WILEY .*vcH

Edited by Gokare A. Ravishankar,
Ambati Ranga Rao, and Se-Kwon Kim

Algae Mediated
Bioremediation

Industrial Prospectives

Volumes 1-2







Algae Mediated Bioremediation






Algae Mediated Bioremediation

Industrial Prospectives

Edited by Gokare A. Ravishankar, Ambati Ranga Rao,
and Se-Kwon Kim

Volume 1

WILEY «vcH



Editors

Prof. Gokare A. Ravishankar
Dayananda Sagar Institutions
Bengaluru

India

Dr Ambati Ranga Rao

Vignan’s Foundation for Science
Technology and Research (Deemed to be
University)

Andhra Pradesh

Guntur, 522213

India

Prof. Se-Kwon Kim

Hanyang University ERICA
55 Hanyangdae-ro
Sangnok-gu, Ansan-si
Gyeonggi-do, 11558

South Korea

Cover Image: © Chokniti-Studio/
Shutterstock

All books published by WILEY-VCH are carefully
produced. Nevertheless, authors, editors, and
publisher do not warrant the information
contained in these books, including this book,
to be free of errors. Readers are advised to keep
in mind that statements, data, illustrations,
procedural details or other items may
inadvertently be inaccurate.

Library of Congress Card No.: applied for

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

Bibliographic information published by

the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek lists

this publication in the Deutsche
Nationalbibliografie; detailed bibliographic
data are available on the Internet at
<http://dnb.d-nb.de>.

© 2024 WILEY-VCH GmbH, Boschstrafie 12,
69469 Weinheim, Germany

All rights reserved (including those of
translation into other languages). No part of
this book may be reproduced in any form - by
photoprinting, microfilm, or any other

means - nor transmitted or translated into a
machine language without written permission
from the publishers. Registered names,
trademarks, etc. used in this book, even when
not specifically marked as such, are not to be
considered unprotected by law.

Print ISBN: 978-3-527-35388-0
ePDF ISBN: 978-3-527-84334-3
ePub ISBN: 978-3-527-84335-0
oBook ISBN: 978-3-527-84336-7

Typesetting: Straive, Chennai, India


http://dnb.d-nb.de
http://dnb.d-nb.de

1.1
1.2
1.2.1
1.2.2
1.3
1.3.1
1.3.2
1.3.3
1.4
141
1.4.2
1.4.3
1.5
1.6
1.7

Contents

Volume 1

About the Editors xvii

Foreword xxiii

Preface xw
Acknowledgment  xxix

Part |

Microalgal Process Technologies for Removal of High Load of
Pollutants from Wastewater
Nigel Twi-Yeboah, Dacosta Osei, and Michael K. Danquah
Introduction 3
Microalgal Cultivation Techniques
Open System 5

Closed System 5

Microalgal Wastewater Remediation 6

Heavy Metals Removal
Phosphates and Nitrates Removal

Organic Compounds Removal
Microalgal-Based Hybrid Systems For Wastewater Treatment

Nanomaterials
Activated Carbon 12

Polymers

Microalgae Consortium 13
Future Perspectives
Conclusion 16

References

12

16

11

15

7

3

9

Phycoremediation Strategies 1

5

8

10



vi | Contents

2 Synergistic Bacteria-Algae Efficiency in Remediation of Heavy
Metals in Wastewater 23
Spriha Raven, Abhishek Saxena, Sashita Bindu Ekka, Hayan Lee, Arpit
Andrew Noel, Joshua Nainan, and Archana Tiwari

2.1 Introduction 23

2.2 Heavy Metals 24

2.2.1 Sources of Heavy Metals in the Wastewater 24

2.2.2 Effects Caused Due to Heavy Metals in Water 26

23 Role of Bacteria and Algae in the Remediation of Heavy Metals 27

231 Role of Algae 27

2.3.2 Role of Bacteria 28

233 Synergism Between Algae-Bacteria Consortium 28
234 Factors Affecting the Microalgal System 31

2.4 Diverse Mechanisms of Heavy Metal Remediation 32
2.4.1 Biosorption 32

2.4.2 Bioaccumulation 33

2.5 Applications 33

2.6 Future Prospects 34

2.7 Conclusion 34

Conflict of Interests 34
Acknowledgment 35
References 35

3 Immobilization of Microalgae for Bioremediation of
Wastewater 43
Anushree Pant, Jatinder Singh, Kavyashree Tewari, Harmanpreet Meehnian,
and Asim Kumar Jana

31 Introduction 43

3.2 Microalgae 44

3.3 Immobilization Techniques for Microalgal Cells 48

3.4 Applications of Immobilized Microalgae in Pollutants Removal 50
3.4.1 Removal of Nutrients and Pesticides from Industrial Wastewater 51
3.4.2 Heavy Metals Removal 51

3.4.3 Dyes and Hydrocarbon Removal from Textile Wastewater 52

3.5 Large-Scale Production of Microalgal System 53

3.6 Future Perspectives 53

3.7 Conclusion 54

Abbreviations 54
References 54

4 Immobilized Microalgae-Based Processes: Is It a Viable
Pathway for Wastewater Treatment? 63
lhana A. Severo, Otto G. de A. Azevedo, Walter J. Martinez-Burgos,
André B. Mariano, José V. C Vargas, and Juan C. Ordonez

4.1 Introduction 63

4.2 Why Use Immobilized Microalgae for Wastewater Treatment? 65



4.2.1
4.3
4.4
4.5
4.6

51
5.2
53
5.4

6.1
6.2

6.3

6.4

6.5
6.5.1
6.5.1.1
6.5.1.2
6.5.1.3
6.5.1.4
6.5.2
6.5.3
6.6

6.6.1
6.6.2
6.6.3
6.7

Contents

Pros and Cons of Immobilized Microalgae 66

Immobilization Techniques 69

Microalgae Immobilization Systems for Wastewater Treatment 71
Downstream Applications of Microalgae Immobilized Systems 74
Conclusions and Future Outlook 75

Acknowledgment 76

References 76

Bioreactors and Operation Modes for Microalgae-Based

Wastewater Treatment 83

Francine Pimentel de Andrade, Josimayra Almeida Medeiros, Carlos Eduardo
de Farias Silva, and Mdrcio Luciano Ferreira de Sd Filho

Introduction 83

Bioreactor Types and Operating Conditions 84

Operation Modes in Microalgae Cultivation 85

Conclusions and Future Prospects 96

References 96

Removal of Heavy Metals from the Aquatic and Terrestrial
Ecosystems by Microalgae 101

Jinnath Rehana Ritu, Saleha Khan, Md Mahfuzul Haque, Ambati Ranga Rao,
and Gokare A. Ravishankar

Introduction 101

Heavy Metals and their Breakneck Consequences in the Aquatic
Ecosystem 102

Microalgae — The Promising Resource for the Remediation of Heavy
Metals 106

Competitiveness of Microalgae over other Techniques in the Exclusion of
HMs 107

Remediation Mechanisms of Numerous HMs via Microalgae 109
Biosorption 110

Physical Adsorption 112

Ion Exchange 112

Complexation 112

Precipitation 112

Bioaccumulation 112

Biotransformation 113

Recent Advanced Strategies for Microalgae-Based Heavy Metals
Removal 113

Immobilization of Microalgae 113

Development of Consortia of Microalgae 114

Application of Genetic and Metabolic Engineering Tools 115
Conclusion and Future Perspectives 115

Acknowledgments 115

Abbreviations 115

References 116

vii



viii

Contents

7.1
7.2
7.3

7.3.1
7.4
7.5
7.6
7.6.1
7.6.2
7.6.3
7.7

7.8

8.1

8.2

8.3
8.3.1
8.3.2
8.3.3
8.3.4
8.4
8.4.1
8.4.2
8.4.2.1
8.4.2.2
8.4.2.3
8.5

8.6

8.7

9.1

Seaweeds as Accumulators of Heavy Metals: Current Status on
Heavy Metal Sequestration 123

C. Periyasamy, K. Suresh Kumar, and PV. Subba Rao

Introduction 123

Seaweeds and Marine Ecosystem 124

Heavy Metals and their Effects on the Marine Ecosystem and
Environments 124

Seaweeds as Bioindicators/Biomonitors of Heavy Metal Pollution 126
Heavy Metal Accumulation and Food Chain 127

Removal of Heavy Metals 127

Role of Seaweeds in Bioremediation/Phycoremediation 128
Brown Seaweeds 129

Red Seaweeds 130

Green Seaweeds 130

Futuristic Plans for Sequestration of Heavy Metals by Cultivation of
Seaweeds 131

Conclusion 133

Abbreviations 133

References 134

Bioremediation of Wastewater Employing Microalgae 145
Nazar Reehana, Mohamed Yousuff Mohamed Imran, Thajuddin Shakena
Fathima, and Nooruddin Thajuddin

Introduction 145

Microalgae and Their Wonders 146

Wastewater Treatment Using Microalgae 148

Bioremediation of Industrial Effluents 148

Bioremediation of Heavy Metal 149

Bioremediation of Pathogenic Organisms 150

Bioremediation of Dyes Removal 150

Photobioreactors (PBRs) Used in the Bioremediation of Wastewater 151
Suspended Microalgae Systems for Wastewater Treatment 151
Immobilized Microalgae Systems for Wastewater Treatment 152
Microalgae Turf Scrubber 153

Fixed Bed Systems 153

Fluidized Bed Systems 153

End Use of Cultivated Microalgae in Wastewater 155
Challenges 156

Conclusion 157

Acknowledgments 157

References 157

The Combined Use of Alginate and Chitosan in the Removal of
Dye and Heavy Metal lons 165

Yimin Qin

Introduction 165



9.2

9.2.1
9.2.2

9.2.3
9.2.4
9.2.5
9.3

9.3.1

9.3.2
9.3.3
9.3.4
9.3.5
9.4

9.5

10

10.1
10.2
10.3
10.3.1
10.3.2
10.3.3
10.4

11

11.1
11.2
11.2.1
11.2.2

Contents

The Combined Use of Alginate and Chitosan in the Treatment of
Wastewater Containing Heavy Metal Ions 165

Experimental Procedure and Initial Observation 165

Effect of the Ratio Between Chitosan and Sodium Alginate on the
Treatment Result 169

Effect of Treatment Time 169

Effect of Temperature 170

Treatment Efficiency for Different Types of Heavy Metal Ions 170
The Combined Use of Alginate and Chitosan in the Treatment of
Wastewater-Containing Dye 171

The Principles of Using Chitosan and Alginate in Removing Waste
Dye 171

Experimental Procedure 172

Effect of Chitosan and Alginate Concentration on Dye Removal 174
Effect of the Ratio Between Chitosan and Alginate on Dye Removal 174
Effect of Temperature and Time on Dye Removal 175

Applications of Alginate and Chitosan as Immobilizing Agents in
Wastewater Treatment Technologies 175

Conclusions 177

References 177

Part Il Anaerobic Digestion for Removal of Pollutants and
Sewage Treatment 179

Treatment of Swine Wastewater Using Microalgae 181

Ana Laura Silva-Gdlvez, Maria Fernanda Palafox-Sola, Martin Esteban
Gonzdlez-Ldpez, Anaid Ldpez Sdnchez, Danielle A. Orozco-Nunnelly, Isaac
Jhonnatan Pérez-Hermosillo, José Gonzdlez-Valdez, and Misael Sebastidn
Gradilla-Herndndez

Introduction 181

MbWT as Primary Treatment for SW 183

MDbWT as a Complementary Treatment for SW 185

Anaerobic Treatment 186

Flocculation—-Coagulation 189

Ultraviolet Radiation Treatment 192

Conclusions and Future Perspectives 196

Acknowledgments 196

References 196

Potential of Algal Culture to Treat Anaerobic Digestate of
Piggery Waste for Bioremediation and Biomass

Production 205

Jeremy Ayre and Navid Moheimani

Introduction 205

From Raw Wastewater to Anaerobic Digestate 205

Nutrient Load and Properties of Raw Piggery Wastewater 206
Algal Growth Studies Using Raw Piggery Effluent 206



X

Contents

11.2.3

11.2.3.1

11.2.3.2
11.2.3.3
11.2.4
11.3
11.3.1
11.3.2
11.3.3
11.3.4
11.3.5
11.4
11.4.1
11.4.2
11.4.3
11.4.4
11.4.5
11.4.6
11.4.7
11.4.8
11.4.9
11.4.10
11.5
11.5.1
11.5.2
11.6
11.6.1
11.6.2
11.6.3
11.7

12

12.1
12.2
12.2.1
12.2.2
12.3

Features and Advantages of Piggery Wastewater Anaerobic
Digestate 207

The Biological Breakdown of Nitrogen Compounds and the Formation of
Ammonia 208

Turbidity (Dark Color) of Wastewater 210

HighpH 211

Previous Studies Using Algae to Treat Anaerobic Digestate 211
Potential use of Produced Biomass 213

Pig Feed 214

Biogas Production Enrichment 215

Plant Fertiliser or Other Exportable 216

Water Purification 216

Carbon Capture 217

Limits to Algal Growth in ADPE 217

The Concern of High Ammonia Concentration 218
Phosphate Availability 218

Micronutrient Limitations and Interactions 219
Addition of CO, and pH Control 220

Cell Density 221

Mixing and Pond Depth 221

Temperature 221

Strain Selection 222

Digestate Pretreatments 222

Advanced and Future Optimization Approaches 223
Process Design 223

Life Cycle Assessment (LCA) 223

Potential Process Design 224

Economics of Culturing Algae Using Piggery Digestate 227
Scope 227

Potential Products 227

Model Development 228

Future Perspectives 229

Acknowledgments 229

Acronyms 230

References 230

Algae and Biogas Plants: Digestate Remediation and Nutrient
Recycling with Algal Systems 245

Maja Zrimec Berden, Robert Reinhardt, Simone Rossi, Elena Ficara,

Maria del Rosario Rodero, and Raul Murioz

Introduction 245

Microalgae Integration in Biogas Plants 246

Liquid Fraction of Anaerobic Digestate as a Growth Medium 246
Options for Integrating Microalgae Cultivation into Biogas Plants 247
Microalgal Cultivation on Anaerobic Digestate — Challenges and
Solutions 252



12.3.1
12.3.2
12.3.3
12.4

12.4.1
12.4.2
12.5

12.5.1
12.5.2
12.6

13

13.1
13.2
13.3
13.4

13.5
13.6
13.7
13.7.1
13.7.2

13.7.3
13.8

14

14.1
14.2

Contents

Digestate Composition and Characteristics 252
Selection of Algae Species 253

Mathematical Modeling 254

Microalgae-based Biogas Upgrading 255
Fundamentals 255

Parameters Affecting Photosynthetic Biogas Upgrading 256
Valorization 259

Biofertilizers, Biostimulants, and Animal Feed 260
Biorefineries (Biofuels, Bioplastics, and Cosmetics) 261
Conclusions and Future Perspective 262
Acknowledgements 263

Abbreviations 263

References 264

Part lll Treatment of Agricultural Wastes 271

Phycoremediation of Aquaculture Wastewater by Algae 273

Sunzida Sultana, Saleha Khan, Ambati Ranga Rao, Md Mahfuzul Haque,
M. Yahia Mahmud, and Gokare A. Ravishankar

Introduction 273

Global Production and Significance of the Aquaculture Industry 274
Aquaculture Wastewater is a Critical Hazard 277

Phycoremediation by Algae: A Green Technology for the Treatment of
Aquaculture Wastewater 278

Algal-Based Phycoremediation Process for Aquaculture Wastewater
Treatment 280

Major Challenges and Constraints of Algae-Based Phycoremediation of
Aquaculture 285

Current Progress and Future Perspectives in Aquaculture Wastewater
Treatment by Algae 285

Algae-Based Aquaculture Feeds 285

Algae-Based Nutrient Removal 286

Algal and Bacterial Consortia for Remediation 287

Conclusion 287

Acknowledgments 287

References 288

Aquaculture Wastewater Treatment Through Microalgae for

Biomass Production and its Use in Agriculture, Feed, and

Energy Applications 295

Nowrin Akter Shaika, Saleha Khan, Sunzida Sultana, Md Mahfuzul Haque,
Ambati Ranga Rao, and Gokare A. Ravishankar

Introduction 295

Microalgae-Based Aquaculture Wastewater Treatment 296

xi



xii

Contents

14.2.1
14.2.2
14.3

14.4

14.5
14.6
14.6.1
14.6.2
14.6.3
14.7

15

15.1
15.2
15.3
15.4
15.5
15.6

16

16.1
16.2
16.2.1
16.2.2
16.2.3
16.3
16.3.1

Aquaculture Wastewater - Growth Media for Microalgae 297
Microalgal Species Selection for Wastewater Treatment 298
Design and Operation of Microalgae-Based Wastewater Treatment
Process 299

Nutrient Removal Efficiency and Biomass Production from
Wastewater 300

Emerging Biomass Harvesting Technologies 302

Potential Application of Microalgae Biomass 303

Biomass Use in Agriculture 303

Microalgae Biomass as Feed 306

Other Energy Applications 307

Conclusions and Future Perspectives 308

Acknowledgments 308

Abbreviations 308

References 308

Part IV Treatment of Food Industry-Wastewaters 317

Phycoremediation of Palm Oil Mill Effluent by Selected Algal
Forms Leading to Biomass Production and High Value
Products 319

Muhamad Maulana Azimatun Nur, Ambati Ranga Rao, and Gokare A.
Ravishankar

Introduction 319

Microalgae Growth Conditions in POME 320

Microalgae as a Potential Treatment Tool for POME 322
Value-Added Products from Microalgae Grown in POME 323
Future Prospective 327

Conclusion 328

Acknowledgments 328

Abbreviations 328

References 329

Phycoremediation of Food Processing Wastewater by

Microalgae 335

Awalina Satya, Ratih Pangestuti, Tiandra Crismadha, lka A. Satya, Puji
Rahmadi, Ardiyan Harimawan, and Tjandra Setiadi

Introduction 335

Food Processing Wastewater Treatment 336

FPW Characteristic 336

Microalga for Treating FPW 338

Case Studies of Using Microalgae for Treating Dairy Wastewater 341
Potential Value-Added Bioproducts 341

Pigments 342



16.3.2
16.3.3
16.4

16.4.1
16.4.2
16.5

16.5.1
16.5.2
16.5.3
16.6

17

18

19

20

Contents

Fatty Acids and Biodiesel 343

Protein, Peptides, and Carbohydrates 344

Existing Challenges 344

Biorefinery Cost 344

Efficiency 345

Prospective of Microalgae Based FPW Treatment 345
Microalgae-Bacteria and Microalgae-Yeast Consortium 345
Optimizing on Cultivation Modes 346

Cogeneration Value Added Production with Biofuel Production 347
Conclusion 348

Acknowledgments 348

Abbreviations 348

References 349

Volume 2

About the Editors xvii
Foreword xxiii
Preface xxv
Acknowledgment xxix

Part V Detoxication and Pollution Abatement of Industrial
Waste Streams 355

Removal of Micropollutants in Industrial Wastewater Using
Microalgae 357
Melih Onay and Aytun Onay

Algae-Based Bioremediation of Pulp and Paper Mill
Wastewater: An Overview 377
Ambati Ranga Rao and Gokare A. Ravishankar

Bioremediation of Water Polluted with Dyes from Textile

Industries Using Microalgae and Cultivation of Microalgae for
Multiple Biorefineries 399

Michael Van Lal Chhandama, Alongkrita Chumpi Chetia, Kumudini Belur
Satyan, Ambati Ranga Rao, and Gokare A. Ravishankar

Phycoremediation of Tannery Effluents - An Approach to

Circular Economy 423

Sonica Divakar, Tamoghno Paul, Dhathri Bollepalli, Kanagam Nachiappan,
Kalaivani Thiagarajan, and Rajasekaran Chandrasekaran

xiii



Xiv

Contents

21

22

23

24

25

26

27

28

29

Petrochemical Wastewater Remediation by Microalgae 439
Madhubalaji CK., M. Mounika S. Reddy, Vikas Singh Chauhan, and
Ravi Sarada

Recent Advances in the Application of Microalgae-Based
Bioremediation of Pharmaceutical Waste 457
Ming-Li Teoh, Wu-Thong Choo, and Peter Convey

Bioremediation of Emerging Contaminants Pharmaceutical

Waste Using Microalgae 471

Walter J. Martinez-Burgos, Julio Cesar de Carvalho, Anllelo R. Pacheco
Quintero, Ihana Aguiar Severo, Andrea Monroy-Licht, Susan Grace Karp, and
Carlos Ricardo Soccol

Part VI Carbon Dioxide Sequestration Strategies 487

Carbon-Dioxide Capture Strategies from Industrial Flue Gas by
Algae 489
Sanjukta Banerjee and Debabrata Das

Seaweeds Aid in Carbon Sequestration to Combat Global
Warming: A Glimpse 505

Harshita Mishra, K. Suresh Kumar, K. Pratibha, C. Periyasamy, and
PV. Subba Rao

Part VIl Valorization of Algal Biomass 521

Utilization of Algal Biomass for Producing Biochar,
Biofertilizers, and Valuable Metabolites 523
Hamoon Nouri Pourazgomi

Microalgae and Its Potential to Generate Carbon Credits 539
Adriane Terezinha Schneider, Rosangela Rodrigues Dias, Mariany Costa
Deprd, Leila Queiroz Zepka, and Eduardo Jacob-Lopes

Phycoremediated Algal Biomass as Biofertilizers for
Sustainable Crop Production: An Overview 549
Debasish Panda, Sananda Mondal, Rajkumari Bhol, and Soumi Saha

Microalgae and Cyanobacteria Role in Sustainable Agriculture:

From Wastewater Treatment to Biofertilizer Production 565

Giovanni Antonio Lutzu, Ali Parsaeimehr, Gulnihal Ozbay, Adriana Ciurli,
Leonardo Bacci, Ambati Ranga Rao, Gokare A. Ravishankar, and Alessandro
Concas



30

31

32

33

34

35

Contents

Algal-Elicitor as a Bio-Stimulant: Post-Remediation

Applications 619

Sonica Divakar, Zelalem Gezu Alemu, Lensa Tafese Ettana, Kanagam
Nachiappan, Kalaivani Thiagarajan, and Rajasekaran Chandrasekaran

Part VIII Global Perspectives of Algae-Based
Bioremediation 633

Algal-Mediated Bioremediation of Wastewater Streams with a

Special Focus on the Successes Achieved in Vietham 635

Dang Diem Hong, Nguyen Cam Ha, Le Thi Thom, Dong Van Quyen, Nguyen
Thi Kim Cuc, Nguyen Thi Lan Huong, Ambati Ranga Rao, and Gokare A.
Ravishankar

Algae-Mediated Bioremediation in Malaysia 663
Siew-Moi Phang

Algae-Mediated Bioremediation in Thailand: An
Overview 683
Rapeeporn Ruangchuay, Anong Chirapart, and Khanjanapaj Lewmanomont

Wastewater Treatment in Pakistan Using Algae and Microbes:

Recent Developments 701

Sidra Mushtaq, Shumaila Sarwar, Uzma Younas, Saira Naseem, Quaisar ljaz
Khan, Ali Hussain, and Maleeha Manzoor

Algal Bioremediation in Asian Developing Countries and Its
Potential Applications 715

Nilay Kumar Sarker, Prasad Kaparaju, and Ambati Ranga Rao

Index 737

XV






About the Editors

Gokare A. Ravishankar, Ph.D., is an adjunct honorary
Vice President of Research & Development (R&D) in Life
Sciences and Biotechnology (partly remote position) at
Dayananda Sagar Institutions [Dayananda Sagar Univer-
sity; Dayananda Sagar College of Engineering affiliated
to Visvesvaraya Technological University (VTU)], Ben-
galuru, India. He is also an international consultant in
the domains of biomass production, agro-technologies,
food science and technologies in the United States.

Earlier, he had a distinguished research career of over 30 years at the Central Food
Technological Research Institute (CFTRI), Mysore and in the institutions of the
Government of India. At CFTRI, he served as Director-Grade Scientist and Head of
the Plant Cell Biotechnology Department for 18 years till his voluntary retirement
in 2012. Later, he served as Chairman of the board of studies in biotechnology
at the Visvesvaraya Technological University and Academic Council Member of
Dayananda Sagar University. He has also been a member of the boards of eight
universities. He served as Visiting Professor/Scientist to universities in Japan,
Korea, Taiwan, and Russia. He is also a research advisory committee member
of ICAR-Indian Institute of Horticultural Research, Bengaluru and a member of
the expert committee on All India Coordinated Project on Seaweeds, Council of
Scientific and Industrial Research, New Delhi. He was the founding director of E2E
Biotech Pvt Ltd, Bengaluru and is now the honorary advisor.

He is an internationally recognized expert in the areas of food science and
technology, plant biotechnology, algal biotechnology, food biotechnology and
postharvest technologies, plant physiology, plant secondary metabolites, functional
foods, herbal products, genetic engineering, microbial technologies, plant-microbe
interactions, biomass production, and biofuels. He is listed in the top 2% of the
world’s scientists reported by Stanford University, United States.

Dr. Ravishankar holds a master’s and a Ph.D. degree from Maharaja Saya-
jirao University of Baroda. He mentored over 40 Ph.D. students, 62 master’s
students, 7 postdocs, and 8 international guest scientists. He has authored over 265
peer-reviewed research papers, 30 review articles, 70 Book chapters, and 55 patents
in India and abroad and edited 7 books. His research publications have received over

xvii



xviii

About the Editors

25,000 citations with an h-index of 73. He has presented over 220 lectures at various
scientific meetings in India and abroad, including visits to about 30 countries.

Dr. Ravishankar has received international honors as a Fellow of the International
Academy of Food Science and Technology (Canada), Institute of Food Technologists
(United States), Institute of Food Science and Technology (United Kingdom), and as
a Certified Food Scientist, United States.

He was honored as a fellow of several organizations in India, namely, the National
Academy of Sciences, National Academy of Agricultural Sciences, Association of
Microbiologists of India, Society of Agricultural Biochemists, Society of Applied
Biotechnologists, Indian Botanical Society, Biotechnology Research Society of India,
and the Association of Food Scientists and Technologists of India. He is also an
elected member of the Plant Tissue Culture Association of India. He is an Executive
Council Member of the Indian Academy of Microbiological Sciences.

Dr. Ravishankar received several coveted awards as follows: Young Scientist
Award (Botany) by the then Prime Minister of India in 1992; National Technology
Day Award of the Government of India in 2003; Laljee Goodhoo Smarak Nidhi
Award for food biotechnology R&D of Industrial Relevance; the Prestigious,
Professor V. Subramanyan Food Industrial Achievement Award; Professor S.S.
Katiyar Endowment Lecture Award in New Biology by Indian Science Congress;
Professor Vyas Memorial Award of Association of Microbiologists of India;
Professor V.N. Raja Rao Endowment Lecture Award in Applied Botany, University
of Madras; Lifetime Achievement Award by the Society of Applied Biotechnolo-
gists, Dr. Diwaker Patel Memorial Award by Anand Agricultural University, Anand;
Prof. C.S. Paulose Memorial Oration Award by Society for Biotechnologists of India;
Prof. Gadgil Memorial Lecture Award from Plant Tissue Culture Association of
India; and Lifetime Achievement Award of the Association of Microbiologists of
India.

He has held honorary positions as President of the Society of Biological Chemists,
Mysore Chapter; President of the Association of Microbiologists of India, Mysore,
and Bangalore Chapters; and Vice President (HQ) of the Association of Food
Scientists and Technologists of India. He is a lifetime member of the Nutrition
Society of India and several biotechnology societies including the Plant Tissue
Culture Association of India, Society for Biotechnologists of India, Biotechnology
Research Society of India, International Coffee Genome Network, American
Society of Plant Biologists, Global Harmonization Initiative (Austria), and
many more.

He has also served as an advisor and resource person in international conferences,
seminars, workshops, and short courses and has convened national and interna-
tional seminars in biology, biotechnology, and food science and technology. He is
an associate editor and reviewer of a large number of reputed research journals.
Dr. Ravishankar has served on advisory committees of the Government of India,
namely, Department of Science and Technology (DST), Department of Biotechnol-
ogy (DBT), and Council of Scientific and Industrial Research (CSIR), among many
others for the selection of national/international research projects, recruitment of
scientists, and HRD-related activities. He also participated as a member of the work-
ing group on biotechnology at Institute of Food Technologists (IFT), United States.



About the Editors

Ambati Ranga Rao, Ph.D., is Senior Scientist and
Associate Professor in the Department of Biotechnology,
School of Biotechnology and Pharmaceutical Sciences
at Vignan’s Foundation for Science, Technology, and
Research (Deemed to be University), Andhra Pradesh,
India. He is also serving as Director for the Center of
Excellence. He is involved in teaching cum research for
graduate and undergraduate students. Recently, he is
listed in the Top 2% of the World's Scientists reported by
Stanford University, United States.

Dr. Ranga Rao holds a bachelor’s and master’s degree from Acharya Nagarjuna
University, Andhra Pradesh, India and a Ph.D. degree from the University of
Mysore. He started his research career in 2004 as a research assistant at the Depart-
ment of Plant Cell Biotechnology, Council of Scientific and Industrial Research
(CSIR)-Central Food Technological Research Institute (CFTRI), Mysuru, India,
under the supervision of Dr. G. A. Ravishankar and Dr. R. Sarada. He was awarded
Senior Research Fellow of the Indian Council of Medical Research (ICMR), New
Delhi in the year 2007. His Ph.D. work at CFTRI focused on the production of
astaxanthin from cultured green alga, Haematococcus pluvialis, and its biological
activities.

He worked extensively on process optimization of algal biomass production,
the mass culture of various algal species in raceway ponds and photobioreactors,
and downstream processing of algal metabolites, and evaluation of their possible
nutraceutical applications in in vitro and in vivo models. Furthermore, Dr. Ranga
Rao was involved in a project on “Studies on filed cultivation and harvesting of
seaweeds-Porphyra, Enteromorpha, Eucheuma and their use in processed foods.”

Dr. Ranga Rao worked as Lead Scientist in Algal Technologies, Carot Labs Pvt.
Ltd, India; Postdoctoral Research Associate in Laboratory of Algal Research and
Biotechnology, Arizona State University, United States, under the supervision of
Prof. Milton Sommerfeld and Prof. Qiang Hu; Visiting Assistant Professor in Food
Science and Technology Program, Beijing Normal University and Hong Kong
Baptist University, United International College, China, under the supervision of
Prof. Bo Lei; and Visiting Senior Research Fellow (Associate Professor Grade) in
Institute of Ocean and Earth Sciences, University of Malaya, Malaysia, under the
guidance of Prof. Phang Siew-Moi.

He is the author of 55 peer-reviewed publications, 76 International/national
conferences/symposia/invited talks/Faculty Development Programme (FDPs)/
workshops/Quality Improvement Programme (QIP)-short-term courses, refresher
courses, and 30 chapters in books. His research citations exceed 4550 with h-index
(23) and i10-index (37) in Google Scholar. He has delivered lectures as Invited
Speaker at international/national conferences/symposia in the United States,
Canada, Brazil, Russia, China, Malaysia, Indonesia, and Oman.

He has edited five books (CRC Press, Academic Press, Springer Nature) as
editor and co-editor, namely, Sustainable Global Resources of Seaweeds: Industrial
Perspectives-Volume-I; Bioresources, cultivation, trade, and multifarious applications;
Sustainable Global Resources of Seaweeds: Industrial Perspectives-Volume II: Food,

Xix



xx | About the Editors

pharmaceutical and health applications. Handbook of Algal Technologies and
Phytochemicals: Volume-I Food, Health, and Nutraceutical Applications; Handbook
of Algal Technologies and Phytochemicals: Volume II Phycoremediation, Biofuels, and
Global Biomass Production; and Global Perspectives on Astaxanthin: from Industrial
Production to Food, Health, and Pharmaceutical Application.

He was honored with the award of The World Academy of Sciences (TWAS)
as Young Affiliate (2014-2018) by the Regional Office of South East Asia and the
Pacific Chinese Academy of Sciences (CAS), China. His credentials were recognized
to induct him as Young Affiliate of the International Union of Food Science and
Technology (IUFoST), Canada, at the World Food Science Congress 2014. He is
a recipient of the Carl Storm International Diversity Fellowship Award (2010)
by Gordon Research Conferences, United States. He was selected for the Junior
Scientist of the Year Award (2015) by National Environmental Science Academy,
New Delhi, India.

He is a lifetime member of the Association of Food Scientists and Technologists
of India, the Association of Microbiologists of India, the Society of Applied Biotech-
nology of India; the National Environmental Science Academy of India; Asia PGPR
Society of Sustainable Agriculture of India, the Global Harmonization Initiative,
and Andhra Pradesh Academy of Sciences.

He is an associate fellow of the Andhra Pradesh Academy of Sciences (2019),
Government of Andhra Pradesh, India, and also a fellow of the Society of Applied
Biotechnology (2013), India. He has received research grants and travel grant
fellowships as both international and national awards, under Young Scientist
schemes. He is also serving as an editorial board member, guest editor for special
issues, and reviewer for reputed international and national journals.

Se-Kwon Kim, Ph.D., is presently working as a Distin-

- guished Professor at Hanyang University. He worked as a

i Distinguished Professor at the Department of Marine Bio
'T :: ' Convergence Science and Technology and as Director of
< the Marine Bioprocess Research Center (MBPRC) at Puky-

ong National University, Busan, South Korea.

He received his M.Sc. and Ph.D. degrees from Pukyong
National University and conducted his postdoctoral
studies at the Laboratory of Biochemical Engineering,
University of Illinois, Urbana-Champaign, Illinois, United States. Later, he became
a visiting scientist at the Memorial University of Newfoundland and the University
of British Colombia in Canada.

Dr. Kim served as President of the “Korean Society of Chitin and Chitosan” in
1986-1990, and the “Korean Society of Marine Biotechnology” in 2006-2007. To
the credit for his research, he won the Best Paper Award from the American Oil
Chemists’ Society in 2002. Dr. Kim was also the chairman for the “7th Asia-Pacific
Chitin and Chitosan Symposium,” which was held in South Korea in 2006. He was
the chief editor of the “Korean Society of Fisheries and Aquatic Science” during
2008-2009. In addition, he is a board member of the International Society of Marine




About the Editors

Biotechnology Associations (IMBA) and the International Society of Nutraceuticals
and Functional Food (ISNFF).

His major research interests are the investigation and development of
bioactive substances from marine resources. His immense experience in marine
bio-processing and mass-production technologies for the marine bio-industry is the
key asset in holding majorly funded Marine Bio projects in Korea. Furthermore,
he expanded his research fields up to the development of bioactive materials from
marine organisms for their applications in oriental medicine, cosmeceuticals, and
nutraceuticals. To this date, he has authored around 750 research papers, 70 books,
and 120 patents.

XXi






Foreword

Clean water and effective treatment of wastewater are critically important factors
for environmental sustainability and human well-being. This importance is recog-
nized by the United Nations Sustainable Development Goal (SDG) 6 “Clean water
and sanitation.” Increasing population pressures and environmental damage to
lake, river, estuarine, and ocean ecosystems due to the discharge of inadequately
treated or untreated wastewater are significant problems globally resulting in
economic losses and risks to human health. Existing wastewater treatment methods
are generally very energy-intensive, making them expensive as well as generating
large amounts of greenhouse gases. They are also inadequate for treating waste-
water high in heavy metals or xenobiotics such as pharmaceuticals, pesticides, and
plasticizers. Thus, alternative, efficient, and environmentally friendly wastewater
treatment methods must be developed to supplement existing methodologies.

Algae, especially microalgae, can play an important part in achieving the UNSDG
goal of effective treatment of wastewater. The application of microalgae in waste-
water treatment has a long history, with studies starting in the 1950s and expanding
rapidly since the 1970s, with the main focus on urban and agricultural wastewater.
This work has already led to many full-scale algae-based wastewater treatment
plants for treating urban wastewater in several countries, as illustrated in this
volume.

This volume highlights the importance of both microalgae and macroalgae for
bioremediation, with specific examples of industrial effluent treatments. It also
encompasses studies on (a) the roles of algae in wastewater treatment and biore-
mediation via photosynthesis in high rate algal oxidation ponds (HRAPs), where
the algae operate synergistically with bacteria to break down organic molecules
reducing BOD and COD, (b) the uptake of N and P by the algal cells, reducing the
concentration of these nutrients in the wastewater and preventing eutrophication of
the receiving water bodies, (c) biding and uptake of heavy metals by the algal cells,
(d) uptake of complex recalcitrant organic molecules such as dyes, estrogens, phar-
maceuticals and pesticides, and the metabolism/detoxification of these molecules
by the algae. This diversity of roles is provided by an equal diversity of algal
species, with different species required for treating different wastewater sources.
Various chapters in this volume also discuss the significant barriers to large-scale
applications and methods to innovate the processes for industrial applications.
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Although some of the biomass, such as that used to treat food processing or
animal wastes, may be suitable as an agricultural fertilizer or, in some cases, even
as an animal feed additive, in many cases, alternative disposal methods need to be
found. Often, the algal biomass will be contaminated with heavy metals or toxic
chemicals, greatly restricting possible applications, or the biomass may present
a health hazard due to associated bacteria, fungi, or viruses originating from the
wastewater source.

It also needs to be recognized that the scale of wastewater production, especially
urban wastewater in large cities, presents an enormous challenge for the operation of
an algae-based wastewater process. Algal wastewater treatment is often more suited
to small-scale regional applications.

Given the great need to reduce the environmentally detrimental impact of
wastewater and the need to cost-effectively treat it so that critical water resources
can be reused, this book provides a timely and extensive overview of this topic.
It contains papers spanning a wide range of types of wastewater, on the range of
strategies that can be applied, as well as on the potential uses and valorization of
the algal biomass produced. Case studies of the application of algal wastewater
bioremediation in various countries in Asia are also presented.

Algae-mediated bioremediation of waste streams has come a long way since the
early studies and has moved from the laboratory to actual applications. The research
presented in this book highlights new approaches and developments in meeting
the ongoing challenges of effectively and economically remediating wastewater.
I congratulate the editors and contributors for this timely publication, which
provides an important current reference for industry, policymakers, environmental
experts, and researchers as a source of comprehensive information for immediate
applications and future use.

Michael A. Borowitzka

Algae R&D Center, Murdoch University,
Murdoch, WA 6150, Australia

31 October, 2023



Preface

The world is currently grappling with an alarming increase in population growth,
which is placing immense pressure on the health of the planet. This surge in
anthropogenic activities has led to unprecedented global warming and climate
change as the environment deteriorates due to irresponsible human interference
in the ecosystem. It is crucial to address this issue urgently by transitioning to an
eco-friendly path of human progress, employing multiple approaches to meet global
demands sustainably.

One promising avenue to achieve this is by harnessing photosynthetic forms
to fulfill the goods and services required for the human population. Embracing
the potential of photosynthesis can significantly contribute to a more sustainable
future. Additionally, finding innovative ways to manage industrial waste without
harming the ecosystem is of utmost importance. This urgent necessity calls for
responsible waste management practices that minimize environmental impact and
ensure long-term sustainability.

To combat the challenges posed by overpopulation and anthropogenic activities,
we must collectively prioritize eco-friendly initiatives and implement sustainable
practices at both regional and global levels. By doing so, we can work toward
safeguarding the health of our planet and securing a better future for generations
to come.

The algal forms are some of the oldest inhabitants of Earth, and they play a
crucial role in supporting the ecosystem by acting as primary producers of food
through their ability to harness solar energy. Notably, they showcase remarkable
adaptability, thriving in a wide range of environments, from marine to freshwater
ecosystems, from cold polar regions to hot deserts, and from plains to moun-
tainous terrains. Moreover, they can also grow autotrophically, heterotrophically,
and mixotrophically. This adaptability allows them to endure and flourish in
inhospitable conditions.

Algae exhibit diverse forms, including unicellular and multicellular organisms as
well as highly differentiated macroalgal seaweeds. Their significance extends beyond
their role as food producers, as they also offer solutions to global warming. Through
their capability to sequester carbon dioxide from the environment, they contribute
to mitigating the effects of climate change.
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Furthermore, algae possess unique biosynthetic machinery that enables them to
uptake pollutants from their surroundings. They can either utilize these pollutants
for their growth or metabolize them into nontoxic or less toxic forms. This aspect
has caught the attention of researchers who are exploring algae’s potential as agents
of bioremediation for pollution abatement.

This publication aims to focus on the various ways algae can be utilized in
bioremediation efforts to reduce pollution burdens. By highlighting their adapt-
ability, carbon sequestration abilities, and their potential to transform pollutants
into benign forms, we hope to shed light on the valuable role algae can play in
environmental conservation.

The task of comprehensive coverage of the topic was made easy by the par-
ticipation of 135 authors from 20 countries including Australia, Bangladesh,
Brazil, China, Colombia, Germany, India, Indonesia, Iran, Italy, Malaysia, Mexico,
Pakistan, Slovenia, South Africa, Spain, Thailand, Turkey, United States, and
Vietnam. Their contributions have been presented in 35 chapters that are classified
under the following broad headings: (I) Phycoremediation strategies; (II) Anaerobic
digestion for removal of pollutants and sewage treatment; (III) Treatment of agri-
cultural wastes; (IV) Treatment of food industry-wastewaters; (V) Detoxication and
pollution abatement of industrial waste streams; (VI) Carbon dioxide sequestration
strategies; (VII) Valorization of algal biomass; and (VIII) Global perspectives of
algae-based bioremediation.

The above areas highlight the following aspects: the management of heavy
loads of pollutants in wastewaters; removal of heavy metals from the industrial
wastewaters; bioreactors and immobilization strategies for remediation processes;
treatment of piggery wastes; treatment of aquaculture wastes; treatment of food
industry wastes including palm oil industry effluents; detoxification of industrial
wastes, including micropollutants, paper and pulp industrial wastewaters, dyes
and textile industry effluents, tannery wastes, petrochemical industry effluents,
and pharmaceutical industry wastewaters; carbon dioxide sequestration through
microalgae and seaweeds, including a focus on carbon credits; and valoriza-
tion of biomass for the production of valuable metabolites, bioenergy, biochar,
biofertilizers, and plant-bio stimulants.

This publication goes beyond exploring the significance of algae in pollution
abatement and bioremediation; it also delves into the experiences of various coun-
tries in adopting algae-mediated strategies. Our contributors have meticulously
presented the efforts of their respective countries, offering insights from Asian
nations such as India, Malaysia, Pakistan, Thailand, and Vietnam. Additionally,
the international scope of this volume is enriched by the valuable contributions
of scientists from 20 countries, who have shared their findings on algae-mediated
bioremediation.

As a result, this volume stands as a comprehensive and invaluable resource for
individuals interested in science and technological interventions for pollution abate-
ment. It caters to a diverse readership, including environmental scientists, biologists,
biochemical engineers, specialists in biomass production/utilization, industrial
professionals, environmentalists, policymakers, and all science enthusiasts alike.



Preface

The information and perspectives gathered here will undoubtedly serve as a
treasure trove of knowledge, empowering readers to understand the potential of
algae-based solutions in addressing pollution challenges. With its wide-ranging
coverage and international collaboration, this publication marks a significant step
toward advancing sustainable practices for a cleaner and healthier environment
through algae-mediated processes for pollution abatement.

Gokare A. Ravishankar
Bengaluru, 9™ August, 2023

Ambati Ranga Rao
Andhra Pradesh, 9" August, 2023

Se-Kwon Kim
South Korea, 9™ August, 2023
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