. They also researched the
affect by changing different parameters such as contact time, pH, and tem-
perature. The maximum adsorption capacity is found to be 34 mg/g at
pH = 6 with 60 min. The adsorption process followed a pseudo-second-order
kinetic equation and the Langmuir isotherm model. The mechanism of fluo-
ride adsorption includes anion exchange, electrostatic interactions, and com-
plex formation, which is shown in Fig. 12.7.

Kanrar, et al. used GO-incorporated iron-aluminium oxide for removal of
toxic fluoride ions [63]. The fluoride adsorption was higher at pH below
point of zero charge (pHzpc = 6; i.e., pH =5 of the solution). At lower pH,
adsorption occurred due to electrostatic interactions between positively
charged adsorbent surface and fluoride ions. Increase in adsorption at higher
pH was due to an ion-exchange mechanism. It followed the pseudo-second-
order kinetics model and was endothermic in nature. The spontaneity of the
reaction increased with increasing temperatures. The adsorption data
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FIGURE 12.7 Plausible mechanism for F~ removal on GO-based MgO—MgFe,0, nanocom-
posite [43].

corresponded with the Langmuir model, which indicates a monolayer adsorp-
tion occurred. The maximum adsorption capacity was found to be 27.8 mg/g.
Barathi et al. [79] used functionalized GO with AIOOH for selective fluoride
removal. It is possible to treat 2000 mL of 5.0 ppm fluoride solution at pH
7.0. This is possible at the normal pH existing in water. The AI—O(OH)-dec-
orated GO adsorbent could demonstrate its efficacy for field applications.

12.3.1.2 Adsorption of arsenic (As(V) and As(lll))

Arsenic is one of the common hazardous elements in water. The main
sources are biological activity, leakage from minerals or soils, petroleum
refining, industrial-waste discharge, mining, and agriculture where arsenic-
containing pesticides, herbicides, and fertilizers are used. Drinking of
arsenic-contaminated water can cause cancers affecting the bladder, lungs,
skin, kidney, liver, and prostate. Arsenic primarily exists in natural water in
two stable forms: arsenate As(V) and arsenite (As(III). Arsenite is more toxic
than arsenate. The removal of arsenic from drinking water is a necessity for
a safe and healthy environment [30,80].

Yoon et al. [30] have investigated arsenic removal by using GO or
reduced GO-based Fe;0, composite. They found that Fe;O,—GO exhibited
greater adsorbption capacity for both As(III) and As(V) than did
Fe;04—rGO. This is due to more surface-functional groups present on GO-
based composites compared to rGO-based composites. More Fe;0,4 nanopar-
ticle formed on GO surface than rGO surface. As(III) was more adsorbed
onto both nanocomposites than was As(V). The adsorption of As(V) mainly
occurred due to the electrostatic interaction between the positively charged
surface of adsorbents and anionic As(V) species whereas the adsorption of
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FIGURE 12.8 Attachment sites of As(III) and As(V) on FeFOOH@GO—COOH nanocomposite
[80].

As(III) was mostly dependent on surface complexation, rather than electro-
static interactions. According to this journal GO and rGO had no adsorption
capacity for arsenic. However, when Fe;O, nanoparticles were decorated on
GO and rGO, they exhibited adsorption properties toward arsenic, which was
due to the reduction process and shows difference properties. This indicates
that more Fe;O, formed on GO surface because more surface-functional
groups were present on GO, which facilitated synthesis with iron. The func-
tional group, including oxygen, supported the composition of the Fe;O,.
GO—Fe;0,4 shows better adsorption capacity than rGO—Fe;0,.

Chen et al. [80] synethesized -carboxylic-functionalized GO
(GO—COOH) decorated with akaganeite (3—FeOOH). It was used as an
arsenate and arsenite adsorbent. The adsorption process of arsenite and arse-
nate was performed within a wide range of pH 3—10, providing high adsorp-
tion capacities of 77.5 mg/g for As(Ill) and 45.7 mg/g for As(V). The
attachment sites of As(III) and As(V) on FeFOOH@GO—COOH nanocompo-
sites are shown in Fig. 12.8.

The Mg-Al layered-double hydroxides and GO nanocomposites achieved
much more adsorption capacity (183.11 mg/g) than other materials with high
concentration. The adsorption process followed the Langmuir model, which
is indicative of a monolayer adsorption [66].

12.3.1.3 Adsorption of Cr(VI)

Chromium (Cr) is one of the highly toxic heavy metals in aqueous medium.
It is discharged from electroplating, tanneries, metal refining, and textile
industries. Concentration of Cr above the permissible level (0.05 mg/L) is
carcinogenic and mutagenic to the ecosystem and humans. It can cause
health problems including lung cancer, kidney and liver damage, anemia,
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and ulcer formation. In water, chromium primarily exists in two oxidation
states (i.e., Cr(VI) and Cr(IIl)). Between them, Cr(VI) is more toxic, soluble,
and carcinogenic than the much less soluble Cr(IIl). The removal of Cr(VI)
is imperative in order to meet safe discharge levels [41,78].

Metal oxides (iron and aluminum magnesium) nanocomposites have been
used as effective adsorbent for Cr(VI), which facilitates magnetic and cost-
effective removal of Cr(VI). However, bare metal oxide nanoparticles are
likely to agglomerate to form larger aggregates in acidic solutions, which
decreases adsorption capacity. Decorating these nanoparticles on graphene
substrate is an effective method for solving this problem.

Wang et al. [61] used Fe;O, nanoparticles decorated on polypyrrole
(Ppy)-coated RGO (Ppy—Fe;0,4/rGO) to remove Cr(VI) from aqueous solu-
tions. They have also prepared Fe;O4/rGO for comparison study. It was
found that polypyrrol-coated nanocomposite shows much higher adsorption
capacity (293.3 mg/g) than that of Fe;0,/rGO at pH = 3. The removal pro-
cess and mechanism depended on pH. Thermodynamic study at different
temperatures revealed that the adsorption process was exothermic and spon-
taneous. The adsorption of Cr(VI) was facilitated through both electrostatic
attraction and ion exchange process.

MnO,/Fe;04/GO (MnO,/Fe;0,/GO) was the most effective adsorption
material for Cr(VI), as reported by Liu et al. [54]. Hexavalent chromium
adsorption by MnO,/Fe;0,/GO was primarily pH dependent and showed
excellent adsorption capacities both at pH 5.0 (maximum adsorption capaci-
ty =175.4 mg/g) and pH 2.0 (maximum adsorption capacity 193.1 mg/g).
The adsorption data followed pseudo-second-order kinetic model. It was also
stable and easily recovered from water.

Recently, Zhao et al. [78] used both amine-functionalized GO decorated
with Fe;0,4 and GO decorated with Fe;04 nanocomposites for the removal
of Cr(VI) from aqueous solution. It was found that amine-functionalized
materials show maximum adsorption capacity (123.4 mg/g). The adsorption
process was pH dependent. At pH = 2.0, maximum adsorption was achieved.
The mechanism of Cr(VI) adsorption on the adsorbent surface was mainly
the electrostatic attraction and reduction process from Cr(VI) to Cr(IIl) by
using pi electrons from GO ring. The Cr(Ill) complex then chelates with
amine groups. The attaching sites for Cr(VI) removal are shown in Fig. 12.9.

12.3.2 Adsorption of cationic pollutants (Pb(Il), Hg(ll), and Cd(Il))

Pb(Il), Hg(Il), and Cd(II) are toxic, cationic, inorganic metals in wastewater.
Natural and anthropogenic activities such as mining activities, waste inciner-
ation, and oil and coal combustion are the major sources of these toxic heavy
metals emissions. Their presence in water causes detrimental effects on
humans and the environment. Long-term consumption of these heavy metals
will cause serious health problems including anemia, cancer, kidney disease,
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FIGURE 12.9 Cr(VI) removal on amine-functionalized GO decorated with metal oxide in
acidic medium.

mental retardation, renal damage, emphysema, hypertension, cardiovascular
disorder, diabetes mellitus, and skeletal malformation. It is necessary to
remove these toxic ions from drinking water [49,56,69].

The adsorption of these cationic metal ions on nanocomposite can be
achieved by three types of interactions: electrostatic interaction, ion
exchange, and complex formation [59,70]. The presence of oxygen-
containing groups on GO sheets can be used as attaching sites to bind ions
by electrostatic interaction, ion exchange, and coordination. Higher pH value
is required for adsorption of these metal ions. At lower pH, there is a compe-
tition on carboxylate and phenoxide (—COO~ and —O )—sites of GO
between proton and positive metal ions, which will result in a lower adsorp-
tion capacity. However, at high pH values, there is a formation more of
above groups to carboxylate and phenoxide ions (—COO and —O )—and
provide electrostatic interaction that are favorable to adsorb cationic species.

Mohan et al. [65] reported the removal of Pb(Il) ions from water using
GO-based MgO nanocubes (GO—MgO). The maximum adsorption capacity
was 187.9 mg/g at pH 6.5 with initial lead concentration of 80 mg/L. They
examined the adsorption mechanism of Pb(I) on GO—MgO surface. The
adsorption involved two processes: adsorption by GO and ion exchange reac-
tion between Pb(Il) and Mg(Il), as shown in Fig. 12.10.

Three-dimensional graphene/6—MnO, aerogels were used for the removal
of heavy metal ions (Pb(Il), Cd(II), and Cu(Il)). They exhibited a fast
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FIGURE 12.10 Schematic representation of mechanism of Pb(II) removal GO-decorated metal
oxide nanoparticles [65].

adsorption kinetic rate and superior adsorption capacity toward heavy metal
ions because of their unique structural characteristics [46]. The maximum
adsorption capacities of graphene/6—MnO, aerogels were as large as
643.62 mg/g for Pb(Il), 250.31 mg/g for Cd (II), and 228.46 mg/g for Cu
(II). The heavy metal ions could not only adsorb on the surface of graphene/
d—MnO,, but also inserted into the interlayer gaps of birnessite MnO,, which
produces the synergistic effect of the static-electrical attraction, surface com-
plexation, and ion exchange.

Tang et al. [69] synethesized GO-based different Fe—Mn oxide nanocom-
posites for Hg(Il) removal. These materials were effective for removal of
mercury and reduction of bioavailability. Fe—Mn oxides were coated on the
GO surface through oxygen-containing functional groups. They interacted
with more sp® defects and had greater thermal stability than GO. Several
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metal oxides (FeOOH, Fe,O;, MnO,, MnOOH, and MnO), when on the
surface of GO/Fe—Mn and oxygen-containing functional groups of GO can
stop mercury through ligand exchange and surface complexation. The adsorp-
tion equilibrium is nonideal in nature, i.e., multilayer sorption at low mercury
concentrations, while a monolayer adsorption at high concentrations.

EDTA-functionalized GO decorated with magnetic metal oxide
(EDTA—Fe;0,—GO) is a good adsorbent for Pb(II), Hg(II), and Cu(Il), as
reported by Cui et al. [59]. The effect of adsorbent dose, contact time, pH,
and initial concentration on adsorption process were examined.
EDT—Fe;0,—GO showed more adsorption capacities than parent composites
(EDTA—-GO, EDTA—Fe;0,4, and Fe;04,—GO). The adsorption mechanism
depends on electrostatic attractions and chelation. Their magnetic properties
expedite solid—liquid separation. The adsorption data corresponded to the
pseudo-second-order kinetic model and Freundlich and Temkin isotherms
models rather than the Langmuir model. The optimum adsorption capacity
was 508.4 mg/g for Pb(Il), 268.4 mg/g for Hg(Il), and 301.2 mg/g for Cu(Il).
Thermodynamic studies indicate that the adsorption process was endothermic
and spontaneous in nature.

Additional recently developed GO-based metal oxide nanomaterials used
to remove inorganic pollutants are listed in Table 12.2.

12.3.3 Adsorption isotherms, kinetics, and thermodynamics

We will describe the adsorption process using the two most frequently used
isotherm models, Langmuir and Freundlich. The Langmuir has monolayer
adsorption at homogenous surface and the Freundlich has heterogeneous
adsorption due to the diversity of the adsorption sites or the diverse nature of
the ions adsorbed [43]. From the reported experimental data
[30,44,45,51,61,77], almost all of the adsorption isotherms for GO-based
metal oxide nanocomposites follow the Langmuir model rather than the
Freundlich. This confirms that a monolayer adsorption occurs in homogenous
adsorption sites on GO-based metal oxide nanocomposites.

The kinetics of the adsorption process describes changing the contact
time of the adsorption experiments and determining how these changes affect
adsorption. The adsorption-kinetic data are typically examined in terms of
pseudo-first-order, pseudo-second-order kinetic models. Almost all the
adsorption kinetics for GO-based metal oxide nanocomposites followed the
pseudo-second-order kinetics [44,45,59,78,79]. This is based on the assump-
tion that the rate-limiting step might be chemical adsorption and the adsorp-
tion behavior might involve valence forces through sharing or exchange of
electrons between adsorbent and adsorbate [58].

Thermodynamic studies are carried out in order to evaluate the feasibility
of the adsorption process. It has been shown that the adsorption process for
GO-based metal oxide nanocomposites was spontaneous and endothermic in
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nature [42,43,45]. For all GO-based composites, it was found that the change
in Gibbs energy (AG) value was negative and that both enthalpy (AH) and
entropy (AS) were positive. The negative value of AG showed the adsorp-
tion process was spontaneous. The positive value of AH showed the adsorp-
tion process was endothermic in nature and adsorption capacity increased
with increase in temperature. A positive value of AH also indicated that
metal ions dissolved well in water and the hydration cover of metal ion had
to be destroyed before its adsorption on the adsorbent. Because this process
requires more energy, high temperature is helpful for high adsorption. The
positive value of AS revealed increasing randomness at the solid-liquid inter-
face during the adsorption process.

12.3.4 Regeneration of adsorbents

Regeneration (reusability) and desorption studies of adsorbents are important
for developing an advanced and cost-effective adsorption process [43]. The
graphene-based adsorbent can be defined as an advanced adsorbent. The
desorption agents used to regenerate the adsorbent are generally HCl, NaOH,
EDTA, and thiourea—HCI solution [51,59,65]. For inorganic catatonic pollu-
tants such as Pb(Il), Cd(II), and Hg(I), HCl was used as a desorption agent
because the adsorbent surface was completely covered with H' ions. After
addition of HCI, metal ions could not compete with H" for ion-exchange
sites and moved away from the solid surface into the solution. This has also
occurred with the use of NaOH solution for the desorption of anionic-
inorganic pollutants including F, As(V), As(Ill), and Cr(VI). Fluoride-
adsorbed MgO—MgFe,0,/GO nanoadsorbent was used for the desorption
study [43]. The fluoride-adsorbed MgO—MgFe,O,/GO is produced by
adsorbing 10 mg/L fluoride solution on 0.05 g MgO—MgFe,0,/GO per
100 mL at pH 6. After adsorption, the adsorbents were removed by centrifu-
gation and repeated washing. The adsorbent was then reduced after perform-
ing desorption studies at different pH values (8—12) by addition of 0.1 M
NaOH solution. Fig. 12.11A shows that up to pH 8, and no fluoride comes
into the solution. The desorption efficiency increases to 97% of fluoride as
the pH increases to pH 12. The MgO—MgFe,0,/GO adsorbent performed
well after reuse (Fig. 12.11B) with only a slight decrease in its efficiency.
The adsorption percentage of fluoride was found to be 91.0%, 87.0%,
77.0%, 67.0%, and 57.0% for the first, second, third, fourth, and fifth cycles
of fluoride operation, respectively.

Most of the Pb(I) and Hg(I) adsorbed on EDTA—Fe;04,—GO surface
was easily removed by HCI [59]. After five recycles, EDTA—Fe;0,—GO
still showed good adsorption efficiency (86.4% of Pb(Il) and 85.9% of Hg
(II)). This suggests that with these metals the nanoadsorbents can show good
adsorption capacities after up to five successive cycles.
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FIGURE 12.11 (A) Desorption of fluoride from loaded MgO—MgFe,0,/GO at various pH values; (B) regeneration results for MgO—MgFe,0,/GO over five
cycles [43].
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12.4 Conclusions

This chapter focused on the adsorption applications of metal oxide nanoma-
terials and functionalized GO nanoadsorbents for the removal of inorganic
pollutants (As, Cd, Hg, Cr, Pb, and F) from water. Due to specific layered-
functionality structure, a large number of adsorption-active sites such as car-
boxyl, hydroxyl, and epoxy functional groups, pi electrons, and the outer
surface of the decorated nanoparticles improve adsorption efficiency. The
electrostatic interaction and low pH value enable the adsorption of anionic
pollutants such as As, Cr, and F. A high pH value favors the adsorption of
cationic pollutants such as Cd, Pb, and Hg. Anions have adsorbed on adsor-
bent surface through specific and/or nonspecific adsorption. Cations are
based on the electrostatic interaction, ion exchange, and complex formation.
The adsorption kinetics and isotherms can be described by Langmuir and
pseudo-second-order model. The adsorption process for GO-based metal
oxide nanocomposites is spontaneous and endothermic in nature. The regen-
eration of adsorbents can be achieved with desorption agents such as HCI or
NaOH solution. The adsorption efficiency is found to be decreased by
increasing the number of regenerated cycles.
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13.1 Introduction

During the last few decades, pollution by organic substances has become a
global threat and its level is continuously increasing due to urbanization,
rapid development, and lifestyles [1]. The high stability toward heat, light,
and oxidizing agents led to the persistence of pollution by organice sub-
tstances and accumulation in the environment [2]. Accidents related to these
pollutants have caused severe damage to the environment (Table 13.1).

Various industries such as the textile, cosmetics, pulp and paper, food
processing, pharmaceutical, and pesticide industries discharge untreated
effluents to water bodies [4] and exert an enormous hazard to the hydro-
sphere and living organisms [5—7]. Among the constituents of wastewater
(Table 13.2), synthetic dyes, pesticides, amine, phenol and substituted phe-
nols, and polycyclic aromatic hydrocarbons (PAHs) are abundantly present
[8]. Like other POPs, they may also be transformed into more toxic bypro-
ducts [8—16].

Such pollutants are introduced to humans via contact with air, food,
water, soil, and dust (Fig. 13.1). Dyes change the quality of water by just a
small concentration (~ 1 ppm) [17—21]. Azo dyes are used [22] frequently,
as are benzidine, and both are carcinogenic. Pesticides released from various
industries, anthropogenic activities, and surface excess from agricultural
areas are the most abundant pollutants in the wastewaters of growing nations
[23—25]. Most of the pollutants are toxic and are allegedly cancer-causing
with endocrine disruptor potential [26—29]. Aromatic amines such as benzi-
dine, toluidine, chloroanilines, and many more have been seen in the
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TABLE 13.1 Some important organic pollutants related accidents

worldwide (Rani 2012) [3].

Pesticide

Parathion

HCH
Endrin
HCH
Endrin

DDT

Diazinon
HCH

Endrin

Aluminum
phosphide

Methyl
isocyanate

Cartap
hydrochloride

Endosulfan

Phorate

Endosulfan

2,3,7,8-
tetrachlorobenzo-
10-dioxin (TCDD)

Sarin

Pesticides

Phenol

Place

India

India

India
India
India
India

India

India
India

India

India

India

India

India

India

India

Italy

Japan

USA
USA

Year

1958

1962

1963
1964
1963
1964
1965

1968
1976
1977

1983

1984

1988

1997

2001

2002

1976

1985-95

1968—78
1974

Causes References

Contaminated food Rani (2012)
due to leakage 3]

Inhalation in
manufacturing plant

Contaminated rice
Contaminated food
Contaminated rice
Contaminated food

Contaminated
chutney

Contaminated food
Mixed with wheat

Contaminated crabs
in rice field

Contaminated food
grain

Storage tank leakage

Factory workers

Contamination due to
aerial spray

Spray drift from
banana field

Contaminated wheat
flour

Air pollution due to De (2010)
poisonous gas [304]

Mass poisoning Nagami

(2010) [305]
Contaminated food Laseter (1978)

Baker et al.
(1978) [306]

Accidental spillage

(Continued)
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TABLE 13.1 (Continued)

Pesticide Place
Phenol India
Phenol New
Zealand
2,4-dinitrophenol China

2,4-dinitrophenol USA

Phenol USA
PAHs (Lakeview USA
Gusher)

PAHs (Kuwaiti oil Kuwait
lakes)

PAHs (Kuwaiti oil Kuwait
fires)

PAHs S. Korea
PAHs USA
PAHSs (Sundarbans Bangladesh
oil spill)

PAHs (Ennore oil Chennai

spill)

PAHs (Lakeview USA
Gusher)

Year

1999

1980

2009

1933-38

1974

1910

1991

1991

2007

2010

2014

2017

1910

Causes References

Accidental overdose Gupta et al.

of phenol (2008) [307]
Absorption of phenol Lewin and
through skin Cleary

(1982) [308]

Lu et al.
(2011) [309]

Nonoral exposure to
workers in a chemical
factory

Bartlett et al.
(2010) [310]

Poisoning due to
weight loss pill

Accidental spillage of Baker et al.

37,900 (1978) [305]

1200 tons of crude oil Rani and

released Shanker
(2018) [102]

Kuwaiti oil lakes
accidental spillage

136,000 tons of crude
oil released

MT Hebei Spirit oil
spill

Deep Water Horizon
oil spill

Accidental spillage

Accidental spillage

1200 tons of crude oil
released

environment, as degeneration or degradation intermediates of those recalcitrant
compounds are extremely noxious [30,31]. Phenol and its derivatives have
been designated as priority pollutants with protein-degenerating effects, and
they are difficult to degrade in conventional wastewater treatments. Another
emerging problem is PAHs released into the atmosphere due to volcanic erup-
tions, accidental oil spills, inadequate burning of fuel, coal, etc.) [32,33].
During the last few decades, the concentration of PAHs has increased tremen-
dously and can be found everywhere in the ecosystem—air, soil, sediment, water,
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TABLE 13.2 Constituents of wastewater (Henze, 1992).

Type

Microorganisms

Organic
materials

Synthetic
organic
materials

Nutrients

Inorganic
materials

Radioactivity

Autotrophs

l Vertebrates including birds

3
-

Polycyclic aromatic hydrocarbons
-

— ~
-1

Components

Pathogenic bacteria, virus, etc.

Oxygen depletion in rivers,
lakes, and fjords

Pesticides, fat, oil and grease,
dyes, phenols, amines, PAHSs,
pharmaceuticals, etc.

N, P, ammonium, Ca, Na,
Mg, K, etc.

Acids, bases, heavy metals (Hg,
Pb, Cd, Cr, Cu, Ni)

Various radioactive elements

7y
el =

! ¥, \
Microorganisms -
& )
-
Warms and inserts et
Phytoplankton Zooplankton
o n /
£l
Fish and Aquatic Organism
mnulorcs
— /

Man

Effects

Risk while bathing and eating
fish

Eutrophication, aquatic death,
may contain disease-causing
microorganisms

Toxic effect, aesthetic
inconveniences,
bioaccumulation

Eutrophication, oxygen
depletion, toxic effects

Corrosion, toxic effect,
hardness, aquatic death,
bioaccumulation

Toxic effect, accumulation

FIGURE 13.1 Biological transfer
of OPs to man via food chain and
food web.

oil, tar, and foodstuffs—as well as in the tissues of various aquatic creatures and
birds [34—37]. Several researchers have reported that over 80,000 tons of PAHs
are being discharged into the bodies of water every year [38,39]. The low water-
solubility of PAHs prompted their resistance to degradation, and their toxicity
increased with molecular weight [40,41]. Due to extensive contamination, recalci-
trant, and potential of persistence (called bioaccumulation), 17 unsubstituted
PAHs have been categorized as priority pollutants by the USEPA [42].

Presently, more than 10,000 types of organic dyes, approximately 700,000
tons annually, have been produced as per statistics in the Color Index [43].
China is the world’s largest consumer of organic color pigments, and India
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accounts for nearly 10% of the total consumption [44—47]. The largest con-
sumption of pesticides is reported in Europe, and Asia is second. In Asia,
China is the leading manufacturer of pesticides, and India stands second with
an annual production 100,000 million tons (MT). In fact, India ranks twelfth
globally [48]. Out of 415 carcinogenic chemicals, 12% are recognized to be
AA [49]. Aniline is listed as a high-priority chemical in the study of wastes
from coal-conversion processes [50]. A recent report on aniline estimated that
by 2019, the insulation sector will be the largest end user of aniline (~46%),
followed by the rubber product sector (11.5%) and consumer transportation
sectors (10.3%) worldwide. Due to the sharp increase in automotive and infra-
structure industries, aniline consumption was 6.6 MT in the year of 2016 and
is expected to reach 8.1 MT in 2019 [51]. Due to their widespread utilization,
toxicity, and resistance to degradation, there is a tremendous need right now
to develop inexpensive and/or easy-to-handle solutions for the effective removal
of such pollutants from the environment [52—54]. NMs are playing a bigger
role in the removal of pollutants and remediation of pollutant-affected sites
owing to their increased specific surface area, roughness, and enhanced surface
properties [55,56]. Investigations on carbonaceous NMs (e.g., fullerenes C60,
CNTs, and graphene), metal/moss (e.g., Au, Ag, TiO,, ZnO, zero-valent Fe0,
Ag0, and Au0), semiconductor quantum dots (QD) (e.g., CdSe, ZnSe, and
CdTe), zero-valent metals, and various types of nanocomposites and dendrimers
are in progress [55—59]. Additionally, noble metals have shown advanced elec-
trocatalytic or photothermal activities in the near-IR region (1000—2000 nm
wavelength), and nanoclusters, nanofibers, nanowires, and nanosheets have also
been used [60,61]. ZnO nanostructures have been utilized in the removal of
dyes like methylene blue to their photocatalytic efficiency.

Recently, functionalized NMs (Fig. 13.2) have been in demand for
diverse high-tech and engineering applications due to the extraordinary tran-
sitions in their properties as compared to bare NMs [62,63]. Limitations
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(A) (B) ©) (D)

=

Various Functionlized Nanomaterials

(A) Nanomaterials of metal, metal oxides, metal sulfides, etc.
(B) CNTs based nanomaterials

(C) Fullerenes based nanomaterials

(D) Polymer nanocomposites (Metal+Polymers, etc.)

(E) magnetic core shell based nanomaterials

FIGURE 13.2 Various functionalized NMs.
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(e.g., high aggregation tendency, less surface reactivity, and mobility) of
bare NMs can be diminished by surface modification, hybridization of NHs
with one or more NM conjugates, and green synthesis [64].

Br-functionalized CNTs were prepared by the vapor-phase bromination
method where multiwalled nanotubes (MWNTSs) were treated with bromine
vapors [65]. Functionalization creates engineered nano-materials with
reduced band gap, are environmentally friendly, and have higher stability/
reactivity and multifunctionality. Advance functionalized NMs have been
examined for their excellent adsorptive removal ability, chemical reactivity,
and antimicrobial activity for water treatment and environmental remedia-
tion. The carboneous NMs in combination with metal or metallic oxides
(e.g., ZnO/graphene/CNTs) showed excellent potential in the removal of
recalcitrant from wastewater. The main reason for such high activity was
predicted on the basis of alteration in the band gap, grain size, crystal
defects, and doping with carbon-based NMs like CNTs, grapheme, etc. or
the synergistic effect in between CNMs and metal-based NPs. Synthesis of
carbonadoes NMs, fullerenes, CNTs, and graphene have been reviewed
[66—68]. Fig. 13.3 displaying the extraordinary carbon nanomaterial combi-
nations with other NMs. Recently, nanozerovalent iron (nZVI) and its deriva-
tives have shown excellent removal and degradation capability in in situ
nanoremediation of soils, sediment aquifers, and groundwater. Moreover, it
was also found that surface modification of nZVI by surfactants, polyelectro-
lytes, polymers, and macromolecules exhibited higher efficiency and
economy.

FIGURE 13.3 Expansion and development of
various types NMs conjugations. Inspired from
[69] Shanker U, Jassal V, Rani M, Kaith BS.
Towards green synthesis of nanoparticles: From

g
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13.2 Environmental concern of organic pollutants

Growing population, rapid industrialization, modernization of developments,
agronomic, and domestic wastes are detoriating the quality of water and soil
around the globe. Synthetic dyes, pesticides, aromatic amines and phenols,
and emerging PAHs are entering bodies of water in large quantities. These
recalcitrants toxins in the form of secondary waste, persistent and sometimes
metabolites [1,3,70,71]. Azo dyes and benzidine are highly carcinogenic, as
well as explosive [18]. Their untreated discharge to bodies of water must be
prohibited as it might contain carcinogens [20]. The European Commission
has disqualified several noxious azo dyes, such as navy blue, used in the
leather industry [72]. Presently, China produces 40%—45% of the world’s
total dye consumption [10]. It has been reported that after processing around
12—20 tons of textiles, 3000 m> of water is let out per day [73,74]. Another
big problem is the use of pesticides (dispersed off: 85%—90%). It is esti-
mated that pesticide use was 5.5X 10°kg in the United States and
2.59 X 10” kg globally in 1995 [9]. Regardless of stern conventions, priority
hazardous substances [75] are still found in rivers and seafood indicating
their long persistence or current use [76,77], There have been several cases
of pesticide poisoning reported in developing countries like India, and, as a
consequence, many lives are lost every year (e.g., between 1997—2002 sev-
eral farmers died due to endosulfan poisoning) [78].

The 80,000 tons/year of untreated PAHs discharged to the water streams
are evolving and, they are documented as ubiquitously present in the envi-
ronment as carcinogens and mutagens [38,79]. It has been reported that
46%—90% mass of individual PAHs are emitted by motor vehicles in the cit-
ies [80,81]. Indoor emission contributions to PAHs include ~16% in United
States, 29% in Sweden, and 33% in Poland [82,83]. Individuals expend
80%—93% of their time indoors inhaling PAHs [84]. Oil spills in coastal
regions are the main reason PAH pollution has caused loss of various marine
lives [85]. A total of 17 unsubstituted PAHs have been identified as priority
carcinogens by USEPA [86].

Aromatic phenols and amines are major organic constituents ordinarily
found in wastewater (range: 1—100 mg/L) [51,87]. The USEPA has deter-
mined that exposure to phenol in drinking water at a concentration of 4 milli-
grams per liter (mg/L) for up to 10 days is not expected to cause any adverse
effects in a child. [88,89]. Phenols are dangerous for the life of aquatic bod-
ies at 9—25 mg/L [90,91]. Consequently, the EPA lists phenols as specific
priority pollutants [92,93]. Bisphenol A (BPA) is another common pollutant
found in wastewater due to its extensive use and bulk production as a plastic
antioxidant. BPA affects marine creatures and distresses physiological func-
tions even at picogram concentrations [94—96]. The annual growth rate of
BPA as a pollutant was found to be 4.6% from 2013 to 2019 due to world-
wide demand of plastics (e.g., around 6.5 MT) [97].
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With these facts in mind, it may be concluded that there has been an
increase in concern about the removal of harmful pollutants and toxic meta-
bolites prevalent in the environment. Moreover, these pollutants may also be
produced by the degradation of several biocalcitrant substances. A number
of reviews have been published on NPs and surface modification and func-
tionalized NMs, including silica-based, carbonaceous, and metal-based, for
water treatment and environmental industries application [9,98,99]. It was
concluded that functionalization can help to overcome the limitations of bare
NPs and provide favorable future prospects for environmental remediation
and removal of pollutants like PAHs, dyes, heavy metals, etc., from waste-
water. Chemical approaches are better for the NM diversity and ability to
outfit them with large number of functionalities [98]. Carbon-based functio-
nalized materials are frequently used as promising adsorbents for treating
organic and inorganic wastewater pollutants. Jun et al. [100] reviewed func-
tionalized CNT and graphene for organic pollutant (e.g., organic dye and
phenol) removal. Nanoadsorbents-based polymer nanocomposites are more
beneficial for environmental sustainability due to their low-energy consump-
tion, large adsorption capacity, ease of operation, high stability, selective
sorption, recycling, and biodegradation [101]. Rani et al. [102] discussed the
impact of engineered NMs like metal-based nanoparticles (e.g., Ag, Fe, and
Zn), MO (TiO,, ZnO, and Fe,03),, CNTs, and nanocomposites for industrial
and public health. The present chapter reviews the different synthesis meth-
ods for functionalization of various nanoparticles for their application in
environmental remediation. The chapter also presents the future challenges,
perspectives, and directions in the area of NM functionalization and their
utilization.

Methods of NM Functionalization: NMs can be mainly functionalized by
a direct (co-condensation and in situ) and indirect (grafting) functionalities
including organic ligands, inorganic moieties, and surface polymerization.
Table 13.3 represents the various methods for the functionalization of NMs.

13.2.1 Direct functionalization

Direct functionalization is the modification of NMs by bifunctional ligands
containing complex and modifying groups (—COOH, —OH, and —NH,) dur-
ing one-pot synthesis (Fig. 13.4). Homogeneous surfaces, better control over
the amount of ligand incorporated in the nanomaterial, and the opportunity
of using a wide variety of functional groups are a few advantages of
functionalization.

13.2.1.1 Covalent functionalization

Carbon-based NMs and nZVI have been extensively functionalized by cova-
lent mechanisms, including surface oxidation, alkali activation, doping with
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TABLE 13.3 Details of methods for functionalized nanoparticles.

Functionalized
NMs

oMWCNTs

oMWCNTs

oMWCNTs

oMWCNTSs

oMWCNTSs

Method of
functionalization

Oxidation by sodium
hypochlorite

Oxidation by 18%
H>0,

Oxidation by
concentrated H,O5:
H,OSO, (1:3,v/v)

Alkali activated using
KOH:CNTs (6:1) +
750°C for 1 h under
flowing argon

Sulfonation by H,SO,
(98%) + MWCNT
Covalent
functionalization

Details of
method

MWCNTSs were
oxidized by
various
concentrations of
sodium
hypochlorite

MWCNTs (2.0 g)
were added to
200 mL solutions
of 8 M HNO3,
18% H,0O,, and
1M KMnO,
(acidified),

separately

50 mg Cqp was
dissolved in 50 mL
benzene, + of

2 mL of 2 mol/L
NaOH, 5 drops of
tetra-
butyl—ammonium
hydroxide (TBAH,
40% in water),
and 5 mL 30%
H202

A mixture of
purified CNTs and
KOH powder was
performed in a
stainless steel with
weight ratio of
KOH to CNTs was
6:1

Sulfonation by
H,SO,4 (98%)

+ MWCNT
sonication for

30 min, heating to
180°C for 24 h
with are flux
condensation

References

Yu et al.
(2004)

Salam (2012)

Wang et al.
(2013) [84]

Ma et al.
(2012)

Ge et al.
(2012)

(Continued)
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TABLE 13.3 (Continued)

Functionalized
NMs

Graphene oxide

GO—-EDTA

Carboxylated
MWCNTs
(C—MWCNTs)

G-tea polyphenols

G—CTAB

Method of
functionalization

Covalent
functionalization

Covalent
functionalization

Covalent
functionalization

Noncovalent
functionalization

Noncovalent

Details of
method

Grafting with
Diazonium
compounds by
GO + aryl
diazonium salt of
sulfanilic acid in
an ice bath for 2 h

Silylation process;
Silylation reaction
of N-
(trimethoxysilyl
propyl)
ethylenediamine
triacetic acid
(EDTA-silane) with
GO in ethanol
solution

Thiolation;
Cysteamine
hydrochloride +
CMWCNTs
inethanol. ThenT-
ethyl (3,3 die-
amino-
propelacetate)

caroboamide(EDC)
was used for better

reaction between
C-MWCNTs and
cysteamine
hydrochloride

m—m stacking
between oxidized
tea polyphenols
and grapheme
nanosheets

lonic interactions
between the
carboxyl group of
GO with the
ammonium ion of
CTAB. CTAB—-GO
was reduced to
form G—CTAB

References

Zhao et al.
(2012)

Madadrang et
al. (2012)

Robati et al.
(2016)

Song et al.
(2012)

Wu et al.
(2013)

(Continued)
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TABLE 13.3 (Continued)

Functionalized
NMs

GO—poly
(amidoamine)

Graphene/6-MnO,

MWCNT/AlL,O4

Au Cu, Ag, Pd S,
Sn, Ni, FeC doped
with nZVI

Hollow TiO,-

doped with Sn and

C

Fe;0,@Si0,
MNPs

Method of
functionalization

Polymer coated

Inorganic
functionalization

Inorganic
functionalization

Doping

Doping

Modified by grafting

Details of
method

Grafting-from
method Cus,

Redox reaction
under microwave
irradiation

Pyrolysis of
aluminum nitrate
on to the surface
of oxidized
MWCNTSs

Doping of nZVI
was carried out
with 1 wt.% Cu,
Ag, or Au, freshly
made nZVI was
introduced to

Cu, +, Ag+, or
Au; + solutions
separately (the
weight ratio of
Me/Fe was 1%,
Me = Cu, +,
Ag+, and Aus +),
and the mixture
was ultrasonicated
(Crest, USA) for
20 min at 25°C

CS (0.4 +
20 mL of ethanol
and stirred
vigorously for

30 min. 5 mL of
titanium
isopropoxide -+
20 mL of ethanol
was added drop-
by-drop stirred
vigorously for 1 h

Fe;0,@ SiO,
MNPs were
grafted by poly
(1vinylimidazole)

References

Yuan et al.
(2013)

Ren et al.
(2011)

Gupta et al.
(2011) [13]

Su et al.
(2014), Devi
and Saroha
(2015), Jin et
al. (2018)

Ao et al.
(2010) [85]
Shi et al.
(2012) [86]

Shan et al.
(2015)

(Continued)
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TABLE 13.3 (Continued)

Functionalized
NMs

bimetallic oxide
NPs

Fe,03@ZnHCF

SnO,—7ZnO

heterostructured
Bi,O5;—ZnO

Method of
functionalization

Mixing, covalent
bonding

Doping, Azarichta
indica

Homogeneous
precipitation combined
with a hydrothermal
treatment

Hydrothermal—thermal
decomposition

Details of
method

To the one metal
salt solution

(0.05 M, 100 mL);
another metal
solution (0.05 M,
100 mL) surfactant
(A. marmelos) was
added dropwise

Suspension of
Fe,O5; was added
to Zn(NOs),

(0.1 M, 100 mL),
Ks4[Fe(CN)gl

(0.1 M, 100 mL)
and 2 mL of plant
extract (molar
ratio 1:1:1)

Two steps: 1.
synthesis of
nanosized SnO,
and reaction of as-
prepared SnO;
particles with zinc
acetate followed
by calcination at
500°C.
Mesoporous
network of
aggregated
wurtzite ZnO

(27 nm) and
cassiterite SnO,
nanocrystallites
(4.5 nm)

XRD: monoclinic
lattice phase of
Bi,O3 and the
hexagonal
waurtzite phase of
ZnO. HR—SEM:
ordered mixture of
nanofiber and
nanochain
structures

References

Rani and
Shanker (2018)
[10]

Rachna et al.
(2018) [871],
Rani and
Shanker (2018)
[102]

Uddin et al.
(2012)

Balachandran
and
Swaminathan
(2012)

(Continued)
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TABLE 13.3 (Continued)

Functionalized
NMs

Cadmium
sulfide—ferrite
nanocomposite

Cu**—-ZnO

Zn-doped CdS
nanoarchitectures

Graphene /ZnO

FeWO,@ZnWO4/
ZnO

ZnO as zinc
glycerolate

Method of
functionalization

Two-step hydrothermal
method

Flame spray pyrolysis
process

Simple hydrothermal
method with water as
the only solvent

chemical deposition-
calcination

Two-step hydrothermal
method

Nonhydrolytic route

Details of
method

Magnetically
recyclable
photocatalyst

Surface
modification by a
cocatalyst on ZnO

Improvement of
photocatalytic
activity and
stability of CdS
through the
method of metal
ion doping

Solvent exfoliated
graphene (SEG),
Zn(NH;)4COs3,
NaOH as a
precipitating
agent, and poly
(vinylpyrrolidone)
as an interface
linker

Dispersing of
FeWO,
nanoparticles on
the surface of
ZnWO,4/ZnO
nanorods

Glycerol has been
used both as a
ligand and as a
solvent. This
glycerolate
precursor has
subsequently been
converted into the
hexagonal phase
of zinc oxide

References

Xiong et al.
(2013)

Kumar et al.
(2014) [88]

Yang et al.
(2012)

Ong et al.
(2014)

Wang et al.
(2016)

Das and
Khushalani
(2010)

(Continued)
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TABLE 13.3 (Continued)

Method of
NMs functionalization

Functionalized

Znln,S,
microspheres

Hydrothermal method

Cu,ZnSnS,;—Pt/Au

Zn-doped In(OH)
ySz

ZnO-graphene Hydrothermal process

ZnO and Zn/Mg
Oxide
Nanoparticles

Sol—gel method

TiO,coated ZnO Hydrothermal method

(Cu—Zn0O, Cu- surface plasmon
Cu,0—-Zn0, and resonance (SPR) effect
Cu,O—-Zn0O)

Hydrothermal method.

Details of
method

The specific
surface area
(SBET) of ZnIn,S,
products declined
with increasing
synthesis
temperature. The
80°C sample had
the largest SBET
(85.53 m%/g)

Quasispherical
Cu,ZnSnS,
nanoparticles with
unprecedented
narrow size

IN(NO3)3,
thiourea, and Zn
(NO3); in an
aqueous solution
of
ethylenediamine

Hydrothermal
method addition
of ZnO to
graphene under
pressure

Formation of
crystal defects by
the incorporation
of Zn into MgO

Coating of TiO,
with ZnO under
wet chemical
process

varying the
complexing
agents; introduced
cheap and
common Cu and
Cuy0 in ZnO
matrix individually
and conjointly

References

Chen et al.
(2009)

Yu et al.
(2014)

Li et al. (2008)

Malekshoar et
al. (2014)

Sierra-
Fernandez et
al. (2017)

Wang et al.
(2015)

Pal et al.
(2015)

(Continued)
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TABLE 13.3 (Continued)

Functionalized
NMs

Polyacrylamide/
Ni0.02Zn0.98

CuS/ZnO
nanowires

Graphdiyne—ZnO

Nanohybrids

Zn;_, Cd,S
Nanocrystals

Znln,S,
nanocrystals

Multivalent Cu-
doped ZnO
nanoparticles

Method of
functionalization

In situ mixing

Two-step wet-chemical
method

Hydrothermal method

Solvothermal synthesis

A one-pot method

Metathesis-based,
green-chemical
approaches

Details of
method

by addition of
nanoparticles
during
polymerization of
acrylamide in
aqueous medium
using ammonium
persulfate and N,
N’-methylenebis
(acrylamide)

nanowire arrays
are compactly/
vertically aligned
on stainless steel
mesh

The utility of
carbonaceous
materials for
hybrid
semiconductor
photocatalysts has
been rapidly
increasing in
recent years

Template-free
synthesis; using
4.4
dipyridyldisulfide
(DPDS = (C5H4N)
2S2)) as a new
temperature-
dependent in situ
source of S2—ions

[Zn(SC{O}Ph)2]e2
H,O reacted with
[In(bipy)(SC{O}Ph)
3] and
decomposed to
make the ternary
metal indium
sulfides

Synthesis yield of
~100%. particle
sizes =50 nm

References

Kumar et al.
(2014) [88]

Hong et al.
(2016)

Thangavel et
al. (2015)

Kaur and
Nagaraja
(2017)

Batabyal et al.
(2016)

Jacob et al.
(2014)

(Continued)
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TABLE 13.3 (Continued)

Functionalized
NMs

3D—ann254/
PVDF—Poly
(MMA-co-MAA)

SnO,/ZnO

Ag @ ZnO

ZnO and ZnS

ZnO/Ag,S core/
shell ZnO/CdS
core/shell

ZnO @ Gold

Method of
functionalization

Hydrothermal process

Two-step solvothermal

Solvothermal-assisted
heat treatment

Coprecipitation

Introduction of the
core/shell geometry

Solvothermal route

Details of
method

ann254 (ZIS)
nanosheets

(20 nm) distribute
uniformly on
surface of
nanofiber
polymers to form
mats

SnO,/ZnO sample
with a molar ratio
of Sn/Zn=1is a
mesoporous
composite
material
composed of SnO,
and ZnO

AgNPs (diameter:
20—50 nm) were
anchored onto the
surface of n—ZnO
MRs (diameter: 90
to 150 nm and
length: 0.5 and 3
pm) by a
photoreduction
method.

Coprecipitation of
salt of Zn with
alkali

Band-gap
engineered ZnO
semiconductor
nanorods by
introducing a core/
shell geometry with
Ag)S sensitizer as
the shell

Solvothermal
synthesis under
pressure using Zn
salt as precusor

References

Peng et al.
(2012)

Zheng et al.
(2009)

Deng et al.
(2012)

He et al.
(2016)

Khanchandani
et al. (2014)

Xia et al.
(2015) [89]

(Continued)
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TABLE 13.3 (Continued)

Functionalized
NMs

(GQD/ZnO NWs)

(rGO) embedded
ZnO

Pd/ZnTPyP/Pd/
TiO,—Py triad
hybrid multilayers
ZnO—TiO,

nanotube arrays
ZnO/TNTs

ZnO/CdS
Core—shell
Nanorods arrays

Method of
functionalization

Electrochemical
technique

Bioinspired approach

Layer-by-layer (LBL)
method

Two-step anodization
combined Pyrolysis
strategy

Details of
method

Different amounts
of GQDs (0, 0.2,
0.4, 0.8, and

1.2 wt%) were
decorated
uniformly on the
surface of
anodized ZnO
NWs

Mineralization of
ZnO
nanostructures
from zinc nitrate,
reduction of
graphene oxide
(GO), and finally
their assembly to
form rGO—-ZnO
composite
structures under
environmentally
benign conditions

Addition of Pd to
Zn layer by layer

In situ formed
ZnO phases were
uniformly grafted
to TNTs
framework giving
Rise to hybrid
nanostructure,
which is ascribed
to cooperative
interfacial
interaction
between polar
TiO, layer and
ZnO precursor

Synthesized with
varying shell
thickness. Core
diameter of

References

Ebrahimi et al.
(2017)

Reddy et al.
(2015)

Ren et al.
(2012)

Xiao (2012)

Khanchandani
et al. (2012)

(Continued)
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TABLE 13.3 (Continued)

Functionalized
NMs

ZnO/~N—Fe; O3

ZnO—Chitosan
(CS—ZnONPs)

Zn0O—CeO,
nanostructures

Ce0O,—Zn0O nano
ellipsoids

ZnO-doped CeO,
nanoplatelets

ZnO/TiO,

La-doped ZnO
0.8 wt%

ZnO/Au and ZnO/
Ag

undoped and Er-
doped ZnO
nanoparticles

Method of
functionalization

Simple precipitation
polymer-based method
Simple and efficient

low-temperature
method

Hydrothermal process

Solvothermal route

Tape casting method

Coprecipitation

Reverse micelle

sonochemical method

Details of References

method

100 nm with
variable shell
thickness
(10—30 nm);
synthesized by
varying the
concentration of
the citric acid

Abdullah
etal. (2013)

Heat treatment of
nanocatalysts at
4500C for an hour

In situ addition of
ZnO to chitosan

Dehaghi et al.
(2014)

Faisal et al.
(2011)

Low-temperature
mixing of CeO,
during ZnO
synthesis from salt

Low-temperature
mixing of CeO,
during ZnO
synthesis from salt

Singh et al.
(2014)

Doping of CeO, Kaviyarasu et

by ZnO under al. (2016)
pressure

TiO, content of Konyar et al.
the plates was (2010)
sintering

temperature of the

plates is 700°C

La3 + is uniformly ~ Anandan
dispersed on ZnO et al. (2007)
nanoparticles as

small La,O5

cluster

Deposition on Fageria et al.
ZnO surface using (2014)
hydrazine hydrate

as reducing agent

Doping of ZnO by ~ TORBATI et
Er under al. (2017)

ultrasonicator

(Continued)
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TABLE 13.3 (Continued)

Functionalized Method of Details of References
NMs functionalization method
CuS/CdIn,S4/ Microvave-assisted Simple missing Chen et al.
Znln,S, under microwave (2016)
TiOy/ZnO/ In situ addition Well-dispersed of Zhu et al.
chitosan TiO,/ZnO (2012)
nanocomposite
embedded in
chitosan films
ZrO;|ZnO Coprecipitation Synthesis of Quintana
nanocomposites etal. (2017)
using CTAB as
surfactant

Binding and FIGURE 13.4 Schematic represen-
helatis . ~ . . .
cielaiing sroup tation of functionalization methods.
Modifyil - . . . . .
O Dohe sl ( ) Direct functionalization, which uses
. e Direct functionalization
Post-functionalization

a conjugating agent in order to
directly attach the chemical moiety,

%%%% Thiol: SH: Acids: -COOH; '_u!"!!p Sllane Sl and  postfunctionalization, which
Al R i uses a binding/chelating agent to
v attach to the NPs and a secondary
Q o functional group for covalent attach-
o @ ment of the biomolecule of interest.
oo P .
7 4 (Y

A

heteroatoms, and sulfonation. Fig. 13.5 offers a pictorial representation of
covalent functionalization of CNTs. A covalent bond is much stronger and
can resist any desorption compared to noncovalent bonds. Yang Xing (2010)
reported on the surface oxidation of CNM with oxygen functional groups
(e.g., carboxyl, carbonyl, and hydroxyl) by various oxidation treatments uti-
lizing oxidizing gases (e.g., air, O,, Oz, NO,, and NO3) and oxidizing solu-
tions (e.g., HNO;, H,0,, CIO™, $,0;2, MnO, 2, Cr,0;2, and ClO; ") [103].
The surface oxidation process offers the advantages of an increased acidic
property, the removal of mineral elements, an improved hydrophilic nature,
and the creation of more surface groups by subsequent functionalization
through covalent, electrostatic, and hydrogen bonds [104,105]. CNMs acti-
vated via heating with alkali KOH change the surface of carbon-based NMs
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FIGURE 13.5 Pictorial representation of cova-
lent functionalization of CNTs.

i

:3020::@ Surface

,qg‘;.g@;a oxidation
b,

Improved
surface area

SOH

Covalent functionalization of CNTs

to increase the specific surface area and pore volume (i.e., porous carbon).
Graphene oxide-derived carbons with a high surface area (1900 m?/g)
showed favorable gas adsorption capacities compared to 10 m*/g of precur-
sors and other high surface area carbons (Srinivas et al., 78). Heating CNMs
with ammonia at 400°C—900°C can produce basic nitrogen functionalities
[106]. Sulfonation of CNM produced potential, environmentally benign, solid
acid catalysts that could be substituted for the nonrecyclable traditional lig-
uid acid [107].

nZVI coated with biopolymers (e.g., guar gum, polyacrylic acid, starch,
carboxymethyl, and cellulose) is stable and noncorrosive, has decent disper-
sibility, and exhibits scarcer aggregation in water. Poly(ethylene glycol)
(PEG) utilized for safety of the surface passivation of nZVI helped to impart
magnetic properties for biomedical application [108] and could control
aggregation of nZVI by PEG concentration and its functional group. The Fe
NPs were efficiently stabilized in the presence of guar gum (green polymers)
demonstrating less aggregation via the electrostatic and steric repulsion in
comparison to alginate and potato starch [109]. Rani et al. [110], developed
a magnetic nanoadsorbent using covalently bounded polyacrylic acid to the
surface of magnetite nanoparticles followed by functionalization of an amino
group by diethylenetriamine via carbodiimide activation.

Functionalization of silica-based NMs (e.g., zeolite and mesoporous) is
usually performed using organic templates or surfactants [111,112]. Pure
inorganic materials have fewer surface groups and limited adsorption capac-
ity and low selectivity of adsorption [113,114]. Consequently, zeolites and
mesoporous silica provide better properties like large surface area, uniform
pore size distribution, fast mass transport, and, most importantly, surface
reactivity, adsorption capacity, enhanced stability, and ease of modification
by various desirable functional groups [116,117]. With the use of silanol
groups, the hydrophobicity/hydrophilicity of the surface could be tuned.
Almost all functional groups such as amino [118], carboxylic acid [119],
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thiol [120], and sulfonic acid [121] have been loaded on the surface of
silica-based nanomaterials using this reaction.

13.2.1.2 Noncovalent functionalization

Noncovalent hydrophobic interactions and the interaction of amphiphilic
molecules with aromatic surfaces of CNMs in aqueous media have been
used to reduce the hydrophobic interface and improve the solubility of
CNMs in their polar environment [122,123].

13.2.1.3 Inorganic functionalization

Inorganic Functionalization: Metal and metal compounds have been used for
CNM surface modification via mixing and in situ synthesis. Mixing includes
solution mixing and melt compounding. In situ synthesis involves the contact
between aprecurs or solution and the carbon material, followed by nanoparti-
cle formation on the CNM surface [124].

13.2.1.4 Functionalization by heteroatoms doping

The doped NMs can be synthesised by hydrolysis or heating of a precursor,
hydrothermal, and ion implantation [125,126]. Doping of heteroatoms (e.g.,
N, B, P, and O) introduces catalytic active sites and surges the surface hydro-
philicity and electrical conductivity of the doped material [127]. N-doped
CNTs were synthesized by mixing hydrocarbon and ammonia [128], hydro-
carbon and organic amine, [129] or simply pure organic amine [130] as the
carbon and nitrogen source. It was observed that surface doping of pristine
nZVI with transition metal ions reduced the aggregation and improved reac-
tivity and adsorption capacity [131,132]. There are several classes of doped
materials such as nZVI doped with Pd, Au, Cu, Ag; N—TiO, doped by N, F,
S, and C or transition metal ions; and N-and P-doped CNMs that will
enhance the photocatalytic nature by reducing the wide band gap of the indi-
vidual functionalized NMs. Doping expedites the generation of reactive oxy-
gen species, which facilitates the degradation of pollutants. Some studies
showed that N-doped on anatase TiO, enlarged the valence band by
0.140.73 eV, while rutile TiO, resulted in the band-gap energy by 0.08 eV
by increasing the conduction band (0.05eV) and reducing VB (0.03 eV)
[133]. It was also found that hollow TiO, with porous structure have smaller
band-gap energy than that of solid structures [134]. The porous structure was
doped by several metals like Sn, Ba, Co, Al, Fe, Sn, Bi, and nonmetals (e.g.,
C, N, S, and F), and with lighter elements [135—142]. Khalid et al. [143]
reported that functionalization of TiO, with graphene or NMs as cocatalysts
inhibited the recombination rate of electron hole [143,144]. For example, Cu
(ID)- or Fe(Ill)-doping TiO, significantly increased the photocatalytic activity
while Ti(III) doping showed inactive photocatalytic behaviors [145].
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13.2.1.5 Functionalization by immobilization

Immobilization of moss ZnO and Fe,O5; with laccase enzyme was success-
fully established and reported [146,147]. Fig. 13.6 represents the immobiliza-
tion of moss. Pristine nZVI was immobilized by porous supporting materials
like resins [148], Mg(OH), [149], green tea, kaolin [150], bentonite [151],
carbon [152], and mesoporous silica microspheres [153], a process that
improves reactive sites, available surface area, and stability in order to have
enhanced activity.

13.2.2 Indirect or postsynthetic functionalization (grafting)

Indirect functionalization is carried out by grafting bifunctional ligands on to
the surface of NMs after synthesis. The binding group reacts first, and then
the coupling site functional group may be transformed in to the final func-
tional group in the second step. Functionalized mesoporous silica creates an
effective support in the synthesis of inorganic-organic hybrid materials by
grafting organic chains on to their surface through the silylation process. The
Si-OH groups on silica’s surface are substituted by chosen organic ligands
via a one-step homogeneous method or multisteps like the heterogeneous
method attachment [154].

Grafting via oxygen-containing groups is the most common method
where preexisting carboxyl groups on CNMs can react with SOCI, to form
acylchloride [100]. As a result of carboxamide formation via acylchloride,
CNMs were functionalized with aryl amines, aliphatic amines, amino acid
derivatives, peptides, and amino group-substituted dendrimers [155]. In addi-
tion, the acylchloride-functionalized CNMs will react with alcohol to form
an ester functionalized CNMs (e.g., esterification). Thiolation is achieved by
consecutive carboxylation, sonication, reduction, chlorination, and thiolation
applied to the open ends of CNTs and formed by breaking the tubes through
sonochemical activation [156].

FIGURE 13.6 Functionalization of MOs via
immobilization.

38 .

. Laccase
Nanoparticles

Laccase immobilized
nanoparticles
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) FIGURE 13.7 Coating of NMs
Activied NPs * @ Monomer with polymers either noncovalent

(polymer wrapping and absorp-
tion) and covalent attachment
(“grafting to,” “grafting from,”
and others).

\ Grafting from

afti Grafting through
wws 4 O Grafting to 2 a;? ‘-Z:L'
e
Monomer + Initiator
in-situ preparation (-

wwnw -+ @D

Polymer  Inorganic precursor

13.2.2.1 Polymer coating

Coating CNM surface with polymers noncovalent (e.g., polymer wrapping
and absorption) or covalent attachment processes (“grafting to,” “grafting
from,” and others) improved the chemical compatibility, mechanical
strength, wettability, conductivity, and adsorption properties [157]. The cova-
lent approach is the preferred method of grafting polymers on to CNM sur-
faces through —COOH and —OH groups that serve as anchoring sites. The
grafting of CNTs by NH,-containing polymers reacting with acylchloride on
the surface has been investigated [158]. Fig. 13.7 presents polymer coating
of functionalized NMs.

13.3 Green synthesis in FNMs

In order to avoid use of toxic solvents such as DCM, DMF, hydrazine,
NaBHy,, etc., green tactics employing environmentally benign and renewable
materials are preferred. Green technologies are usually more reliable and sus-
tainable, and are bioinspired bottom-up approaches [159,160]. Green synthe-
sis of FNMs has several benefits over traditional methods such as being
cheaper, ecofriendly, safe, reusable, easy manipulation of size, morphology,
and shape, as well as surface functionality, generation of relative stability,
and remarkable biocompatibility and biodegradability [159,161,162].
Intracellular or inner surface biosynthesis modulates the crystal growth and
nucleation processes of NP microbial synthesis. During the NP synthesis,
reactive enzymes, proteins, and reducing components on the cell surfaces
serve as reducing and stabilizing (or capping) agents [163]; however, this
method is time consuming (~ 30 days) and expensive too.
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13.4 Necessity of functionalization of NMs for remediation
of organic contaminants

Several physical (e.g., membrane filtration, adsorption, and coagulation-floc-
culation), chemical (e.g., catalytic degradation, chemical precipitation, ion
exchange, and oxidation), and biological approaches have been used to
degrade noxious pollutants [143,144]. Among them all, adsorption was estab-
lished as the most efficient method due to its simplicity and cost-effective
methodology [166—168]. Due to high surface area and reasonable band-gap
semiconductors, NMs (e.g., TiO,, ZnO, CdS, SnO,, WO3, and Fe,0O3) show
superior properties of adsorption with photocatalysis [169—171]. However,
their limitations, such as charge-carrier trapping, hole-electron recombina-
tion, mediated interfacial charge transfer, and limited accessible surface area,
hinder their feasibility. In order to avoid the aforementioned drawbacks,
functionalization of NMs via polymer coating, surface oxidation, or deposi-
tion of dopants into the original material’s framework, etc., is a new method
trend [172,173]. Moreover, to evade bioaccumulation and control the enrich-
ment of a particular metallic framework, alternative methods should be
promoted.

13.5 Working mechanism of FNPs

Although similar to NMs, FNPs work in different ways (Fig. 13.8): (1) sor-
bents (absorb contaminats inside such as sponges, moss); (2) adsorption
(absorb contaminats on surface such as CNTs, metal nanoparticles); (3) fil-
teration via membranes; (4) chemical reactions like dechlorination, reduc-
tion, oxidation; and (5) finally, photocatalysis where FNPs act as adsorbent/
photocatalyst. When these nanocatalysts with small band gap are exposed to
a light source (UV or visible) electron-hole pairs are generated that ulti-
mately degrade the OPs into nontoxic products via photooxidation (e.g.,
change of H,O or H,0, into OH®) or photoreduction (e.g., change of O, into

FIGURE 13.8 Several types of work-
ing mechanisms for FNPs.
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O,;° and OH-) [174—176]. Doping or coupling prevents the electron-hole
recombination due to this e, and h™ remains longer in the conduction and
valence bands, respectively. Doping with other nanoparticles and smaller
size NM enhances the rate of degradation. Doping can also tailor the nanoca-
talyst’s band gap, and, consequently, the photooxidation or photoreduction
will become easier. Photocatalytic degradation of several pollutants using
functionalized nanoparticles is shown in Fig. 13.8. Due to their characteristic
destructive nature, they do not involve mass transfer, and the process can be
carried out under ambient conditions where atmospheric O, is used as
oxidant.

13.6 Importance of green synthesis in FNMs

Green synthesis employing sunlight or nontoxic environmentally benign and
renewable materials such as water, ionic liquids, microbes, plant-based sur-
factants, or a combination of those can be used on a large scale. Fig. 13.9
represents the various green methodologies used for synthesis of NMs.
Functionalized NMs synthesized via green methods are low cost and are
effective catalysts for remediation of environmental pollutants. Despite this,
they are not used as often as probes for contaminants. RGO-based plasmonic
nanohybrids (e.g., Ag—RGO, Au—RGO, and Ag/Au—RGO) synthesized
using extracts of baker’s yeast showed exceptional photothermal transforma-
tion adeptness for waste desalination and purification under visible light
[177]. Moreover, Ag—RGO synthesized by means of aqueous extracts of
Psidium guajava leaves showed a detection capability for methylene blue
(MB) even at very low concentrations [178]. A magnetic nanohybrid of
Pd—Fe;0, synthesized by use of Fe(Ill)-reducing bacterium (Geobacter sul-
furreducens) converted iodobenzene to ethyl acrylate and styrene through the
Heck coupling reaction in 3 h [179]. The bimetallic Pd—Au nanostructures
produced by Shewanella oneidensis were found to be effective for dehalo-
genation of many organic impurities including pharmaceutical drugs [180].
Compared to bare Ag or Au, FNPs like Ag—Cu prepared by use of leaf
extracts of Prosopis cineraria offers advantages of superior antibacterial
activity and cytotoxicity against human breast cancer cell lines (MCF-7)
[181]. Biofunctionalization of Ag and GO with phenylalanine peptide (i.e.,
GO-peptide-Ag) nanohybrids showed electrochemical detection of small
molecules like H>O, [182]. The almond shell was applied to conjugate the
Ag-almond nanocomposites obtained from Ruta graveolens sleeves, which
acts as both reducing and stabilizing agents, and was able to degrade 4-
nitrophenol, rthodamine B (RhB), and MB [183]. Nanocomposites of GO
with crystalline cellulose displayed astonishing adsorption capacity for MB
(2630 mg/g) [184]. Additionally, cellulose—Ag nanocomposites have unlim-
ited talent for commercial applications (e.g., catalysis, antibacterial, sensor,
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and environmental) [185]. Silver nanoparticles with Amaranthus gangeticus
may be able to remove more than 50% of Congo red dye in 15 min [186].

Anthracene and dyes can be removed via photocatalysis using biosynthe-
sized nanocomposites of ZnO and copper oxide with graphene oxide
[187,188]. Fardood and his research group biofabricated several nanocomo-
pites of moss (e.g., Zn, Cu, and Ni) and ferrites (e.g., Ni-Cu-Zn,
Ni—Cu—Mg, and Cu-Fe;0,4) by use of gel, gum, or plants, and used them as
catalysts for organic synthesis and photocatalysis for removal of OPs
[189—192]. In addition, supermagnetic MgFe,0,@~—Al,03 FNPs were used
for remediation of several reactive dyes [191—193]. Green tea or starch fab-
ricated iron-based FNPs have been considered for photocatalysis [194—196].
Compared to bare ones, green synthesized FNPs showed superior activities:
bimetallic Fe/Pd> Fe and Fe,O;@ZnHCF nanocubes> ZnHCF> Fe,0;3
nanoparticles [197—199]. Better catalytic efficiency of green tea—iron nano-
particles than Fe nanoparticles fabricated by borohydride reduction further
supported this fact [200].

Shanker and his research group applied several green methods based on
sunlight assisted by synthesis and plant extracts (e.g., A. marmelos, S. mukor-
ossi, A. indica) for fabrication of bimettalic oxides, metal hexacyanoderrates,
and cobaltates nanostructures for photocatalytic degradation of several OPs
[44—46,51,146,147,201—-208].

Green synthesized, highly crystalline, sharp metal hexacyanoferrates
(KCuHCF > KNiHCF > KCoHCF) (Fig. 13.10) and transition MO nanos-
tructures obtained via the use of sunlight and natural surfactants (A. marme-
los) were able to photodegrade quantitative (more than 90%) amounts of
dyes [146,147,201—204]. Biogenic Ag NPs obtained from different sources
like Polygonum Hydropiper, Saccharomyces cerevisiae, and Morinda tinctor-
ia leaf extracts have different degradation ability for dye removal under sun-
light irradiation: 100% in 13 min [209], 90% in 6 h [210], and 95% in 72 h
[211], respectively.
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(A) FIGURE 13.10 PXRD pattern of (A) ZnO, (B)
10000 ZnHCF, and (C) ZnO@ZnHCF.
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FIGURE 13.11 FE-SEM image and EDS pat-
tern of (A) ZnO, (B) ZnHCF, and (C)
ZnO@ZnHCF.

Metal hexacyanoferrate nanoparticles (10—100 nm) were more effective
for removing toxic PAHs under sunlight than under UV light and with dark
exposure. Depending upon the size of the rings, molecular weight, and aro-
maticity, anthracene was initially adsorbed followed by degradation to maxi-
mum content over the surface of the photocatalyst more effectively than
phenanthrene, fluorine, chrysene, and BaP in water (70%—93%) along with
soil (68%—84%) at neutral pH under daylight contact. The XRD pattern, FE-
SEM images of zinc oxide, zinc hexacyanoferrate, and their composites are
presented in Figs. 13.10 and 13.11. While the photocatalytic degradation of
BPA is shown in Fig. 13.12. Their potential was increased by the discovery
of minor and less-toxic metabolites that led to mineralization Fig. 13.13.

Crystalline nanocubes of Fe,O3;@ZnHCF and ZnO@ZnHCF nanocompo-
site were synthesized using water and the A. indica plant extract, a locally
available plant. Phytochemicals like benzoquinones, saponin, and polyphe-
nols have a tendency to regulate particle growth by minimizing interfacial
tension. Functionalization with doping improved the surface-to-volume ratio
area from 343 to 114 m%g and band energy from 2.18 to 2.2 eV) as well
because of the synergistic effect of both semiconductors, which were moss
and ZnHCF. This fact is supported by 3—6 times better adsorption of
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FIGURE 13.13 Degradation pathways of Bisphenol A over the surface of ZnO@ZnHCF nano-
cubes (Concentration; 2 mg/L; pH: ~7; catalyst dose: 25 mg; natural sunlight).

chrysene (X, =45.45mg/g) by doped nanocubes than bare ZnHCF
(Xm = 16.22 mg/g) and Fe,O5 (X, = 7.348 mg/g). Here, iron oxides and ZnO
were modified via doping with ZnHCF, and doped materials showed
enhanced photocatalytic first-order degradation of chrysene and BPA under
sunlight, respectively. They initially adsorbed them on their surfaces via the
Langmuir adsorption mechanism A very small amount, 25 mg, of FNPs was
able to degradae 92% of 2 mg/L of chrysene [198]. For BPA degradation the
trend of ZnO—ZnHCF was highest (97%), followed by ZnHCF (88%) and
ZnO (75%). Finally, BPA was converted to minor and small nontoxic oxida-
tive chemicals like malealdehyde, propionic acid, and but-2-ene-1,2,4-triol
by countless -OH generated by conduction of wrapped nanocomposite. Both
of the functionalized catalysts are easily regenerated and used up to ten
cycles, emphasizing their high potential for industrial applications.
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FIGURE 13.14 Proposed
degradation pathway for the
degradation of chrysene over
Fe,0;@ZnHCF nanocubes
“Fhco O (Concentration; 2 mg/L;
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Degradation pathways, along with byproducts of PAHs, have been shown
in Figs. 13.14 and 13.15. Functionalization further improved charge separa-
tion and prevented the charge carriers’ recombination because of the move-
ment of photogenerated electrons from photocatalysts to photosensitizer.

Recently, mixtures of two or more oxides have been reported for photo-
catalytic efficiency. Green synthesis is commonly used for metal oxides, but
is limited for bimetaalic and higher forms. Fardood and his research group
[212] carried out green functionalization of ZnO with Ce ion or Ag for
photocatalytic degradation of OPs. Rani and Shanker fabricated bimetallic
oxides (below 50 nm), such as Ni—CuO nanorods, CuCr,0O, nanoflowers,
and NiCrOj; nanospheres via use of A. marmelos leaf extract consisting of
terpenoids, alkaloids, and phenylpropanoids as phytochemicals for control-
ling the morphology of FNPs. Under optimized conditions of concentration,
catalyst dose and pH of solution, FNPs (15 g) were able to degrade a maxi-
mum content (87%—97%) of noxious phenols (1 X 10~* M). 3-aminophenol
was more basic than phenol and 2,4-dinitrophenols, therefore more attracted
toward the acidic surface of catalysts and much degraded. The degradation
efficiency of bimetallic oxides (BMOs) of Ni—Cu oxide, Ni—Cr oxide, and
Cu-Cr oxide are in order of zeta potential, brunauer-emmett-teller surface
area, and the uniform distribution of nanoparticles of both oxides involved.
The characterization of BMOs via XRD, FE-SEM, and TEM is shown in
Figs. 13.16—13.18. The byproduct obtained from degradation (e.g., oxidation
and cleavage of benzene-rings) of phenols were oxalic acid, benzoquinone,
(Z)-hex-3-enedioic acid, (Z)-but-2-enal, and (Z)-4-oxobut-2-enoic acid
(Figs. 13.19—13.21). Moreover, like metal oxide FNPs with ZnHCF, mix-
tures of metal oxides are less expensive because they use an inexpensive
synthesizing process and are reusable (n=10) with an enhanced charge
separation.

Different researchers of FNPs observed diverse possibilities for the use of
FNPs fabricated from green sources and containing different phytochemicals
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surfactants. Thanks to that research, numerous FNPs of different size and
morphology were obtained. Hence, in view of this, commercialization of
green synthesized FNPs should be encouraged.

13.7 Organic dyes

Among the cheap and highly efficient FNPs, TiO, followed by ZnO, iron
oxides, NiO, and silica-based NMs (nanocomposites and biocomposites),
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FIGURE 13.18 TEM images with SAED pat-
terns of (A) Ni—CuO, (B) CuCr,O4, and (C)
NiCrOj; nanoparticles.

OH OH OH OH FIGURE 13.19 proposed deg-
OH OH radation pathway of phenol
COOH . .
— — - - over the surface of bimetallic
oH COoH metal oxides nanoparticles.
—" miz=110 miz=128 (2)-2-hydroxyhex-3
0 Catechol benzene-1,2,3-triol -enedioic acid
) 3) miz=161

)

Q CHO
] OH COOH COOH
H,0+CO, == - ‘
. ’ HO Y - ‘ - ‘ COOH

ic aci COOH COOH
()Xuj]f—:?d maleic acid m/z=98 . mlz=149 .
" ® e (4-oxobut2  (Z)rhex-3-encdioic
® (@) -enoic acid acid

(6) )

along with metals (Fe, Pt and Pd) have been widely fabricated due to their
wide band gap, high surface area, and intense performance observed for indi-
vidual FNPs [213,214]. A commercially available TiO, semiconductor is
cheap, highly responsive to UV or visible irradiation, and photostable with
less toxicity [215—217]. Though TiO, needs UV radiation for activation,
TiO, doped with N-graphene (5 wt%) was able to degrade 60% of dye within
3 h under visible light [218]. Here, doping with N, because it is more elec-
tron rich, converted TiO, into O—Ti—N, and reduced the binding energy of
Ti due to less electronegativeity of N over O [219—221]. Graphene provided
high surface area for rapid adsorption and quick attachment of organic
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FIGURE 13.21 Proposed degradation pathway of 2,4-dinitrophenol over the surface of bime-
tallic metal oxides nanoparticles.

materials to nanocomposites. Doping also introduced the new energy level
via the inclusion of metal oxides or electron rich elements and hence,
reduced the band gap and shifted the absorption to longer wavelengths.
Doped FNPs are more efficient in the removal of most contaminants by for-
mation of nontoxic, unstable byproducts or mineralization in short intervals.
The combination of CuO and silver with TiO, further reduced the degrada-
tion time for dye (100% within 45—160 min) [218,222]. Other examples are
Hes—TiO, (Hesperidin modified TiO,), graphene oxide and TiO, doped with
Sr*t [168,223], and Fe’" and Pt*" impregnated TiO, nanostructures used
for the rapid removal of organic colorants [224].

ZnO has gained attention over the past few years because of doping using
n-type and p-type conductivity, that has resulted in high transparency, piezo-
electricity, and chemical-sensing effects. However, ZnO has the possibility
of photocorrosion and a decrease of photocatalytic activity in aqueous
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solutions. Methyl orange was massively (95%) removed by Al-doped ZnO
(3% of Al) in 2h [225], but Ag needed 12 h for the same process [226].
Transition metal-doped ZnO nanoparticles converted MO into eleven inter-
mediates [227]. Iron nanoparticles (Feo, Fe;04) removed the organic con-
taminants (OCs) via redox reaction. Congo red was effectively removed by
Gd‘”'doped cobalt ferrites [228], magnetic Srs(PO4);(OH)/Fe;0,4 [229,230],
sulfanilic acid-modified P25 TiO, [231], and bimetallic Fe—Zn nanoparticles
[232]. Due to higher extent of *OH radicals produced, Alizarin red S (ARS)
was removed by polypyrrole-coated Fe;O4 (60 min) and ZnO/poly (1-naph-
thylamine) nanoparticles in acidic pH [233]. ARS degraded in to smaller
byproducts under microwave radiation using ZnO nanohybrids by Riaz et al.
[234].

Introduction of —COOH and —NH, group on silica improved its selectiv-
ity and adsorption capacity rate due to its high surface areas and robust elec-
trostatic interactions (47—51). The -COOH functionalized cubic cage-type
KIT-5 mesoporous silica exhibited excellent adsorption capacities for differ-
ent types of cationic dyes in comparison to pure silica KIT-5. Cul—CuO
nanocomposites [235] also exhibited high catalytic efficiency at neutral pH
due to lesser ion screening of H™ and OH™ ions. ZnSe/graphene [236],
copper-clay [237], Th(IV) tungstomolybdate [238], ZnS quantum dots (QDs)
with Fe’"ions [239], BiOBr/montmorillonite composite, Pt-graphene and Pd-
graphene [240], and Ta-doped ZnO nanocomposites [241] are also reported
for remediation of dye. For cationic dye, the nanographite/Fe;O, composite
was favored at pH more than 10.0 because of increased negative charges
[242]. Ag/ZnO/graphene oxide gave better results (95% degradation in
8 min) for rhodamine B under solar light irradiation [243]. Green synthesized
Zn0O/GO nanocomposite had better efficiency for Brilliant blue-R, and other
dyes than annealed ones (90.64% degradation) [187,244,245]. Table 13.4
represents various NMs used for the degradation of various organic dyes.
Recently [102] reported facile green synthesis of various MOs functionalized
with PMMA and their use for the degradation of methylene blue dye.
Figs. 13.22 and 13.23 represents the FE-SEM images of nanocomposites and
the degradation profile of methylene blue. A reusability analysis of nano-
composites for MB degradation also revealed that it was recyclable ten times
without significant loss in the activity. Photodegradation of Eriochrome
Black T using Fe** and Pt*" impregnated TiO, nanostructures was reported.
The degradation profile is presented as Fig. 13.24 [246]. The degradation
pathway is presented as Fig. 13.25. BiVO4 and gold nanoparticles loaded on
activated carbon. [247,248], Sn/AI203 [249], Pd—ZnS/rGO [250], and Pt-
and Pd-graphene nanocomposites [240] were also reported as photocatalysts
for dye.
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TABLE 13.4 List of various Nanoparticles used for dye degradation.

Nanoparticles

Nanocrystalline TiO,/
activated carbon
composite

Sr5(PO,)3(OH)/Fes O,
(0.20 g)

Bimetallic Fe/
Ni—Polyacrylic acid
functionalized
commercial
polyvinylidene
fluoride membrane

Intercalated CdS into
titanate (0.08 g)

Silver—TiO,
nanocomposites

Multielement-doped
ZI’OZ

Cr-doped titanium
oxide

Bimetallic Fe/Pd

Au loaded on
activated carbon
(0.015 g)

Dye

Chromotrope
2R

Congo red

Methyl
orange

Congo red

Eosin Y

Indigo
carmine

Methyl
orange

Orange Il

Alizarin red S

Remarks

Effective
photodegradation under
UV irradiation with 80-
activated carbon-TiO,
calcined at 4500C.
Initial quantum

yield =1.01%

89% Adsorption
capacit

More than 80%
degradation within
120 min at pH 4.0 due
to formation of nickel
hydride, which
facilitated azo dye
adsorption process

Complete removal in
15 min

100% degradation with
50% of mineralization
in 160 min

Complete
photodegradation with
Eu, C, N, S-doped ZrO,
(0.6% Eu) in 150 min

Nearly 90% of the dye
was degraded using 5%
mol Cr**-doped TiO,
nanoparticles in a time
period of around

350 min

98% Degradation with
green synthesized
bimetallic nanoparticles
and only 16% of the
dye removal with Fe
nanoparticles

More than 95%
degradation in 5 min

References

Wang et al.,
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Zhang et al.,
2016 [206]

Sikhwivhilu
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Moutloali,
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Sehati and
Entezari,
2016
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2011 [198]

Agorku et al.,
2015

Hamadanian
etal., 2014

Luo et al.,
2016 [177]

Roosta et al.,
2014 [211]

(Continued)
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TABLE 13.4 (Continued)

Nanoparticles Dye Remarks References
Cup.sMng sFe,O4 Brilliant The adsorption order: Hashemian et
nanospinels green MnFe,O, < CuFe,04 al., 2015

< Mng_2CUO_8FEZO4

<Mnyg gCup.Fe;O4

<Mng 4CugeFe,0, <

Mng 5Cug 5Fe;04(92%)
Nanocrystalline Brilliant blue- ~ 65—93% adsorption Khan et al.,
CoFe, 04 R within 1 min; 2015

equilibrium in

60—120 min
Graphene quantum- New fuchsin 95.83% degradation Roushani et
dots (6 mg/L) within 110 min al., 2015
CdS embedded on Crystal violet 80% Nezamzadeh-
Zeolite A photodecolorization in Ejhieh and

20 min under sunlight Banan, 2012
Nanographite/Fe;sO, Methy! violet 98.9% degradation at Li etal., 2014
composite pH above 10; [220]

adsorption of the dye

strongly increased with

increasing pH because

increased negative

charges favors the

interaction between

cationic dye and

negatively charged

adsorbent
1%Ta-doped ZnO Methylene 99% degradation at pH Kong et al.,

blue 8.0 with catalyst 2010 [219]

annealed at 700 oC at

low alkaline pH, high

hydroxylation of the

catalyst surface attracts

the cationic dye
Cul—-CuO Malachite High adsorption Nekouei et
nanocomposite green capacity = 136.6 mg/g al., 2016

in a time less than [214]

13.7.1

20 min

Degradation of pesticides by functionalized NMs

Like dyes, FNPs based on TiO,, ZnO, and Fe® were reported as being the
most economic, rapid, and effective photocatalysts for pesticides (80%—
100% removal) under UV irradiation and sunlight. They not only adsorbed
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FIGURES 13.22 FE-SEM & EDS pat-
terns of ZnO—PMMA, Ni,O;—PMMA,
CuO—PMMA, and  Fe,0O;—PMMA
nanocomposite.

FIGURE 13.23 Proposed degrada-
tion pathway for the degradation of
~ MB over ZnO—PMMA nanocompo-
Oy Mol wt=320 l site (concentration; 2 mg/L; pH:~7;
OH catalyst dose: 80 mg; natural sunlight).
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and Pt*" impregnated TiO, nanostructures [246].
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contaminants, but also degraded them via photocatalytic, redox, and reactive
methods. H,O, further improved their oxidative efficiency with more eOH
radicals produced. Only the OCs and OPs were frequently degraded by ZnO/
clay, Fe/zeolite and TiO,/zeolite, and TiO,/chitosan (e.g., nanobiocomposites
with enhanced activity and biocompatibility). Not much attention has been
paid to emerging contaminants like carbamates and substituted urea.
Photocatalytic efficiency of TiO, doped with nitrogen (1.6:1 molar ratio)
is almost double for OCs than that of bare TiO, [250], (2008). Lindane was
degraded successfully with N-doped TiO, (Fig. 13.26) [251] and bimetallic
Fe-Pd within 8 h [252]. Bimetallic Ni—Fe nanostructures were found to have
potential at weakly acidic or alkaline pH for degradation of DDT [253]
(Fig. 13.27). Aldrin, endrin, and lindane were massively adsorbed by Fe;O4-
polystyrene [254]. On the other hand, C—ZnO—CdS combination worked on
photocatalysis for 98% removal of 4-chloro phenol [174] (Fig. 13.28).
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13.8 Degradation of Organophosphorus (OP) pesticides by
FNMs

Comparable OCs, TiO,, and iron-based FNPs worked as heterogeneous
photocatalysts for remediation of commonly used OPs like malathion, chlor-
pyrifos, and parathion methamidophos [258—263]. Under solar irradiation,
malathion was completely removed by photocatalyst 2% WO3/TiO,, while
47% mineralization was obtained with bare TiO, [256]. Doping with two or
more transition metals further improved the efficiency, or quantum yield, of
surface processes due to an increase in the number of energy levels between
CB and VB edge of TiO, as well increase in surface area (Malathion
removal: 172% with Au—Pd—TiO, nanotube film) [257]. Moreover, metal
ions facilitated charge parting of e and h™ and acted as charge-carrier trap-
pers. On the basis of doping identity and concentration, a number of Ti**
ion with more surface defects are produced and enable effectual adsorption
of atmospheric or moisturized oxygen on a titania surface. Charge transfer
transition of electrons occurs between energy levels of dopants and TiO,
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[264]. TiO, functionalized with Ag and Au are effectively employed for the
degradation of OPs containing phenols at pH~ 3 [265]. Monocrotophos and
quinalphos were degraded to their maximum extent using ZnO/TiO, (7:3 or
8:2) [266]. Monocrotophos with dichlorvos and phoxim were ereadicated by
doped nanocomposites TiO,-SiO, beads, TiO, supported on zeolite,
105 — TiO,, La—ZnO, and La-doped TiO, [267,268—270]. Other FNPs used
for the treatment of OPs (e.g., dichlorvos, monocrotophos, malathion) are
ZnO—zeolite, CuO—chitosan, = CuO—montmorillonite—chitosan, and
CuO—montmorillonite gumghatti nanobiocomposites (biopolymers are good
adsorbents) [271—273]. Henych et al., [274] demonstrated reactive degrada-
tion of toxic OPs like malathion and parathion methyl with mixed metals
and their oxides in organic medium. The efficiency composites order was as
follows: Ti/Ce oxides (2:8 and 1:1 molar ratio)> nanotitania; TiO,/CeO,
>pure CeO,.

Both surface area and porosity were enhanced for OPs due to a solid col-
laboration of Ti with Ce that resulted in high production of Ce** and forma-
tion of Ti*" states. A few degradation studies by FNMs are also available on
miscellaneous pesticides like carbamate and SU. TiO, functionalized with
polyacrylonitrilenanofiber and Fe supported on Zeolite was used for com-
plete oxidation of aldicarb and Methomyl under UV radiation, respectively
[273,275]. Gold doped to ZnO and TiO, increased the degradation percent-
age of chloridazone within a shorter time due to prevention of the electron-
hole recombination [276]. In similar way, Feo/Fe;0, and Fe;0,@Au com-
posite worked for thiamethoxam and imidacloprid removal at acidic pH from
water under irradiation [277]. Depending on the absence or presence of
H,0O,, Feo/Fe;0, behaved as reducing or as oxidizing catalysts [278]. Ru
doped TiO, and Ag/chitosan nanobiocomposite used for 80—98% removal of
metsulfuron-methyl and Atrazine [279,280] while only 40% achieved with
bare MOss. Further details of various OCs and OPs and other pesticdes
degraded by FNMs are shown in Table 13.5 and 13.6.

13.8.1 Degradation of phenols and BPA by FNMs

Phenols, nitro as well amino, are extensively used in industries as reactants/
intermediates for synthesis of dyes and pesticides. Therefore they are found
in abundance in the environment due to industrial discharges and breakdown
of those organic compounds. They are employed as prototypical for acute
estimation of photoactivity of synthesized FNPs. The modified FNPs (e.g.,
doped, composite, Fenton type) that are used for treatment of dyes and pesti-
cides are almost adapted for degradation of phenols and amines from waste-
waters in UV and visible light. For example, Pr—TiO, [281], Bi-TiO,
nanotubes [282]), TiO, and ZnO composites with graphene (Malekshoar
et al., 2014), and TiO, and CuO functionalized with H,O, [281,283]. FNPs
are highly active due to the synergistic effects of their constituents:



TABLE 13.5 List of various OCs and OPs pesticides degraded using nanoparticles.

Pesticide (/mgL) Nanoparticles Brief summary Mechanism Reference

Lindane (5 X 10™* Degussa P-25, Anatase TiO,, Effectively degraded (100%) under visible Photodegradation Senthilnathan

mmol/L) N-doped TiO, light, k =0.099/min, 0.117/min, 0.007/min and Philip,

2010 [225]

Lindane (5) FeS stabilized by biopolymers ~ 94% of degradation in 8 h Oxidative Paknikar et al.,
degradation 2005

Aldrin, Endrin, Fe;O, supported on 24.7 mg/g, 33.5 mg/g, 10.2 mg/g Adsorption Jing et al., 2013

Lindane polystyrene [228]

DDT (150 mL of Bimetallic Ni/Fe Effective degradation in 4 h with higher Redox degradation Tian et al., 2009

100 pg/mL) efficiency in alkaline or weakly acidic [227]
medium, k = 0.6073/s

Lindane (1) Bimetallic Fe—Pd Degraded under: aerobic (65%;) and Redox degradation Joo et al., 2008
anaerobic (100%)

Di and tri ZnO/~—Fe, O3 55.2 and 57.0% Photocatalytic Abdullah et al.,

chlorophenoxy degradation 2013

acetic acid (20)

4-Chloro phenol C/ZnO/CdS 98.0% in 120 min Photocatalytic Lavand and

(10) degradation Malghe, 2015
[155]

Lindane Ag-reduced GO 99.9% Degradation Gupta et al.,
2015

Monocrotophos, TiO,—Zeolite 100% Photocatalysis Gomez et al.,

dichlorv (20) 2015 [241]

(Continued)



TABLE 13.5 (Continued)

Pesticide (/mgL)
Phoxim (20)

Monocrotophos,
quinalphos

Malathion (10)
ppm

Malathion (12)

Chlorpyrifos,
cypermethrin,
chlorothalonil

Chloropyrifos (10)
Monocrotophos
(16)

Malathion (2)

Chlorpyrifos (5)

Dichlorvos
(20—100)

Nanoparticles

La-doped TiO,

ZnO/TiO,

Zn0O, TiO,, Au/ZnO

TiO, (anatase)/WO3 (2 wt.%

Coating of Fe-granular-
activated carbon

Au and Ag supported on Al

ZnO supported on Zeolite

CuO—Chitosan

CoFe,0,4@TiO,—reduced G

CuO—-MMT

Brief summary

Complete mineralization after 4 h

84.2% and 96%, k = 0.00567/min and

0.00199/min

30.0% degradation within 30 min

Complete degradation after 2 h

With H,O, (100 mg/L), complete

degradation in 1 min
K'=0.017 — 0.024/min

Complete degradation within 3 h

100% degradation in 4 h

99.9% (k = 0.53 g/mg/min)

89.9% in 60 min

83.2%

Mechanism

Photocatalysis

Photocatalysis

Photocatalysis

Photocatalysis

Oxidation

Adsorption

Photocatalysis

Adsorption

Photocatalysis

Adsorption

Reference

Dai et al., 2009
[242]

Kaur et al.,
2013 [238]

Fouad and
Mohamed,
2012 [247]

Ramos-Delgado
etal., 2013

Affam et al.,
2015

Bootharaju and
Pradeep, 2012

Tomasevic et
al., 2010 [245]

Jaiswal et al.,
2012 [243]

Gupta et al.,
2015

Sahithya et al.,
2015 [244]

(Continued)



TABLE 13.5 (Continued)

Pesticide (/mgL) Nanoparticles

Dichlorvos CuO—MMT supported on

(20—100) chitosan Gum ghatti and poly
lactic acid

Parathion methyl Titania-iron mixed oxides

(PM)

PM(100 pL of Titania-ceria mixed oxides

10,000 mg/L)

Glyphosate Fe;0,@Si0,@Ui0-67

Atrazine Iron oxide nanoparticles and
chitosan

Brief summary

93.4, 87.8 and 63.3% removal, respectively

Highest degradation (< 70%) with Ti:Fe
ratio 0.25)

Highest degradation at Ti:Ce 2:8 and 1:1
molar ratio

High adsorption capacity (256.54 mg/g), low
detection limit (0.093 mg/L) for glyphosate

Maximum removal of 91.6%—96% removal

Mechanism

Adsorption

SN,

SN,

Synchronous
Adsorption/
detection

Uniform
nanoporous
ultrafiltration
membrane

Reference

Sahithya et al.,
2015 [244]

Henych et al.,
2015

Henych et al.,
2016 [246]

Yang et al.,
2018

Mukherjee et al.
2018 [250]



TABLE 13.6 List of various miscellaneous pesticides (including carbamate and pyrethroid) degraded using nanoparticles.

Pesticide(mg/L)
Methomyl(16) (Carbamate)

Pyridazinone Pesticides:
Chloridazon (10)

Chloridazon (20)

Permethrin (25 ml, 0.1 mg/L)
(Pyrethroid Pesticide)

Neonicotinoids Pesticides:
Imidacloprid, Thiamethoxam,
Clothianidin

Imidacloprid, Isoproctum,
Phosphamidon (1.14 X 10~* M
each)

Thiamethoxam (20 mL; 50 mg/L)
Imidacloprid (20 mL; 35 mg/L)

Atrazine (2 g)

Bulk/nanoparticles

Fe—zeolite(Tor 5 g/L)

AUWTIO, (1074 3 X 1072,
107> M)

Fe;O,4 and coreshell
Fe;04@Au (107*M)

ZnO—chitosan (0.5 g)

Immobilized TiO,

5 wt% TiO, supported on
porous nanosilica (3 g/L)

Fe/Fe;0,4 (0.06 mol/L)
with/or H,O,

Ag-chitosan (1 L of 1T mg/
L)

Brief summary

100% degradation in 4 h

50% in 30 min

>90% degradation

99%

Mineralized within 2 h with
k= =0.035, 0.019, and 0.021/min,
respectively.

At neutral pH, degradation within 90,
240, and 120 min, respectively.

>90% in 30 min, highly efficient in
acidic conditions.

98% degradation in 65 min.

Mechanism

Photocatalysis

Photocatalysis

Photocatalysis

Adsorption

Photocatalysis
(UV)

Photocatalysis
(Uv)

Redox
degradation

Adsorption

References

Tomasevic et al.,
2010 [245]

Fouad and
Mohamed, 2012
[247]

Fouad and
Mohamed, 2011
[248]

Dehaghi et al.,
2014

Zabar et al.,
2012

Sharma et al.,
2009

de Urzedo et al.,
2009

Saifuddin et al.,
2011 [249]
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FeW0,@7ZnW0,/7ZnO>  ZnWO04/ZnO and FeWO, [285] and
CuO—-Co030,@MnO, activated with peroxymonosulfate> Cu@MnO, and
Co@MnO, alone [286].

BPA is found in industrial and domestic household wastewater, and
extensive studies are available on its degradation or removal via selective
adsorption and photodegradation (Table 13.8). The examples of catalysts are:
ZnFe;04—Zr0,, Au deposited on TiO, [287], TiO,/graphene/Cu,O [288],
~-C3N4/BiOBr [289], Pd-mesoporous graphite carbon nitride (Pd/mpg-C3Ny)
[290], and hybrid iron core-shell magnetic catalysts [291], Fenton like cata-
lyst Cu-doped AIPO, with H,O, [292]. More details about degradation of
phenols and BPA are summarized in Table 13.7 and 13.8.

13.8.2 Degradation of PAHs by FNMs

Compared to dyes and pesticides, emerging PAHs are studied less than func-
tionalized NM photocatalysts in assisted degradation. Reasons for this might
include less knowledge about PAH standards and their expensiveness. For
removal of PAHs TiO,- and ZnO-based FNPs were used extensively for
complete and quick mineralization. FNPs potential was observed in their
lack of toxic byproducts and short-lived metabolites. Ti doped to
ZnO—Cr,05 and La/N codoped TiO, supported on activated carbon are
employed for quantitative removal of naphthalene within 2—4 h via photo-
mechanism [293,294]. In the absence of light, a hybrid, gel-derived ZrO,-
acetylacetonate was used for whole mineralization of phenanthrene in waste-
water at 30°C [295]. Phenanthrene, being stable, was quickly removed with
Co—TiO, nanotubes compared to that of native TiO,, which took 12 h for its
degradation [296]. Chrysene was degraded with curcumin-modified, conju-
gated ZnO (Zn(cur)O) within 2.2 h [297]. A mixture of TiO,/Fe,O3 rapidly
removed BaP in 90 h using only TiO, (363 h), further suggesting the impor-
tance of functilization [298]. Fatty acids coated on Fe3;O4 showed rapid
adsorption (5 min) of BaP and indicated excellent adsorbency at room tem-
perature [299]. High-molecular-weight PAHs, such as BP, IP, BKF, and
DBA, are presumed to treat environmental pollutants with new, advanced,
and more efficient FNPs due to their high stability, longer half-lives, and
recalcitrance to biodegradation. Table 13.9 represents various PAHs
degraded by some of the FNMs.

13.9 Toxicity and functionalized nanoparticles

Functionalized NPs are used as multifunctional tools in nanobiotechnology
and medicine [300—302]. Subbiah et al. [303] reviewed the safe and wide-
spread applications of functionalized NPs in biomedicine. FNPs are better
than traditional therapeutics and nearly 26 FNP-based medicines are in medi-
cal use (Zhang et al., 2008). For example, greater antibacterial characteristics



TABLE 13.7 Comparison data for degradation of phenols using nanoparticles.

Target
Phenol

Phenol
(40 mg/L)

Phenol

Phenol

Phenols
(30 mg/L)

Phenol

2,4-
dinitrophenol
(2,4-DNP)
(40 mg/L)

Nanoparticles

Ultrasound/H,O,/CuO
process

Graphene-based titanium
dioxide and zinc oxide
composites (TiO,—G,
ZnO—-G)

FeWO,@ZnWQO,/ZnO

Pr-doped TiO, (1 g/L)

Peroxymonosulfate activated
by CuO—C0;0,@MnO,

Bismuth-doped TiO,
nanotubes composite

Al,O3-supported Fe(lll)-
5—sulfosalicylic acid (ssal)
complex 1.0 g/L

Brief summary

Oxidant: H,O,, reaction temperature: 29.5°C

Complete degradation within 60 min while using
coupled ZnO—G/TiO,-G photocatalysts

Photocatalytic activity: FeWO,@ZnWO,/ZnO
composite > than FeWO, and ZnWO,/ZnO;
synergetic effect of ZnWO,/ZnO and
FeWO,@ZnWO,/ZnO

Complete degradation in aqueous solutions after 2 h
irradiation; 0.072 mol% of Pr(lll)

Synergistic effect between bi-metallic oxides of Cu
and Co; 100%; Efficient 0.5%Cu—2%Co—MnQO, than
0.5%Cu@MnO, or 2%Co@MnO, alone

Efficiency: bismuth doped TiO, (by a factor of 4) >
undoped TiO, rate was 5.2 times faster due to OHe
and superoxides

pH 2.5; 30 °C; ¢ H,O, : 5 mmol/L; 100 min

Mechanism

Heterogeneous
catalyst

Photocatalytic
activity (solar)

Visible-light
photocatalytic
activity

Photocatalytic
degradation

Photocatalytic
degradation

Photocatalytic
degradation

(visible light)

Solar-light-
assisted Fenton
oxidation

References

Drijvers et
al., 1999

Malekshoar
etal., 2014

Wang et al.,
2016

Chiou and
Juang, 2007

Khan et al.,
2017

Ali et al.,
2017

Wang et al.,
2010 [126]

(Continued)



TABLE 13.7 (Continued)

Target
2,4-DNP

2,4-DNP

2,4-DNP

2,4-DNP

3-
Aminophenol
p_
Aminophenol
(20 mg/L)

Nanoparticles

Popcorn balls-like
ZnFe;,O4—ZrO, microsphere

Nanosized particles of TiO,

e-Bi,O3/Bi,MoOg composites

Bamboo-inspired

hierarchical nanoarchitecture
of Ag/CuO/TiO;, nanotube
array

Aqueous TiO, suspensions

CuO supported Clinoptilolite
2.0gL)

Brief summary

rate of ZnFe,O4—ZrO,photocatalyst (mass ratio of
ZnFe,04/ZrO, = = 2:1) was almost 7.4 and 2.4 times
higher than those of pure ZnFe,O,4 and ZrO,

At a pH of 8, 70% removal within 7 h

Solar and visible light irradiation

Under simulated solar light irradiation, the 2,4-
dinitrophenol (2,4-DNP) photocatalytic degradation
rate over Ag/CuO/TiO, was about 2.0, 1.5, and 1.2
times that over TiO, nanotubes, CuO/TiO, and Ag/
TiO,, respectively

TiO, P25 Degussa as the photocatalyst

H,O, and potassium bromate considerably increased
the rate of degradation at pH 6.0

Mechanism

Photocatalytic
degradation
(simulated solar
visible)

Photocatalytic
degradation (UV)

Photocatalytic
degradation

Photocatalytic
degradation

Photodegradation

solar
photocatalytic
degradation

References

Chen et al.,
2017

Shukla et al.,
2009

Ma et al.,
2014

Zhang et al.,
2016 [206]

San et al.,
2001

Nezamzadeh-
Ejhieh and
Amiri, 2013



TABLE 13.8 Comparison data for degradation of BPA by several nanoparticles.

Nanoparticles

TiO,—zeolite
sheets

CoMnAl

TiO, and
platinized TiO,

Immobilized TiO,

Ce—ZnO

Fe,Coz Oy
nanocages

graphite-C5N./
BiOBr

Au deposited on
TiO,

Cu-doped AIPO4

Pd-doped
mesoporous (Pd/
mpg-C3N4)

ZnHCF@ ZnO

Brief summary

Composite TiO,—zeolite sheets > zeolite-free TiO, sheets indicated
synergistic effect of combined use

Typically, 10 mg/L of BPA could be completely degraded under the
coexistence of 0.02 g/L of CoMnAI-MMO and 0.15 g/L of Oxone within
90 min at 25 C

At pH 3, 20 mg/L of BPA, completely mineralized into CO, after 120 min
of UV illumination. However, only 20—30% of the carbon from the BPA
was converted into CO, for the same illumination time at pH 10

UV illumination in a horizontal circulating bed photocatalytic reactor
(HCBPR)

Ce-ZnO (2%) achieved 100% BPA degradation and 61% BPA
mineralization after 24 h

By activation of peroxymonosulfate
More efficiency than that of pure BiOBr
Small amount of rutile only beneficial

Cu(0.05)-AIPO4 with Cu/Al molar ratio of 0.05 was highly effective and
stable in the presence of H,O,

100% degradation in 360 min
OH, h* and O*~ were reason for the degradation while the O? was more
predominant

ZnHCF@ZnO (97%) >ZnHCEF (88%), > ZnO (75%)

Mechanism

Photodecomposition, UV
irradiation

Catalytic degradation

Photocatalytic
degradation (UV) and
mineralization

Photocatalytic
degradation

Photocatalytic
degradation

Catalytic degradation
Visible light irradiation
UV-visible light

Fenton-like catalyst

Photocatalytic-simulated
solar light irradiation

Sunlight

References

Fukahori et
al., 2003

Li et al., 2015

Chiang et al.,
2004

Wang et al.,
2009

Bechambi et
al., 2016

Li etal., 2016

Xia et al.,
2014 [255]

Cojocaru et
al., 2017 [253]

Zhang et al.,
2017 [257]

Chang et al.,
2013 [258]

Rani and
Shanker, 2018
[102]



TABLE 13.9 PAHs degradation by various FNMs.

PAH
BaP

Chrysene

Naphthalene

Phenanthrene

BaA

Chrysene

BaP
BaA

Nanoparticles

Fe3O, coated with fatty
acids

Curcumin conjugated
ZnO

La and N co-doped
TiO, supported on
activated carbon

Co-doped titanate
nanotubes

Fe3 + -modified
montmorillonite

Fe,0;@ZnHCF

ZnHCF@ZnO (distorted
nanocubes)

ZnHCF (nanocubes,
108.70 m?*/g)

ZnO (Flower shaped,
12 m?/g)

Remarks

Adsorption within 5 min at RT

100% removal in 2.2 h

Efficient degradation (93.5%) within 120 min

98.6% removal in 12 h

17% in 6 h

92% in 24 h

BaP: ZnHCF@ZnO (90%) > ZnHCF 65%) >ZnO (38%) in
24 h
BaA: ZnHCF@ZnO (93%) > ZnHCF 70%) >ZnO (46%) in
24 h

Mechanism

Adsorption

Photodegradation

Photodegradation

Photodegradation

Photodegradation

Photodegradation

References

Liao et al.
2015 [263]

Moussawi
and Patra

Liu et al.
2016 [259]

Zhao et al.
2016 [261]

Zhao et al.,
2017

Rachna et al.
2018 [87]

Unpublished
data

(Continued)



TABLE 13.9 (Continued)

PAH

ACN, PHN &
FLU

Phenanthrene

Benzol[a]
pyrene

Phenanthrene
and pyrene

Benzol[a]
pyrene

Anthracene

Nanoparticles

TiO,@ZnHCF

Coupling magnetic-
nanoparticle mediated
isolation

Starch nanoparticles

Amorphous ferric
Hydroxide in
combination with
sediment microbial fuel
cell

ZnO nanoparticles in
combination with yeast

n-ZnO/p-MnO
nanocomposites

Remarks

96%, 95% and 93% in water & 86%, 84%, 82% in soil
samples

95% of BaP degradation was equivalent to 52.9 pg of BaP
degraded per gram of starch used: 2.4 and 1.5-fold

PAHs biodegradation with removal efficiencies of
phenanthrene and pyrene reaching to 99.47 * 0.15% and
94.79 *= 0.63% respectively after 240 days of experiments

Maximum BaP degradation was found to be 82.67 = 0.01
(%) at pH 7.0, temperature 30°C 2 g/L of ZnO nanoparticle

Photodegradation studies of anthracene in an ethanol:water
(1:1, pH 12) solution were performed, showing that
anthraquinone is the main product with no photodegrading
of ethanol. The results suggest that the junction n-ZnO/p-
MnO and materials with high transient time constant (1),
enhance the photocatalytic degradation

Mechanism

Photodegradation

Fenton
degradation

Anaerobic
degradation

Photodegradation

Photocatalytic

References

Unpublished
data

Delsarte et
al., 2018

Yan et al.,
2012

Mandal et
al.,, 2018

Martinez-
Vargas et al.,
2019
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have been shown by graphene nanohybrids with biocidal magnetic NMs due
to dimensional appearances of their sharp edges. Surface roughness or
surface-to-volume ratio (via attrition and rubbing) is also enhanced by the
introduction of functional groups like —COOH and —OH. Due to the inhibi-
tion of electron-hole recombination, nanocomposites of grapheme (sheets
and plates) with Ag;PO,, TiO,, TiO,, and Bi;,MoO¢ have been found to
remove microorganisms and E. coli under visible light irradiation. Having
antimicrobial properties, metals like Ag, Cu, and Zn attached to the mem-
brane could be used as a nondestructive substitute for chlorine decontamina-
tion without any harmful byproducts and reduced operating cost. Though
grapheme showed limitations in the areas of size reduction and folding ten-
dency, and, hence, less inactivation of the microorganisms, surface modifica-
tion has the potential to prevent its aggregation tendency.

13.10 Conclusions and future perspectives

Functionalization of NMs (e.g., silica, carbonaceous, and metal-based ZnO,
TiO,, Fe, Pt and Pd, and NiO,) for environmental applications were
reviewed in this chapter. Various types of functionalization methods, espe-
cially the chemical approach for its diversity and ability to decorate NMs
with large number of functionalities, were discussed. High production and
wide use of innumerable, perilous manmade organics are considered as the
prominent sources of water pollution in Asia and worldwide. FNPs may
overcome the principal limitations that hinder wide-scale applications of
NPs. Due to functionalization, their working ability is enhanced at a neutral
pH under UV or solar radiation. FNPs are used wide-range to exclude or
remove their destructive impacts via several processes including oxidation,
photocatalysis (i.e., generation of electron-hole pairs), and adsorption.
Degradation results in more or less complete removal of environmental tox-
ins through mineralization or transformation to less-toxic chemicals in a
short span. Green synthesis-produced FNPs with variable morphology and
size depend on different biogenic sources (e.g., plant surfactants, microor-
ganisms). The FNPs obtained may have better efficacy than that of chemi-
cally synthesized ones because of the role of surfactants that enter the lattice
or are sometimes found dispersed on it. However, more time and focused
research is needed to employ FFNPs as a milestone in environmental remedi-
ation and other commercial nanotechnology.

While green synthesis may result in less expensive and more effective
and sustainable FNPs than the mediated degradation process, the use of
biopolymer-based functionalized composites should also be encouraged.
More research is needed to explore different NMs on traditional or upcoming
OPs, carbamates, and SU to ban or restrict them. FNPs with high potential
should also be used to treat persisting OCs. For some pollutants like quinto-
zene, pentachlorophenol and toxaphene, FINPs have never been used.
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