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Preface

The deterioration of water quality and unavailability of drinkable water are pressing
challenges worldwide. Removal of toxic organic and inorganic pollutants from
water is indispensable for a clean environment, as a response to water scarcity,
and for human society. This book is dedicated to recent development in Envi-
ronmental Control techniques owing to polymer nanocomposites, which integrate
the benefits of both nanomaterials and composites and offer the expansion of
novel and cost-effective technologies for pollution control. Polymer nanocompos-
ites present outstanding mechanical properties and compatibility performance due
to their composite nature; the unique physical and chemical properties emanated
from their large surface area to volume ratios and high interfacial interactions of
the nanomaterials. Based on their morphology and compositions, nanocomposites
can provide powerful tools for Environmental Remediation. Furthermore, with the
leverage to functionalize the nanomaterials with different functional groups can also
enhance their affinity toward target pollutants, which is desired for selective adsorp-
tion of contaminants in complex environmental matrices. This book summarizes the
recent progress of polymer nanocomposites, fabrication and processing methods,
and their applications for pollutant sensing and detection at the experimental scale.
The book has been divided into several parts, including the description of different
synthesis methods for nanocomposites, metal–organic frameworks-based nanocom-
posites, hydrogel nanocomposites, nanocomposite membranes, photocatalysts, and
bio-nanocomposites for pollution abatement.

The following are key features of this book:

• Fundamental issues that persist concerning polymer nanocomposites;
• An overview of the latest advances in these fields, offering insight into the chem-

istry and activity of the latest generation activities of nanocomposites (photo-
catalytic degradation, adsorption, and membranes) applications in wastewater
treatment;

• Cuts water science, materials science, and nanotechnology;

v



vi Preface

• An ideal book for water scientists, material scientists, researchers, engineers
(chemical and civil) including under- and postgraduate studentswho are interested
in this exciting field of research; and

• Finally, this book will also help industrial researchers and R&D managers who
want to bring advanced nanostructured and nanocomposites into the market.

Polokwane, Sovenga, South Africa
Brummeria, Pretoria, South Africa

Mpitloane Joseph Hato
Suprakas Sinha Ray



Contents

1 Nanocellulose-Graphene Oxide-Based Nanocomposite
for Adsorptive Water Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Jonathan Tersur Orasugh and Suprakas Sinha Ray
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Water Treatment and Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.1 Adsorption Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . 10
1.2.2 Filtration Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . 11
1.2.3 Catalytic Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . 13
1.2.4 Other Wastewater Treatment Approaches . . . . . . . . . . . . . . . 14

1.3 Nanocellulose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.3.2 Structure, Source-Based Overview,

and Nomenclature with Categories . . . . . . . . . . . . . . . . . . . . 16
1.3.3 Preparation Approaches for NCs . . . . . . . . . . . . . . . . . . . . . . 17

1.4 Graphene Oxide/Graphite Oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.4.1 Preparation Approaches for Graphite/Graphene

Oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.4.2 Structural Properties of GiO/GO . . . . . . . . . . . . . . . . . . . . . . 22

1.5 Nanocellulose-Graphene Oxide-Based Nanocomposites . . . . . . . . . 24
1.5.1 NC-GO-Based Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . 25
1.5.2 Nanocellulose-rGO Nanocomposites . . . . . . . . . . . . . . . . . . . 26
1.5.3 Adsorption Isotherms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
1.5.4 Vital Parameters in Adsorption Studies . . . . . . . . . . . . . . . . . 30
1.5.5 Kinetics of Adsorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
1.5.6 Adsorption Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.5.7 Nanocellulose GO-Based Adsorbents Mechanism

with Wastewater Pollutants . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.6 Adsorption-Based Water Treatment Application

Using Nanocellulose-Graphene Oxide-Based (NGON)
Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
1.6.1 Removal of Heavy Metal Ions . . . . . . . . . . . . . . . . . . . . . . . . 35

vii



viii Contents

1.6.2 Removal of Toxic Dyes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
1.6.3 Removal of Radioactive Residues/Element-Ions . . . . . . . . . 42
1.6.4 Removal of Oils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
1.6.5 Residual Antibiotics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
1.6.6 Pesticide Adsorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

1.7 Conclusions, Limitations, and Future Perspectives . . . . . . . . . . . . . 46
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2 Recent Progress in Polysaccharide-Based Hydrogel Beads
as Adsorbent for Water Pollution Remediation . . . . . . . . . . . . . . . . . . . . 55
Dalia Allouss, Edwin Makhado, and Mohamed Zahouily
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
2.2 Polysaccharides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

2.2.1 Sodium Alginate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2.2.2 Starch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2.2.3 Chitosan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
2.2.4 Cellulose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.3 Polysaccharide-Based Hydrogel Beads Preparation . . . . . . . . . . . . . 62
2.3.1 Dropping Method: Ionic Cross-Linking . . . . . . . . . . . . . . . . 62
2.3.2 Emulsion Solidification Method . . . . . . . . . . . . . . . . . . . . . . . 62

2.4 Water Purification Through Adsorption Systems . . . . . . . . . . . . . . . 64
2.4.1 Batch/Discontinuous Adsorption System . . . . . . . . . . . . . . . 64
2.4.2 Dynamic/Continuous Adsorption System . . . . . . . . . . . . . . . 68

2.5 Application of Polysaccharide-Based Hydrogel Beads
in Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
2.5.1 Polysaccharide-Based Hydrogel Beads . . . . . . . . . . . . . . . . . 72
2.5.2 Polysaccharide-Based Hydrogel Composite Beads . . . . . . . 75

2.6 Conclusion and Future Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3 Flocculation of Waste Water Using Architectural Copolymers:
Recent Advancement and Future Perspective . . . . . . . . . . . . . . . . . . . . . 89
Subhadeep Chakraborty, Soumen Sardar,
and Abhijit Bandyopadhyay
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.2 Coagulation Versus Flocculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.2.1 Inorganic Coagulants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.2.2 Synthetic Organic Flocculants . . . . . . . . . . . . . . . . . . . . . . . . 93
3.2.3 Steps Involving Flocculation . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.2.4 Mechanism of Flocculation . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.3 Charge Neutralization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
3.4 Polymer Bridging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
3.5 Electrostatic Patch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
3.6 Mechanism Followed by Natural Bio-Flocculants . . . . . . . . . . . . . . 98
3.7 Mechanism Followed by Grafted Polymeric Flocculants . . . . . . . . 98
3.8 Factors Affecting Flocculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99



Contents ix

3.8.1 Molecular Weight of Polymers and Charge Density . . . . . . 99
3.8.2 Flocculants Dosage and Condition of Mixing . . . . . . . . . . . 100
3.8.3 Shear Effect on Flocs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.8.4 Ionic Strength of the Solution . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.8.5 Effect of pH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.8.6 Effect of Particle Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
3.8.7 Effect of Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.9 Flocculation Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
3.10 Kinetics of Aggregation of Particles . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.11 Collision Frequency of Particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.12 Literature Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.13 Selection of Flocculants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
3.14 Role of Architectural Polymers in Flocculation . . . . . . . . . . . . . . . . 106
3.15 Graft Copolymer Nanocomposite as Flocculants . . . . . . . . . . . . . . . 107
3.16 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4 Sustainable Bio-Polymer-Based Nanocomposites
for Wasterwater Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
S. V. Sheen Mers, V. Manju, Sathish Kumar Kamaraj,
and Mercedes Guadalupe López Pérez
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
4.2 Types of Biopolymers Used for Treating Wastewater . . . . . . . . . . . 118

4.2.1 Polysaccharides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.2.2 Polypeptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.2.3 Polyphenols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.2.4 Polynucleotides (DNA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.3 Application of Biopolymers in Wastewater Treatment . . . . . . . . . . . 125
4.4 Different Methods of Modification and Architecture

of Biopolymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.5 Bionanocomposites for Wastewater Treatment . . . . . . . . . . . . . . . . . 132
4.6 Adsorption Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
4.7 Sustainability Criteria for Wastewater Treatment . . . . . . . . . . . . . . . 135

4.7.1 Treatment Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.7.2 The Production Cost of Water Treatment . . . . . . . . . . . . . . . 136
4.7.3 Processing Treatment Cost—Spent Money Economy

Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
4.7.4 The Production Cost of Biopolymers . . . . . . . . . . . . . . . . . . 137
4.7.5 Environment Effect and Eco-Friendly . . . . . . . . . . . . . . . . . . 137
4.7.6 Health and Safety Risks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

4.8 Practical Snag of Wastewater-Treatment Method . . . . . . . . . . . . . . . 139
4.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141



x Contents

5 Electrospun Nanofiber-Based Composites for Arsenic Removal
in Water and Wastewater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
Phillemon Matabola, Keneiloe Sikhwivhilu, and Odwa Mapazi
5.1 Introduction and Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
5.2 Environmental Contamination by Heavy Metals . . . . . . . . . . . . . . . 147
5.3 Arsenic Metal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.4 Methods for the Removal of Arsenic . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.4.1 Conventional Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
5.5 Electrospun Nanofibers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
5.6 Reported Work on the Removal of Arsenic Using

Nanofibers/Composite Nanofibers . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
5.6.1 Polymers/Composites Used for Fabrication

of Nanofibers and Their Properties . . . . . . . . . . . . . . . . . . . . 156
5.6.2 Performance Characteristics of NFs in the Removal

of Arsenic from Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
5.7 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

6 Functionalized Biopolymer Nanocomposites
for the Degradation of Textile Dyes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
Kiran Kumar Tadi, N. Mahendar Reddy, Ch. G. Chandaluri,
Gowri Priya Sakala, and Gubbala V. Ramesh
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
6.2 Classification of Biopolymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
6.3 Biopolymer Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

6.3.1 Introduction to Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . 180
6.3.2 Biopolymer-Noble Metal or Metal Nanocomposites . . . . . . 181
6.3.3 Biopolymer-Nonmetal Nanocomposites . . . . . . . . . . . . . . . . 184
6.3.4 Biopolymer-Metal Oxide Nanocomposites . . . . . . . . . . . . . . 184
6.3.5 Biopolymer Metal/Metal Oxide Nanocomposites . . . . . . . . 189
6.3.6 Biopolymer-Metal Sulfide Nanocomposites . . . . . . . . . . . . . 189
6.3.7 Other Types of Biopolymer Nanocomposites . . . . . . . . . . . . 190

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

7 Sequestration of Organic Dyes from Wastewater Using
Hydrogel Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
Nompumelelo Malatji, Edwin Makhado, Kwena D. Modibane,
Sadanand Pandey, and Mpitloane J. Hato
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
7.2 Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

7.2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
7.2.2 Synthesis of Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
7.2.3 Hybrid Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

7.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218



Contents xi

8 The Effect of Zeolitic Imidazole Framework-8@Graphene
Oxide on the Performance of Polymeric Membranes Used
for Wasterwater Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
T. A. Makhetha and R. M. Moutloali
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
8.2 General Description of Metal–Organic Framework (MOFs) . . . . . . 227

8.2.1 Isoreticular Metal–Organic Frameworks (IRMOFs) . . . . . . 228
8.2.2 Zeolitic Imidazolate Frameworks (ZIFs) . . . . . . . . . . . . . . . . 229
8.2.3 Materials of Institute Lavoisier Frameworks (MILs) . . . . . . 231
8.2.4 University of Oslo (UiO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232
8.2.5 Summary of MOFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232

8.3 Factors to Consider When Choosing MOFs in Water
Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233
8.3.1 MOFs Should Have High Water Stability . . . . . . . . . . . . . . . 233
8.3.2 Suitable Pore Size for MOFs Appropriate for Use

in Membrane Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
8.3.3 Importance of Uniform Dispersibility of Fillers

in Composite Membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
8.4 ZIF-8@GO Fillers Used in Membrane Technology

for Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
8.4.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
8.4.2 Membrane Wettability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242
8.4.3 Water Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
8.4.4 Fouling Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244
8.4.5 Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244

8.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253



Editors and Contributors

About the Editors

Prof.Mpitloane JosephHato received a Ph.D. degree inChemistry at theUniversity
of Free State in 2010 and he is currently the Nanotechnology Research Group Leader
in the Department of Chemistry at University of Limpopo, South Africa, since 2014.
He has spent a half and year at Inha University (South Korea) and the Council for
Scientific and Industrial Research (South Africa) as a Postdoctoral Research Fellow
focusing on various properties of different materials for packaging and rheological
applications. His multidisciplinary research interest cuts across electrochemistry,
water research, materials science, and nanotechnology. It successfully highlights the
applicability of conducting polymer nanocomposites for electrochemical hydrogen
generation and water treatment.

He is the author of 8 book chapters on aspects of metal–organic frameworks-
based composites and conducting polymers and their applications, and author and
co-author of 31 articles in high-impact international journals. His honors include
the Best Researcher in the School of Physical and Mineral Sciences awarded by the
Vice-Chancellor at the Research Excellence Awards 2019 and currently rated C3 as
an Established Researcher by the National Research Foundation of South Africa.
He has been appointed as the External Research Professor in the Department of
Enviromental Sciences at the University of South Africa since 2017 to date.

Prof. Suprakas Sinha Ray is a chief researcher in nanostructured materials at
the Centre for Nanostructures and Advanced Materials, Council for Scientific and
Industrial Research (CSIR) with a Ph.D. in physical chemistry from the Univer-
sity of Calcutta in 2001 and director of the DSI-CSIR Nanotechnology Innovation
Centre. Ray’s current research focuses on advanced nanostructured materials and
their applications. He is one of the most active and highly cited authors in the field
of polymer nanocomposite materials, and he has recently been rated by Thomson
Reuters as being one of the Top 1%most impactful and influential scientists and Top
50 high-impact chemists (out of 2 mil Chemists worldwide).

xiii



xiv Editors and Contributors

He is the author of 5 books, co-author of 3 edited books, 32 book chapters on
various aspects of polymer-based nanostructured materials and their applications,
and author and co-author of 450 articles in high-impact international journals, 30
articles in national and international conference proceedings. He also has six patents
and seven new demonstrated technologies shared with colleagues, collaborators,
and industrial partners. So far, his team commercialized 19 different products. His
honors and awards include South Africa’s most Prestigious 2016 National Science
and Technology Award (NSTF); Prestigious 2014 CSIR-wide Leadership award;
Prestigious 2014CSIRHumanCapital development award; Prestigious 2013Morand
Lambla Awardee (top award in the field of polymer processing worldwide), Inter-
national Polymer Processing Society, USA. He is also appointed as the Extraordi-
nary Professor, University of Pretoria, and Distinguished Professor of Chemistry,
University of Johannesburg.

Contributors

Dalia Allouss Laboratory of Materials, Catalysis & Valorization of Natural
Resources, FSTM, Hassan II University, Casablanca, Morocco

Abhijit Bandyopadhyay Department of Polymer Science and Technology, Univer-
sity of Calcutta, Kolkata, India

Subhadeep Chakraborty Department of Polymer Science and Technology,
University of Calcutta, Kolkata, India

Ch. G. Chandaluri Faculty of Chemistry, Humanities and Sciences Division,
Indian Institute of Petroleum and Energy, Visakhapatnam, Andhra Pradesh, India

Mpitloane J. Hato Nanotechnology Research Lab, Department of Chemistry,
School of Physical and Mineral Sciences, University of Limpopo(Turfloop), Polok-
wane, South Africa

Sathish Kumar Kamaraj Instituto Tecnológico El Llano Aguascalientes (ITEL),
Tecnológico Nacional de México (TecNM), El Llano, México

Edwin Makhado Nanotechnology Research Lab, Department of Chemistry,
School of Physical and Mineral Sciences, University of Limpopo(Turfloop), Polok-
wane, South Africa

T. A. Makhetha Department of Chemical Sciences, University of Johannesburg,
Doornfontein, Johannesburg, South Africa

Nompumelelo Malatji Nanotechnology Research Lab, Department of Chemistry,
School of Physical and Mineral Sciences, University of Limpopo(Turfloop), Polok-
wane, South Africa

V. Manju Indian Institute of Technology, Chennai, India



Editors and Contributors xv

Odwa Mapazi Analytical Services Division, Mintek, Randburg, Johannesburg,
South Africa

Phillemon Matabola Advanced Materials Division, DSI/Mintek Nanotechnology
Innovation Centre, Mintek, Randburg, Johannesburg, South Africa

Kwena D. Modibane Nanotechnology Research Lab, Department of Chemistry,
School of Physical and Mineral Sciences, University of Limpopo(Turfloop), Polok-
wane, South Africa

R. M. Moutloali Institute for Nanotechnology andWater Sustainability, College of
Science, Engineering and Technology, University of South Africa, Florida Science
Campus Florida, Johannesburg, South Africa

Jonathan Tersur Orasugh Department of Chemical Sciences, University of
Johannesburg, Doorfontein, Johannesburg, South Africa;
Centre for Nanostructures and Advanced Materials, DS1-CSIR Nanotechnology
Innovation Centre, Council for Scientific and Industrial Research, Pretoria, South
Africa

Sadanand Pandey Department of Chemistry, College of Natural Sciences,
Yeungnam University, Gyeongsan, Gyeongbuk, Republic of Korea

Mercedes Guadalupe López Pérez Biotechnology andBiochemistryDepartment,
Center for Research andAdvanced Studies of the IPN (Cinvestav-IPN) IrapuatoUnit,
Mexico City, México

Gubbala V. Ramesh Department of Chemistry, Chaitanya Bharathi Institute of
Technology (A), Gandipet, Hyderabad, Telangana, India

Suprakas Sinha Ray Department of Chemical Sciences, University of Johannes-
burg, Doorfontein, Johannesburg, South Africa;
Centre for Nanostructures and Advanced Materials, DS1-CSIR Nanotechnology
Innovation Centre, Council for Scientific and Industrial Research, Pretoria, South
Africa

N. Mahendar Reddy Department of Chemistry, Chaitanya Bharathi Institute of
Technology (A), Gandipet, Hyderabad, Telangana, India

Gowri Priya Sakala Department of Chemistry, Indian Institute of Science Educa-
tion and Research, Pune, Maharashtra, India

Soumen Sardar Department of Polymer Science and Technology, University of
Calcutta, Kolkata, India

S. V. Sheen Mers Indian Institute of Technology, Chennai, India

Keneiloe Sikhwivhilu AdvancedMaterials Division, DSI/Mintek Nanotechnology
Innovation Centre, Mintek, Randburg, Johannesburg, South Africa

Kiran Kumar Tadi Centre for Healthcare Advancement, Innovation andResearch,
Vellore Institute of Technology, Tamilnadu, India



xvi Editors and Contributors

Mohamed Zahouily Laboratory of Materials, Catalysis & Valorization of Natural
Resources, FSTM, Hassan II University, Casablanca, Morocco;
MASCIR Foundation, VARENA Center, Rabat Design, Rabat, Morocco



Chapter 1
Nanocellulose-Graphene Oxide-Based
Nanocomposite for Adsorptive Water
Treatment

Jonathan Tersur Orasugh and Suprakas Sinha Ray

Abstract Hazardous contaminating impurities/toxins, such as poisonous metal
particles and colors/dyes, are a significant reason for the toxicity of water bodies.
These contaminations make an unfriendly impact on sea organisms and immobi-
lize the compounds in plant life. Subsequently, this issue should be moderated as a
disturbing natural danger leading to different unsafe sicknesses in humans.Moreover,
several waterborne pathogenic microorganisms likewise cause irresistible infections.
Numerous techniques are reportedly established to eliminate these toxins and unde-
sirable microorganisms. Adsorptive treatment and/or exclusion of water toxins and
microbial sanitization through different nanocellulose (NC)-graphene oxide (GO)
nanocomposite (NGON)materials (adsorbents) are introduced in this chapter. As per
available literature, these adsorbent materials have shown extraordinary outcomes
for the adsorptive exclusion of water contaminants such as poisonous metal ions
and colors/dyes along with the removal of aquatic germs, insecticides, etc. Besides,
they have numerous other necessities, including ease of preparation, cheap, and
eco-friendly, as green composite blends are handily worked, energy-economical,
and fit for multifaceted uses. This chapter also focuses on discussing the tech-
nologies embraced to fabricate the aforementioned adsorbents, their performance-
based response with regards to adsorption capacity (Q). Our article also presents
an ephemeral summary of adsorption working principles like isotherms, adsorption
affecting parameters, the kinetics, along with the thermodynamics of the adsorp-
tion phenomenon. Furthermore, it reconnoiters the current applications, issues of
consideration, related to these NGON adsorbents along with future perspectives.
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1.1 Introduction

The humanoid developments towards suburbanization are causing quick expansion
in a number of enterprises and varying rural procedural practices, especially agricul-
ture; in this way, all kinds of related contamination such as air, soil, water, sound,
electromagnetic, etc., have gained a significant boost. The utilization of cellulose
especially in its nanometer form in diverse niches has gained prominence within
the recent decades [1–91]. Though nanocellulose utilization in its virgin form or as
composites/hybrids in diverse areas of environmental remediation purposes is still
new. Nevertheless, the water bodies particularly affected are fresh water leading to
worldwide fresh/clean water scarcity [84, 85]. This challenge is of concern more
in developing countries seeing more than 3.4 million individuals who are mostly
kids, are deceased annually because of the presence of diverse contaminants (such as
diverse organic [26], inorganic [53], and biological impurities [47] in water [4, 14].

Industrial wastes primarily hold a high concentration of dyes, pesticides, toxic
metals, and metal oxides which possess the tendency to assemble themselves into
tissues within the food cycle chain, resulting in a serious threat to aquatic life and/or
ecological disturbance. Even though these metals or some of their oxides are not
degradable biologically, they remain in living tissues for a very long time, causing
severe health challenges to both animal and human life [65]. In this regard, the pre-
disposal treatment of industrial-based effluents is required to remove these contam-
inants, chiefly zinc (Zn), cadmium (Cd), copper (Cu), mercury (Hg), arsenic (As),
lead (Pb), chromium (Cr), nickel (Ni), manganese (Mg), and so on [65], even as
shown in Table 1.1, along with other poisonous contaminants including europium
(Eu), uranium (U), titanium (Ti), etcetera [83]. For metropolitan contaminated water,
a huge quantity of mercury has been reported, whereas coal-utilized power plants
and refineries hold other heavy metals, along with a large quantity of Cd which
releases from stabilizers, Cd–Ni power storage devices, phosphate fertilizers, along
with pigments, while copper contamination comes from electronics waste, tanneries,
and/or mining operations [4]; manganese release into the environment is from metal
smelters, ceramics, and/or paints; also, the presence of zinc in effluents is from
pesticides/insecticides, textiles, dyeing/pigments, electroplating, pharmaceuticals,
cosmetics, galvanizing, brass & bronze, microelectronics, plastics, and/or paints
industries; lead on the other hand is connected to wood preservatives, textiles,
microelectronics, and plastics industries waste [1].

Pesticides such as a triazine (TZ)-based pesticides have been broadly adopted for
agricultural practices in recent decades forweed control in diverse crops. Even though
they assume an important part in the tilling of cereals, like rice and/or maize, their
remains have posed a harmful source of contaminants to the ecosystem. Harmful
pesticides residues present themselves as a potential hazard to humans and other
animals, resulting in health challenges such as birth defects, cancers, hormone disor-
ders, etc. [29]. Table 1.1 presents some pesticides, their sources, and posed a risk
and also their permissible limits are presented in Fig. 1.1.
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Table 1.1 Harmful dyes, metals, pesticides, and waterborne bacteria and their adverse effect

Category Contaminant Origin/source Side effect(s)

Dyes Basic Red-9 Industrial wastes Carcinogenic,
dermatitis,
teratogenicity,
histopathological
effects

Congo Red Industrial wastes May be carcinogenic,
dermatitis, irritant to
the eye, skin, mucus
membrane, mutagenic,
etc.

Crystal Violet Industrial wastes Lethal to renal and
respiratory system
develops chemical
cystitis, etc.

Malachite Green Industrial wastes Extremely
carcinogenic,
histopathological
effect, mitotic
poisoning, mutagenic,
teratogenic, etc.

Methyl Blue Industrial wastes Causes hemolytic
anemia, breast cancer,
hyperbilirubinemia,
respiratory challenges

Rhodamine-8 Industrial wastes Eyes irritant,
carcinogenic to animals
(both marine and land)

Heavy metal ions &
oxides

As Pesticides, Chemical
wastes,
Bi-products from
mines,

Enzyme-inhibitor,
Carcinogenic

Be Nuclear plants, space
productions, coal
plants, etc.

Poisonous,
cancer-causing

B Industrial bi-products,
cleansing agents, etc.

Deadly to florae and
algae

Cd Industrial ejection,
metal electroplating,
Ni–Cd from batteries,
etc.

One of the origins of
high blood pressure,
kidney disorder,
anemia, illness, etc.

Cr Metal electroplating
industries, mining,
tanning, etc.

Cancer-causing

(continued)
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Table 1.1 (continued)

Category Contaminant Origin/source Side effect(s)

Cu Metal electroplating
industries, mining,
etc.

Deadly to florae and
algae

Fluorine (F) Natural ecological
sources,
manufacturing
bi-products

Causes bone
impairment, dappled
teeth

Pb Drains, crude oil,
coal, mining, etc.

Causes anemia, kidney
malfunction,
Neurological disarrays

Mn Mining and
manufacturing
bi-product, the
bacteriological act of
Mn minerals
of low-slung pH

Deadly to florae

Hg Mining and
manufacturing
bi-product, coal, etc.

Extremely deadly in its
form as CH3Hg-, Hg2+

Molybdenum (Mo) Natural and
manufacturing surplus

Noxious to faunae

Selenium (Se) Natural and coal
sources

Poisonous

Zn Metal coating
companies,
manufacturing waste

Poisonous to
ecological plants

Insecticides/
pesticides

Atrazine Agricultural weed
control sprays

Cause endocrine
disruption, hormonal
disorder, fetotoxicity,
skin irritant, an
increased relative risk
of ovarian neoplasia,
can induce mammary
tumors in rats,
immunotoxicity,
behavioral alterations

Cyromazine Agricultural weed
control sprays

Causes serious
irritation to the skin
and eye irritation. It can
also cause respiratory
aggravation. It is
harmful to oceanic life,
presenting lasting
impacts

(continued)
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Table 1.1 (continued)

Category Contaminant Origin/source Side effect(s)

Hexazinone Agricultural weed
control sprays

The nervous system,
immune system,
endocrine function,
development or
reproduction, and
carcinogenicity or
mutagenicity

Metribuzin Agricultural weed
control sprays

Central nervous system
damage, kidney and
liver damage, narcosis
and labored breathing,
deficiency or excess of
the human growth
hormone

Prometon Agricultural weed
control sprays

Discreetly exasperating
to the skin, eyes, and
respiratory expanse,
liver, and heart to
animals

Prometryn Agricultural weed
control sprays

Nausea, Sore throat,
Respiratory,
depression, Muscle
weakness

Simazine Agricultural weed
control sprays

Trouble in strolling,
quake, seizures, loss of
motion, cyanosis,
eased back breath,
miosis, stomach agony,
looseness of the
bowels, and impeded
adrenal capacity, lower
food admission, higher
water consumption,
incoordination, quakes,
and shortcoming, harm
to the testicles,
kidneys, liver, and
thyroid, unsettling
influences in sperm
creation, and gene
mutations

(continued)
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Table 1.1 (continued)

Category Contaminant Origin/source Side effect(s)

Desethylterbutilazine Agricultural weed
control sprays

Hormonal disorder,
fetotoxicity, skin
irritant, an increased
relative risk of ovarian
neoplasia, can induce
mammary tumors in
rats, immunotoxicity,
behavioral alterations

Terbuthylazine Agricultural weed
control sprays

Mildly to moderately
irritating to the eyes
and slightly irritating to
the skin

Waterborne bacteria Bacillus cereus Vomiting, nausea,
diarrhea, mucus

Enterococcus faecalis Shortness of breath,
fever, bleeding gums,
chest pain, diarrhea,
fatigue, stiff neck, and
abdominal pain

Escherichia coli Abdominal pain,
watery diarrhea,
intestinal toxin
damage, nausea,
vomiting, fever, and
fatigue

Pseudomonas
aeruginosa

Dermatitis,
gastrointestinal
infection, soft tissue
contamination, urinary
expanse contagion,
bone, and joint
infection

Salmonella
typhimurium

Diarrhea, Vomiting,
abdominal cramps, and
fever

Staphylococcus Bloodstream, bone,
and joint infections,
pneumonia, scalded
skin syndrome, toxic
shock syndrome, etc.

Shigella flexneri Dysentery, drug
resistance, joint pains,
painful urination,
virulence, and eye
irritation

(continued)
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Table 1.1 (continued)

Category Contaminant Origin/source Side effect(s)

Vibrio Abdominal cramps,
fever, nausea,
decreased blood
pressure, skin lesions,
etc.

Fig. 1.1 Permissible limits of diverse toxic elements in consumable H2O acceptable limit (ppm)

Additionally, synthetic dyes-based organic pollutants are primarily fabricated
from multifaceted organic compounds containing azo bonds, which result in
extremely oncogenic features. They are not usually biodegraded and/or unreactive
to other chemicals [84]. Dyes are the most important constituent of agricultural,
food technology, photo-electrochemical cells, light-harvesting arrays, textile, hair
colorings, Kraft bleaching, paper/pulp, pharmaceuticals, tannery productions waste,
dye/their intermediates, etc. [1, 4, 75, 84] In thismanner, these ventures uncommonly
add towater contaminationwith differentmanufactured coloringmatter andmake the
water sullied. Therefore, unique physical, synthetic, and natural strategies have been
advanced like oxidation, photocatalytic degradation [55], adsorption [84], substance
precipitation, layer filtration, electrochemical treatment, ion exchange, coagulation&
flocculation, flotation, and a number of biological techniques within the recent years
to remediate the contaminated aquatic bodies.Amongst these approaches, the adsorp-
tion method is preeminent as an effective tool in water purification because of its
facile functional phenomenon with great execution, magnificent decontamination,



8 J. T. Orasugh and S. S. Ray

and sustainable results properties. Further, adsorption measure has ended up being
best for removal of heavy metals/metal-oxides, along with adsorptive removal of
azo-based dyes known to be cancer-causing, a portion of the colors along with their
antagonistic impacts are displayed in Table 1.1. The afore-conversed inorganic and
organic pollutants can readily remove via diverse commercialized practices andmore
efficiently by adsorption technique; although waterborne pathogens remain a chal-
lenge, a number of common waterborne bacteria are presented in Table 1.1. On the
contrary, conventional water treatment approaches such as adsorption techniques
are limited in removing all of the wastewater impurities (pathogens, organic, and
inorganic). Whenever any one of the above-conversed methods is adopted for dyes,
metal ions, water-borne microorganisms, etc. removal. remain and/or vice-versa,
owning to the fact that no single approach eliminates the entire category (three
major) contaminations. Nevertheless, several pieces of literature are available with
regards to diverse cellulose (CEL) graphene-based adsorbent materials, and some
of them even demonstrate the excellent potential for antimicrobial activities [24,
52, 57, 64, 70, 84, 85 ]. Therefore, scientists are currently putting in predetermined
efforts towards the development of suitable multifunctional CEL graphene-based
advanced materials like adsorbents, photocatalyst, membranes, etcetera, specifically
nanomaterials based [52, 64], which are capable of removing all kinds of wastewater
contaminants.

This chapter focuses on discussing the technologies adopted for the prepara-
tion of the aforementioned adsorbent materials and their response with regard to
adsorption capacity (Q). The present study also presents an ephemeral summary of
adsorption working principles like isotherms, adsorption affecting parameters, the
kinetics, or thermodynamics of the adsorption phenomenon. Furthermore, it recon-
noiters the current applications, challenges, and/or barriers associated with these
NGON adsorbents along with future perspectives.

The uniqueness of this chapter article is its focus on multifunctional CEL
graphene-based synthesized materials significant for wastewater remediation. The
foremost measurable intimidate factor for these systems’ performance is the adsorp-
tive exclusion of harmful ecological contaminants from H2O along with the deac-
tivation of waterborne germs. A careful clarification of resistances in the existing
adsorption systems and required forthcoming lightening is likewise embodied in
this paper. This clever component focuses on excellent qualities for future improve-
ments in the high-level engineered CEL graphene-based materials for wastewater
remediation, which are depicted deliberately in the current chapter.

1.2 Water Treatment and Approaches

Among the diverse wastewater contaminants, manufactured dyes are the enti-
ties majorly ejected in enormous amounts yearly. These dyes are chiefly organic
compounds made up of multifaceted aromatic compounds encompassing two main
components: (I) The portion that imparts color referred to as chromophores (such as
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Fig. 1.2 Structural (molecular) representation of a variety of conventional cationic (a) and anionic
(b)

–OH, –NH2, –NR2, –NHR, and –COOH) and auxochromes (like –NO2, –NO, –N2,
etc.).

Chromophores are the basic entity of all categories of dyes like reactive, azo,
basic, vat, acidic, and disperse dyes [57]. The molecular structures of a variety of
conventional anionic and cationic dyes are shown in Fig. 1.2. These coloredmaterials
have diverse applications in several industries, including food, printing, paper, plastic,
textiles, cosmetics, etc. About 7 × 105 tons and ~ 10,000 categories of dyes and/or
pigments used by industrial dyeing and printing processes have been reported [57].
≥ 10,000 tons of colorants are expended worldwide, each year for which ~10 −
15% are released together with industrial effluents to diverse aquatic environments
[57]. The released dyes are known to be nondegradable, meaning they can’t be
degraded even in sludge pretreatment units, owning to their extremely extraordinary
solubility in H2O, making them hard to be remediated via conventional approaches.
Furthermore, dyes used in textile chemical processing departments are hypothetically
carcinogenic and genotoxic, triggering environment degradation and diverse lethal
ailments in animals or humans [5–7]. These textile dyes do as well compromise the
inherent value of aquatic environments by raising BOD and COD (biochemical and
chemical oxygen demand); hence, hindering photosynthesis, plant growth, aquatic
food-sequence/cycle alteration, and/or resulting in bio-obduracy or bio-accumulation
[57], which of great concern globally.

A broad range of biological/biochemical and physicochemical techniques
(Fig. 1.3), such as coagulation [55], flocculation [55], photocatalytic degradation
[55], chemical electrolysis [57], biodegradation [34], oxidation [55],membrane sepa-
ration (reverse osmosis (RO) and/or filtration) [55, 57], adsorption [5, 6, 84],magnetic
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Fig. 1.3 Selected wastewater treatment approaches

[13], etc., is reportedly used for the treatment of waste H2O. Nevertheless, expen-
sive raw materials and challenges faced in design and/or separation constrain the
adoption of the majority of these approaches for extensive applications [57]. Most of
these wastewater remediation techniques are ineffective singly to perform at lesser
noxious waste percentages. However, certain approaches demand for a high amount
of chemicals in addition to input energy plus the generation of an enormous quan-
tity of deadly waste products. Certainly, the adsorption technique is comparatively
the most commonly adopted technique due to its cheap, facile, or benign process,
ecofriendly approach, and excellent efficacy, along with its distinctive property the
recyclability and reuse of the adsorbent after numerous renaissance sequences [84].

1.2.1 Adsorption Wastewater Treatment

1.2.1.1 Adsorption: The Working Notion

Adsorption is a physicochemical phenomenon where the adsorbate matter trans-
fers itself in the form of liquid and/or gas against the adsorbent material surface.
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Adsorption phenomenon involves four steps: bulk, film/external mass diffu-
sion, pore/intraparticle diffusion, combined lastly adsorption via physical/chemical
reactions. Here, even distributive dispersion of adsorbate or adsorbent limits bulk
diffusion,making it negligible. Hence, adsorptive contaminants removal kinetic reac-
tion is controlled through film/pore diffusion, though the sheet(s) surface area fash-
ioned with liquid/its concentration unswervingly impacts diffusion of the film for
the reason that liquid concentration and surface area possess a direct relationship
with the film diffusion [12]. Conversely, the

√
t or t0.5 (adsorption time square root)

presents a direct relationship with the diffusion through the pores for metal oxides,
taking into account that this process is affected by the film-based diffusion [12, 84].

1.2.1.2 Adsorption Isotherms

The main process, i.e., adsorption equilibrium, if not known, makes it challenging
to comprehend the adsorption phenomenon precisely. The point where a given
molecule’s adsorption and desorption rate are equal is referred to as adsorption equi-
librium [84]. Conversely, there are three types of adsorption equipoise, namely: (i)
Adsorption isotherm, (ii) Adsorption isostere, and (iii) Adsorption isobar: further-
more, equilibrium adsorption is characteristically reliant upon the concept of adsorp-
tion isotherm, discussed as at steady temperature, the state of equilibriumbetween the
concentration in fluid-phase in bulk as well as adsorbed entities amount. The adsorp-
tion isotherms kinds existing include Brunauer–Emmett–Teller (BET), Freundlich,
Langmuir, and Temkin, which are typically adopted as per the aforementioned
objective [84]. The adsorption approach has been reportedly used in CEL graphene
(nano)composites for the remediation of water [84].

1.2.2 Filtration Wastewater Treatment

Filtration technology adoption for wastewater treatment by membrane technology
relics the utmost energy-efficient approach aimed at separating pollutants (μm-sized
adsorbates even to the Å-sized hydrous ions) from wastewater [59]. Nevertheless,
the current conventional membrane systems, including comparatively high-priced
synthetic substances, are often non-sustainable for the neediest communities in the
societies of the world. Emerging bioderived NC-based membrane systems centered
upon nanoscale-CEL fibres that could be isolated from nearly all lignocellulosic
biomaterials are the solution to the challenge(s) with their synthetic counterparts. It’s
plausible that NC-based membranes prepared from low-cost, abundantly available,
and sustainable resources could reduce the cost of filtration-based membrane sepa-
ration, seeing these membranes provide the capability of removing a broad variety
of contaminants in a single phase by size segregation seizing or adsorption. These
bioderived NC-based membrane technology couldn’t only suit solving consumable
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Fig. 1.4 Classification of pressure-driven membrane filtration, pore size, and pressure relationship

H2O challenges globally, but it could also present a facile and novel cheap plat-
form for diverse pressure-driven filtration approaches, such as nanofiltration (NFL),
microfiltration (MF), ultrafiltration (UF), RO, etc. [59].

Pressure-driven filtration (filter/membrane) technologies, from MF to RO,
continue to be the most energy-efficient routes for water remediation. The working
phenomenon of these separation techniques is uncomplicated: characteristically,
pollutants such as molecules/metal ions transit certainly from high concentration
regions to regions of low-slung concentration, and so with the application of external
pressure, these contaminants are made to then flow from lower concentration regions
to higher concentration regions; the approach could be used inwater remediation. The
cataloging of pressure-driven filtration-membrane approaches, their pore sizes along
with their correlated pressure is presented in Fig. 1.4. Commonly, small pore-sized
filtration membranes demand for very high pressure for effective performance [59].
Running a membrane filtration set-up utilizing higher pressure demands an unfailing
energy supply (such as electrical/mechanical or both (hybrid)) along with the usage
of robust/strong equipment (like pump equipped for high pressure). These collective
prerequisites are regularly past the range of the neediest neighborhoods that require
cheap and clean drinking water at the maximum. Nevertheless, a pressure-driven
system is gravity-driven. It could be very cheap and is facile to maintain, making
it exceptionally appropriate for even the poorest communities living below stan-
dard. The equivalent membrane filtration operation that is gravity-driven is micro-
filtration (Fig. 1.4). This is because MF membranes driven by gravity have the
smallest average pore size forwater, as it remains themajor energy-efficient approach
towards wastewater remediation; seeing this wastewater purification principle is
straightforward.

The combined prerequisites are frequently past the range of the least fortunate
groups that need minimal expenditure, safe water for drinking. In any case, a single
pressure system, driven by gravity, can have a pitiful expense and isn’t difficult
to keep up with, making it especially appropriate for helpless communities living
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off the lattice. A comparable filtration system that is gravity-driven is microfiltra-
tion (Fig. 8.4). This is on the grounds that gravity-driven-MF layers have the littlest
average size of the pore for three layers to incorporate (1) non-woven fabric (because
of μm-size strands) which could be viewed as a low-end MF film, (2) a permeable
ply (formed with phase reversal technique) which could be utilized straightforwardly
as a UF film, along with (3) a thickly crosslinked hindrance layer (created by the
interfacial polymerization strategy) that delivers the layer helpful for NF and RO
systems. The necessity of every part ply is unique: the non-woven fabric ply should
be solid to give in general mechanical strength, and as a rule, has the most note-
worthy porosity (60–70%); the center permeable ply should possess an even pore
dispersion on the surface of the layer (as a supportive layer or the hindrance layer),
having a moderately lower porosity; the top boundary layer (regularly an interfacial
polymerized cross-connected polyamide grid) has the littlest pore size conveyance
just as the least porosity.

1.2.3 Catalytic Wastewater Treatment

The drive towards providing clean water for personal and manufacturing use has
resulted in the emergence of severalwater purification approaches, forwhich catalytic
wastewater purification technique is of great prominence [2, 34, 55]. There is limited
literature in this niche regarding NC-GO-based nanocomposites, but we will discuss
a few reports.

It has been established by a group of researchers that, in an event where CEL
was converted to NC, adsorption efficiency was enhanced as a result of augmented
surface area, amount of accessible functional groups/moieties, and crystal-like
nature. Thereafter self-cleaning properties were imparted to theNC via incorporating
substances that have photo catalytic degradation properties. GOvarious oxygen func-
tion moieties like –OH, phenol, and epoxy surface groups largely at the basal plane
along with the R–COOH groups at the boundaries were utilized as reinforcing fillers
in the fabrication of nanocomposites with diverse polymeric matrices for the adsorp-
tive exclusion of a number of noxious wastes from effluents, along with nonselec-
tive photocatalytic degradation of pollutants [2]. This report proved NC-GO-based
nanocomposites to be an effective material for multifunctional adsorbent and/or
photocatalytic material.

A novel photocatalyst; nano ZnO/GO/NC nanocomposite aimed at effectual
adsorptive take-up followed by photodegradation of ciprofloxacin (CF) (known
antibiotic extensively utilized in fowl farming) has been conversed. Self-cleansing
characteristics in CEL were also achieved here by introducing nano ZnO incor-
porated GO into the NC matrix. ZnO incorporation in GO tuned the subsequent
band gap to 2.4 eV, and subsequently nanocomposite materialization with NCs, the
band gap was further boosted to 2.8 eV, within the UV visible region. Hence, CF
degradation (due to electron–hole interaction) was achieved under visible light. The
stepwise modification of the synthesis of ZnO-GO/NC resulted in good properties
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for pore radius, pore-volume, and surface area, of ~12.5 nm, ~0.026 mL/g, and
~12.68 m2/g correspondingly. These authors reported that the optimum pH for the
effective performance of the nanocomposite was 5.5 at a ZnO/GO/NC dosage of
2.0 g/L, and the attained equilibrium was at ~120 min, while adsorption of the drug
followed the second-order kinetics. Their report established that themodel best-fitted
was Sips isotherm explaining the kind of interface between CF and ZnO/GO/NC.
Also, they showed that CF degradation followed first-order kinetics while the degra-
dation process optimal pH was reported as 6.0, and 98.0% maximum degradation
efficiency was achieved. The recyclability of the ZnO/GO/NC adsorbate after five
successive cycles indicates its potential for removing and degrading CF from the
aquatic/wastewater environment [2].

Also, in another study, successful in-situ synthesis of an innovative
3D-photocatalyst comprising of Cu2O/TiO2 loaded CNF/rGO via simplistic
hydrothermal process and freeze-drying. This 3D formed macro-structure provides
the template for anchoring of Cu2O and TiO2 while also presenting an efficient
pathway for enhanced electron transference and, consequently, the photocatalytic
activity of the nanocomposite. Their findings established that the Cu2O and TiO2

were uniformly included in the aerogel network structure, resulting in a nanocom-
posite with a large surface area having highly exposed actives sites. In compar-
ison to unembellished rGH, CNF/ rGH, Cu2O/CNF/rGH, and TiO2/CNF/rGH, the
Cu2O/TiO2/CNF/rGH displayed enhanced photocatalytic activity for the degrada-
tion of methyl orange (MO) dye. Their report revealed that enhancement in the
photoactivity was credited to charge transfer and electron–hole parting from the
synergistic influence of Cu2O/TiO2 attached to CNF/rGH. The activity on Staphy-
lococcus aureus and Escherichia coli was also studied, revealing the synergistic
influence of the CNF/rGH framework anchored Cu2O/TiO2 resulting in excellent
anti-bacterial activity [87].

1.2.4 Other Wastewater Treatment Approaches

Other wastewater purification approaches are well known, but the ones used in
NC-GO-based nanocomposites materials are solvent-based precipitation and coag-
ulation, distillation, silica gel, ion-exchange/Ion exchange resins, etc.

1.3 Nanocellulose

Within the last few decades, nanocellulose (NC) (Nanostructured CEL) has been
proven to be one of the most prominent green/ecofriendly nanomaterials of modern
times. These adsorption systems gain of growing attention from researchers and
industrialists is due to their attractive and excellent characteristics like sustainability,
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abundance, high aspect ratio, excellent mechanical properties, light weight, cyto-
compatibility, biodegradability, and biocompatibility [24, 66]. The rich functional
hydroxyl groups on the surface of NC permit a wide range of functionalization
through diverse chemical reactions, leading to the development of various materials
having tunable attributes [40, 41, 43–45, 84]. This section will converse on NC,
starting from its bioderived sources like plants and animals.

1.3.1 Introduction

The word “Cellulose” was coins from the French word “cellule,” signifying a living
cell in addition to glucose, initiated by an expert French scientist so-called Anselme
Payen, in 1838 [48]. Cellulose is one of the most plentifully accessible biomaterials
and is highly involved in research studies on earth. As depicted in Fig. 1.5, CEL is
semi-crystalline; hence it possesses crystalline locale and amorphous expanses of
diverse kinds relying upon the CEL source [24, 41, 43–45, 52]. CEL is categorized
into four unique classes of polymorphs, CEL I, II, III, and IV (Table 1.1) [40, 52].

Fig. 1.5 From CEL to nanostructured CEL
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At present, CEL-based nanomaterials are a rising category of nanomaterials with
such a large amount of appealing properties: that is isolated from property crude
raw materials (CEL and/or lignocellulose like jute, hemp, sisal, cotton, wood, etc.)
at a comparatively low cost with certain attractive attributes like—biodegradability,
biocompatibility, phenomenal mechanical strength, high water absorption ability,
and high surface area, etc. NCs have been reconnoitered for their numerous probable
uses in the polymer (nano)composites for adsorption, food additives, tin films, aero-
gels, wound dressings, tissue scaffolding, sustained drug-delivery, reinforcement in
hydrogels, rheology modifiers in hybrid films, artificial blood vessels, EMI shields,
etc. NC can be defined as a CEL material having dimensions somewhere around one
of its measurements in a nano range (≤100 nm) [24, 40, 41, 43, 44, 52].

1.3.2 Structure, Source-Based Overview, and Nomenclature
with Categories

Cellulose “(C6H10O5)n” is a bio-linear polymer made up of β-Dglucopyranose enti-
ties joined by β-1,4 glycosidic bonds (Fig. 1.5) [40, 52]. In the natural world, CEL
doesn’t occur as a discrete entity/compound but rather an assemblage of single
molecular chains [24, 48, 52]. In the end, several individual CEL chains agglomerate
together to form fibrils/microfibrils owning to the stout intramolecular or intermolec-
ular H-bonds, that provide the CEL molecular chain(s) with a highly fast structure
[24, 52, 84], which further results in the formation of a crystal-like structure due to
the strong H-bonding because of the –OH functional groups. Themolecular structure
of CEL is made of three –OH groups: the primary –OH group at its C-6 position or
the secondary –OH group at C-2 and at C-3 being all hydrophilic [52]. Nevertheless,
CEL is insoluble in water and has a large number of solvents. Owing to cellulose’s
large number of hydroxyl functional groups on its surface, which binds to diverse
materials like dyes, pharmaceuticals, and metal ions, making it a suitable material
for the manufacture of adsorbent materials [84] (Table 1.2).

Table 1.2 Diverse crystalline CEL polymorphs

Nanocellulose form Preparation approach/process Citations

CEL I/native CEL Synthesized naturally from bacteria, plants, etc. [43, 52, 59, 91]

CEL II Regeneration or mercerization of CEL I -dissolving CEL
I in a solvent/swelling it in an acidic/basic solution

[59, 91]

CEL III Treating CEL I or II with ammonia solution [52, 91]

CEL IV High temperature (up to 260 °C) treatment of CEL III in
glycerol

[52, 91]
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1.3.3 Preparation Approaches for NCs

Nanocellulose is prepared by the fragmentation of nativeCEL from the lignocellulose
biomasses by chemical, mechanical, and biological methods (Fig. 1.6) [4–6, 12, 14,
24, 26, 29, 34, 40, 41, 43–45, 47, 48, 52, 55, 57, 59, 64, 65, 68, 70, 72, 84, 85].
These techniques could be adopted separately or in an amalgamated form in order
to achieve the predetermined morphology as well as the structure [43, 52].

NCs’ seclusion approach can be realized by either a biosynthesis-based bottom-
up or top-down approach by disintegrating lignocellulose plant biomasses [43, 52].
With regards to their seclusion techniques, NC-based materials are categorized into
three core categories as presented in Table 1.3: CEL nanocrystals/whiskers/cellulose
nanoparticles (CNCs), cellulose nano-fibrils(CNFs)/microfibrillated CEL /nanofib-
rillated cellulose (CNFs), and bacterial CEL nanofibres (BCNF) [41, 43, 44,
52].

1.3.3.1 Cellulose Nanocrystals/Whiskers/Cellulose Nanoparticles
(CNCs)

CNCs are mainly gotten from lignocellulosic biomass like jute, sisal, wood, cotton
fibers, etc. through acid-based hydrolysis at well-ordered factors of time, temper-
ature, along with acid:CEL fibers ratio [41, 43, 44, 52]. The extraction of CNCs
involves the use of concentrated mineral acids like nitric acid [44], sulfuric acid
[44], etc., usually used in the hydrolysis process to eliminate the amorphous expanse
containing hemicellulose, pectin, lignin, and other noncellulosic entities [43, 52]. The

Fig. 1.6 Nanocellulose (NC) isolation processes
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results of sulfonated CNCs are highly crystalline rice/rod-shaped/needle-like shaped
nanocellulose (1–90 nm) coupled with a lengthwise dimension of not many100
nm as per CEL derived-source [43–45, 52]. During the acid treatment, the gener-
ated hydronium ions “H3O+” penetrate the CEL’s amorphous zone, aiding the 1,4-
glycosidic links cleavage in the CEL structural series and disintegration of the
solid inter/intramolecular CEL chains hydrogen bonding network [52]. The CNCs
produced using sulfuric acid are proven to possess good thermal stability properties
owning to sulfate ester anchorage onto their planes [44]. CNCs also display several
exceptional characteristics like high crystallinity index, high strength, along with
enormous surface area [43–45].

1.3.3.2 Microfibrillated Cellulose/Cellulose Nanofibrils/Nanofibres
(MFCs/CNFs)

MFCs/CNFs are secluded bymeans of themechanical fragmentation of nonmodified,
modified, and/or well-ordered chemically, enzymatically, and solvent treated CEL
fibers [17, 40, 42]. The procedure of preparing MFCs/CNFs mechanically normally
encompasses adopting high shear forces/ultrasound like grinding, homogenization,
ball milling, ultrasonication, which requires higher consumption of energy along
with the involvement of diverse kinds of apparatus along with tedious processes
which are expensive [25]. CNFs possess <100 nm along with lengthwise dimensions
ranging from hundreds of nm to μm.

1.3.3.3 Bacterial Nanocellulose Fibers (BNCFs)

BNCFs are prepared using aerobic bacteria as extracellular polyose sheath via a
bottom-up nanomaterials (NCs) synthesis, which results in 3D networked NFs [32,
49, 52]. Even though bacteria (BC)-based CEL parades similar molecular formulae
like plant-derived NCs, it possesses an exceptional 3D micro and nano-porous struc-
tural network with high water content (≥90%), high crystallinity (70 ≥ 80%), high
purity, a high degree of polymerization, as well as high warm and mechanical
dependability [32, 49, 52]; conversely, it is unattractive with regards to economic
considerations because of its extremely expensive carbon source.

1.4 Graphene Oxide/Graphite Oxide

Graphene oxide/graphite oxide (GO/GiO) is the oxidized kind of graphene/graphite,
which is a recognized raw material for the preparation of reduced GO (rGO),
GO/rGO-based composites/hybrids, along with chemically functionalized graphene
or its oxides [35, 49, 50, 55, 57, 64, 70, 80, 84, 85, 72]. GO containing oxygen
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functional entities enable its interface with several chemical groups through H-
bonds, covalent bonds, etc. The additional forces of collaboration, like van der
Waals links, π-π interactions, along with ionic interfaces, promotes the noncova-
lent graphene/graphite, rGO, and GO functionalization [35, 49, 50, 55, 57, 64, 70,
80, 84, 85, 72]. Graphene/ GiO exhibits abundantly available oxygen-containing
functional groups like hydroxyl, ether, carbonyl, phenolic, epoxide, and/or –COOH
groups [35, 49, 50, 55, 57, 64, 70, 72, 78, 80, 81, 83–85, 90], among which, several
hydroxyl, epoxide and ether surface groups are positioned along its basal plane, while
the carboxylic functional units are located on graphene/GiO sheets edges [35, 49,
50, 55, 57, 64, 70, 72, 78, 80, 81, 83–85, 90]. GO’s chemical reactivity enables its
potential for various applications, including adsorption, anticancer treatment, paints,
adhesives, bioimaging, lubrication, etc. In this section, the chemical as well as struc-
tural characteristics of GO or rGO, and their functionalization, chemically by diverse
chemical methods are critically reviewed.

1.4.1 Preparation Approaches for Graphite/Graphene Oxide

Severe oxidation of graphitic materials like graphite powder results in the material-
ization of oxidized graphite, also known as GiO [12]. The drawn-out interlamellar
dispersing in the GiO in light of oxygen functionalities on the basal plane along with
entombed water particles enables the adjacent splitting of GiO also with the help of
sonication and results in the formation of GO. GiO was found a whole lot sooner,
around 1859, compared to graphene, around 2004; the fundamental 1st testimony by
the British physicist B. C. Brodie portrayed the fabrication of GiO through oxidation
of the graphiticmaterials by the use of fumingHNO3 acid andKClO3 as the oxidizing
reagent/agent [8]. The author reported the ratio of C:H:O for the prepared GiO as
61.04:1.85:37.11. Staudenmaier has conversed an enhanced oxidation approach by
adding a small amount of potassium chlorate. Additional oxidation was executed by
acidifying the formulationwith concentratedH2SO4 [61]. Thesemethodologieswere
viewed as risky and tedious cycles. In 1958, Hummers andOfferman fostered a quick
and moderately more secure strategy for setting up the GiO by reacting graphitic
powder with an admixture of H2SO4, KMnO4, and NaNO3 (anhydrous) [21]. The
Hummers’ approaches avoid the utilization of profoundly destructive raging nitric
corrosive. The utilization of KMnO4 and NaNO3 admixture resulted in oxygen-
rich kind GiO. Afterward, Tour et al. built upon Hummers’ technique to boost the
oxidation process efficacy. In Tours’ method, NaNO3 was excluded, the quantity of
KMnO4 was upraised, also, oxidation response was completed in a combination of
H2SO4/phosphoric acid (9:1 proportion) to manage the cost of oxidizing graphite
contrasted with Hummers’ approach [21]. Developments over the diverse prepara-
tion approaches for GiO are being sought after constantly to yield powerful other
options. The GiO is a non-stoichiometric compound, its structure (chemical) as well
as composition is principally governed by its synthesis procedure, oxidizing agents’
utilization, response factors, along with crude graphite antecedent.
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Essentially, there exists no substantial chemical disparity betweenGiO andGO [8,
10, 20, 21, 61, 84]. GiO is known to be the podium material used in the synthesis of
GO via exfoliation. Fundamentally, GO comprises of a reduced number of graphitic
carbon lamellae (max 10). In contrast, the GiO has a limitless/endless number of
graphitic carbon lamellae having extended interlamellar separating, driven by plen-
tiful oxygen-containing functional groups along its plane parallel to the lateral or
horizontal axis and the caught water atoms through the H-holding organization [24,
28]. The GiO arranged by factor oxidation courses as in Fig. 1.7 is shed in the water
or other solvents (polar) with the help of ultrasonication and managing the cost of the
GO. Sonication, shower sonication, or potentially test sonication, has been grounded
and extensively utilized methodology for the peeling of GiO. All things considered,
it prompts some underlying breaking in the lamellae of GO. The extent of oxygen-
containing functional groups in GiO, ultrasonication standard and process period,
ultrasonic recurrence, along with the energy administered for the peeling greatly
determine the nature of the consequent GO.

Fig. 1.7 Diverse chemical techniques towards GiO synthesis from graphite via exfoliation unto
GO
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1.4.2 Structural Properties of GiO/GO

Distinct from graphene, GO is the architecturally altered sheets of sp2 C in a honey-
comb framework/assembly aswell as amix of abundant sp3 C because of the oxygen-
containing functional groups. The GO lamellae (atomic-thick) are interconnected
together via a 6 to 9 Å interlamellar spacing. The existence of oxygen-containing
functional groups on the plane parallel to the lateral or horizontal axis and entrapped
H2O iotas through hydrogen interface expands GO interlamellae layout. Hence, the
interlamellae gaps in GO being 6–9 Å is considered to be ominously higher consid-
ering the fact that graphene interlamellar spacing is 3.34 Å. GOs’ chemical architec-
ture is as a result been a subject of significant debate owing to the extensive level of
structural flaws, non-stoichiometric arrangement, the disparity in oxygen-containing
functional groups, along with inconsistency in GO preparation sequences, it remains
a challenge. Thus, numerous structural (chemical) models of GiO and/or GO are
postulated within the past 80 years [16, 18, 39, 54, 58, 63]. The Hofmann, Ruess,
Scholz-Boehm, Nakajima-Matsuo, Lerf-Klinowski, Dekany, and Ajayan models are
the much-considered models for GO structure (Fig. 1.8).

1.4.2.1 Hofmann Model

GiO’s first model was projected by Hofmann and Holst in the year 1939 for the
structure containing repeating units of 1,2-epoxides on the entire sp2-hybridized
plane parallel to the lateral or horizontal axis of graphene (Fig. 1.8a) [69].

1.4.2.2 Ruess Model

Ruess proposed the secondmodel of GiO in the year 1946 for the structure containing
1,3-epoxide and –OH groups on the whole sp3-hybridized plane parallel to the lateral
or horizontal axis (Fig. 1.8b) [54].

1.4.2.3 Scholz-Boehm Model

In 1969, Scholz and Boehm postulated the third structural model for GiO, where the
structure architecture was prepared of only –OH and ketone groups as depicted in
Fig. 1.8c [58].

1.4.2.4 Nakajima-Matsuo Model

Again, Nakajima and Matsuo, in 1969, proposed the fourth model structure of GiO,
which resembled graphite intercalation compound as shown in Fig. 1.8d [39]. The
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Fig. 1.8 GiO structural models: a Hofmann model, b Ruess model, c Scholz-Boehm model, d
Nakajima-Mastsuo model, e Lerf-Klinowski model, f Dekany model, and g Ajayan model

GiO models recommended by Hofmann, Ruess, Scholz-Boehm, and Nakajima-
Matsuo were mostly derived with regards to the compositions (elemental), chemical
reactions, and XRD (X-ray diffraction) results.

1.4.2.5 Lerf-Klinowski Model

Lerf and Klinowski, later in 1998, proposed the fifth model of GiO, derived from
NMR (nuclear magnetic resonance). The postulated structure (chemical) of GiO
consists of two regions, that is, aromatic expanses having un-oxidized benzene rings
as well as regions comprising 6-membered aliphatic rings (Fig. 1.8e) [28].

1.4.2.6 Dékány Model

Dékány proposed the sixth structural model of GiO in 2006, as derived from NMR,
XRD, XPS (X-ray photoelectron spectroscopy), FTIR (Fourier transform infrared
spectroscopy), TEM (transmission electron microscopy), ESR (electron spin reso-
nance), and elemental analysis. The structure of GiO was proposed to be made
of two diverse domains having trans-structured cyclohexane linked chairs along
with ridged hexagonal ribbons. These trans-linked cyclohexane chairs were made of
1,3-epoxide and tertiary hydroxyl functionalities, whereas the corrugated hexagonal
ribbons were occupied with cyclic ketones and quinones. Additional phenolic groups
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were presented into the projected structural model by Dékány to validate the acidity
of GiO (Fig. 1.8f) [63].

1.4.2.7 Ajayan Model

The seventh structural model proposed for GiO was by Ajayan in 2009 with rela-
tive ratios of functional groups, 115 (hydroxyl and epoxide):3(lactol O–C–O):
63(graphitic sp2 carbon):10(lactol + ester + acid carbonyl):9(ketone carbonyl) as
depicted in Fig. 1.8g [18].

1.4.2.8 Tour Model

The most recent GiO model was referred to as the dynamic structure model by
Tour in 2012. As per extensive research work carried out by Tour, GiO exists as a
dynamic structure with a certain set of functional groups but persistently changes
in the company of non-aqueous solvent seeing GO possess a peculiar property of
high acidity in its aqueous solutions, which is problematic to agrees with the existing
models and its ability to reduce under strongly alkaline conditions in the absence of
a reducing agent [16].

The oxidation conditions principally control the dissemination and plenitude of
oxygen functional groups in the GiO. The GiO or potentially GO display magnif-
icent dispersibility in water, and it is credited to high extremity and arrange-
ment of H-bonding by oxygen-containing functional groups with water. The higher
polarity further broadens GO compatibility with polar solvents. A wide range
of oxygen-containing functional groups in GO accelerates its connection with
organic molecules, polymeric matrices, nanoscale materials, and so forth. Thus,
GO has been a great forerunner to synthesizing the rGO, graphene functionaliza-
tion (synthetically), functionalized graphene, graphene-based composites, and their
subsidiaries.

1.5 Nanocellulose-Graphene Oxide-Based Nanocomposites

The utilization of NC-based (nano)composites as adsorbents for wastewater treat-
ment has attracted great interest among researchers globallywithin the recent decades
[62, 64, 68, 72, 78, 80–82, 85, 90]. These novel categories of adsorbents have
reportedly displayed excellent properties such as biodegradability, sustainability,
eco-friendliness, and high adsorption capacity (Q).
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1.5.1 NC-GO-Based Nanocomposites

Zaman et al. have described NC-GO nanocomposite synthesis by means of a one-
pot facile synthesis approach having excellent properties for use for the exclusion
of MB from water [84]. These authors observed that ~98% MB abstraction was
attained within 135 min. Also, they stated that, at optimized experimental settings
suggested by RSM (response surface methodology), the Q of the (nano)composite
was established as ~ 334.19 mg g−1 whereas the maximum adsorption capacity
(Qmax) as estimated by Langmuir isotherm is 751.88 mg g−1. They concluded the
phenomenon was steered by Langmuir and Freundlich isotherm as it fitted well with
pseudo-second-order kinetics [84].

Also in another study, a group of researchers synthesized an efficient CEL/GO
(CGO) composite fibres adsorbent fabricated by wet-spinning approach and studied
the experimental conditions (MB concentration temperature, pH, adsorbent dosage,
concentration, as well as the contact time) for methylene blue dye (MB) removal.
These authors utilizedCEL as a support to immobilize and linkGO sheets resulting in
the formation of CEL/GO fibres. Their results revealed an upsurge inQwith a corre-
sponding increase in the experimental conditions. Nevertheless, a decrease inQwith
increased contact time owing to the reduced active sites availability was observed
[10]. Their report established a Q of ~ 480.77 mg/g for MB [10]. The adsorption
kinetic investigations of the nanocomposites adsorption kinetic data were superla-
tively defined by a pseudo-second-order model, and the thermodynamic parameters
displayed that their studied adsorption phenomenon was found to be endothermic
and spontaneous [10]. Also, the adsorbent (CGO) fibers, were much fixed and easily
detachable and could be recycled by washing with diluted NaOH solution with the
retention of ≥93% Q after three recycling times.

Another group of researchers studied CEL-based hydrogel incorporated GO by
adopting NaOH/urea as the processing solvent [11]. These authors explored the
adsorptive exclusion of Cu2+ ionswhere their results revealed an upsurge in Cu2+ ions
adsorptionwith a rise inGO/CEL ratio due to the increased incorporatedoxygen func-
tionalities within the hydrogel as the GO/CEL ratio increased [11]; also, resulting in
an enhancement in the electrostatic attraction, ion-exchange capability, alongwith the
surface complexation of the fabricated adsorbent. Their report proved that the adsor-
bent dosage increase resulted in a corresponding decreased adsorption as observed
owning to saturation of active sites [11]. An increase of the pH > 5.3 displayed a great
decline in the adsorption process owing to declination in the solubility and copper
ions precipitation under alkaline conditions. Also, the adsorption process fitted the
pseudo-second-order kinetics and Langmuir isotherm model, which depicts mono
layer adsorption [11].

For instance, Hussain et al. demonstrate for the 1st time the adsorptive assessment
of GO/CNFs monolith for removal of MB dye from wastewater [22]. These authors
proposed a strong chemical interaction (chiefly H-bonding) that accounted for the
realization of the GO/CNFs monolith hybrid assembly, leading to a mechanically
strong structure with adjustable pore-structure or surface properties. The synthesized
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GO/CNFs adsorbents may utterly get rid of traces to reasonable concentrations of
MB dye, and it followed the pseudo-second-order kinetics model. The adsorption
isotherm behaviors of the GO/CNFs were found to be in the following sequence:
Langmuir isotherm > Freundlich isotherm > Temkin isotherm model. In contrast,
the maximum adsorption capacity (Qmax) attained was 227.27 mg g−1 [22]. These
authors established that the inclusion of NCs follows an exponential correlation with
respect to the dye uptake capacities, where specific surface area and high surface
charge density were chiefly responsible for the dye adsorptive mechanism [22]. Also,
the regeneration efficiency attained was up to four successive cycles at the affordable
recollection along with no recontamination of remediated water [22].

1.5.2 Nanocellulose-rGO Nanocomposites

rGO aerogel is among the hot niches in the field of C-based materials systems since
its advent because of its highly low density, outstanding porosity, ultrahigh specific
surface area, and chemical inertness stability [9, 20]. Furthermore, rGO-initiated
composites are at present broadly used for a variety of multifunctional materials in
niches like adsorption/adsorbents [20], electromagnetic interference (EMI) shields
[71], catalysts [2], capacitors, and sensor [31], etc. In the utilization of rGO for
wastewater remediation technologies, adsorption has been considered as probably
the best treatment as a result of its high evacuation effectiveness without the age
of unsafe side-effects [2]. The spongy structural architecture, the ultrahigh specific
surface area of (nano)cellulose-based nanocomposites, and its favorable interaction
with organics significantly enhance the removal efficiency and capacity ofwastewater
pollutants [2].

In another work, with the aim of ameliorating the hydrophobic characteris-
tics as well as Q of NC aerogels, nanochitosan (NCS) and rGO were amalga-
mated into an NC aerogel to prepare NC/NCS/rGO nanocomposite aerogel via
hydrothermal technique in combination with a freeze-drying process [19]. The
ideal conditions, including the impact of NC and NCS wt.% for manufacturing
the NC/NCS/rGO nanocomposite aerogel having great permeable microstructures
and amazing adsorption limits, were assessed. Their results demonstrated that the
NC/NCS/rGO nanocomposite aerogel synthesized considered 0.1 wt% NCS and
0.05 wt% NC exhibiting a high hydrophobicity, low density, 9.3 mg cm−3, along
with increased water contact angle of 115.26°, outstanding adsorption capacities of
171.85± 3.02, 159.64± 1.83, 153.22± 2.92, 149.60± 6.26, 139.93± 3.69, 132.47
± 3.45, 176.82 ± 4.66, 128.70 ± 0.69, and 120.34 ± 5.57 g g−1 for mineral oil,
sesame oil, acetone, ethyl acetate, thiophene, pump oil, waste pump oil, kerosene,
and ethyl alcohol, respectively. Moreover, these aerogel adsorbents may perhaps
proficiently and uninterruptedly take away the oil from contaminated water as estab-
lished by means of the synthesized oil and/or water pump apparatus [19]. As a result,
they proposed the prepared NC/NCS/rGO composite of a synthetic ultralight porous
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admixture fabricated from a gel as a potential candidate for oil and organic solvent
adsorption [19].

Also, in another study, NFC was utilized as a reinforcing component of film-
forming in combination with GO. Then the rGO-derived CPFs were fabricated via
facile reduction-based reaction of GO/NFC-derived nanocomposite film with no
adhesives inclusion, thereby effectively avoiding the challenges of dispersion along
with its amalgamationwith other constituents triggered by direct use of high graphene
content [10]. With the comparison between three reduction techniques for directly
reducing GO/NFC composite films, the authors reported that 450 °C thermal reduc-
tions and/or reduction using HI acid were more effectual in comparison to ascorbic
acid reduction [10]. In this regard, they adopted HI acid (HI) chemical reduction as
well as thermal reduction process for the investigative analysis of NFC inclusion to
the film conductivity, where they found that rising NFC content inclusion from 10 to
50% led to a decline in the electrical conductivity (EC) of the composite film fromHI
acid reduction from 153.8 S/m to 22.2 S/m. In contrast, the composite films conduc-
tivity increased at first and then declined after thermal reduction both at 450 °C and
550 °C [10]. Interestingly, the authors found that at 16.6% NFC content, the EC
reached a high level of 86.21 Sm−1 and/or 168.9 Sm−1. This interesting study by
Gu et al. presents preliminary studies for additional advancement of rGO/graphene-
derived NCs nanocomposite having low resistance value and high EC in large-scale
production [9].

With a focus on developing graphene-based materials having multifunctional
properties for environmental applications, Minitha et al. utilized/explored the dual
functional properties of magnetite ornamented rGO “rGO/Fe3O4” nanocomposite,
prepared by the solvothermal method for application in superior antibacterial perfor-
mance towards Escherichia coli and Pb(II) toxic substances removal via aqueous
suspension [38]. It is very interesting to know that the rGO/Fe3O4 Their examination
of autonomous in vitro organic test results uncovers that the bactericidal activity
of the synthesized rGO/Fe3O4 composite was chiefly initiated by reactive oxygen
species (ROS) dependent oxidative stress [38]. With regards to Pb (II) organic metal
ion adsorption, the maximum Q of 76.3 mgg−1 was reported, and its adsorption
isotherms tailored fine with the Freundlich model. The work demonstrates that the
preparation and utilization of multifunctional properties nanocomposite materials
having superior killing properties for gram-negative pathogenic species along with
the effective exclusion of Pb(II) where nanocellulose could be included will make
the nanocomposite a perfect biological and chemical adsorptive disinfectant agent
for present/future wastewater remediation [38].

Wang et al., in their report of ultralight composite aerogels, fabricated using bio-
sustainable BC and GO with the aid of a facile environmentally friendly drying
approach for the first time, has been reported [73]. These authors smartly utilized
the hydrophilic character of these two composites and the exceptionally permeable
construction, BC/GO aerogels postulated to exceptionally retain not just natural
fluids, for example, cyclohexane and DMF yet in addition water, to specifically
adsorb/absorb organic liquids after GO reduction with the aid of H2 gas, leading
to nanocomposite aerogels of BC and rGO [73]. The reported nanocomposites may
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well precisely absorb 135–150 g organic liquids per gram of their weight, even at
higher BC inclusion (80%) in the nanocomposite aerogel. Hence, BC nanofibrils’
amphiphilic property was postulated to be impacted by its decoration or coating with
GO nanoplatelets [73]. Upon reduction, just the hydrophobic property of rGO ruled
in the got BC/rGO composite aerogels, showing the achievability to isolate natural
fluids from their blends with water by means of retention [73]. This transformation
approach of GO in the aerogel structure into rGO presents a general, easy, and
successful strategy for the synthesis of innovativematerials for the partition of natural
fluids and additionally water remediation [73].

TZ pesticides adsorption from wastewater utilizing CEL/graphene nanocompos-
ites (CGC) was researched by Zhang et al. where utilized rGO at a predetermined
temperature [85]. In comparison to five other sorbents (graphite carbons, primary
secondary amine (PSA), graphite carbon black (GCB), CEL, and graphene), CGC
nanocomposite used for the adsorption of six TZ pesticides (simeton, simazine,
atrazine, cyprazine, ametryn, and prometryn). They reported that the CGC composite
showed higher adsorption efficiency compared to five other sorbents. The adsorp-
tion process followed the Langmuir model, which was also endothermic [85]. The
composite was reported to be stable and cheap (cost-effective) with an adsorption
efficiency ≥ 85% after 6 cycles [85].

A report on CMC-rGO aerogel (CMCrGA) was synthesized for the exclusion of
organic solvents/liquids and dyes byXiang et al. [77]. These authors also investigated
the adsorption of different organic lipids (acetone, methanol, dimethyl sulfoxide
(DMSO), N, N-dimethyl acetamide (DMAC), ethanol, N, N-dimethyl formamide
(DMF), colleseed oil and engine oil), and rhodamine B (RhB) dye. Their research
findings established that the CMC-rGA absorption capacity for liquid organic
compounds was not the same as a result of their different densities, molecular dimen-
sion, surface tension, along with hydrophobicity. For the exclusion of RhB dye, the
CMC-rGA displayed a maximum Q of ~161.29 mg/g [77].

1.5.3 Adsorption Isotherms

The kinds of adsorption isotherms available, include Freundlich, Brunauer–Emmett–
Teller (BET), Langmuir, and Temkin which are typically adopted for the aforemen-
tioned purpose.

1.5.3.1 Langmuir Isotherm

Langmuir isotherm usage is majorly in homogeneous adsorbent surfaces where there
is no interface between molecules adsorbed, such as conversed adsorption of solid–
gas point. Both variation and adsorbents’ quantification in terms of the Q is also
recognized through Langmuir isotherm [12]. Langmuir isotherm linear form of the
is usually expressed as:
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Ce

qe
= 1

QmaxK1

+
(

1

Qmax

)
Ce (1.1)

where Ce meant the balance focus inmgL−1, qe is the adsorbed sum inmg/g of adsor-
bent, QmaxK1 is mono-layer adsorption capacity consistent, and K1 is the constant of
adsorbent fondness to adsorbate.

1.5.3.2 Freundlich Isotherm

Dilute aqueous solutions with a little scope of concentration are analyzed under
Freundlich isotherm. Briefly, the adsorption phenomenon examined with regards to
heterogeneous surfaces is expounded by this isotherm [4].

Its linear form representation is thus:

logqe = logK F +
(
1

n

)
logCe (1.2)

where, KF denotes adsorption capacity (L/mg), while 1/n reflects the characteristic
constant of the system.

1.5.3.3 Brunauer–Emmett–Teller Isotherm

Brunauer–Emmett–Teller isotherm came into consideration on the grounds that the
mono-layer created in Langmuir adsorption isotherm will in general uncover itself
as a substrate to adsorbate atoms. The quantities of compounds/substances of gas
adsorbed as for comparative pressure are determined by BET [4]. The benefit of this
isotherm relates the surface area along with pore-size distribution estimations. The
numerical portrayal of BET is:

q = qmKBC

Cs − C
[
1 + (KB−1)C

Cs

] (1.3)

where qm represents the max absorbable value of q, KB denotes the system constant,
and Cs is the solute saturated concentration.

1.5.3.4 Temkin Isotherm

Temkin isotherm is related to an association amid adsorbent(s) and the adsorbate(s)
during the process of adsorption [3–5]. The main trademark presumptions of Temkin
isotherm is linearly diminished in molecules/particles adsorption heat along with its
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suitability towards ion concentration of medium-sized molecules.

qe = Rt

b
lnKT + RT

b
lnCe (1.4)

where R denotes the gas constant, b represents the Temkin constant, while KT is
linked to the Temkin isotherm constant to L/g.

1.5.4 Vital Parameters in Adsorption Studies

1.5.4.1 Effect of Temperature

Temperature is amongst the major significant adsorption elements that might influ-
ence the adsorption phenomenon, emphatically or contrarily. On the off chance that
the adsorption incrementswith an increment in temperature, it alludes to endothermic
adsorption, and it occurs, on the grounds that the adsorption forces turn out to be
more grounded between the adsorbent essential destinations and particles of the
adsorbate. Furthermore, as temperature expands, the arbitrary development of adsor-
bate molecules likewise increases, subsequently leading to the chance of adsorbate
particles to connect with dynamic adsorbent destinations fortifying. Though, if the
adsorption cycle is adversely impacted by increasing the reaction temperature, the
process is referred to as exothermic adsorption, while the explanation for this is debil-
itating the adsorption forces within the middle of the fundamental spots existing on
the outer layer of the adsorbents and adsorbate molecules [3–5, 20, 22].

1.5.4.2 Effect of pH

The ionization level of ecological contaminations and the existing functional groups’
protonation existing upon the adsorbent outer layer are incredibly adjusted by means
of pH [3–5, 20, 22]. Subsequently, the pace of the adsorption interaction is fundamen-
tally constrained by solutions’ pH. The adsorbent dynamic sites protonation (H+) and
deprotonation (OH− ) are controlled by means of solutions’ pH and based on pH, as
different particles are acquired in the solution. Hence, the charged sites on adsorbate
and adsorbent are either affected by the forces of electrostatic repulsion/attraction.
For example, anionic dyes can’t be proficiently adsorbed on adsorbents at higher pH
however cationic dyes can. At lower pH, anionic dyes viably adsorbed on the adsor-
bent however not the cationic ones. essentially being, the raising of pH is likewise
helpful for cationicmetals adsorptionwith the reason for desorption of anionicmetals
or the other way around. Henceforth, the pH enhancement study is an irreplaceable
factor in upgrading the adsorption of ecological contaminants with specific qualities.
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1.5.4.3 Effect of Concentration

This impact is estimated by utilizing various adsorbate concentrations with consis-
tent adsorbent doses. Further, adsorbate fixation assessment gives the expulsion rate
and adsorption potential information [3–5, 20, 22, 29, 33]. The biding sites of the
adsorbent and adsorbate concentration have a direct correlation initially, so increased
adsorbate concentration leads to a swift increase in adsorption phenomenon after a
while, because of the more modest number of accessible binding sites resulting in a
decline in the adsorption process. In any case, on increasing the adsorbate percentage
at the beginning, the exclusion rate diminishes on account of themain specific number
of accessible binding sites. Contrary, in case the adsorbent is accessible substantially
more, it results in a sharp decline in the adsorption process. The discussion above
proves that the accessible sites available for binding and the%of individual adsorbate
have a direct relationship with the adsorption process.

1.5.4.4 Effect of Contact Time

Chemical, as well as physical responses, are especially impacted by adsorbent to
adsorbate time of contact. In this way, contact time is a significant part of the specific
assurance of the adsorption process [84]. On the record, if adsorption equilibrium has
need of additional time, it prompts an improper adsorption process, while a reduced
amount of time is required, adsorption equilibrium proposes a lot of adsorbates might
be adsorbed on the adsorbent. Subsequently, the short contact time of equilibrium
causes the adsorption less expensive, less tedious, and further developed proficiency.
What’s more, contact time is has a direct relationship with the binding sites of the
adsorbent. Before all else, adsorbate particles/particles are fastly connected to the
binding sites and contact time reduction. Anon, adsorbent active sites gradually
transcend towards equilibrium along with an increment in the contact time.

1.5.5 Kinetics of Adsorption

The rate of adsorption and residual time all fall within the adsorption kinetic
studies, as these parametric factors remain indispensable for the demonstration of
the design and control of the adsorption process [33, 35, 56, 57, 63, 64, 67, 73,
74, 84, 85, 88]. Moreover, transfer of adsorbate mass along with its intraparticle
mass transfer, diffusion, along with adsorption process against the adsorbent are
all assessed adopting kinetic studies. Despite the adsorption mechanism along with
its determining step towards controlling the adsorption process is performed typi-
cally using intraparticle diffusion, pseudo-second-order, as well as pseudo-first-order
simulations. A transitory overview of the above-mentioned models is cited thus.
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1.5.5.1 Pseudo First Order

This model was first introduced by Lagergren where it was successfully used to study
the kinetic of adsorption. As per the Pseudo first-order model, the adsorption sites
fill-up rate has a direct relationship with the accessible active binding sites [33, 35,
56, 57, 63, 64, 67, 73, 74, 84, 85, 88]. Hence, the binding sites stuffing rate is directly
related to the active binding sites thus:

log(qe − qt ) = logqe − k1
2.303

(1.5)

Here, qe stands for the equilibrium adsorption capacity (mg/g), qt is assigned to
the adsorption capacity at time t (mg/g), contact time denoted as t, while k1 is rate
constant (min−1).

1.5.5.2 Pseudo-Second Order

The Pseudo-second-order model provides an appropriate method for determining
the adsorbate chemical adsorption onto the surface of the adsorbent [33, 35, 56, 57,
63, 64, 67, 73, 74, 84, 85, 88]. The pseudo-second-order model linear expression is:

t

qt
= 1

k2q2e
+

(
1

qe

)
t (1.6)

where k2 is the reaction constant (g/mg min).
Besides, the constant k2 is employed to calculate the preliminary sorption rate h

at t → 0:

h = k2q2e (1.7)

1.5.5.3 Intra-Particle Diffusion

The transition of adsorbate entities/ions dissemination on top of the adsorbent mate-
rial is the primary factor upon which the rate of adsorption could be distinguished
[33, 35, 56, 57, 63, 67, 84, 85, 88]. Moreover, the unhurried step is known as the rate
recognizing step. That is the reason the controlling stage is sub-atomic dispersion
as recommended by the intra-molecule dispersion model, and it very well may be
shown in the as:

qt = kdi f f t
0.5 + C (1.8)
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Kdiff represents reaction constant (g/mgmin), while C signifies intercept (mg/l).

1.5.6 Adsorption Thermodynamics

The Q is significantly influenced by the temperature; thus, the appropriate analysis
of the adsorption process can’t be performed by putting the thermodynamic find-
ings behind. Also, the feasibility of the adsorption course is examined via Gibb’s
equation haven been employed for the estimation of the variation in standard adsorp-
tion entropy (�S°), enthalpy (�H°), and Gibb’s free energy (�G°). Conversely, it is
employed for the assessment of endothermic and/or exothermic characteristics, and
to determine the spontaneous/nonspontaneous process of adsorption follows [23]:

�Go = �Ho − T�So (1.9)

Nevertheless, the parameters are offered in the aforementioned expression, i.e.,
Gibb’s free energy (�Go), enthalpy (�Ho), as well as entropy (�So) are clearly
assessed via a facile expression earlier expressed by Sen & Gomez in 2011 thus:

log

(
qe
Ce

)
= �So

2.3030R
+ −�Ho

2.303RT
(1.10)

where qe signifies adsorbate equilibrium concentration (mg/L),Ce addresses equilib-
rium concentration in aqueous solution (mg/L), T mirrors the temperature, while R
is the gas constant. In addition, the linear type of Van’t Hoff plot between log(qe/Ce)
versus 1/T gives significant results in intercept and slope form, which can be utilized
for changing the entropy and enthalpy assessment. The attainability of the process
of physical adsorption has Gibb’s free energy in the range of 0 to 20 kJ mol−1

and for the chemical adsorption, it ranges from − 400 to − 80 kJ mol−1. Also,
positive/negative enthalpy esteems propose the exothermic/endothermic adsorption
process, and irregularity; that is, the entropy of the adsorption declines as the adsor-
bate ions/particles/molecules are adsorbed on the surface of the adsorbent. In this
way, by utilizing the above condition the total idea of the adsorption cycle can be
appropriately distinguished.

1.5.7 Nanocellulose GO-Based Adsorbents Mechanism
with Wastewater Pollutants

The nanocellulose-GO-based adsorbents’ interaction with the pollutants is referred
to as adsorption [77–80, 82, 84, 85]. Adsorbed materials such as wastewater pollu-
tants onto the solid material (termed adsorbate) surface, while the solid material
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Fig. 1.9 Graphical demonstration of nanocellulose-GO-based nanocomposite adsorbents
physisorption and chemisorption mechanism

itself is defined as the adsorbent. The diffused wastewater pollutant molecules are
adsorptively held onto the adsorbent surface upon exposing the adsorbent to the pollu-
tant. Figure 1.9 depicts the adsorption mechanism of two categories (Chemisorption
and/or Physisorption) for nanocellulose-GO-based adsorbents dependent on the kind
of adsorbents and pollutants. One more form of adsorption mechanism that occurs
through ions exchange is referred to as ion-exchange adsorption.

1.5.7.1 Nanocellulose-GO-Based Nanocomposite Adsorbents
Chemisorption Mechanism

The phenomenon occurs when adsorbate/contaminant’s particles are chemically
bonded via H-bonds, ionic, etc. to the adsorbent (NC-GO based adsorbent in this
wise) called chemisorption. It is also well understood to be chemical adsorption;
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this mechanism of adsorption kind is much precise and requires extra energy of
~ 80–240 kJ/mol, is normally, irretrievable and favors raised temperature. Further-
more, chemisorption does majorly follow Langmuir isotherm seeing only mono-
layer adsorption is fashioned in the adsorption process. Essentially, three kinds of
chemical adsorption phenomenon, as discussed in the following subsections. Zaman
et al. reported that the activation energy (Ea) of the MB adsorption onto the GO-
CNC phenomenon was found to be 49.70 kJ mol−1 and confirmed that an Ea value
more than 40 kJ mol−1 indicates that MB adsorption using GO-CNC was mainly
chemisorption [84]. Nanocellulose-GO-based nanocomposite adsorbents adsorp-
tion mechanism may be based on precipitation, reduction/oxidation, physisorp-
tion mechanism, dipole–dipole interaction, hydrogen bonding, π–π stacking,
hydrophobic/oleophilic interaction, pore filling adsorption, and/or ion-exchange
adsorption mechanism [1–4, 9, 10, 11, 38, 64, 67, 78–81], Table 1.4.

1.6 Adsorption-Based Water Treatment Application Using
Nanocellulose-Graphene Oxide-Based (NGON)
Nanocomposites

The application of nanocellulose-graphene oxide-based nanocomposites (NGON)
for adsorptive wastewater treatment has been broadly reported by researchers all
over the globe owing to its novel, innovative attributes, low-cost, facile synthesis
approaches, biocompatibility, sustainability, lightweight, high surface area, and so
on. The utilization NGON for wastewater treatment ranges from the removal of
dyes [24, 84], antibiotics [37], pesticides [3], heavy metal ions [30, 46, 70, 78, 80,
82, 89, 90], radioactive elements [51, 60, 78], oils [50], etc. as contaminants in the
wastewater.

1.6.1 Removal of Heavy Metal Ions

The exclusion of heavy/toxic metal ions from water/wastewater before its consump-
tion has been of high interest to the WHO within the last century. Several works
have been investigated and put forward by researchers globally for the remediation
of wastewater unto consumption by researchers, industries, and individual bodies
owning to the shortage of clean water globally [70, 80, 82, 90]. This is due to the
vast surface hydroxyl group coupled with the carboxylic groups on the surface of
NC-GO nanocomposites or their hybrids.

In a study on a group of researchers, it has been established that the administra-
tion of a thin layer of GO onto CNFs films to fabricate CNF–GO layered-composite
membranes showed dramatic enhancement in their wet-mechanical firmness, H2O
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flux, and metal (Ag(I) and Cu(II) Q such as ion pollutants from the water via filtra-
tion [70]. These authors observed that the CNF-GO composite, as studied during
drying of the pre-wet layers after metal particle adsorption, showed a clear intensity
increase in the low q area of the SAXS dissipating profiles proposing the arrange-
ment of nanoparticles (NPs) which did steadily develop as an element of drying time.
Likewise, through sub-atomic elements reenactments, the authors announced that the
GO sheets are solidly adsorbed on the CNF support through a thick network of inter-
molecular H-bonds, along with self-interactions, while the carboxyl groups of GO
balance out the additional GO layer on CNFs, building up the oxygen–hydroxyl as
well as hydroxyl–hydroxyl intermolecular bonds among the composite phases [70].

Some other group of researchers who studied a novel adsorbent based on GO-
TETA-DAC, synthesized adopting dialdehyde cellulose (DAC) grafted GO with
triethylenetetramine (TETA) acted as the cross-linking reagent [80]. They applied
the GO-TETA-DAC nanocomposite for the adsorptive removal of Cu (II) and Pb
(II) ions from aqueous solution and attained an outstanding performance where the
Qmax of 65.1 and 80.9 mg/g for Cu(II) and Pb(II) at a pH of 5.0. The adsorption
isotherm and kinetics also showed that the adsorption course conformed to Lang-
muir and pseudo-second-order-model [80], and adsorption efficiency of ≥77% even
after four times of recycling. They said, the adsorption processes amid heavy metals
and two aspects that could deliberate GO-TETA-DAC: at the initial stage, the ion-
exchange reaction amongst ions of heavy metal and –OH, –COOH, or -NH2 func-
tionalities onto the adsorbent surface; and in addition, the enormous specific surface
area of GOTETA-DAC could be another cause for the adsorption phenomenon [80].
The greater specific surface area augments the Q of heavy-metal ions along with
the ion-exchange course concerning heavy metal ions and GO-TETA-DAC could be
conveyed as in the expression below:

We know that the phenomenon expressed by Yao et al. above stands for almost
all NC-GO nanocomposites and/or hybrids except for a few [80].

1.6.2 Removal of Toxic Dyes

The exclusion of dyes from wastewater towards the supply of clean water has been
researched by several researchers within the last decade [1, 10, 13, 34, 35, 57, 59,
68, 77, 82, 84].

The use of green renewable bioderived resources to address the consumption of
non-sustainable resources and the contamination of modern wastewater concurring
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with the sustainable development of the ecosystem has been explored [24]. Their
study designed a hybrid aerogel using NCs and GO, which served as a purifier for
MB, congo red (CR), and waste oil removal from wastewater. They reported that
NCs provided abundant –OH groups, a high aspect ratio of approximately 500, and
an average thickness of ~30 nm were uniformly distributed on the GO sheets surface
with a side length of 1∼3μm, which resulted in the hybrid aerogel having a porosity
of up to 99% [24]. These authors’ work revealed that the hybrid aerogel reached the
Qmax of 265.6 mg/g and 21.5 mg/g for MB and CR. The NC-GO mass ratio was 8:2.
Outstanding oil Q up to 25.6 g/g was achieved after further hydrophobic treatment
of the hybrid aerogel resulting in beneficial oil/water separation, which is a good
strategy for applying the NCs in water remediation [24].

Zaman et el. reported for the first report on the utilization of a cost-effective
synthesis route modified Hummers’ method for in-situ amalgamation of novel GO-
CNCs nanocomposite in a solitary reaction pot [84]. The authors reported removal of
~98%MB within 135 min. The Q of the nanocomposite attained under peak experi-
mental state of affairs as per RSM was ~334.19 mg g−1, whereas the max Qmax esti-
mated byLangmuir isothermwas751.88mgg−1. The adsorption phenomenon, in this
case, established that the process followed Langmuir and Freundlich isotherm aswell
as followed pseudo-second-order kinetics together: The nanocomposite presented an
immense probability for extensive usage in contaminated water remediation [84].

Graphene/CNFs hybrid monolith for MB dye adsorption prepared through urea
assisted self-assembly technique has been reported [22]. These authors postulated
that a strong chemical interface, chiefly H-bonds interaction was responsible for the
hybrid assembly creation, making it possible for the nanocomposite to completely
get rid of traces to moderate concentrations of the dye (MB), following the pseudo-
second-order kinetics model [22]. The adsorption isotherm characteristics of the
hybrids have followed the sequence: Langmuir isotherm > Freundlich isotherm >
Temkin isotherm model. In contrast, the Qmax achieved was 227.27 mg g−1, where
the inclusion of NC followed an exponential correlation with the dye adsorption
capacities [22]. The high surface-charge density along with the specific surface area
was reported to chiefly contribute to the dye adsorptionmechanism, as the renaissance
and reutilizing efficiency of the adsorbents was up to four successive cycles with
low-cost recollection and no re-pollution of remediated water [22].

Reports on 3D carboxymethyl cellulose (CMC)/rGO nanocomposite aerogel
cross-linkedvia poly (methyl vinyl ether-co-maleic acid)/poly(ethyleneglycol) struc-
ture by a turning freezing approach, exhibiting high structural stability though concur-
rently sustaining its outstanding Q for organic dyes removal. The Qmax attained
was 520.67 mg/g with rGO inclusion [86]. The adsorption kinetics and isotherm
displayed that the adsorption process followed the pseudo-second-order and Lang-
muir adsorption models, while the adsorption was spontaneous. Moreover, the
crosslinked nanocomposite aerogel could be easily recycled even after washing
with dilute HCl solution, retaining ≥97% of the Q after five recycling, seeing the
adsorbents outstanding character perfect for wastewater treatment and environmental
remediation [86].
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The fabrication of ultrathin GO coating was prepared on CNF membrane aimed
at achieving a robust crosslinked system free encrusted membrane with coactive
water flux and separation characteristics, where in contrast to pristine cellulosic or
GOmembranes, GO-CNF hybrid membranes were reported to exhibit a significantly
enhanced mechanical stability in both dry and wet states. has been reported [33]. The
synthesized ultrathin GO film on the CNF presents an inimitable and effectual for
fabricating highly multifunctional, cost-effective, and facile wastewater remediation
membranes with a substantial gain with regards to mechanical stability, robustness,
flux, and refutation of dyes compared to the isotropic membrane with GO nanosheets
randomly dispersed in the CNFs network [33].

GO-NC nanocomposite aerogel synthesized by first dispersing CNFs fibrils in
GO nanosheets. CNFs having high aspect ratios and -ve potential facilitated the GO
flakes’ exfoliation with no need for a chemical cross-linker via steric hindrance and
electrostatic repulsion [74]. Water purification analyses were carried out adopting
MB and tetracycline (TC) as the model pollutants, where the nanocomposite aerogel
adsorption process followed a pseudo-second-order model and Langmuir adsorption
isotherm [74]. TheQmax attainedwas ~111.2mg/g forMB and 47.3mg/g for TC. The
GO-NC nanocomposite aerogel could be simply regenerated/recycled employing
ethanol. Even after three cycles, the aerogel maintained a high adsorptive removal
efficiency of (98%) for MB and (97%) for TC. The adsorption mechanism was
essentially attributed to π-π interactions and electrostatic attraction [74].

The reports on NC-GO-based nanocomposites for adsorptive water purification
has established the valuable impact of NC in these materials owning to their large
surface area, lightweight, ability to be tuned, highly porous structure leading to the
formation of favorable structure for both adsorptive, absorptive, and in some cases
antibacterial along with the catalytic activity.

1.6.3 Removal of Radioactive Residues/Element-Ions

Radiological toxins are brought about by radioactive components. Wellsprings of
radioactive material could be soils or shake the water travels through or somemodern
waste. The disintegration of normal stores of specific minerals (radioactive) may
discharge radiations (like a, b). Radiological components (viz. U226, Ra226, Ra228,
and Rn228) will in general be a more noteworthy issue in groundwater than surface
water. A wide range of radiological defilement increment the danger of disease [51,
60]. The challenges of radioactive elements/ions in water are an immense problem
globally. Radioactive elements such as U, thorium, etc. in H2O have gotten more
significant owing to the shortage of liquidH2O for humanoid and industrial consump-
tion, particularly, consent in these areas where, additionally, the minerals comprising
of radioactive ions/elements are of great significance as regards groundwater. Typi-
cally, radioactive elements like U content in clean water could range from 0.01 ppb
to 50 ppb, for surface water, and ~2000 ppb in groundwater, where this quantity
depends on factors including leaching contact time with the radioactive element
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sources, water flow, evaporation, redox conditions, partial CO2 compression, the
pressure of O2, and pH. Complex ions (like vanadate, fluorides, phosphates, carbon-
ates, sulfates, silicates) availability as well as the interface amongst these elements,
also plays a role in radioactive ions/elements content in environmental H2O [51].

Adsorption study for novelmulti-carboxyl-functionalizedNC-GOnanocomposite
adsorbent for removing U fromwastewater/water along with comparing the selective
adsorption behavior for hazardous metal ions U ions has been put forward [55]. It
was clear that NC-GO nanocomposites displayed very high adsorption performance
when compared to individual NC and/or ZnO-GO, while the kinetic data followed
the pseudo-second-order model. The equilibrium attained at 120 min and isotherm
followed the sequence Sips > Langmuir > Freundlich. The U adsorbed could be
desorbed using 0.1 M HCl conducted more than 6 cycles illustrating the practicality
and repeated use of these adsorbents for the removal of U [51].

In order to assess the reliability and possibility of carboxylate-functionalized ethy-
lene glycol dimethacrylate (EGDMA) cross-linked NC/GO polymer nanocomposite
“EGDMA-g-nCell/GO” used for Th(IV) removal, adopting a sequence of batch opti-
mized adsorption experimentations was carried out and also recovery where the
equilibrium adsorption capacity (Q0) among the numerous models as reported was
141.21 mg/g at 30 °C which tailored fine with Langmuir isotherm having reduced
χ2 and R2 values [60]. Their synthesized and used adsorbent could undergo four
regeneration cycles with no considerable loss in Q with the aid of a 0.1 M HNO3

desorption agent, attaining ~ 98.0% recovery [60].
In another work, efficacious fabrication of an effective, cheap nanocomposite

“GOC,” which presented substantial U (VI) adsorptive character has been explored:
the adsorption parameters were optimized through variation of the investigational
parameters like the adsorbent dosage, pH, along with the contact time [78]. Their
work revealed that GO and/or GOC displayed high U (VI) affinity, which was well
explained by the Freundlich adsorption isotherm. These authors realized 97.5% U
(VI) removal (dosage = 1.75 g/L at pH 5.0) in 70 min with an initial U solution
concentration of 10 mg = L, GOC. GOC has exceptional Q for the actual U liquid
waste while the U exclusion rate is reaching ≥99%, thereby making GOC a potent
adsorbent for adsorptive removal of U-based manufacturing waste matter [78].

1.6.4 Removal of Oils

Recently, several researchers have been attracted to the nontoxic, sustainable,
biocompatible, etc., attributes of NC-GO/rGO nanocomposites in the remediation
of wastewater [20, 73, 88].

rGO/amino multi-walled carbon nanotube/NC (rGO/MWCNTs-NH2/NC)
nanocomposite aerogel prepared via hydrothermal and freeze-drying along with
high-temperature annealing technique has been explored by Hui et al. [20]. These
authors established anoptimal condition for rGO/MWCNTsNH2/NCnanocomposite
aerogel was the mass ratio of GO to MWCNTs-NH2 of 8:1 with NC wt%of ~0.06%,
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which was adopted for adsorption tests and oil/water separation showing outstanding
adsorption properties for diverse oil and organic solvents like ethyl acetate (161.76
± 7.69 g/g), dichloromethane (156.14 ± 8.24 g/g), cyclohexane (92.73 ± 5.22 g/g),
acetone (103.87 ± 7.83 g/g), and sesame oil (124.09 ± 6.64 g/g), and attained an
oil/water separation in just 20 s [20]. Effectively facilitation of the hydrophobicity of
rGO aerogel attained by both MWCNTs-NH2 and NC could, for oil and/or organic
solvents adsorption: The Q of 161.76 ± 7.69, 156.14 ± 8.24, 92.73 ± 5.22, 103.87
± 7.83, and 124.09 ± 6.64 g g-1 for the rGO/MWCNTs-NH2/NC nanocomposite
aerogel for ethyl acetate, dichloromethane, cyclohexane, acetone, and sesame oil was
reported in these work [20].

1.6.5 Residual Antibiotics

CN-GO-based nanocomposites composed of several ethers, ester, and –OH func-
tionalities, which added to the high adsorption % of these composites for antibiotics
and other pharmaceutical drugs through mechanisms including:

• Dipole–dipole intermolecular forces.
• H-bonding.
• π-π interfaces/interactions.

A report supporting this phenomenon has been conversed recently by Luo et al.
who synthesized chitosan/CEL composite microspheres graphene embedded adsor-
bent system based on activated carbon (CCM-AC) aimed at tylosin (TYL) antibiotic
adsorptive exclusion [36]. They reported that the adsorbent surface consists of –OH
and –CO functional groups and the nanocomposites adsorption approach for tylosin
was based on physical and/or biochemical interactions, which included H-bonding,
electrostatic and π-π interactions (Fig. 1.10) [36]. Their analysis also established
that the adsorption performance of the CCM-AC nanocomposites on tylosin was
defined by batch and fixed-bed adsorption experiments. At the same time, their
adsorption mechanism was also studied. The composites’ Qmax was found to be
59.26 mg g−1, and the adsorption performance was in harmony to Langmuir and
pseudo-second-order kinetics [36].

There are literature reports on NC-GO-based nanocomposites or hybrids for the
adsorption mediated wastewater treatment aimed at antibiotics removal within the
last decades [2, 37, 64, 81].

Yao et al., in their work, synthesized CNFs/GO hybrid aerogel through a one-
step ultrasonication technique aimed at adsorption-based exclusion of 21 varieties of
antibiotics fromwastewater [81]. They revealed that as-prepared CNF/GO nanocom-
posite aerogel has interconnected 3D architectural network morphology, where GO
nanoplatelets/sheets with 2D architecture were closely engineered along the CNFs
via H-bonds prompting the aerogel to exhibit superior Q in regard to the selected
antibiotics [81]. The antibiotics exclusion percentages (R%) were recorded to be ≥
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Fig. 1.10 The scheme for fabrication CCM-AC and the adsorption mechanism of TYL on CCM-
AC. Reproduced with permission from [36]. Copyright 2019, Elsevier Science Ltd

69%, and the order of selected six sets of antibiotics as per their adsorption profi-
ciency was as thus: Tetracyclines > Quinolones > Sulfonamides > Chloramphenicol
> β-Lactams > Macrolides. They established that the adsorption process was based
on the electrostatic pull, p-π interaction, π-π interface, as well as H-bonding [81].
Comprehensively, they stated the composites (CNF/GO aerogel) adsorption capaci-
ties as 418.7 mg · g−1 (chloramphenicol); 291.8 mg · g−1 (macrolides), 128.3 mg ·
g−1 (quinolones), 230.7 mg · g−1 (β-Lactams), 227.3 mg · g−1 (sulfonamides), and
454.6 mg · g−1 (tetracyclines) estimated by the Langmuir isotherm models [81],
and even the rejuvenated nanocomposite aerogels could still over and over again be
utilized after ten cycles with sustained adsorption performance.

Tao et al. in their study aimed at the removal of residual levofloxacin hydrochlo-
ride (Levo-HCl) antibiotics in wastewater using a CNCs-GO composite with a 3D
structure revealed that the nanocomposite material possessed a high surface area
and electrostatic attraction, resulting in enhanced Q of the CNCs-GO for the aimed
Levo-HCl [64]. They adopted a simulation approach based on the Box–Behnken
design to study the effects of the diverse factors on the elimination of Levo-HCl by
the CNCs-GO and observed that the nanocomposite material exhibiting excellent
antibioticQ, having an exclusion percentage of ≥80.1% at a maximized pH of 4; the
adsorbent dosage of 1.0 gl−1, at an initial contaminant concentration of 10.0 mgl−1

and contact time of 4 h [64]. Sips model adsorption isotherm was reported to fit
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well, while the kinetics studies revealed the phenomenon of adsorption matches the
quasi-second-order kinetics model [64].

1.6.6 Pesticide Adsorption

As per available literature, NC-GO-based adsorbents for pesticides removal from
wastewater have been of growing interest within the last two decades [3, 25,
62, 79, 85]. Nayak et al. has reported the successful fabrication unto applica-
tion of CEL/nanocellulose/graphene nanocomposites using an innovative approach:
adopting covalent and non-covalent coupling approaches; the authors showed that
nanocellulose surface could be modified, which was further utilized to avoid self-
aggregation and promote efficient dispersion in nonaqueous media [25]. Studies
on superhydrophilic GO/electrospun CNF synthesis and its successful use in solid-
phase film tip adsorption (SPMTA) as an efficient adsorbent for the concurrent study
of polar organophosphorus pesticides (OPPs) in more than a few foods and water
samples have been exploited [3]. These authors studied the impact of more than
a few parameters like sample pH, adsorbent dosage, adsorption time, and initial
adsorbent concentration and established that the SPMTA was linear within 0.05 and
10mg l−1 for ideal conditions of adsorption: pH 12; 5mg of adsorbent measurements
and adsorption season of 15 min for methyl parathion, sulfotepp, ethoprophos, as
well as chlorpyrifos having extraordinary relationship coefficients of 0.994 to 0.999.
Satisfactory precision (RSDs) was attained with respect to intraday (n = 3, 0.06–
5.44%) along with interday (n = 3, 0.17–7.76%) analyses [3]. Modest detection
limits: 0.01–0.05 mg l−1 and acceptable adsorption reliability “71.14–99.95%” were
also achieved in their study for the spiked OPPs [3].

1.7 Conclusions, Limitations, and Future Perspectives

Nanocellulose-based composite systems have demonstrated boundless ability for
adsorptive exclusion of diverse wastewater pollutants because of their great surface
tunable properties. Organic and inorganic wastewater pollutants have reportedly
shown a high affinity with regards to NC-GO-based (nano)composite adsorbents
surface, which is largely credited to the existence of diverse surface functionalities,
including amino, epoxy, hydroxyl, carboxyl, and thiol on these NC-GO-based mate-
rials. In this chapter, we here considered assorted NC-GO-based (nano)composites
and their explored adsorption competence for the exclusion of diverse noxious
waste from wastewater and how the interface between the adsorbates and adsorbents
impacts adsorption process efficiency. It has been established through the reviewed
works thatmost of the adsorption process forNC-GO-based nanocomposites/hybrids
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involves the interface between contaminants and the adsorbent via diverse mecha-
nisms including H-bonding, van der Waals forces, electrostatic interaction, along
with π-π interactive forces.

The increasing quantity of harmful materials such as synthetic dyes, metals ions,
and/or waterborne pathogens/bacteria/viruses in surrounding water day-after-day
degraded its quality causing contamination in the water, and consequently grave
water challenges.

Water necessity and its wellbeing measures are principal worries to the entire
world, including individuals. Comprehensive water remediation requires the adopted
adsorbent, which is equipped to eliminate all kinds of contaminations (poisonous
metals, engineered colors, and waterborne microorganisms); in like manner,
numerous adsorbents, as well as their hybrids/composites, are herewith conversed in
this chapter for wastewater remediation. Uncommon capacities/properties in regards
to ecofriendly synthesis/preparation, reusability, cost-effectiveness, straightforward
handling/operation, facile fabrication approach, along with eco-friendly nature are
together with this discussed. The alteration typically trails these capacities andmulti-
functional applications of these nanocellulose-graphene composites compresses its
high porosity, even passage of porosity, huge explicit surface area, minimal surface
energy, as well as higher absorption. These distinctive adsorbents present a decision
for optional properties like mechanical characteristics, chemical stability, thermal
protection, and electrical shielding. The uses and characteristics of NC-graphene
composites adsorbents aimed at water remediation are hereby generally tended in
this article; in spite of, there are as yet a fewdemands that ought to basically be thought
of and request more enhancement in future multifaceted NC-graphene compos-
ites adsorbents, like: (a) the design and development of NC-GO-based adsorbent
constituents having acceptable amalgamated adsorption/antibacterial performance
for exclusion of various kinds of contaminants inclusion in wastewater ought to be
sensibly researched and conversed for improvement; (b) the rudimentary correla-
tion of diverse NC-GO-based adsorbents materials for business standpoint most be
considered for adsorptive remediation percentage along with the antibacterial action
against monetary effectiveness; (c) at the initial stage, almost all the material utilized
for the preparation of conventional adsorbents were not founded upon the idea of
green chemistry/materials, feasible, ecofriendly, and sustainable, etc. Focus on the
design and fabrication of NC-GO-based adsorbent materials will largely fill this gap;
(d) also, the dearth of genuine tests conditions (like adsorption and antibacterial
tests) for NC-GO-based adsorbents at the moment makes it hard for the assessment
of genuine practice and advancement in this regard. (e) With respect to business
development for NC-GO-based adsorbents, the adsorbent materials that are effec-
tively accessible in abundant quantity, minimal expense, and nearby business sectors
should be selected; for example, nanocomposite adsorbents (NC-GO-based) display
great adsorption proficiency; however, nanomaterials, in general, are not effectively
accessible in the business sectors, (f) large scale manufacturing of specific purposes
adsorbents such as NC-GO-based adsorbent in the market at the moment isn’t well
understood. Also, a high surface area of NC-GO-based adsorbents is likewise needed
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to get a high adsorption capacity (Q). However, the huge surface area of NC-GO-
based adsorbents influences their mechanical strength. Accordingly, detail, profound
insight on adsorbent mechanical properties study is a fundamental part, (g) the
compelling partition of NPs lingering from NC-GO-based adsorbent treated water
is exceptionally essential and requires further investigation to comprehend foresee
their buildup and potential dangers on humanwellbeing and the climate. Correspond-
ingly, the attractive NC-GO-based nanocomposites/hybrids usage can fundamentally
isolate the remaining NPs from the NPs-based adsorbent treated water. Furthermore,
natural risks of the got away nanoparticles could be assessed by biocompatibility
arrangement of adsorbents, (h) recovery also, reusability of adsorbents are addi-
tionally involved strides for the research and business sectors. It very well may be
remembered for additional examination, (i) as this review shows the utilizations of
NC-GO-based adsorbents yet restricted somewhat. In reality, wastewater contains
different contaminations including alkaline, acids, and salts; NC-GO-based multi-
functional adsorbents should be designed and fabricated in such a manner, all pollu-
tants related to water could be removed, and finally (j) slight harms and bio-fouling
(on the surfaces of adsorbents because of harmfulness and microorganisms in water)
are fundamental sources to make the entire adsorbent nonfunctional. Examination
of the recycling of the adsorbents besides such little challenges should be deemed fit
for additional exploration.

Frantically, these CEL-graphene-based adsorbent materials structures with multi-
faceted uses are favorable and dependable to take for enormous scope; while looking
for additional benefits of such multifunctional adsorbents-based applications are
attractive at the same time challenging.
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Chapter 2
Recent Progress in Polysaccharide-Based
Hydrogel Beads as Adsorbent for Water
Pollution Remediation

Dalia Allouss, Edwin Makhado, and Mohamed Zahouily

Abstract This chapter briefly reviews the recent developments on polysaccharide-
based hydrogel beads for water pollution remediation. The deployment of
polysaccharide-based adsorbent materials in treating wastewater is challenging since
they are very soluble in the aqueousmedium.Todate,modification of natural polysac-
charides has attracted extensive attention because their functional groups changes,
imparting a high binding affinity for various pollutants in water. In the same vein, this
work covers recent advancements in the modifications and progresses in the domain
of hydrogel technology with particular attention on polysaccharide-based hydrogel
beads and their composites. Thesematerials have been employed in removing various
organic dyes and heavy metals from wastewater. Different types of polysaccharide-
based hydrogel beads, as well as polysaccharide-based hydrogel beads compos-
ites used for the treatment of wastewater, are discussed in this chapter. Further-
more, the reader is provided with comprehensive experimental findings regarding
the adsorption mechanisms and capacities of such hydrogel adsorbents for adsorbing
contaminants from aquatic liquids. Lastly, we end this chapter with a look into some
existing challenges and prospects of the polysaccharide-based hydrogel beads in
water pollution remediation.
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2.1 Introduction

An increase in industrialization has led to a substantial rise in environmental pollu-
tion. Both organic and inorganic contaminants arise from a diverse group of indus-
tries, including textile, leather, drug, food processing, cosmetic, battery, smelting,
mining, printing, ceramic, and glass manufacturing [20, 72, 92]. Organic and inor-
ganic contaminants pose drastically a weighty risk for the aquatic ecosystem. In
addition, these contaminants, especially organic dyestuffs and severe heavy metal
ions, are viewed as very risky since they are non-biodegradable, extremely harmful,
and persistent and tend to be bioaccumulating [67, 69]. The complex structure of
organic dyes prevents light penetration and photosynthesis, allowing them to accu-
mulate in an aquatic environment [12]. Additionally, the ions of heavymetals present
a public health concern, e.g. exposure to arsenic affects all organ systems (e.g. cardio-
vascular, renal, nervous as well as respiratory systems) [88]. Similarly, the majority
of the dyes utilized in the textile industry are toxic and potentially carcinogenic [17].
Lately, emergent pollutants are occupied a colossal interest in thewastewater research
field because of their poisonous feature, and they are unknown products or chemicals
without regulatory status [25]. The treatment of these noxious contaminants in an
aqueous medium is crucial. Based on the above-stated increasing material resources
production inflicts the influx of anthropogenic pollutants into the aqueous environ-
ment, engendering a potential menace to people’s health and the ecosystem. For these
reasons, several nations and theWorld Health Organization (WHO) have formulated
life-threatening levels of heavy metals contamination in drinking water (Table 2.1)
[112]. Accordingly, enormous efforts have been directed towards removing harmful
heavy metal ions and organic dyestuffs from wastewater. Including electrocoagula-
tion/degradation process, membrane filtration [33], electrocoagulation [7], chemical
coagulation [102], chemical precipitation [122], advanced oxidation process [28],
and adsorption system [6] that have shown off a good performance in wastewater
remediation.

The adsorption method has been recognized as an encouraging process due to its
simplicity, feasibility and it is relatively inexpensive compared to other conventional
techniques. Therefore, the flexibility of adsorption makes it largely utilized while
removing contaminants from wastewater [4]. Principally, an adsorption system is

Table 2.1 The standard level of certain heavy metal ions in drinking water set by the WHO and
various countries (μg/L)

Heavy metals WHO USA European Union Canada Japan China Australia

Pb 10 15 10 10 50 10 50

Cr 50 100 50 50 50 50 50

Cd 3 5 5 5 10 5 2

As 10 10 10 25 10 10 7

Hg 6 2 1 1 0.5 1 1
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applied to remove highly toxic or low concentrated pollutants, which are not freely
treated by other conventional techniques. It also inhibits the generation of harmful
and hazardous waste and is viewed as an eco-friendly solution, with widespread
potential for industrial applications [75]. Typically, two modes of adsorption are
used, namely the continuous [26] and the discontinuous modes [104]. The discon-
tinuous or batch system operates in a controlled environment containing the desired
dose of adsorbent in contact with the defined volume of effluent. The continuous flow
column adsorption is designed as a dynamic adsorption process where the influent
(pollutant or adsorbate solution) is continuously fed into the column and discharged
[34]. Furthermore, any adsorption process may be economical when low-cost adsor-
bents are employed or when regeneration is achievable [46]. Dynamic adsorption
technology tends to be preferred at the industrial level since it is convenient for
large-scale water purification.

The selection of the adsorbent presents a decisive part in the implementa-
tion/design of any adsorption mode. In the recent era, academics have focused their
attention on producing affordable, efficient, eco-friendly, and renewable adsorbents.
Polymeric materials are the most promising and gained considerable attention in the
field of separation technology. Within this context, the use of polysaccharide-based
adsorbents has drawn a surge of attention as an emerging technology due to the use of
natural resources. Several researchers revealed that polysaccharide-based adsorbents
are favorable materials to uptake organic dyestuffs and metallic ions from polluted
water [10, 17, 36, 44]. Polysaccharides belong to the group of materials known as
carbohydrates. They are a class of natural polymers that are available in high quan-
tities from sustainable sources and exhibit certain key properties, including nontoxi-
city, degradability, and compatibility with the environment [59]. Among polysaccha-
rides, alginate [127], chitosan [47], cellulose [15], and starch [114] have been drawn
exceptionally spotlight for wastewater treatment as sustainable adsorbents. The prac-
tical applications of the aforementioned natural polysaccharide as adsorbents are
limited because these materials cannot achieve desirable adsorption performance.
For this reason, natural polysaccharides are used as coagulants and flocculants for
wastewater treatment [124].

In the last few years, academic and industrial communities have devoted special
attention to the development of modified polysaccharides-based adsorbents. It is
well documented that most polysaccharides have immense structural as well as
abundant reactive hydroxyl (–OH), amine, carboxyl (–COOH), amino (–NH2), acryl
amino (–NH2) and sulfonic (–SO3H) groups which provide possibilities for physical
and chemical modification to generate novel materials. Modification of polysac-
charides led to improved properties without changing the fundamental backbone of
polysaccharides [82]. Various polysaccharides-based adsorbents have been prepared
and applied as adsorbents for removing dyes and metal ions from wastewater.
According to the literature, numerous types of polysaccharides-based adsorbents
have been investigated including the grafting process, hydrogel, hydrogel composite,
and hydrogel beads [5, 6, 48, 64, 65, 91].

Hydrogels represent three-dimensional (3D) soft polymeric materials, which can
imbibe a substantial amount of liquids [70]. In this direction, their innate ability to
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retain and absorb a high quantity of liquidmakes them ideal candidates for the adsorp-
tion of aquatic pollutants. Hydrogels attracted a great deal of regard in numerous
interests owing to their permeability, biocompatibility, relatively cheap, and non-
toxicity. Hydrogels have found fruitful utilization in several fields, such as biomed-
ical materials, drug delivery, biosensors, wound dressing, agriculture, wastewater
treatment, personal hygiene, diapers, cosmetic products, etc. Hydrogels are devel-
oped according to their intended application and they can be prepared in different
forms such as hollow fiber, ring, film, beads, and powder [48, 76, 126]. Recently,
polysaccharide-based hydrogel beads have been devised as adsorbents to adsorb
pollutants fromaqueous solutions.Numerous researchers applied hydrogels to uptake
noxious heavy metal ions including arsenic (As (V)), copper (Cu (II)), lead Pb (II),
chromium (Cr (VI)) as well as cadmium (Cd (II), and organic dyes (i.e. methylene
blue (MB), Congo red (CR), Rhodamine blue (RhB), malachite green (MG), crystal
violet (CV) and methyl orange (MO)) from the aquatic ecosystem. The recyclability
of hydrogels for repeated cycles makes them attractive for practical application in
environmental remediation. On the other side, Fakir and co-authors reviewed the use
of fabricated hydrogel beads for organic pollutants degradation [2].

In recent years, the ongoing attention in this domain of technology has incited the
elaboration of polysaccharide-based hydrogel composite. This approach has broad-
ened the use of hydrogel beads in various application fields. In this direction, various
inorganic materials such as titanium dioxide (TiO2), iron oxide (Fe2O3), graphene
oxide (GO), clay minerals, and carbon materials have been incorporated into the
polymeric hydrogel networks [5, 6, 21, 63–66, 68, 71, 103]. Studies have shown that
incorporating inorganic materials into polymeric hydrogel matrices is a promising
approach for enhancing their performance when contrasted with hydrogel without
inorganic components. For example, hydrogels incorporated with inorganic mate-
rials exhibited improved properties like thermal stability, mechanical strength, and
important capacity of adsorption; it is noteworthy to mention that the applicability
of hydrogels is strongly influenced by the stability of integrated inorganic materials
in the polymeric hydrogel networks. Hong and co-authors compared the adsorp-
tion capacity of the prepared MnO2-alginate beads and alginate beads as adsorbents
for adsorption of strontium from seawater from real seawater [41]. Their outcomes
displayed that the capacity of adsorption of the MnO2-alginate bead composite was
about four times greater than the alginate beads [41].

In this chapter, the ambition is to study the ongoing progress in applying
polysaccharide-based hydrogel beads as adsorbents for remediating contaminated
water containing organic dyestuffs and/or heavy metal ions. Moreover, recent
advancements in the development of polysaccharide-based hydrogel beads have also
been reviewed in this chapter. The adsorption of the abovementioned aqueous pollu-
tants by employing polysaccharide-based hydrogel beads through batch/dynamic
adsorption systems has been comprehensively discussed with their comparative
sorption capacity. Lastly, the future challenges of the use of polysaccharide-based
hydrogel beads for wastewater are considered.
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2.2 Polysaccharides

Polysaccharides are usually derived from plants (i.e., cellulose, alginate, guar gum,
etc.), animals (e.g., chitosan, chitin and heparin), andmicroorganisms (e.g., pullulan,
xanthan gum and gellan). These biopolymers are of great value thanks to their
outstanding and unique characteristics, namely their hydrophilic character, their
biodegradability, and their high biocompatibility.

Moreover, polysaccharides may be obtained from sustainable sources, which is
economically advantageous over traditional synthetic polymers [89]. In addition,
they show biological and chemical features such as being non-toxic, biologically
compatible, fully biodegradable, having functionality, with high chemical reactivity,
chirality, chelation characteristics and adsorption properties. Cellulose, chitosan,
alginate, and starch represent the most typical polysaccharides that will be discussed
in the following sections.

2.2.1 Sodium Alginate

Alginate is a sodium salt of alginic acid, which is usually extracted out of the cell
walls of brown algae. It is a polyelectrolyte, hydrophilic biopolymer, extensively
employed in cosmetics, medical products, pharmaceuticals, textiles, food additives,
and wastewater treatment [131]. As a linear water-soluble polysaccharide, alginate
comprises linear blocks of β-D-mannuronic acid (M) and α-L-guluronic acid (G)
monomers linked via (1 → 4) in the structural arrangement. Hence, the skeleton
of alginate is made up of sequences of mannuronic acid blocks (M blocks, etc.) or
guluronic acid blocks (G blocks), and alternating sequence regions (i.e., MG,MMG,
GGM).Alginates exhibit a broad variation in the distribution ofmolecularweight and
are charged polysaccharides with electrostatic forces resulting from the carboxylic
groups in the biopolymer skeleton (Fig. 2.1a). Accordingly, their solubility is very
sensitive to the pH and to the ion strength of the solvent, as well as to the existence
of ions in the solution. Monovalent metal ions (e.g., Na+) create soluble salts with
alginate while divalent or multivalent cations produce gels. Cations show a distinct
affinity to alginates, albeit the degree of cross-linking may also be impacted by the
chemical composition (M/G ratio). The model (Fig. 2.2), whereby the existence of
cross-linking cations drives interactions between alginate chains, has described the
gelation of alginates [14].

2.2.2 Starch

Starch is a botanical polysaccharide that is mostly found in wheat, roots and tubers
like potatoes, cassava, and manioc, and legumes such as peas, chickpeas, and beans.
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Fig. 2.1 Chemical structure of Polysaccharides a sodium alginate, b starch, c chitosan, and d
cellulose

Fig. 2.2 Egg-Box model representation

Starch is one of the richest natural polymers on earth. Starches are blends of
two polyglucanes, amylopectin and amylose; however, they only have one kind of
carbohydrate that is glucose. Amylose is a mainly linear polymer of linked α-D-
glucopyranosyl units (1 → 4). Amylopectin is a heavily ramified polymer of α-D-
glucopyranosyl units that contain 1 → 4 linkages with 1 → 6 ramification points.
The relative ratio of these components varies according to the source of the starch (for
instance, tapioca, corn, wheat, and potato) and the influences on the molecular order
and crystallinity of the starch polysaccharide (Fig. 2.1b). Approximately 70% of the
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mass of the starch pellet is classed as amorphous and around 30% as crystalline.
The amorphous areas are made up of most of the amylose and a considerable quan-
tity of amylopectin. The crystalline part is mainly composed of amylopectin [42].
Starch has beenwidely utilized to produce biocompatible hydrogels owing to its low-
priced, tremendous natural richness, biodegradability/biocompatibility, recyclability,
and safe properties [79].

2.2.3 Chitosan

Chitosan (Fig. 2.1c), derived from the N-deacetylation of chitin, a natural polymer
from crustaceans and fungi biomasses. It can also be prepared cheaply from chitin
that is the second more abundant biopolymer in nature (after cellulose) and is freely
obtainable fromseafoodprocessingdebris.Chitosan shows agreat capacity to remove
metallic ions because it has a couple of functional groups (hydroxyl and amine
groups) that can serve as active sites for metal ions uptake [109]. Chitosan is very
versatile when it comes to development. The processing of chitosan could be in
various ways, as follows hydrogels, films, micro-and nanoparticles, porous scaf-
folds, micro-and nanofibers, and meshes for a variety of practical utilizations. It is
insoluble in water and organic solvents. Nevertheless, after protonation of the amine
functionalities of the glucosamine units by acid, electrostatic repulsions between the
NH3 groups will destroy the attractive interchain interactions, like hydrogen bonds
and hydrophobic interactions, and thus the solubility of chitosan. At pH lower than
its pKa, which may be between ~6.5 and ~7 chitosan is a polycation, and at pH 4.0
and less, it is protonated [87]. Chitosan exhibits an intrinsic anti-microbial ability,
preventing the development of bacteria and fungi. Chitosan-coated surfaces have
been demonstrated to be immune to the formation of biofilm generated by bacteria
and yeast [37].

2.2.4 Cellulose

Cellulose remains the dominant glucose polymer found in nature. It is the principal
component of plants and natural fibers such as linen and cotton. Cellulose is a straight
chain of ring-shaped glucose molecules and has a flat, ribbon-like configuration. The
monomer (Fig. 2.1d) is composed of two anhydroglucose rings, [(C6H10O5) n; n =
10.000 to 15.000, where n is a function of the cellulosic source material]. It is joined
by oxygen covalently bonded to C1 of a glucose ring and C4 of the adjacent ring
(1 → 4 bonds) and therefore referred to as the glucoside bond β1 → 4 [80]. Cellu-
lose and its derivatives are green polymers because they are degradable by various
bacteria and fungi existing in the air, water, and soil. It has gained attention in water
remediation owing to its outstanding adsorptive performance [18]. Cellulose hydro-
gels, reversible or stable, may be produced through suitably cross-linking aqueous
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solutions of cellulose ethers, such as methylcellulose (MC), hydroxypropyl methyl-
cellulose (HPMC), ethyl cellulose (EC), hydroxyethylcellulose (HEC), and sodium
carboxymethyl cellulose (CMC), which are amongst the highest frequently operating
cellulose derivatives.

2.3 Polysaccharide-Based Hydrogel Beads Preparation

Polysaccharides have outstanding physical and chemical properties coupled with
bio-resource properties such as abundance, biocompatibility, and sustainability. The
most used techniques to prepare polysaccharide beads are emulsion cross-linking
[57] and ionic crosslinking [84]. In the water treatment and purification domain,
polysaccharide-based hydrogel beads are very effective in capturing a broad selection
of aqueous contaminants including metallic ions, harmful dyestuffs, and harmful
pharmaceutical wastes [95].

2.3.1 Dropping Method: Ionic Cross-Linking

The beads are obtainable by forming rounded droplets of a polysaccharide gel and
solidifying these droplets in a cationic curing solution, such as Ca2+, Al3+, Ba2+, Fe3+,
etc. By squeezing the polymeric gel through a thin opening, such as a syringe nozzle
(Fig. 2.3), a droplet is produced when the connected forces of gravity and pressure
used for ejection exceed a certain value that is determined by the surface tension of
the solution and the capillary forces at the exit [8]. Typically, the diameter of the
polysaccharide-based hydrogel beads prepared using the dripping method is limited
to a range of about 0.5 to 3 mm. Furthermore, the droplets needed time to change
completely from a “teardrop” form, directly after their ejection from the solution to a
spherical shape. The optimization of dropping speed, drop height, and gel viscosity
is therefore of great importance for preparing hydrogel polysaccharide beads via
ionotropic drip gelation technique.

2.3.2 Emulsion Solidification Method

The dispersion of a natural polymer containing a source of calcium in an immiscible
solvent of opposite polarity at high speed of rotation forms an emulsion that can be
stabilizedwith surfactants [57]. The resulting emulsion consists of droplet particles of
the dissolved polysaccharide, which can solidify to beads of identical size by adding
acidic solution, as illustrated in Fig. 2.4. The size of the beads in the suspension
ranges from about 10 to about 100 μm in diameter and it is dependent on the rate
of stirring, the class and amount of surfactant, the proportion of hydrophobic to
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Fig. 2.3 Preparation of
hydrogel polysaccharide
beads by ionotropic gelation
method

Fig. 2.4 Production of
polysaccharide beads by
emulsion solidification
method
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hydrophilic solvent, and the viscosity of the dispersion medium and the gel [52].
Therefore, polysaccharide beads made by emulsion cross-linking are about 10 times
smaller than beads made by ionic cross-linking.

2.4 Water Purification Through Adsorption Systems

Adsorption is a surface process that takes place when a gaseous or liquid solute
becomes concentrated on the surface of a solid or liquid (adsorbent), creating a
molecular or atomic film (adsorbate). This system is a cost-effective and proven tech-
nique, which may be adopted for water purification. More particularly, the process is
applicable as a tertiary treatment to reduce and remediate the contaminated water by
decreasing the concentrations of a wide range of pollutants found in concentrations
from ppm to ppb. This technique of uptake/purification offers the simplicity of design
and operation, high versatility of performance and the potential to regenerate and
recycle the adsorbent and collect the adsorbate. The present section highlights the
principles and fundamentals of each adsorption process, including continuous and
discontinuous systems.

2.4.1 Batch/Discontinuous Adsorption System

The batch adsorption process is implemented in agitated tanks containing a volume
of adsorbate and a certain quantity of adsorbent beads under specific agitation condi-
tions (Fig. 2.5). Batch stirred adsorbents are used for identifying the kinetics and

Fig. 2.5 Batch adsorption process for the removal of pollutants using polysaccharide-based
hydrogel beads
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isotherms for the adsorption process. The kinetic studies are quantified to calcu-
late the adsorption rates, equilibrium time and mass transfer parameters, in contrast,
isotherm studies are employed in determining the maximum capacity of adsorption
at equilibrium, plus estimating the thermodynamic parameters.

2.4.1.1 Solid–Liquid Isotherms of Adsorption System

An adsorption isotherm is a plot that describes the phenomenon controlling the
uptake of a substance from aqueous media to the surface of a solid adsorbent at fixed
temperatures and pH [38]. It helps identify the adsorption mechanism as well as
in determining the adsorption distribution sites and in the adsorption of pollutants
on the surface of the adsorbent. Adsorption equilibrium is reached if an adsorbate
phase is kept in contact with the adsorbent for a long duration. The most commonly
used equilibrium isotherm models are shown in Table 2.2. The Langmuir isotherm
frequently refers to a uniform adsorption surface, where all adsorption sites have a
similar affinity to the adsorbate [60]. The Freundlich isotherm model that assumes a
heterogeneous adsorption surface [60]. The Temkin isotherm focuses on adsorbent-
adsorbate interactions and their effect on the linear reduction of the heat of adsorption
with coverage (Temkin 1941). The Dubinin-Radushkevich (D-R) Isotherm model is
applied to determine whether the adsorption process is chemisorption or physical
adsorption [60].

2.4.1.2 Solid–Liquid Adsorption Kinetics

The kinetic studies are extremely beneficial in evaluating the effectiveness of a
given adsorbent and in understanding, the fundamental mechanisms involved. Batch
processing is an advantageous approach to studying the underlying kinetics. Several
references are available on the kinetics of adsorption, and a variety of mathemat-
ical models has been developed for describing the reaction and diffusion processes
during adsorption [56, 101]. Adsorption diffusion models have been built on three
consecutive stages [94]. (i) diffusion byway of the liquid film that surrounds the parti-
cles of the adsorbent, i.e., external or film diffusion; (ii) diffusion within the liquid
containing the pores and/or along the pore boundaries, which is known as internal or
intra-particle diffusion and (iii) adsorption/desorption between the adsorbate and the
active sites, i.e., mass action. To date, adsorption reaction patterns have been greatly
employed to explain the adsorption kinetic processes, namely the pseudo-first-order,
pseudo-second-order andElovichmodels. The nonlinear and linear forms of different
mathematical kinetic models for batch/discontinuous adsorption are given in Table
2.3. Lagergren suggested the pseudo-first order equation in 1898 to deal with the
adsorption of oxalic and malonic acid on charcoal [90]. This model is regarded as
suitable for long adsorption processes where the system is close to equilibrium. The
pseudo-second-order model presupposes that the rate of adsorption is second-order
relative to the vacant surface sites. The Elovich model is the most commonly used
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model when the adsorption processes are based on chemisorption at the surface of
the solid and the adsorption rate drops with time due to the coverage of the surface
layer [19].

2.4.2 Dynamic/Continuous Adsorption System

2.4.2.1 Fixed-Bed Adsorption

Fixed bed systems are commonly applied in drinking water purification, as well as in
wastewater treatment, swimming pool water treatment, groundwater treatment, and,
in combination with membrane processes, in the preparation of ultrapure water for
industrial usages. The fixed-bed continuous adsorption system is a complex mode
of operation and an environmentally efficient treatment process compared to the
batch/discontinuous process. It can handle vast volumes of contaminant aqueous
solution and provide high removal performance. Furthermore, the process can be
efficiently scaled up from a laboratory to an industrial implementation [83]. To
design and optimize adsorption processes, it is essential to have basic kinetics data
represented as breakthrough curves. An inlet/outlet concentration rate (Ct/Co) as a
function of time (t) or flow volume (Veff) is the breakthrough curve of adsorbate
in a continuous system that describes the characteristics of the dynamic mode. The
behavior of the breakthrough curve is related to the form of the adsorption isotherm
and is influenced by the diffusion steps within the fixed bed [100]. A solution tank,
a peristaltic pump, as well as a packed column are used to complete the contin-
uous system (Fig. 2.6). In the continuous adsorption system, each adsorbent particle
in the bed accumulates the adsorbate from the percolation solution until saturation

Fig. 2.6 Laboratory setup for breakthrough curve determination
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is reached. Breakthrough performance is given through several parameters, such as
breakthrough time (tb, min); the volume of effluent treated to tb (Vb, L); breakthrough
adsorption capacity (qb, mg/g); saturation/exhaustion time (ts, min); the volume of
effluent treated to ts (Veff, L); saturation adsorption capacity (qs, mg/g) and mass
transfer zone length (ZMTZ, cm) [100].

2.4.2.2 Process Variable for Fixed-Bed Adsorption

To investigate the experimental breakthrough, or to adjust the experimental data
with a breakthrough model, three critical process parameters need to be controlled
(Table 2.4), including flow rate, bed height, and inlet concentration [1]. Based on
the published data, slower exhaustion and breakthrough times have been noted by
increasing the bed height and volume of effluent treated. This occurs because of
a boost in the surface area and several binding sites available for adsorption [86].
Furthermore, previous studies have found that breakthrough and exhaustion times are
faster with increasing the initial inlet concentration of the adsorbate, owing to a more
significant number of empty sites on the surface of the adsorbent at the beginning of
the adsorption process [32]. In addition, the breakthrough time was observed to be
faster at higher flow rates, and the exhaustion time was expanded with decreasing
flow rates. This is due to the increase in the quantity of adsorbate adsorbed per unit

Table 2.4 The effect of fixed-bed process variables on dynamic performance

Adsorbent hydrogel beads Adsorbate Process variables effect References

Cellulose
nanocrystal-alginate

Methylene blue • Initial dye concentration:
Lower dye concentration,
more time needed to reach
saturation zone

[77]

• Bed height: An efficient dye
removal was achieved at high
bed height

• Flow rate: The adsorbed
amount of MB decreased with
increasing the flow rate

PVA-alginate encapsulated
Prussian blue-graphene oxide

Cesium • Initial metal concentration:
The breakthrough time
decreased with increasing
initial influent concentration

[45]

• Flow rate: The breakthrough
time and saturation time
decreased with an increased
flow rate

• Bed height: Breakthrough
time and saturation time
increased with an increase of
the bed height
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Table 2.5 Mathematical models for continuous adsorption modeling

Continuous modelling Non-linear form Model parameters Reference

Thomas model C
C0 = 1

1+exp(kTHq0
x
ν
−kTHC0t )

kTH (mL/min/mg): Thomas rate
constant

[45]

q0 (mg/g): Adsorption capacity

x (g): Mass of adsorbent in the
fixed-bed column

ν (mL/min): Volumetric flow
rate

Adams-Bohart model C
C0 = exp(kABC0t − kABN0 Z

U0 ) kAB (L/mg/min): Kinetic
constant

N0 (mg/L): Saturation
concentration

Z (cm): Bed height

U0 (cm/min): Superficial
velocity

Yoon-Nelson model C
C0 = exp(kYN t−τkYN)

1+exp(kYN t−τkYN)
kYN (min−1): Rate constant

τ (min): Time needed for 50%
adsorbate breakthrough

of bed height as the flow rate increases, leading to rapid saturation [32]. Besides, the
adsorbate has more contact time with the adsorbent at a slower flow rate, allowing
for more removal of the adsorbate in the column.

2.4.2.3 Fixed-Bed Adsorption Modelling

To better understand the breakthrough curve behavior, mathematical models were
applied to examine the dynamic performances of the continuous system (Table 2.5).
The Thomas model affirms that adsorption is instantaneous. It is based on the theory,
which the adsorption follows pseudo-second-order kinetics, and that electrostatic
interactions and axial dispersion are insignificant [45]. Otherwise, the Adams-Bohart
model is usually used to describe the initial part of the breakthrough curve [115].
The Yoon-Nelson model allows no need for detailed data on the physical properties
of the adsorbent in the fixed bed column system.

2.5 Application of Polysaccharide-Based Hydrogel Beads
in Wastewater Treatment

There are various organic and inorganic pollutants in an aqueous environment.
Among these pollutants, organic dyes and heavy metal ions account for most of
the research. In this direction, the adsorption of these pollutants has spurred great



2 Recent Progress in Polysaccharide-Based Hydrogel Beads … 71

interest in the remediation of wastewater, and this has led to a rise in the develop-
ment of different adsorbents. Several studies have been focused on the removal of
organic dyes and heavy metal ions from aquatic media. The excellent water affinity,
tunable structure, high porosity and high recovery capacity of hydrogels have gained
popularity for the removal of organic dyes, heavy metal ions as well as emerging
contaminants from wastewater. The additional benefit lies in the fact that hydrogels
are readily prepared from naturally occurring polysaccharides. In the past decades,
the use of hydrogels for the removal of organic dyes and heavy metal ions from
aqueous media has increased considerably. In the past 10 years, a developing trend
of publications in hydrogel beads for the removal of organic dyes and heavy metal
ions is shown in Fig. 2.7. The literature survey statistics show an exponential increase
in the number of publications per year considering hydrogel beads for water remedi-
ation. The next section discusses the use of various types of hydrogel beads as well as
hydrogel beads composite for the uptake of organic dyes and heavymetal ions froman
aqueous environment. The following subsections depict some of the polysaccharide-
based hydrogel beads and their composite,which have been employed for the removal
of organic dyes and heavy metal ions that are reported in the literature.

Fig. 2.7 The total number of publications per year on hydrogel beads for removal of dyes and
heavy metal ions during the period 2011–2021 (using science direct database). *Data collected in
April 2021



72 D. Allouss et al.

2.5.1 Polysaccharide-Based Hydrogel Beads

As described in the preceding section, the interest in the development of hydrogel
beads forwater remediation has increased significantly in recent years. [55], prepared
a series of κ-carrageenan/poly-(glycidyl methacrylate) hydrogel beads via free
radical polymerization and the ionic gelation method. According to their charac-
terization results, the prepared κ-carrageenan hydrogel beads with integrated poly-
(glycidyl methacrylate) showed the enhanced gel strength, thermal stability, swelling
capacity as well as recyclability compared to κ-carrageenan homopolymeric. More-
over, the adsorbent was evaluated for the removal of MB dye from an aqueous
solution. The experimental data showed that this adsorbent effectively removed MB
dye and recycled for several cycles with high efficiency [55]. Studies have shown that
the porosity of hydrogels plays a vital role in improving their aptitude for the adsorp-
tion of water as well as contaminants. Hydrogels incorporated surfactants have led
to the enhanced porous structure and swelling ability. Several researchers prepared
porous polysaccharides-based hydrogels by this method, which is cost-effective and
feasible, that allows the control of pores size by changing the surfactant quantity
[30, 98]. In this context, polysaccharides-based hydrogels beads have been prepared
using surfactant and employed for water treatment. For example, Vakili et al., synthe-
sized novel chitosan hydrogel beads with a cationic surfactant (hexadecyl amine) and
investigated the adsorptive performance of the prepared absorbent for the removal
of reactive blue 4 (RB4) from aqueous solution [105].

The chitosan hydrogel beads incorporated with hexadecyl amine exhibited
enhanced adsorption capacity (454 mg/g) in comparison to chitosan beads
(317 mg/g). The improved adsorption capacity towards an anionic dye was attributed
to the impregnation of hexadecyl amine into CS [105]. In another study, [16],
compared the adsorption behavior of chitosan hydrogel beads and chitosan hydrogel
beads incorporated with a cationic surfactant (cetyl trimethyl ammonium bromide).
They found that the impregnation of cetyl trimethyl ammonium bromide onto
chitosan hydrogel beads enhanced the adsorption of Congo red from the aqueous
phase [16]. Kumar and co-authors prepared biopolymer hydrogel beads with Ca2+

and Zn2+ via an anionic polymerization approach and studied their sorption behavior
for MB dye from aqueous media [53]. Zhao et al. [128], prepared porous cellu-
lose nanofiber-sodium alginate hydrogel beads for Pb (II) sorption from the aqueous
phase. The prepared adsorbent in their study demonstrated high removal percentage
of 82% within 40 min and this adsorbent maintained the adsorption rate (80%) after
five regeneration cycles [128].

A one-pot method was explored to prepare arginine cross-linked
chitosan/carboxymethyl cellulose hydrogel beads for the removal of metal ions.
The adsorption of Pb (II) and Cd (II) ions was investigated via batch mode.
The synthesized adsorbent removed Pb (II) and Cd (II) ions at an optimum pH
of 6.5 and the maximum adsorption capacity were found to be 182.5 mg/g and
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168.5 mg/g, respectively. The adsorption kinetic studies revealed that pseudo-
second-order models govern the sorption process, whereas Langmuir best described
the adsorption isotherm model for both Pb (II) and Cd (II) ions [73].

On the other side, modifications of chitosan hydrogel beads have been achieved
by incorporating carboxyl groups onto polymer networks, which are known to have
great chelating effects with many metal ions. For that reason, several carboxylated
chitosan hydrogel beads have been reported [27, 116]. Zhang et al., modified the
chitosan hydrogel beads via grafting with malic acid and subsequently employed the
preparedmaterial as adsorbent for the removal ofCr (VI) andCu (II) from the aqueous
phase [125]. On the other side, Dai et al., prepared poly(acrylic acid) blended with
chitosan hydrogel beads via a one-step process and subsequently cross-linked with
glutaraldehyde (CS/PAA-GLA) hydrogel beads [22]. The prepared CS/PAA-GLA
hydrogel beads demonstrated enhanced mechanical strength and adsorption perfor-
mance towards Cu (II) ions than CS-GLA hydrogel beads without PAA. In addition,
the adsorption capacity of the regenerated CS/PAA-GLA hydrogel beads showed
satisfactory recyclability without a significant loss of adsorption efficiency for over
five cycles [22]. In another study, Yan and co-authors enhanced the adsorption of Cu
(II), Pb (II) andMg (II) ions from aqueous solution by employing carboxymethylated
chitosan hydrogel beads [119].

On the other hand, [44], recently prepared chitosan hydrogel beads and applied this
material as an adsorbent for Cu (II) uptake from wastewater. The adsorption kinetic
studies showed that the equilibrium was reached within 30 min of contact time.
According to their experimental finding, the synthesized chitosan hydrogel beads
were efficient in removing copper ions from an aqueous solution and recyclable [44].
Moreover, they constructed a prototype machine aimed for large-scale production
of hydrogel beads, chitosan hydrogel beads used for sorption of Cu (II) were fabri-
cated by their newly developed prototype machine shown in Fig. 2.8a, the prepared

a b

Fig. 2.8 a Digital image of prototype machine for manufacturing of hydrogel beads and b the
produced chitosan hydrogel beads.Reproducedwith permission from [44],Copyright 2021, Elsevier
Science Ltd.



74 D. Allouss et al.

chitosan hydrogel beads by this machine are also presented in Fig. 2.8b. Chitosan-
pectin hydrogel beads were prepared by a facile and green method. The as-prepared
hydrogel beadswere employed for removing Pb (II), Hg (II), Cd (II), andCu (II) from
an aqueous solution. According to the authors, the addition of pectin enhanced the
stability, porosity, and adsorption performance of chitosan-pectin hydrogel beads.
The experimental data fitted well to the pseudo-second-order and the Langmuir
isotherm models. These results confirmed that the chemisorption was the main rate-
controlling step in removing heavy metals by chitosan-pectin hydrogel beads and
heavy metals were adsorbed on the surface of hydrogel beads by monolayer adsorp-
tion. The maximum adsorption capacities of Pb (II), Hg (II), Cd (II), and Cu (II) were
found to be 266.5, 208.5, 177.6, and 169.4 mg/g, respectively. Regeneration studies
revealed that the chitosan-pectin hydrogel beads exhibited high adsorption–desorp-
tion efficiency [97]. The comparative study of the equilibrium adsorption capacity
of polysaccharide-based hydrogel beads in removing organic dyes and heavy metal
ions is presented in Tables 2.6 and 2.7, respectively. Moreover, adsorption kinetic

Table 2.6 Comparison of some of the reported polysaccharide-based composite hydrogel beads
for adsorption of organic dyes

Adsorbent Target
pollutant

Kinetics
model

Isotherm
model

qmax
(mg/g)

References

CTS-HMP beads MG PSO Freundlich 333 [93]

RR-195 PSO Freundlich 200

CG/PG hydrogel beads MB PSO Langmuir 166.6 [55]

Chitosan/tripolyphosphate
beads

BB4 PFO &
mixed
order

R&P 232 [81]

BB7 PFO & R&P 259

CRG-TTX
CRG-SDBS

MB PSO Langmuir 482.2 [50]

PSO Langmuir 469.6

Alg/GA/RCE hydrogel
beads

BB9 PFO Langmuir,
R&P

1442 [9]

Nonporous CMC-based
hydrogel beads

MB PSO Langmuir 82.3 [13]

CS/STPP hydrogel beads IC PSO Langmuir 500 [49]

CS/β-CD/STPP hydrogel
beads

IC PSO Langmuir 1000 [49]

κ–Carrageenan/poly
(glycidyl methacrylate)
hydrogel beads

MB PSO Langmuir 166.6 [55]

Single network hydrogel
beads
Double network hydrogel
beads

MB PSO Langmuir 1255.7 [51]

MB PSO Langmuir 1437.4
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Table 2.7 Comparison of some of the reported polysaccharide-based hydrogel beads for adsorption
of heavy metal ions

Adsorbents Target
pollutants

Kinetics
model

Isotherm
model

qmax
(mg/g)

References

NCS/SA/MC bead Pb(II) PSO Freundlich 114.5 [107]

Saccharomyces
cerevisiae/alginate beads

Pb(II) – Langmuir, R&P 179.1 [24]

Cr(VI) – Langmuir, R&P 72.1

Cd(II) – Freundlich, R&P 30.7

P-CNF-SA hydrogel
beads

Pb(II) PSO Langmuir 318.4 [128]

P(VBC) beads Cr(VI) – Langmuir 147.1 [3]

AS(V) – Langmuir 95.2

mGO/beads Cr(VI) PSO Freundlich 14.9 [108]

AS(V) PSO Langmuir 6.9

NCS/SA/MC beads Cu(II) PSO Freundlich 43.3 [106]

Straw cellulose hydrogel
beads

Cd(II) PSO Langmuir 95.6 [111]

CYCS/CNC Beads Pb(II) PSO Langmuir 334.9 [117]

Nanochitin-contained
chitosan hydrogel beads

Cu(II) PSO Langmuir 100.9 [113]

Fe3O4/EDTA/CS gel beads Pb(II) PSO Langmuir 368.3 [99]

Cu(II) PSO Langmuir 267.9

Ni(II) PSO Langmuir 220.3

Chitosan-pectin gel beads Pb(II) PSO Langmuir 266.5 [97]

Hg(II) PSO Langmuir 208.5

Cd(II) PSO Langmuir 177.6

Cu(II) PSO Langmuir 169.4

Pseudo-first-order (PFO), Pseudo-second-order (PSO), and Redlich and Peterson (R&P)

models, isothermmodels andmaximum adsorption capacity of adsorbents are shown
in the tables.

2.5.2 Polysaccharide-Based Hydrogel Composite Beads

Based on the above-stated background, polysaccharide-based hydrogel beads adsor-
bents showed excellent characteristics, including tailored functionality, low produc-
tion cost, renewable, and high adsorption capacity [119]. Although polysaccharide-
based hydrogel beads adsorbents exhibit the aforementioned properties due to their
poor mechanical strength, chemical stability, and recyclability, these materials may
dissatisfy the applicability to meet the particular desires of water remediation. In the
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Fig. 2.9 Schematic diagram for the synthesis and application of the as-prepared magnetic chitosan
hydrogel beads. Reproduced with permission from [126]. Copyright 2021, Elsevier Science Ltd

recent era, the use of polysaccharide-based hydrogel has been the focus of consider-
able research. Since the first report on the development of hydrogel nanocomposites
in 2002 by Haraguchi and Takehisa, the incorporation of inorganic components onto
the hydrogel network revolutionized the use of hydrogels for various applications
[40]. This subsection highlights the recent developments in polysaccharide-based
hydrogel composite beads with emphasis on the adsorption of organic dyes and
heavy metal ions. Magnetic Fe3O4 nanoparticles were incorporated into the chitosan
hydrogel beads to ease the recovery of adsorbents after adsorption. The prepared
magnetic chitosan hydrogel beads were used for removing heavy metal chromium
(Cr) and organic dye sunset yellow (SY) from an aqueous solution. Figure 2.9
shows a schematic diagram for the synthesis as well as application of magnetic
chitosan hydrogel beads. The batch adsorption experiments demonstrated that the
as-preparedmagnetic chitosan hydrogel beads exhibitedmaximumadsorption capac-
ities of 163.93 mg/g and 769.23 mg/g for Cr and SY, respectively. According to their
findings, magnetic chitosan hydrogel beads hold great potential for practical applica-
tion in water treatment due to their high adsorption capacity, easy regeneration, and
fast separation [126]. A novelmagnetic poly(vinyl alcohol)/modified katira/graphene
oxide hydrogel beads were prepared by gelation in the presence of acetone solution
of boric acid. The as-prepared adsorbent was employed for the removal of anionic
CR as well as cationic CV dyes and heavy metal ions (Pb (II) and Cu (II)) from an
aqueous solution. The pseudo-second-order model better described the adsorption
kinetics of both dyes and metal ions, while the Langmuir isotherm model was best
fitted to experimental adsorption data. The maximum adsorption capacities were
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found to be 101.74, 94.0, 69.67, and 81.78 mg/g for CR, CV, Cu (II), and Pb (II),
respectively [96].

Daradmare et al. [23], reported the synthesis of UIO-66-alginate composite beads
and applied the prepared material as an adsorbent for the removal of Cr (VI)
from aqueous media. The prepared adsorbent demonstrated the Cr (VI) adsorp-
tion percentage of 98% and satisfactory recyclable efficiency [23]. Peng and co-
authors studied new nanocomposite hydrogel beads prepared by phase inversion
method for adsorption of MB and MG dyes from wastewater [85]. According to
their adsorption studies, MB exhibited fast equilibrium adsorption (40 min) than
MG (~7 days). In another study, [110], prepared poly (vinyl alcohol)/sodium algi-
nate/chitosan/montmorillonite (PVA/SA/CS/MMT) hydrogel beads for the removal
of MB dye from aqueous media. They investigated the effect of MMT content on
the removal of MB dye. Their sorption studies showed that increasing MMT loading
up to 29.7% enhanced the MB uptake due to the increment of electrostatic attrac-
tion between positively charged MB and negatively charged MMT, high porosity,
surface area, which provide accessibility of MB dye molecules to active sites on the
PVA/SA/CS/MMT hydrogel beads [110].

The adsorption kinetic models, isotherm models, and adsorption capacities of
various polysaccharide-based hydrogel beads composite for the removal of different
organic dyes and metal ions from aqueous solutions are tabulated in Tables 2.8 and
2.9, respectively.

The synthesis of dithiocarbamate-decorated poly(vinyl amine) hydrogel beads
was achieved via awater droplet templating polymerization approach. The adsorption
capacity of the prepared hydrogel beads for the removal of heavy metal ions was
evaluated via batch adsorption experiments. The effect of equilibrium concentration
on the adsorption capacity of (a) Cu (II), (b) Pb (II) and, (c) Cd (II) ions along with
the corresponding fitting plots for the Langmuir model. The adsorption of metal ions
exhibited a sharp increase at initial concentrations and then attained a plateau. The
maximum adsorption capacities obtained from the Langmuir isotherm model were
found to be 2.22, 1.28, and 1.09 mmol/g for Cu (II), Pb (II) and Cd (II), respectively.

Moreover, the Langmuir isotherm model was found to describe the adsorp-
tion process better. Therefore, the adsorption of the above-studied metal ions
onto hydrogel beads was monolayer coverage. The average free energy of adsorp-
tion was estimated by Dubinin-Radushkevich (D-R) isotherm model; the adsorp-
tion average free energy for Cu (II), Pb (II), and Cd (II) were 12.35, 11.56, and
11.17 kJ/mol, respectively. These results showed that an exchange of electrons
occurred during the adsorption process [110]. Recently, Jamali et al. [43], fabri-
cated chitosan/GO/Fe3O4 hydrogel beads by the in-situ co-precipitation methods.
The as-synthesized chitosan/GO/Fe3O4 hydrogel beads were used for the removal of
MB and Eriochrome Black T (EBT) from an aqueous solution. The adsorption data
process for both dyes was best correlated to the pseudo-second-order and the Lang-
muir isotherm model. The authors reported that the theoretical maximum adsorp-
tion capacities for MB and EBT were 289 and 292 mg/g, respectively [43]. Other
researchers prepared hydrogel composite beads by loading graphene nanoplatelets
onto cellulose beads via a physical gelation method. The as-prepared adsorbent
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Table 2.8 Comparison of some of the reported polysaccharide-based hydrogel beads for adsorption
of organic dyestuffs

Adsorbents Target
pollutants

Kinetics
model

Isotherm
model

qmax
(mg/g)

References

Chitosan-HNTs composite
hydrogel beads

MG PSO Langmuir &
Freundlich

72.6 [85]

MB PSO Langmuir &
Freundlich

270.3

m-CS/PVA hydrogel beads CR PSO Langmuir 470.1 [129]

Porous graphene/CNTs hybrid
beads

MB PSO Langmuir 521.5 [121]

Chitosan-magadiite hydrogel
beads

CR PSO Langmuir 135.8 [78]

MB PSO Langmuir 45.25

PVC-SA-CS-MMT hydrogel
beads

MB Elovich
& PSO

Freundlich,
R&P, & Sips

137.2 [110]

Graphene Oxide/ Alginate Gel
Beads

MB PSO Langmuir 357.1 [61]

Magnetic poly(vinyl
alcohol)/modified gum
Katira/graphene oxide
hydrogel beads

CV PSO Langmuir 94.0 [96]

CR PSO Langmuir 101.7

Gum Ghatti-alginate hybrid
bead derived titania spheres

RBV PSO Langmuir 44.7 [11]

Porous magnetic cellulose /
Fe3O4 beads

RhB PSO Langmuir 151.8 [58]

MB PSO Langmuir 1186.8

CTS-HMP beads MG PSO Langmuir 333.0 [93]

RR-195 PSO Langmuir 200.0

Magnetic zeolite
polyanetholesulfonic/alginate
acid gel beads

MB PSO Langmuir 400.0 [74]

MG PSO Freundlich 164.0

Pseudo-first-order (PFO), Pseudo-second-order (PSO), Redlich and Peterson (R&P), Remazol
Brilliant Violet (RBV), and Reactive red (RR195).

beads were employed for the removal of CR dye using a differential column batch
reactor. The authors showed that the incorporation of graphene nanoplatelets onto
the cellulose enhanced the CR dye uptake. Cellulose exhibited a maximum adsorp-
tion capacity of 98.1 mg/g whereas cellulose-nanoplatelets hydrogel beads showed a
higher maximum adsorption capacity of 139.6 mg/g for the removal of CR dye from
aqueous solution [35].
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Table 2.9 Comparison of some of the reported polysaccharide-based hydrogel beads for adsorption
of heavy metal ions

Adsorbents Target
pollutants

Kinetics
model

Isotherm
model

qmax
(mg/g)

References

MKa@CB Pb(II) PSO Langmuir 90.9 [29]

Cd(II) PSO Langmuir 88.5

CYCS/CNC Beads Pb(II) PSO Langmuir 334.9 [118]

La-MMT hydrogel beads AS(V) PFO Langmuir 58.8 [120]

Fe3O4-ATP/EDTA/CS gel beads Pb(II) PSO Langmuir 368.3 [99]

Cu(II) PSO Langmuir 267.9

Ni(II) PSO Langmuir 220.3

Alginate/graphene composite hydrogel
beads

Cu(II) – Langmuir 169.5 [130]

Cr(VI) – Langmuir 72.5

Ca-ALg2 gel beads
ALg2/GO gel beads

Cu(II) PSO Langmuir 42.7 [4]

Cu(II) PSO Langmuir 60.2

GA-grafted CS/PEI/Fe3O4 composite
beads

Cr(VI) PSO Langmuir 476.2 [62]

MOFs/alginate beads Cr(VI) PSO Langmuir 20.0 [23]

CCM composite hydrogel beads Cu(II) PSO Langmuir 143.2 [123]

U(VI) PSO Langmuir 392.6

Magnetic poly(vinyl alcohol)/modified
gum Katira/graphene oxide hydrogel
beads

Pb(II) PSO Langmuir 81.7 [96]

Cu(II) PSO Langmuir 69.6

Pseudo-first-order (PFO), Pseudo-second-order (PSO), and Redlich and Peterson (R&P).

2.6 Conclusion and Future Outlook

The impressive quantity of publications in recent two decades related to the elabora-
tion and utilization of polysaccharide-based hydrogel beads as adsorbents indicates
the potential significance of these improved materials in the environmental field,
including water pollution remediation. The present chapter focuses on the utiliza-
tion of polysaccharide-based hydrogel adsorbent beads to uptake organic and/-or
inorganic contaminants from aqueous solutions using batch and dynamic adsorption
systems. The adsorption capacities recorded in the published research papers prove
the performance of natural polymer adsorbent beads towards metal ions and dyes,
depending on several experimental parameters. As mentioned, incorporating inor-
ganic materials into polysaccharide-based hydrogel beads can considerably affect
the enhancement of the adsorption capacity and, consequently, an emerging area
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of research is the elaboration of unique composite materials with a strong adsorp-
tion capacity. Looking to the near future, polysaccharide-based hydrogel mate-
rials applied for water pollution remediation have the potential to progress dras-
tically. Progress in this area will require dedication to developing cost-effective and
recoverable/reusable hybrid polysaccharide-based beads.
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74. A.Ü. Metin, D. Doğan, M. Can, Novel magnetic gel beads based on ionically crosslinked
sodium alginate and polyanetholesulfonic acid: Synthesis and application for adsorption
of cationic dyes. Mater. Chem. Phys. 256, 123659 (2020). https://doi.org/10.1016/j.matche
mphys.2020.123659

75. R. Mofidian et al., Fabrication of novel agarose–nickel bilayer composite for purification of
protein nanoparticles in expanded bed adsorption column. Chem. Eng. Res. Design. Inst.
Chem. Eng. 159, 291–299 (2020). https://doi.org/10.1016/j.cherd.2020.03.024

76. N. Mohammed et al., Cellulose nanocrystal–alginate hydrogel beads as novel adsorbents for
organic dyes in aqueous solutions. Cellulose. Springer Netherlands 22(6), 3725–3738 (2015).
https://doi.org/10.1007/s10570-015-0747-3

77. N. Mohammed, N. Grishkewich, H.A. Waeijen, R.M. Berry, K.C. Tam, Continuous flow
adsorption of methylene blue by cellulose nanocrystal-alginate hydrogel beads in fixed bed
columns. Carbohydr. Polym. 136, 1194–1202 (2016). https://doi.org/10.1016/j.carbpol.2015.
09.099

https://doi.org/10.3389/fchem.2021.576913
https://doi.org/10.1016/j.carbpol.2017.08.093
https://doi.org/10.17758/EARES
https://doi.org/10.1016/j.ijbiomac.2018.07.104
https://doi.org/10.1016/j.ijbiomac.2018.07.104
https://doi.org/10.1016/j.jcis.2017.11.060
https://doi.org/10.1016/j.carbpol.2019.114989
https://doi.org/10.1016/j.ijbiomac.2020.06.143
https://doi.org/10.1007/s11356-020-10166-8
https://doi.org/10.1177/18479804211039425
https://doi.org/10.1039/C9RA00356H
https://doi.org/10.1016/j.matchemphys.2020.123659
https://doi.org/10.1016/j.cherd.2020.03.024
https://doi.org/10.1007/s10570-015-0747-3
https://doi.org/10.1016/j.carbpol.2015.09.099


2 Recent Progress in Polysaccharide-Based Hydrogel Beads … 85

78. A. Mokhtar, S. Abdelkrim, A. Djelad, A. Sardi, B. Boukoussa, M. Sassi, A. Bengueddach,
Adsorption behavior of cationic and anionic dyes on magadiite-chitosan composite beads.
Carbohydr. Polym. 229, 115399 (2020). https://doi.org/10.1016/j.carbpol.2019.115399

79. H Mondal et al., Starch-g-tetrapolymer hydrogel via in situ attached monomers for removals
of Bi(III) and/or Hg(II) and dye(s): RSM-based optimization. Carbohydr. Polym. Elsevier
Ltd, 213(Iii), 428–440 (2019). https://doi.org/10.1016/j.carbpol.2019.02.035

80. R.J. Moon et al., Cellulose nanomaterials review: structure, properties and nanocomposites.
Chem. Soc. Rev. (2011). https://doi.org/10.1039/c0cs00108b

81. P.M. Morais da Silva, N.G. Camparotto, T. de Figueiredo Neves, K.T. Grego Lira, V.R.
Mastelaro, Carolina Siqueira Franco Picone, Patrícia Prediger, Effective removal of basic dye
onto sustainable chitosan beads: Batch and fixed-bed column adsorption, beads stability and
mechanism. Sustain. Chem. Pharm. 18, 100348 (2020). https://doi.org/10.1016/j.scp.2020.
100348

82. P. Pal, A. Pal, Surfactant-modified chitosan beads for cadmium ion adsorption. Int. J. Biol.
Macromol. Elsevier B.V. 104, 1548–1555 (2017). https://doi.org/10.1016/j.ijbiomac.2017.
02.042

83. H. Patel, Fixed-bed column adsorption study: a comprehensive review. Appl. Water Sci.
Springer International Publishing 9, 45 (2019). https://doi.org/10.1007/s13201-019-0927-7

84. S.N. Pawar, K.J. Edgar, Alginate derivatization: a review of chemistry, properties and appli-
cations. Biomaterials. Elsevier Ltd 3279–3305 (2012). https://doi.org/10.1016/j.biomaterials.
2012.01.007

85. Q. Peng et al., Adsorption of dyes in aqueous solutions by chitosan–halloysite nanotubes
composite hydrogel beads. Microporous Mesoporous Mater. Elsevier 201(C), 190–201
(2015). https://doi.org/10.1016/J.MICROMESO.2014.09.003

86. B. Perez Mora et al., Response surface methodology and optimization of arsenic continuous
sorption process from contaminated water using chitosan. J. Water Process Eng. Elsevier 32,
100913 (2019). https://doi.org/10.1016/j.jwpe.2019.100913

87. C.K.S. Pillai, W. Paul, C.P. Sharma, Chitin and chitosan polymers: chemistry, solubility and
fiber formation. Prog. Polym. Sci. (Oxford) 34(7), 641–678 (2009). https://doi.org/10.1016/
j.progpolymsci.2009.04.001

88. L. Pontoni, M. Fabbricino, Use of chitosan and chitosan-derivatives to remove arsenic from
aqueous solutions - a mini review. Carbohydr. Res. Elsevier Ltd 356, 86–92 (2012). https://
doi.org/10.1016/j.carres.2012.03.042

89. X. Qi et al., Salecan polysaccharide-based hydrogels and their applications: a review. J.Mater.
Chem. B 7(16), 2577–2587 (2019). https://doi.org/10.1039/c8tb03312a

90. H. Qiu et al.,‘Critical review in adsorption kinetic models. J. Zhejiang Univ.: Sci. A 716–724
(2009). https://doi.org/10.1631/jzus.A0820524

91. M. Rajiv Gandhi et al., Sorption behaviour of copper on chemically modified chitosan beads
from aqueous solution. Carbohyd. Polym. 83(3), 1082–1087 (2011). https://doi.org/10.1016/
j.carbpol.2010.08.079

92. K.R. Ramakrishna, T. Viraraghavan, Dye removal using low cost adsorbents. Water Sci.
Technol. 36(2–3), 189–196 (1997). https://doi.org/10.1016/S0273-1223(97)00387-9

93. N.P. Raval, S. Mukherjee, N.K. Shah, P. Gikas, M. Kumar, Hexametaphosphate cross-linked
chitosan beads for the eco-efficient removal of organic dyes: Tacklingwater quality. J. Environ.
Manag. 280, 111680 (2021). https://doi.org/10.1016/j.jenvman.2020.111680

94. Ravi and Pandey, L. M., Enhanced adsorption capacity of designed bentonite and alginate
beads for the effective removal of methylene blue. Appl. Clay Sci. 169, 102–111 (2019).
https://doi.org/10.1016/j.clay.2018.12.019

95. H. Ren et al., Efficient Pb ( II ) removal using sodium alginate – carboxymethyl cellulose gel
beads : preparation, characterization, and adsorption mechanism. Carbohydr. Polym. Elsevier
Ltd. 137, 402–409 (2016). https://doi.org/10.1016/j.carbpol.2015.11.002

96. R. Sahraei, Z. Sekhavat Pour, M. Ghaemy, Novel magnetic bio-sorbent hydrogel beads based
on modified gum tragacanth/graphene oxide: Removal of heavy metals and dyes from water.
J. Clean. Prod. Elsevier 142, 2973–2984 (2017). https://doi.org/10.1016/J.JCLEPRO.2016.
10.170

https://doi.org/10.1016/j.carbpol.2019.115399
https://doi.org/10.1016/j.carbpol.2019.02.035
https://doi.org/10.1039/c0cs00108b
https://doi.org/10.1016/j.scp.2020.100348
https://doi.org/10.1016/j.ijbiomac.2017.02.042
https://doi.org/10.1007/s13201-019-0927-7
https://doi.org/10.1016/j.biomaterials.2012.01.007
https://doi.org/10.1016/J.MICROMESO.2014.09.003
https://doi.org/10.1016/j.jwpe.2019.100913
https://doi.org/10.1016/j.progpolymsci.2009.04.001
https://doi.org/10.1016/j.carres.2012.03.042
https://doi.org/10.1039/c8tb03312a
https://doi.org/10.1631/jzus.A0820524
https://doi.org/10.1016/j.carbpol.2010.08.079
https://doi.org/10.1016/S0273-1223(97)00387-9
https://doi.org/10.1016/j.jenvman.2020.111680
https://doi.org/10.1016/j.clay.2018.12.019
https://doi.org/10.1016/j.carbpol.2015.11.002
https://doi.org/10.1016/J.JCLEPRO.2016.10.170


86 D. Allouss et al.

97. Z. Shao et al., Novel green chitosan-pectin gel beads for the removal of Cu(II), Cd(II), Hg(II)
and Pb(II) from aqueous solution. Int. J. Biol. Macromol. Elsevier 176, 217–225 (2021).
https://doi.org/10.1016/J.IJBIOMAC.2021.02.037

98. X.N. Shi, W.B. Wang, A.Q. Wang, Effect of surfactant on porosity and swelling behaviors of
guar gum-g-poly(sodium acrylate-co-styrene)/attapulgite superabsorbent hydrogels. Colloids
Surf. B: Biointerfaces. Elsevier 88(1), 279–286 (2011). https://doi.org/10.1016/j.colsurfb.
2011.07.002

99. P. Sun, W. Zhang, B. Zou, L. Zhou, Z. Ye, Q. Zhao, Preparation of EDTA-modified magnetic
attapulgite chitosan gel bead adsorbent for the removal of Cu(II), Pb(II), and Ni(II). Int. J.
Biol. Macromol. 182, 1138–1149 (2021). https://doi.org/10.1016/j.ijbiomac.2021.04.132

100. A.L. Taka et al.,Chitosan nanocomposites for water treatment by fixed-bed continuous flow
column adsorption: a review. Carbohydr. Polym. Elsevier Ltd. 255, 117398 (2021). https://
doi.org/10.1016/j.carbpol.2020.117398

101. K.L. Tan, B.H.Hameed, Insight into the adsorption kineticsmodels for the removal of contam-
inants from aqueous solutions. J. Taiwan Inst. Chem. Eng.. Elsevier B.V. 74, 25–48 (2017).
https://doi.org/10.1016/j.jtice.2017.01.024

102. X. Tang et al., Chemical coagulation process for the removal of heavy metals from water:
a review. Desalin. Water Treat. 57(4), 1733–1748 (2014). https://doi.org/10.1080/19443994.
2014.977959

103. T. Tatarchuk et al., A review on removal of uranium(VI) ions using titanium dioxide based
sorbents. J.Mol. Liq. ElsevierB.V.293, 111563 (2019). https://doi.org/10.1016/j.molliq.2019.
111563

104. P. Tripathi, V.C. Srivastava,A.Kumar,Optimization of an azo dye batch adsorption parameters
using Box-Behnken design. Desalination. Elsevier B.V. 249(3), 1273–1279 (2009). https://
doi.org/10.1016/j.desal.2009.03.010

105. M. Vakili et al., Chitosan hydrogel beads impregnated with hexadecylamine for improved
reactive blue 4 adsorption. Carbohydr. Polym. Elsevier 137, 139–146 (2016). https://doi.org/
10.1016/J.CARBPOL.2015.09.017

106. K. Vijayalakshmi, T. Gomathi, S. Latha, T. Hajeeth, P.N. Sudha, Removal of copper(II) from
aqueous solution using nanochitosan/sodium alginate/microcrystalline cellulose beads. Int. J.
Biol. Macromol. 82, 440–452 (2016). https://doi.org/10.1016/j.ijbiomac.2015.09.070

107. K. Vijayalakshmi, B.M. Devi, S. Latha, T. Gomathi, P.N. Sudha, J. Venkatesan, S. Anil, Batch
adsorption and desorption studies on the removal of lead (II) from aqueous solution using
nanochitosan/sodium alginate/microcrystalline cellulose beads. Int. J. Biol. Macromol. 104,
1483–1494 (2017). https://doi.org/10.1016/j.ijbiomac.2017.04.120

108. H.C.Vu,A.D.Dwivedi, T.T. Le, S.-H. Seo, E.-J. Kim,Yoon-Seok. Chang,Magnetite graphene
oxide encapsulated in alginate beads for enhanced adsorption of Cr(VI) and As(V) from
aqueous solutions: Role of crosslinking metal cations in pH control. Chem. Eng. J. 307,
220–229 (2017). https://doi.org/10.1016/j.cej.2016.08.058

109. W.S. Wan Ngah et al., Utilization of chitosan-zeolite composite in the removal of Cu(II) from
aqueous solution: adsorption, desorption and fixed bed column studies. Chem. Eng. J. 209,
46–53 (2012). https://doi.org/10.1016/j.cej.2012.07.116

110. W. Wang et al., Methylene blue removal from water using the hydrogel beads of poly(vinyl
alcohol)-sodium alginate-chitosan-montmorillonite. Carbohydr. Polym. Elsevier 198, 518–
528 (2018). https://doi.org/10.1016/j.carbpol.2018.06.124

111. F. Wang, J. Li, Y. Su, Q. Li, B. Gao, Q. Yue, W. Zhou, Adsorption and recycling of Cd(II)
fromwastewater using straw cellulose hydrogel beads. J. Ind. Eng. Chem. 80, 361–369 (2019).
https://doi.org/10.1016/j.jiec.2019.08.015

112. P. Wongsasuluk et al., ‘Heavy metal contamination and human health risk assessment in
drinking water from shallow groundwater wells in an agricultural area in Ubon Ratchathani
province, Thailand. Environ. Geochem. Health 36, 169–182 (2014). https://doi.org/10.1007/
s10653-013-9537-8

113. J. Wu, X. Cheng, Y. Li, G. Yang, Constructing biodegradable nanochitin-contained chitosan
hydrogel beads for fast and efficient removal of Cu(II) from aqueous solution. Carbohydr.
Polym. 211, 152–160 (2019). https://doi.org/10.1016/j.carbpol.2019.01.004

https://doi.org/10.1016/J.IJBIOMAC.2021.02.037
https://doi.org/10.1016/j.colsurfb.2011.07.002
https://doi.org/10.1016/j.ijbiomac.2021.04.132
https://doi.org/10.1016/j.carbpol.2020.117398
https://doi.org/10.1016/j.jtice.2017.01.024
https://doi.org/10.1080/19443994.2014.977959
https://doi.org/10.1016/j.molliq.2019.111563
https://doi.org/10.1016/j.desal.2009.03.010
https://doi.org/10.1016/J.CARBPOL.2015.09.017
https://doi.org/10.1016/j.ijbiomac.2015.09.070
https://doi.org/10.1016/j.ijbiomac.2017.04.120
https://doi.org/10.1016/j.cej.2016.08.058
https://doi.org/10.1016/j.cej.2012.07.116
https://doi.org/10.1016/j.carbpol.2018.06.124
https://doi.org/10.1016/j.jiec.2019.08.015
https://doi.org/10.1007/s10653-013-9537-8
https://doi.org/10.1016/j.carbpol.2019.01.004


2 Recent Progress in Polysaccharide-Based Hydrogel Beads … 87

114. W. Xia et al., Fabrication, characterization and evaluation of myricetin adsorption onto starch
nanoparticles. Carbohydr. Polym.. Elsevier 250(July),. 116848 (2020). https://doi.org/10.
1016/j.carbpol.2020.116848

115. Z. Xu, J.G. Cai, B.C. Pan,Mathematically modeling fixed-bed adsorption in aqueous systems.
J. Zhejiang Univ. Sci. A 14(3), 155–176 (2013). https://doi.org/10.1631/jzus.A1300029

116. X. Xu, X. Ouyang, L.Y. Yang, Adsorption of Pb(II) from aqueous solutions using crosslinked
carboxylated chitosan/carboxylated nanocellulose hydrogel beads. J. Mol. Liq.. Elsevier B.V.
322(xxxx), 114523 (2021). https://doi.org/10.1016/j.molliq.2020.114523

117. X. Xu, X. Ouyang, L.-Y. Yang, Adsorption of Pb(II) from aqueous solutions using crosslinked
carboxylated chitosan/carboxylated nanocellulose hydrogel beads. J. Mol. Liquids 322,
114523 (2021). https://doi.org/10.1016/j.molliq.2020.114523

118. X. Xu, X. Ouyang, L.-Y. Yang, Adsorption of Pb(II) from aqueous solutions using crosslinked
carboxylated chitosan/carboxylated nanocellulose hydrogel beads. J. Mol. Liquids 322,
114523 (2021). https://doi.org/10.1016/j.molliq.2020.114523

119. H. Yan et al., Enhanced and selective adsorption of copper(II) ions on surface carboxymethy-
lated chitosan hydrogel beads. Chem. Eng. J. Elsevier 174(2–3), 586–594 (2011). https://doi.
org/10.1016/J.CEJ.2011.09.064

120. S. Yan, Q. An, L. Xia, S. Liu, S. Song, J.R. Rangel-Méndez, As(V) removal from water
using the La(III)- Montmorillonite hydrogel beads. React. Funct. Polym. 147, 104456 (2020).
https://doi.org/10.1016/j.reactfunctpolym.2019.104456

121. T. Yao, L. Qiao, K. Du, High tough and highly porous graphene/carbon nanotubes hybrid
beads enhanced by carbonized polyacrylonitrile for efficient dyes adsorption. Microporous
Mesoporous Mater 292, 109716 (2020). https://doi.org/10.1016/j.micromeso.2019.109716

122. L. Ye et al., Chemical precipitation granular sludge (CPGS) formation for copper removal
from wastewater. RSC Adv. R. Soc. Chem. 6(115), 114405–114411 (2016). https://doi.org/
10.1039/c6ra11165c

123. X. Yi, J. He, Y. Guo, Z. Han, M. Yang, J. Jin, J. Gu, M. Ou, X. Xu, Encapsulating Fe3O4 into
calcium alginate coated chitosan hydrochloride hydrogel beads for removal of Cu (II) and U
(VI) from aqueous solutions. Ecotoxicol. Environ. Saf. 147, 699–707 (2018). https://doi.org/
10.1016/j.ecoenv.2017.09.036

124. A.Y. Zahrim, C. Tizaoui , N. Hilal, Coagulationwith polymers for nanofiltration pre-treatment
of highly concentrated dyes: a review. Desalination. Elsevier B.V. 266(1–3), 1–16 (2011).
https://doi.org/10.1016/j.desal.2010.08.012

125. Y. Zhang et al., Malic acid-enhanced chitosan hydrogel beads (mCHBs) for the removal of
Cr(VI) andCu(II) from aqueous solution. Chem. Eng. J. Elsevier 353, 225–236 (2018). https://
doi.org/10.1016/J.CEJ.2018.06.143

126. W. Zhang et al.,Novel pectin based composite hydrogel derived from grapefruit peel for
enhanced Cu(II) removal. J. Hazard. Mater.. Elsevier 384(July 2019), 121445 (2020). https://
doi.org/10.1016/j.jhazmat.2019.121445

127. L.Zhao, J.-P.Basly,M.Baudu,Macroporous alginate/ferrihydrite hybrid beads used to remove
anionic dye in batch and fixed-bed reactors. J. Taiwan Inst. Chem. Eng. Elsevier 74, 129–135
(2017). https://doi.org/10.1016/J.JTICE.2017.02.006

128. H. Zhao, X.K. Ouyang, L.Y. Yang, Adsorption of lead ions from aqueous solutions by porous
cellulose nanofiber–sodium alginate hydrogel beads. J. Mol. Liq.. Elsevier 324, 115122
(2021). https://doi.org/10.1016/J.MOLLIQ.2020.115122

129. H.-Y.Zhu,Y.-Q.Fu,R. Jiang, J.Yao,L.Xiao,G.-M.Zeng,Novelmagnetic chitosan/poly(vinyl
alcohol) hydrogel beads: Preparation, characterization and application for adsorption of dye
from aqueous solution. Bioresour. Technol. 105, 24–30 (2012). https://doi.org/10.1016/j.bio
rtech.2011.11.057

130. Y. Zhuang, F. Yu, H. Chen, J. Zheng, J. Ma, Junhong Chen, Alginate/graphene double-
network nanocomposite hydrogel beads with low-swelling, enhanced mechanical properties,
and enhanced adsorption capacity. J. Mater. Chem. A 4(28), 10885–10892 (2016). https://
doi.org/10.1039/C6TA02738E

https://doi.org/10.1016/j.carbpol.2020.116848
https://doi.org/10.1631/jzus.A1300029
https://doi.org/10.1016/j.molliq.2020.114523
https://doi.org/10.1016/j.molliq.2020.114523
https://doi.org/10.1016/j.molliq.2020.114523
https://doi.org/10.1016/J.CEJ.2011.09.064
https://doi.org/10.1016/j.reactfunctpolym.2019.104456
https://doi.org/10.1016/j.micromeso.2019.109716
https://doi.org/10.1039/c6ra11165c
https://doi.org/10.1016/j.ecoenv.2017.09.036
https://doi.org/10.1016/j.desal.2010.08.012
https://doi.org/10.1016/J.CEJ.2018.06.143
https://doi.org/10.1016/j.jhazmat.2019.121445
https://doi.org/10.1016/J.JTICE.2017.02.006
https://doi.org/10.1016/J.MOLLIQ.2020.115122
https://doi.org/10.1016/j.biortech.2011.11.057
https://doi.org/10.1039/C6TA02738E


88 D. Allouss et al.

131. X. Zou et al., Preparation and characterization of polyacrylamide/sodium alginate micro-
spheres and its adsorption of MB dye. Colloids Surf. A: Physicochem. Eng. Asp. Elsevier
B.V. 567, 184–192 (2018). https://doi.org/10.1016/j.colsurfa.2018.12.019

https://doi.org/10.1016/j.colsurfa.2018.12.019


Chapter 3
Flocculation of Waste Water Using
Architectural Copolymers: Recent
Advancement and Future Perspective

Subhadeep Chakraborty, Soumen Sardar, and Abhijit Bandyopadhyay

Abstract The main problem that the world is facing today is the scarcity of
natural resources, including freshwater, due to ramping environmental pollution. It is
primarily due to rapid industrialization posing a serious threat to the entire ecosystem.
Most of the industries discharge effluents to the nearby wetlands and water bodies.
As a result, the amount of usable water reduces drastically due to surface and ground
waters contamination. The discharged effluents contain various toxic impurities in
the form of metals, organic and inorganic particles, suspended solids, etc. If without
proper treatment, the water is used, serious health hazards can occur. It is, therefore,
necessary to treat the water before it is used for domestic and drinking purposes.
There are many stages of treating natural wastewater for removal of organic, inor-
ganic, and suspended loads. The primary process is to remove suspended inorganic
solids and for that flocculation is generally used as it is one of the most convenient
and cheapest unit operations. At the same time, it has also been found that polymeric
flocculants are more effective than conventional inorganic flocculants for settling
inorganic suspensions. It works both by charge neutralization and bridging mecha-
nisms to settle the flocs in a reasonably quick time. This chapter vividly described
the treatment of wastewater containing suspended inorganic solids with polysac-
charide grafted hyperbranched copolymers as flocculants. Hyperbranched polymers
have unique properties like higher solubility, higher hydrodynamic volume, more
functional ends hence higher zeta potential for charge neutralization and more inner
voids for bridging of flocs, which make them a better flocculant than conventional
linear polymers.Alongwith hyperbranchedpolymer-basednatural flocculants, future
scope for incorporating various nanoparticles into the polymeric network for further
improvement in flocculation efficiency, has also been discussed in this chapter.
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3.1 Introduction

The natural water bodies are getting increasingly polluted daily due to human
activity and industrialization, which leads to tremendous pollution to the environ-
ment [28]. Not only surfacewater but also groundwater are getting contaminatedwith
suspended particles, colloidal substances, and dissolved particles. Among the efflu-
ents discharged fromvarious industries, toxicmetal ions alongwith numerous organic
and inorganic substances share a considerable part [6, 23]. Thewater discharged from
mines contains negatively charged particles, whereas the effluents from ceramic,
paints, cosmetics, ink, etc. industries contain kaolin as the main suspended particles
[2]. Due to the smaller size, anisotropic shape, and strong repulsive forces among
the particles of kaolin, it forms a stable suspension in water and thus present in huge
amount in the sludge getting discharges from the industries as mentioned earlier
[62]. These particles get settled down due to the gravitational force, but it occurs
over a more extended period, and also, the efficiency is too low. The other conven-
tional methods of treating the effluents are sedimentation, filtration, micro-filtration,
ultrasonication, coagulation and flocculation [59]. Among these methods of treating
coagulation and flocculation aremost commonly in use [57]. Coagulation is achieved
by adding coagulants to the wastewater, which are mainly inorganic [7]. Floccula-
tion is somewhat similar to coagulants where the particles are agglomerated by the
addition of a foreign substance which causes agglomeration, and thus, the law of
gravitation is applied. This substance by which it is done is called flocculants [4].
Flocculants can be natural as well as synthetic in nature, and the synthetic variables
are made bio-degradable by incorporating a bio-polymer backbone onto them.More-
over, the commercial coagulants, e.g., poly-aluminium chloride (PAC), alum, etc.,
can cause a lot of sludge formation and hence making its disposal to the environment
a difficult task [17].

On the other hand, flocculation leads to the formation of a lesser amount of sludge,
thus making the process eco-friendlier. The inorganic metal ions (mostly the charged
ones) can cause various diseases in the body. Al present in PAC causes Alzheimer’s
disease [41].

The flocculation is achieved by the employment of flocculants which are synthetic
as well as natural. The synthetic flocculants are mainly polyacrylamide (PAM), poly
(diallyl dimethyl ammonium chloride) (PDADMAC)etc., which are found to be
effective in flocculating suspension having a negative surface charge on it. The floc-
culation occurs following a mechanism called charge neutralization [54]. But acry-
lamide monomer, when it remains unreacted, leads to carcinogenic diseases, and
on the other hand, PAM is found to have good flocculation efficiency [34, 39]. The
bio-degradable property can be introduced by introducing a natural polysaccharide
backbone into it [5]. This can be done by graft copolymerization, where a free radical
initiator is used either thermally or by using a source of radiation. It is due to the
grafting of the properties of both natural polysaccharide and its synthetic counterpart
hybridized, leading to a mixed property of both the moieties. The graft copolymers
can further be modified by nanoparticles to increase their efficiency in flocculation
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Fig. 3.1 Schematic representation of coagulation versus flocculation

[52]. This chapter elaborates the three types of flocculants, i.e., synthetic, natural, and
graft copolymers, which have been used for treating wastewater. Chemical coagu-
lants/flocculants, which are derived from chemical/petroleum-based compounds, are
often used in wastewater treatment. Natural bio-flocculants have been thoroughly
researched and sourced from natural resources in recent years.

Meanwhile, grafted flocculants have recently been studied and synthesized by
mixing chemical and natural flocculants properties [33, 49]. Its flocculating perfor-
mance, as well as the related flocculating mechanisms for wastewater treatment, are
also addressed and discussed. The difference between coagulation and flocculation
has been depicted in Fig. 3.1 [55].Apart from the natural resources nowadays, various
synthesized materials are also used for wastewater treatment like graphene oxide,
graphene/polymer composite [46], different types of conductive polymers [45], and
organic–inorganic hybrid [44].

3.2 Coagulation Versus Flocculation

We have compared the basic difference of coagulation and flocculation in a tabular
(Depicted in Table 3.1) form on the basis of the process of work, materials, and
application. Inorganic mineral additives/metal salts, which are used as coagulants,
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Table 3.1 Difference between coagulation and flocculation

Coagulation Flocculation

The process of coagulation is chemical in nature The process of flocculation is physical in
nature

Most of the coagulant is a salt of bivalent and
trivalent metal ions, which when added in
solvent, break down to release charges

The flocculants aremostly polymeric molecule
thatinduces the settling of particles and larger
floc formation occurs

Mixing is not required for the process of
coagulation

In this physical technique, mixing the
flocculating agent is a necessary step

In coagulation, the mechanism operating
mainly is charge neutralization

In flocculation, there are several operative
mechanisms- charge neutralization, polymer
bridging, and electrostatic patch mechanism

A higher dosage of coagulant is required due to
its low molecular weight

Due to the higher molecular weight of the
flocculants, small amount of polymer can
bring larger floc formation

Sludge formation is higher Minimal sludge formation

Non-biodegradable Synthetic variants are non-biodegradable, but
the modified biopolymers are bio-degradable

and organic polymeric compounds, which are used as flocculants, are the two main
classes of synthetic chemicals used in commercial wastewater treatment [19].

3.2.1 Inorganic Coagulants

Alum, poly (aluminum) chloride, ferric chloride, ferrous sulfate, calcium chloride,
and magnesium chloride are inorganic salts of multivalent metals that have been
commonly used as coagulants for decades. It is primarily due to its low-cost benefit,
as their selling price is far lower than chemical flocculants [20].

However, owing to a number of drawbacks, inorganic coagulants are still used in
a small number of wastewater applications. According to several reports, its appli-
cation would have two major environmental consequences: the development of vast
concentrations of metal hydroxide (toxic) sludge, which would be difficult to dispose
of, and a rise of metal (e.g., aluminum) content in the treated water, which may have
humanhealth effects.Other disadvantages include the need for a significant volumeof
material for effective flocculation, sensitivity to pH, inefficiency against microscopic
particles, inefficiency in cold water (e.g., polyaluminum chloride), and application
of just a few dispersed structures [22]. Many considerations have been considered in
order to identify an alternative to lower the dosage of toxic inorganic flocculants in
order to reduce the risks of inorganic flocculants [11] (Fig. 3.2).
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Fig. 3.2 Classification of flocculats

3.2.2 Synthetic Organic Flocculants

Many synthetic polymers have been used as key flocculants (coagulant aids) in recent
years to improve coagulation and flocculation performance, with positive results
published. The majority of commercial organic flocculants are linear water-soluble
polymersmade up of repeated units of differentmonomers, including acrylamide and
acrylic acid. They are derived from oil-based and non-renewable rawmaterials in the
majority of cases. Polyacrylamide, polyacrylic acid (PAAc), poly(diallyl dimethyl
ammonium chloride) (DADMAC), polyamine, and other polymeric flocculants are
often used [51].

The molecular weight, structure (linear versus branched), amount of charge,
charge content, and composition of synthetic polymers vary, but they are usually
divided into four types: cationic (positively charged), anionic (negatively charged),
amphoteric (contains both cationic and anionic groups), and non-ionic (close to
neutral).

Water soluble polymers are widely used as flocculants because of their distinct
characteristics. The polymers are simple to useand have little effect on the medium’s
pH [40].

They work well for small amounts (a few mg per liter), and the flocs that develop
during flocculation are larger and heavier. In certain cases, a suitable polyelectrolyte
can increase floc size, resulting in a solid, compact, regular-shaped floc with good
settling characteristics [16].

They work well for small amounts (a few mg per liter), and the flocs that develop
during flocculation are larger and heavier. In some instances, a suitable polyelec-
trolyte can increase floc size, resulting in a solid, compact, regular-shaped floc with
good settling characteristics [63].
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Fig. 3.3 Coagulation—flocculation

3.2.3 Steps Involving Flocculation

The process of coagulation-flocculation involves several steps, which are depicted
in Fig. 3.3.

• To the wastewater,a coagulant is added in the first step.
• Formation of hydrolyzedspecies occurs.
• The hydrolyzedspecies gets dispersed into the fluid.
• Vigorous agitation should be done to allow proper mixing of the hydrolyzed

species and promote contact between the particles presentwithin the fluid.
• After that, flocculantsare to be added and then filtration and disinfection [25].

3.2.4 Mechanism of Flocculation

The mechanism of flocculation is very important because from the mechanism how
the flocculants work to remove the hazardous materials from waste water. Figure 3.4
shows the entire mechanism of the flocculation process.

Floc formation occurs through the following steps taken sequentially:

• The flocculants get dispersed in the solution
• Flocculants diffusion towards the solid–liquid interface
• Adsorption of the flocculants onto the particulate surface
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Fig. 3.4 Addition of flocculants and mechanism of flocculation

• Collision with other particles by particles bearing adsorbed flocculants
• In order to form micro-flocs, adsorption of the flocculants to other particles
• Development by successive collision and adsorption of the microflocs to larger

and stronger flocs.

Several flocculation processes have been suggested to understand the desta-
bilization of colloids and suspensions by polymers, including polymer bridging,
polymer adsorption, and charge neutralization (including electrostatic patch effects),
depletion flocculation, displacement flocculation, and so on. Charge neutralization,
bridge forming, and electrostatic patch are the three primary processes of coagula-
tion/flocculation involved in the removal of dissolved and particulate pollutants that
are often mentioned. The adsorption of flocculants on particle surfaces is important
for these processes. The whole flocculation process is depicted in Fig. 3.5.

3.3 Charge Neutralization

Charge neutralization is commonly proposed as the primary process where the floc-
culants and the adsorption site have opposing charges. Since hydrophobic colloidal
particles in wastewater are often negatively charged, inorganic flocculants (metal
salts) and cationic polyelectrolytes are preferred in many situations. The develop-
ment of van derWaals force of attraction to encourage initial aggregation of colloidal
and fine suspended materials to form micro-flocculation could occur simply as a
result of the particles’ reduced surface charge (reduction of zeta potential) and hence
a decreased electrical repulsion force between colloidal particles, which causes the
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Fig. 3.5 Flocculation process through bio-polymers

formation of van der Waals force of attraction to encourage initial aggregation of
colloidal and fine suspended materials to form micro-flocculation. Many experi-
ments have discovered that optimum flocculation occurs at polyelectrolytes dosages
around those needed to neutralise particle charge or achieve a zeta potential near zero
(isoelectric point). Under the impact of VanderWaals influences, the particles appear
to agglomerate at this stage, destabilizing the colloidal suspension. However, if too
much polymer is used, a charge reversal will occur, causing the particles to become
scattered again, but this time with a positive charge rather than a negative charge.
Charge neutralization flocs are often poorly packaged and brittle, and they settle
slowly. To cement the micro-flocs together for quick sedimentation and high-water
recovery, another high molecular weight polymer with a bridging effect is needed.

3.4 Polymer Bridging

Polymer bridging happens when long-chain polymers with a high molecular weight
(up to several million) and low charge density are adsorbed on particles in such a
manner that long loops and tails expand or spreadwell past the electrical double layer
into solution. This allows these ‘dangling’ polymer segments to bind and interactwith
other particles, resulting in ‘bridging’ between particles.
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Fig. 3.6 Mechanism of flocculation

The length of the polymer chains must be adequate to stretch from one particle
surface to another for successful bridging to occur. As a result, a polymer with
longer chains (high molecular weight) should outperform one with shorter chains
(low molecular weight). Furthermore, there must be enough unoccupied surface on
a particle to attach polymer chain segments adsorbed on other particles. As a result,
the amount of polymer used should not be unnecessary (the amount of polymer
absorbed should not be excessive). Otherwise, the particle surfaces will be overly
saturated with polymer, leaving no sites for other particles to ‘bridge’ with. Here,
the re-establishment of particles occurs.

As a result, only a small amount of adsorbed polymer is required, and excess
amounts will cause re-stabilization. Naturally, the adsorbed sum should not be too
low; otherwise, insufficient bridging contacts can be created.

As a result of these factors, an optimal dose for bridging flocculation has been
proposed. Polymer bridging has long been known to producemuch larger and thicker
aggregates (flocs) than other methods. Furthermore, at high shear speeds, bridging
contacts are more resistant to breakage. This has been depicted in Fig. 3.6 [26].

3.5 Electrostatic Patch

The bridging potential is limited as high charge density polyelectrolytes with low
molecular weight adsorb on negative surfaceswith a relatively low density of charged
areas. Another process known as the “electrostatic patch” mechanism emerges.
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The basic concept is that when a strongly charged cationic polymer adsorbs on a
weakly charged negative surface to provide total neutrality, each surface charged site
cannot be physically neutralized by a cationic polymer segment. Between regions
of uncoated negatively charged surfaces cationic ‘patches’ or ‘islands’ shape. As
particles approach close together, there is an electrostatic attraction between positive
patches and negative regions, resulting in particle association and hence flocculation.

These flocs are not as solid as those formed by bridging, but they are stronger
than those formed in the presence of metal salts or by basic charge neutralization.
For electrostatic patch flocculation to work, polyelectrolytes must have a high charge
density. Bridgingflocculation becomesmore possible as the charge density is reduced
[64].

3.6 Mechanism Followed by Natural Bio-Flocculants

Chitosan’s properties, such as its cationic activity (reactive amino and hydroxyl
groups) andhighmolecularweight, can beused for charge neutralization andbridging
process flocculation. The anionic dye was electrostatically attracted by protonated
amine groups from chitosan, leading to neutralization of the anionic charges of dyes.
Then the flocculation was further improved by the bridging process, which binds the
agglomerates together and settles, in a study that studied coagulation and flocculation
of dye-containing solutions using chitosan. Depending on the type of the colloids,
chitosan characteristics such as molecular weight and degree of deacetylation, the
pH of the suspension, and the experimental conditions, chitosan activity includes
two factors: hydrophobic associations and the probability of chain attachment by
hydrogen bridges (i.e., concentrations) [5].

Without the aid of a cationic coagulant/flocculants, anionic bio-flocculants (cellu-
lose, tannin, and sodium alginate) are unable to flocculate anionic pollutants from
wastewater.As a result, charge neutralization of negatively charged impurities
requires the addition of inorganic metal salts (e.g., aluminum and ferric salts) or
a cationic polymer (e.g., chitosan) before the addition of bio-flocculants. Anionic
cellulose or tannin with negatively charged atoms after charge neutralization the
polymer molecules’ charged backbone allowed them to be extended into solution
and create loops and tails to aid in floc bridging [42, 52].

3.7 Mechanism Followed by Grafted Polymeric Flocculants

Charge neutralization and polymer bridging combine to form the flocculation process
for grafted flocculants used in wastewater treatment. At the start of the flocculation
phase, charge neutralization predominates, resulting in a large number of insol-
uble complexes generated quickly. The insoluble complexes then aggregate and
form larger net-like flocs due to the bridging effect of the flexible polymeric graft
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Fig. 3.7 Mechanism of flocculation through bio-materials

chains. Finally, compacted flocs are formed and quickly settled down [47]. Bridging
is the most common flocculation pathway, according to other studies. Figure 3.7
demonstrates the flocculation mechanism through bio-polymer.

The polymer bridging process is primarily responsible for graft copolymers’
superior flocculation characteristics over linear polymers. Polymer chain segments
adsorbed onto the surfaces of various particles, forming bridges between neighboring
particles and eventually linking all of the particles together. The polymer bridging
process is primarily responsible for graft copolymers’ superior flocculation charac-
teristics over linear polymers. Polymer chain segments adsorbed onto the surfaces
of various particles, forming bridges between neighboring particles and eventually
linking all of the particles together. Since the polymer chains of grafted flocculants
are longer, and the gyration radius is greater, the adsorbed polymer molecules appear
to follow a more expanded structure when dealing with several particles [3, 37].

3.8 Factors Affecting Flocculation

3.8.1 Molecular Weight of Polymers and Charge Density

As a result of the sequence of incorporating these polymers, each polymer molecule
has a propensity to adsorb on a single particle with its lowmolecular weight, reducing
the degree of flocculation. Higher molecular weight polymeric materials can have a
greater amount of adsorption to formflocs. For highmolecular weight polymers, both
the settling rate and the optimal dosage improved. For handling coal washery efflu-
ents, extremely high molecular weight anionic flocculants are increasingly crucial
for achieving faster sedimentation speeds. Polymers with a lower molecular weight,
on the other hand, are sufficient for filtration [31].
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3.8.2 Flocculants Dosage and Condition of Mixing

The level of flocculation is influenced by the dosing and mixing sequences. There
are no further changes in flocculation of any device above a certain maximal dose
of polymers, and adding flocculants reduces competence. At low stirring speeds,
the size and settling rate of flocs can be easily controlled after polymer inclusion,
at higher speeds, with no subsequent decline at high concentrations, the level of
flocculation is reduced, and particles are fully encased by absorbed polymer layers.
Hydrodynamic conditions induced by mechanical agitation play a critical role in the
flocculation phenomenon [58].

3.8.3 Shear Effect on Flocs

The flocs, which are either produced by bridging flocculation or natural coagulation,
are concentrated for breaking with intense shaking. Excess polymer agitation causes
formulated flocs to degrade faster than flocs formed with the optimal ratio of poly-
mers. The effective formation of flocs is impossible due to the repulsion of excess
adsorbed polymer, so the optimum polymeric dose only grips for a precise agitation
degree.

3.8.4 Ionic Strength of the Solution

The configuration of polyelectrolyte is greatly influenced by the ionic strength of
every solution, which has an effect on the flocculation phenomenon. The ionic
concentration of a solution containing polyelectrolyte reduces as the viscosity of the
solution increases due to reciprocal charge repulsion.Increased ionic strength shields
the charged areas, allowing polymers to fold and implying a smaller hydrodynamic
length, as shown by a decrease in solution viscosity. Ionic strength in solution reduces
in a device with high solids for flocculation with a polymer with a higher molecular
weight, and bridging is increased by increasing the effective particle radius [38].

3.8.5 Effect of pH

Solvated metal ions can influence the flocculation of inorganic flocculants via
Schulze-Hardy effects and double-layer compression in the effective class. These
organisms become charged as the pH value rises and their mode of action differs.
The presence of an ionizable basic or acidic group influences protonation by pH
modifications, which in turn affects colloidal particle surface charge [9].
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3.8.6 Effect of Particle Size

On the one hand, a brawny relationship occurs between polymer molecular weight
and particle size aggregation through the bridging mechanism to form flocs; on the
other hand, forces occur to split the flocs, i.e., instability. The charge neutraliza-
tion potential of a particle’s surface is improved by increasing its surface area with
polymeric flocculants [60].

3.8.7 Effect of Temperature

Temperature fluctuations help with flocculation, but this isn’t always the case. With
increasing temperature, the rate of particle collision and diffusion increased. On the
other hand, adsorption is an exothermic process that has an adverse effect at higher
temperatures. The temperature of polymeric chains varies as they extend linearly.
Predicting the temperature effect of any device is therefore incredibly difficult [10].

3.9 Flocculation Modeling

The mathematical description of flocculation, or the method of aggregating desta-
bilized suspended objects, has traditionally been focused on thinking of the process
as two distinct steps: transport and connection. Local fluctuations in fluid/particle
velocities resulting from (a) spontaneous thermal Brownian motion of the particles
(perikinetic flocculation), (b) forced velocity gradients from mixing (orthokinetic
flocculation), and (c) discrepancies in the settling velocities of individual particles
contribute to the collision of two particles. The two precepts can be mathematically
interpreted as a probability of effective collision between particles of sizes i and j:
The rate of flocculation is simplified in (3.1).

Rate of flocculation = α β (i, j) nin j (3.1)

α is the collision efficiency, β (i, j) is the collision frequency between the two
particles of size i and j. ni, nj are the concentration of the particles for particles of
size i and j, respectively.

The number of collisions is determined by the mode of flocculation, such as
perikinetic, orthokinetic, or differential sedimentation. The collision efficiency α

(with values ranging from 0 to 1) is a feature of particle destabilization: the higher
the degree of destabilization, the higher the value of α.Thus, in effect, β is a measure
of the transportefficiency leading to collisions, represents the percentage of those
collisions leading to attachment [53].
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3.10 Kinetics of Aggregation of Particles

The flocculation, deflocculation, and re-flocculation processes follow the kinetics of
Smoluchowski’s classical model which is based on the existence of two processes
that are simultaneously working: the aggregation of particles which follows second
order kinetics and the breakage of the aggregate that follows first-order kinetics.
Equation 3.2 demonstrated the flocculation kinetics.

d(Nt/N0)

dt
= −N0k1(Nt/N0)

2 + k2(Nt/N0) (3.2)

whereN0 is the number concentration of the particles present in the effluent at time t0,
Nt is the number concentration at time t, k1 andk2 are kinetic constants for aggregation
of particles andkineticconstants for the aggregate breakage, respectively. Thekinetics
of aggregation of particlesand aggregate breakage at different initial concentrations
can be studied effectively using the above equation. The equilibrium situation can
be explained using the relationship of both types of kinetics [57, 24].

3.11 Collision Frequency of Particles

It was well established that the process of flocculation follows bimolecular kinetics.
The flocculation kinetics model gives the equation (3.3):

√
N0

Nt
= 1+ 1

2
kN0t (3.3)

where N0 is the initial number of particles present in the effluent, Nt is the number
concentration of theseparticles at time t, and k is the rate constant for collisions
betweenthe singlets. Aplot of (N0/Nt)1/2 versus t provides a straight line withan
intercept 1 for a bimolecular process, and the rate constant (k)can be obtained from
the slope of the curve [8, 12].

3.12 Literature Survey

Till now, several works have been done on flocculation by graft copolymers or other
modified versions of the natural polysaccharides. Here a list of such works has been
provided to give a better insight into the matter.

Afolabi et al. [1] studied the functional properties and flocculation efficiency of
Albizia Saman (AS) and Albizia glaberrima (AG) gum which was modified through
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graft copolymerization with acrylamide. The grafting efficiency of AS and AG was
54 and 58%, respectively. The cold-water solubility of AS and AG were increased
from 38.23 and 35.55% to 39.75 and 40.55%, respectively. The oil binding and
emulsion capacity of AS and AG were decreased from 4.89 and 3.44% to 3.69 and
2.40%, respectively. The flocculation efficiency gets increases from 74% to above
98% for both these polymers after graft copolymerization.

Klein et al. [21] synthesised copolymer of cashew gum with poly(acrylamide)
(PAM) using radiation mediated graft copolymerization using potassium persulfate
as initiator in aqueous medium. Fourier-transform infrared spectroscopy, nuclear
magnetic resonance spectroscopy, and thermogravimetric analysis were used to
classify the graft copolymers. The graft copolymers (CG-g-PAM) were tested for
their efficacy in flocculating a kaolin suspension.. According to the results, the graft
copolymers synthesized with ultrasound energy had greater flocculation properties
than those synthesized with microwave energy. Inoculation with the basidiomycete
Trametesvillosa in liquid mediumwas used to assess the biodegradability of the graft
copolymers.

Mate et al. [29] synthesized Jhingan-gum grafted acrylamide copolymer by
microwave-assisted graft copolymerization technique using potassium persulphate
as initiator. Analytical methods were used to validate the synthesized substance, and
intrinsic viscosity and grafting percentage were used to determine the best-grafted
grade (Jh-g-PAM 3). The efficiency of flocculation under various pH (2–10) and
temperature (10–55 °C) conditions revealed that neutral pH and room temperature
(25 °C) were optimal for flocculation. Furthermore, as pH was improved, the magni-
tude of the zeta potential increased from 2.65 to 17.17 mV. However, the particle size
declined from 2041 to 1092 dnm, indicating that the kaolin suspension was stable
under acidic conditions. The grafted material was found to be capable of removing
Cr, Fe, and Pb from 0.004 mg/L to below detection limit (0.003 mg/L), 0.65 mg/L
to 0.011 mg/L, and 0.015 mg/L to below detection limit (0.011 mg/L), respectively,
in a river sample. With a half-life of 28 days, the grafted material was observed to
degrade entirely in 180 days.

Mittal et al. [30] synthesized an environmentally friendly gum ghatti-crosslinked-
polyacrylamide (Gg-cl-PAM) from gum ghatti (Gg) and acrylamide (AM) using a
microwave-assisted grafting technique and tested it for use inwater purification appli-
cations as an adsorbent andflocculent. SEM,FTIR, andTGAwere used to classify the
Gg-cl-PAM, which showed pH-sensitive swelling activity, with the highest swelling
observed in neutral pH solution. The flocculation properties of Gg-cl-PAAM in clay
solutions were investigated as a function of pH, temperature, and polymer mass
filling, with the best results obtained at neutral pH and 40 °C. The adsorption capac-
ities of Gg-cl-PAAM for the removal of various dyes such as brilliant green (BG),
rhodamine B (RhB), congo red (CR), and methyl orange (MO) were investigated,
and it was discovered that all dyes adopted the Langmuir isotherm model, with qm
values of 523.62 mg g–1 for BG, 421.60 mg g–1 for RhB, 179.09 mg.

Sharma et al. [50] done free radical polymerization in an inert environment using
ammonium persulfate (APS) as an initiator and Tetra (ethylene glycol) diacrylate
(TEGDA) as a crosslinking agent. Polyitaconic acid (PIA) was grafted onto natural
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polysaccharides xanthan gum. Structure was characterized using scanning electron
microscopy and Fourier transform infrared spectroscopy (FTIR). The effects of APS,
TEGDA, neutralizing degree, kaolinite content, and xanthan gum were studied. The
findings show that PIA successfully grafted onto xanthan gum and developed a 3D
structure. Theweight ratio ofXanthan gum to kaolin, swelling ability, and gel content
all increased as the study progressed.

Sand et al. [43] synthesized graft copolymer of sodium alginate and poly-
acrylamide using a free radical polymerization technique using a potassium
bromate/thiourea redox system in an inert atmosphere. Variation of reaction variables
such as acrylamide concentration (3.0102–9.3102 mol dm−3), potassium bromates
(8 × 10–3–16 × 10–3 mol dm−3), thiourea (1.6 × 10–3–4.8 × 10–3 mol dm−3),
sulphuric acid (3.0 × 10–3–7 × 10–3 mol dm−3), alginate (0.6–1.6 g dm−3), period
length (60–180 min), and (30–500 C). In comparison to the parent polymer, water
swelling potential, metal ion sorption, flocculation, and resistance to biodegrad-
ability studies of synthesized graft copolymer were conducted. FTIR spectroscopy
and thermogravimetric processing were used to classify the grafted polymers. The
flocculation efficacy of the grafted copolymerwas found to bemuch higher compared
to its un-grafted analog.

Nandi et al. [32] synthesized polyacrylamide-grafted-tamarind seed gum (PAM-
g-TSG) using free radical method assisted with microwave where cerric (IV) ammo-
nium nitrate (CAN) was used as free radical initiator. On grafting, the effects of
monomer, CAN, and microwave irradiation time (MIT) were investigated. Several
grafting metrics were measured, including percent grafting (percent G), percent
grafting quality (percent GE), and percent conversion (percent Cn). MIT may signif-
icant contributions to the synthesis. The batch with 10 g acrylamide, 400 mg CAN,
and 1minMIT had the highest percent grafting (890.3%). Elemental research, FTIR,
solid-state 13C NMR, DSC, TGA, XRD, viscosity, SEM, acute oral toxicity, and
biodegradability studies were used to classify the grafted TSG. The study showed
that PAAm-g-TSG is nontoxic and biodegradable. Finally, the grafted gum’s floc-
culating capacity was tested in a paracetamol suspension. The flocculation anal-
ysis shows that all batches of graft copolymer have the strong flocculating ability
in paracetamol suspension, with capability increasing as concentration and grafting
increase. Among others, the batch (highest percent G= 890.3) has the highest degree
of flocculation (=5.14 ± 0.26).

Giri et al. [13] synthesized grafted copolymer using kappa-carregeenan and poly-
acrylamide by microwave-assisted free radical polymerization using ammonium
persulfate (APS) as initiator. The effect of reaction variables such as APS, AAm,
and KC concentrations, time length, and microwave power was investigated. To
classify the graft copolymer, researchers used FT-IR,X-ray diffraction (XRD), differ-
ential scanning calorimetry (DSC), and scanning electron microscopy (SEM). The
graft copolymer’s actions are mildly vulnerable to external pH, and the swelling has
adjustable on/off flipping characteristics. The graft copolymer’s flocculation efficacy
in coal suspension was investigated in order to see whether it could be used as a floc-
culent. The graft copolymer’s acute oral toxicity report was analyzed according to
OECD guidance. During the 14-day trial, mice given the graft copolymer showed no
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abnormal activity. During the 14 days following therapy with the graft copolymer,
no deaths were observed.

Wu et al. [56] and group employed microwave aided initiation to copolymerize
AM, DAC, and chitosan (CS) into a novel form of graft modified flocculant (CS-g-
PAD), which was employed for sludge conditioning and dewatering. The influence
of reaction conditions on microwave-aided copolymerization was examined, and
orthogonal experiments were used to determine their ideal values. Microwave aided
polymerization can induce the produced side polymer chain of PAD to react with
the –NH2 active group in CS, according to the structure and chemical character-
istics of CS-g-PAD. As a result, graft copolymerization took place at the amino
group linked to the C2 site. In a wide pH range (pH = 3.5–9.5), the synthesized
CS-g-PAD outperforms CCPAM, PAD, and CS in sludge dewatering (FCMC: 72.1
percent, SRF: 4.5 1012 m/kg, d50: 679.556 m, Df: 1.72, floc sedimentation rate:
5.72 cm/min).Furthermore, the PAD grafted on CS has a good extension in solution,
which increases its adsorption bridging action. The novel grafted CS-g-PAD shows
promise and has a wide range of applications in sludge dewatering and conditioning.

Jain et al. [18] discussed the possibility of a polyacrylamide-grafted-polyethylene
glycol/SiO2 nanocomposite as a viable addition for drilling difficult shale deposits
that might cause significant wellbore instability in this study. FTIR, Field emission
scanning electron microscopy (FESEM), Energy dispersive spectroscopy (EDX),
Atomic force microscopy (AFM), and thermogravimetric analyses were used to
describe the nanocomposite, which was made using the free radical polymeriza-
tion process (TGA).It was then used in the development of a water-based drilling
mud system. Its impact on the designed mud system’s rheological properties and
filtration control features was carefully investigated. In addition, hot rolling shale
dispersion tests and immersion experiments were used to study its shale inhibi-
tion properties. Core flooding experiments were also performed to investigate the
formation damage produced by the newly created drilling fluid system. The results
of the experiments demonstrated that the synthesized nanocomposite had a better
shale inhibition property. The nanocomposite worked in tandem with the other addi-
tives in the created system to provide good rheological and filtration capabilities.
It also outperformed the partly hydrolyzed polyacrylamide (PHPA) polymer in the
designed drilling mud system in terms of formation damage, shale recovery, and
thermal stability. As a result, this nanocomposite might be employed as a drilling
fluid addition in a water-based shale drilling fluid system.

He et al. [15] was devised and manufactured a novel type of flocculant, a ternary
copolymer comprising lignosulfonate, acrylamide, and chitosan. FTIR and XRD
elemental analysis and structural characterization revealed that acrylamide effec-
tively grafted onto the twonatural polymers, resulting in amorphousmacromolecules.
The natural polymer-based flocculant was pH-independent and water-soluble. The
amphoteric flocculant demonstrated strong color removal efficacy to anionic (Acid
blue 113, > 95 percent), neutral (Reactive black 5, > 95 percent), and cationic dyes
(Methyl orange, > 50 percent) across awide range of flocculant dose and pHwindows
because it possessed several functional groups from the rawmaterials. From the cost,
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source, and performance standpoint, the ternary flocculant based on lignosulfonate,
chitosan, and acrylamide might be a promising material in practical applications.

3.13 Selection of Flocculants

The challenge of achieving the optimal clarity or purification will be much simpler if
you understand the treatment procedures, such as coagulation-flocculation and direct
flocculation, aswell as the various formsof flocculants. Theflocculants that have been
used for the treatment of various forms of wastewaters, based on literature research.
The first step in everywastewater treatment is to analyze the properties of thewastew-
ater, which will decide the treatment procedure to be used. Coagulation-flocculation
is often used to treat all wastewater with suspended and dissolved constituents, while
direct flocculation is only used to treat organic-based effluents of suspended solids.
The next step is to decide which flocculants will be used. Cationic coagulants or floc-
culants are always chosen since the surface charge in colloidal suspensions is almost
always negative. Cationic coagulants are often combined with non ionic or anionic
flocculants in the coagulation-flocculation process. There are several different floc-
culants on the market, each with a different molecular weight and charge density.
Highmolecular weight flocculants are typically preferred because they are associated
with a better bridging mechanism than other flocculation mechanisms [14].

3.14 Role of Architectural Polymers in Flocculation

The polymeric flocculants were found to have greater flocculating efficiency than
that of the coagulants or the commercial flocculants available. Synthetic polymers,
on the other hand, have adverse effect on health and the environment. They are non-
biodegradable and cause serious health issues for which ETP has not been given
the standard for oral toxicity. The natural polysaccharides are biodegradable, but
they are much less efficient. The scientists came up with the solution by combining
the properties of the natural polysaccharides and the synthetic polymers by graft
copolymerization. The graft copolymers contain both properties.

Moreover, due to the increase in porosity, radius of gyration, hydrophilicity, solu-
bility of the graft copolymers increases. As a result, more and more amount of
particles get trapped into the cavity and undergo agglomeration and hence floccula-
tion. With increasing factories and health issues, the amount of sludge needed to be
deceased to nullify pollution. Architectural polymers, in this regard, play a crucial
role. Hyperbranched polymers are architectural polymers that possess high chain-
end functionality. They also have high solubility and low viscosity, for which they
possess larger hydrodynamic volume. More number of particles get entrapped into
the polymer causing greater flocculation due to greater chain-end functionality [27].
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3.15 Graft Copolymer Nanocomposite as Flocculants

Graft copolymer nanocomposites are generally used as flocculants. Natural polymers
like potato starchwere mostly used to synthesize the nanocomposite on the basis of
the application in the flocculation system. Copolymerization enables materials to be
created that combine the desired properties of several compounds in a single polymer
chain. Copolymerization is a very effective method for the flocculation system. In
2020, Schmidt et al. [48] described the synthesis of graft copolymer between starch
and carbon nanotubes for the potential application in flocculation efficiency. They
synthesize the material via radical polymerization in an aqueous environment. In the
standard jar test, the products were evaluated for their flocculation efficiency in a
model aqueous kaolin suspension. For the removal of suspended solids from mine
water and pH regulation, a variety of techniques involving inorganic coagulants are
frequently used. However, issues such as the large amount of coagulants required,
excessive sludge accumulation, aggregate instability and breakage, and the need for
water conditioning have prompted research into alternative flocculants or coagulants.
Gum karaya (GK) is an anionic polysaccharide derived from trees such as Sterculia
urens, Sterculia villosa, and Sterculia setigera, which grow in India andNorth Africa,
respectively. D-galacturonic acid, D-galactose, L-rhamnose, and Dglucuronic acid
make up this strongly branched complexwith polysaccharides. Considering the struc-
tural richness of gum polysaccharides uses in potential in water treatment applica-
tions. Hybrid inorganic–organic nanocomposites, which are made up of inorganic
nanoparticles and functional polymers, are a new and unusual material type. Water
is the most basic need for the survival of our society. One of the most significant
conditions for a healthy public health environment is the availability of pure water.
For the treatment of textile industry wastewater, various strategies such as reverse
osmosis, activated carbon adsorption, and photocatalytic dye degradation have been
suggested. The separation of dyes fromwastewater can also be accomplished by effi-
cient adsorption of dye molecules into adsorbents. Bio sorbents for dye removal have
received a lot of coverage in recent years. Modified polysaccharides, especially poly-
acrylamide grafted polysaccharides and poly (acrylic acid) grafted polysaccharides,
arewidely used as flocculants and drag-reducing agents inwastewater treatment [35].
They are effective flocculants at low doses, managed biodegradable, shear resistant,
low-cost, and environmentally safe. Graft copolymers made from polysaccharides
are also used as adsorbents. In comparison to the individual components, the strong
synergistic effect between inorganic nanofiller and modified polysaccharide matrix
produces hybrid composite materials with impressive improvements in mechanical,
thermal, and surface properties. Hybrid nanocomposite materials have been widely
used for the treatment and remediation of toxic wastewater in recent years due to their
intriguing properties.However, they have certain drawbacks, such as a limited surface
region, a small hydrodynamic radius, and complex diffusion processes. These disad-
vantages limit their use as effective adsorbents. The direct discharge of industrial
wastewater into bodies of water without proper treatment contaminates them with
radioactive elements that are highly detrimental to marine life and human health.
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Flocculation, precipitation, evaporation, and adsorption are some of the wastew-
ater disposal processes. Flocculation is a cost-effective and reliable method for
purifying and recycling manufacturing effluents. The addition of nanoscale filler
to a graft copolymer-based matrix will increase surface area and hydrodynamic
radius, making it ideal for use as a good adsorbent [36]. Microwave irradiation-based
grafting has reformed the area of sustainable green chemistry by reducing the use of
non-renewable materials and organic solvents while also reducing the formation of
radioactive by-products. As a result, this method is both cost-effective and energy-
efficient. Electromagnetic irradiation selectively excites the polar bonds of polysac-
charides rather than the non-polar bonds, resulting in polar bond cleavage/breakage.
In contrast to traditional chemical grafting techniques, this will produce free radical
sites for grafting on the polysaccharide backbone without rupturing the polysac-
charide C–C backbone, increasing product selectivity. On the other way cationic
polyacrylamide (CPAAm) derivatives have been extensively used in papermaking
as preservation and drainage aids, likewastewater and suspension flocculants, water
clarification flotation aids, and soil improvers [61]. Biopolymers are distinguished
from synthetic polymers by the inclusion of higher-order structures and, in certain
cases (as in the case of lignin), the absence of an identifiable repeating unit, as well
as a lower polydispersity or even mono-dispersity. Graft copolymers as flocculants
have a number of drawbacks, including a low hydrodynamic length, a small radius
of gyration, poor thermal stability, and a small surface area. However, there are ways
to get around these drawbacks, such as adding nanoscale inorganic fillers on the
surface of the polymer matrix, which improves its gyration radius, thermal stability,
and surface. In the presence of certain inorganic fillers, such as silica, bentonite, and
calcium carbonate, they have been used for papermaking due to their outstanding
flocculating properties and special rheological features in aqueous media. CPAAms
are primarily responsible for large-scale flocculation in these processes, with charged
fillers serving as junctions. Monodisperse silica nanoparticles have been widely used
as possible surface modifiers because of their uniform scale, shape, structure, and
high specific surface region. Furthermore, polysaccharide hydrogen bonding units
can serve as nucleating centers for silica generation and thus as an effective template
for the growth of nanoscale silica particles. Biopolymers, especially polysaccharides,
have piqued the scientific community’s interest because of their supply, biodegrad-
ability, and high capacity to absorb contaminants fromwater. Yoon et al. [61] focused
on the effects of the acryl-grafted silica nanoparticles (ASNP) concentration on the
flocculation and retention characteristics in papermaking applications. Flocculants
are widely used in water and wastewater purification processes to speed up the
agglomeration of colloidal particles and the dropping of floc sediments in the water
supply, as well as to improve contamination removal quality. Since inorganic floccu-
lants are vulnerable to pH changes, they produce a lot of sludge in the atmosphere.
Metal ions from such sludge are a major concern in groundwater [27]. Humans,
poultry, and marine species are also highly poisonous to most synthetic flocculants.
One example is the carcinogenic effect of acrylamide monomer, which can contami-
nate the polymer in trace quantities. Limited quantities of polymers can end up in the
atmosphere afterwater treatment infinely divided formor as a diluted solution, posing



3 Flocculation of Waste Water Using Architectural Copolymers … 109

an additional challenge. Natural polymer-based flocculants are usually efficient in
large concentrations and shear stable. They can also be easily adjusted to improve
flocculation performance. According to studies in the literature, the combination of
natural and water-soluble synthetic polymer properties allows for the creation of new
highly successful flocculants.

3.16 Conclusion

The scope for traditional flocculants, bio flocculants, and grafted flocculants to be
used in wastewater treatment has been thoroughly investigated. They also showed
remarkable results in reducing or eliminating environmental parameters such as TSS,
turbidity, COD, and color, with some studies achieving more than 90% removal.
While flocculants have been developed and successfully used in the laboratory to
remove contaminants from wastewater, there is still a need to enhance their effi-
ciency in the removal of suspended and dissolved impurities, heavy metals, and
color or dye molecules, inorganic or organic pollutants to comply with environ-
mental regulations before the wastewater is discharged into the atmosphere. Given
the industrial reliance on cost-effective flocculation technology for wastewater treat-
ment, further potential research into the best flocculants capable of producing very
promising results in pollutants removal even at broader pH and other contaminants
in wastewater is needed.

Because of the extremely complicated nature of the flocculation process and the
wide range of polyelectrolytes required, there are still few flocculation optimiza-
tion practices in the industry for chemical flocculants. Selecting or regulating the
molecular weight and charge density ranges of the polymer is one way to improve
the flocculation process. Flocculation pathways vary depending onmolecular weight
and charge density (neutralization or bridging). In order to produce a better choice of
flocculants for particular industrial applications, future research should look at how
molecular weight and charge density distribution influence flocculation efficiency.
Increasing the effectiveness and lowering the cost of chemicals may be achieved by
optimizing these variables.

Furthermore, only a small amount of work has been done on a large scale, with
most research focused on laboratory studies. Because of the sophistication of coagu-
lation and flocculation processes, a polymer cannot be chosen for a specific applica-
tion without extensive research. This testing is divided into two stages: (i) laboratory
experiments to determine the form of flocculants and, more specifically, the optimal
ionicity, and (ii) industrial trials or practices to validate the flocculants selection as
well as the volume and molecular weight. As a result, the applicability and efficacy
of most bio-flocculants for wastewater treatment have yet to be determined. More
research into the efficacy of natural flocculants is also expected. Last but not least, an
effective flocculation procedure requires the use of high-efficiency flocculants that
can nearly eliminate or reduce all pollutants in wastewater.Environmentally friendly
flocculants that can be manufactured using an easy and cost-effective process and
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show high removal efficiencies and significantly denser flocs are seen as a promising
commodity in real-world applications from a performance and cost standpoint.

References

1. T.A. Afolabi, D.G. Adekanmi, Characterization of native and graft copolymerized albizia gums
and their application as a flocculant. J. Polym. 2017, 1–8 (2017). https://doi.org/10.1155/2017/
3125385

2. M.A.Barakat, New trends in removing heavymetals from industrial wastewater. Arab. J. Chem.
4, 361–377 (2011). https://doi.org/10.1016/j.arabjc.2010.07.019

3. D.R. Biswal, R.P. Singh, Characterisation of carboxymethyl cellulose and polyacrylamide
graft copolymer. Carbohydr. Polym. 57, 379–387 (2004). https://doi.org/10.1016/j.carbpol.
2004.04.020

4. J. Bratby, Coagulation and flocculation: with an emphasis on water and wastewater treatment
(1980). https://doi.org/10.1016/0300-9467(81)80062-7

5. W. Brostow, H.E. Hagg Lobland, S. Pal, R.P. Singh, polymeric flocculants for wastewater and
industrial effluent treatment. J. Mater. Educ. Pal Singh J. Mater. Educ. 31, 3–4 (2009)

6. A. Carocci, A. Catalano, G. Lauria,M.S. Sinicropi, G. Genchi, Brief history of the development
of the transfusion service. HowRecruit Volunt Donors ThirdWorld? 238, 22–28 (2015). https://
doi.org/10.1007/398

7. H.W. Ching, T.S. Tanaka,M. Elimelech, Dynamics of coagulation of kaolin particles with ferric
chloride. Water Res. 28, 559–569 (1994). https://doi.org/10.1016/0043-1354(94)90007-8

8. K.K. Das, P. Somasundaran, A kinetic investigation of the flocculation of alumina with poly-
acrylic acid. J. Colloid Interface Sci. 271, 102–109 (2004). https://doi.org/10.1016/j.jcis.2003.
11.010

9. X. Feng, J. Wan, J. Deng, W. Qin, N. Zhao, X. Luo, M. He, X. Chen, Preparation of acrylamide
and carboxymethyl cellulose graft copolymers and the effect of molecular weight on the floc-
culation properties in simulated dyeing wastewater under different pH conditions. Int. J. Biol.
Macromol. (2020). https://doi.org/10.1016/j.ijbiomac.2019.11.081

10. C.S.B. Fitzpatrick, E. Fradin, J. Gregory, Temperature effects on flocculation, using different
coagulants. Water Sci. Technol. 50, 171–175 (2004). https://doi.org/10.2166/wst.2004.0710

11. K. Ghebremichael, J. Abaliwano, G. Amy, Combined natural organic and synthetic inorganic
coagulants for surface water treatment. J. Water Supply Res. Technol. - AQUA 58, 267–276
(2009). https://doi.org/10.2166/aqua.2009.060

12. S. Ghorai, A. Sarkar, A.B. Panda, S. Pal, Evaluation of the flocculation characteristics of
polyacrylamide grafted xanthan gum/silica hybrid nanocomposite. Ind. Eng. Chem. Res. 52,
9731–9740 (2013). https://doi.org/10.1021/ie400550m

13. T.K. Giri, M. Pradhan, D.K. Tripathi, Synthesis of graft copolymer of kappa-carrageenan using
microwave energy and studies of swelling capacity, flocculation properties, and preliminary
acute toxicity. Turkish J. Chem. 40, 283–295 (2016). https://doi.org/10.3906/kim-1503-16

14. A.S. Greville, How to select a chemical coagulant and flocculant. Albert Water Wastewater
Oper Assoc 24 (1997)

15. K. He, T. Lou, X. Wang, W. Zhao, Preparation of lignosulfonate-acrylamide-chitosan ternary
graft copolymer and its flocculation performance. Int. J.Biol.Macromol.81, 1053–1058 (2015).
https://doi.org/10.1016/j.ijbiomac.2015.09.054

16. Y.C. Ho, I. Norli, A.F.M. Alkarkhi, N. Morad, Characterization of biopolymeric flocculant
(pectin) and organic synthetic flocculant (PAM): A comparative study on treatment and opti-
mization in kaolin suspension. Bioresour. Technol. 101, 1166–1174 (2010). https://doi.org/10.
1016/j.biortech.2009.09.064

17. K.O. Iwuozor, Prospects and challenges of using coagulation-flocculation method in the treat-
ment of effluents. Adv. J. Chem. A 2, 105–127 (2019). https://doi.org/10.29088/sami/ajca.
2019.2.105127

https://doi.org/10.1155/2017/3125385
https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1016/j.carbpol.2004.04.020
https://doi.org/10.1016/0300-9467(81)80062-7
https://doi.org/10.1007/398
https://doi.org/10.1016/0043-1354(94)90007-8
https://doi.org/10.1016/j.jcis.2003.11.010
https://doi.org/10.1016/j.ijbiomac.2019.11.081
https://doi.org/10.2166/wst.2004.0710
https://doi.org/10.2166/aqua.2009.060
https://doi.org/10.1021/ie400550m
https://doi.org/10.3906/kim-1503-16
https://doi.org/10.1016/j.ijbiomac.2015.09.054
https://doi.org/10.1016/j.biortech.2009.09.064
https://doi.org/10.29088/sami/ajca.2019.2.105127


3 Flocculation of Waste Water Using Architectural Copolymers … 111

18. R. Jain, V. Mahto, V.P. Sharma, Evaluation of polyacrylamide-grafted-polyethylene
glycol/silica nanocomposite as potential additive in water based drilling mud for reactive
shale formation. J. Nat. Gas Sci. Eng. 26, 526–537 (2015). https://doi.org/10.1016/j.jngse.
2015.06.051

19. J.Q. Jiang, N.J.D. Graham, Pre-polymerised inorganic coagulants and phosphorus removal by
coagulation - a review. Water SA 24, 237–244 (1998)

20. D.J. Joo, W.S. Shin, J.H. Choi, S.J. Choi, M.C. Kim, M.H. Han, T.W. Ha, Y.H. Kim, Decol-
orization of reactive dyes using inorganic coagulants and synthetic polymer. Dye Pigment. 73,
59–64 (2007). https://doi.org/10.1016/j.dyepig.2005.10.011

21. J.M. Klein, V.S. de Lima, J.M. da Feira, M. Camassola, R.N. Brandalise, M.M. de Camargo
Forte, Preparation of cashew gum-based flocculants by microwave- and ultrasound-assisted
methods. Int. J. Biol. Macromol. 107, 1550–1558 (2018). https://doi.org/10.1016/j.ijbiomac.
2017.09.118

22. J.P. Kushwaha, V. Chandra Srivastava, I.D. Mall, Treatment of dairy wastewater by inorganic
coagulants: parametric and disposal studies. Water Res. 44, 5867–5874 (2010). https://doi.org/
10.1016/j.watres.2010.07.001

23. D.G.J. Larsson, Pollution from drug manufacturing: Review and perspectives. Philos. Trans.
R. Soc. B Biol. Sci. 369 (2014). https://doi.org/10.1098/rstb.2013.0571

24. C.S. Lee, M.F. Chong, J. Robinson, E. Binner, A review on development and application of
plant-based bioflocculants and grafted bioflocculants. Ind. Eng. Chem. Res. 53, 18357–18369
(2014). https://doi.org/10.1021/ie5034045

25. C.S. Lee, J. Robinson, M.F. Chong, A review on application of flocculants in wastewater
treatment. Process Saf. Environ. Prot. 92, 489–508 (2014). https://doi.org/10.1016/j.psep.2014.
04.010

26. J. Ma, R. Wang, X. Wang, H. Zhang, B. Zhu, L. Lian, D. Lou, Drinking water treatment by
stepwise flocculation using polysilicate aluminum magnesium and cationic polyacrylamide. J.
Environ. Chem. Eng. 7, 103049 (2019). https://doi.org/10.1016/j.jece.2019.103049
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Abstract Wastewater treatment includes the removal of undesirable organic and
inorganic debris such as dyes and heavymetal ions fromwastewater. The recent trend
is the usage of green substances for wastewater treatment using the biomaterials such
as chitosan, cellulose, starch etc. that are abundantly available in our environment.
Using biopolymer-based composites, water treatment can be carried out by a simple
adsorptionmethod and it does not require any sophisticated instrumentation to imple-
ment the technique which will reduce the cost for commercialization. The efficiency
of the adsorbent is improved through surface functionalization thereby tuning its
physical and chemical properties interms of stability, dispersibility and specificity.
Surface area is another important parameter that can be enhanced by tuning the
shape and size of the adsorbent. Understanding the basic process behind the design
of adsorbents and the type of interaction between adsorbents and adsorbate enables
the calculated invention of new composites. In this chapter, we discuss the type of
biopolymers used for treating wastewater, modification of biopolymers for effec-
tive adsorption, bionanocomposites used for water treatment, sustainability criteria
for using such biomaterials for water purification, the type of interaction between
the adsorbent and the pollutant and the practical difficulties in implementing the
technique for commercialization.
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4.1 Introduction

Water scarcity is a growing global challenge in the twenty-first century and theWorld
Economic Forum rates the water crisis as the number one global threat in terms of
societal risks [72]. The total freshwater available on earth is only 0.003% which
is being polluted by the rapid growth of industries, accumulation of domestic and
sewage wastes due to rising population and intensive agriculture practices. Globally,
around one billion people do not have access to safe drinking water and 2.6 billion
people have inadequate or inappropriate sanitation services [74]. The most common
water pollutants in freshwater sources are heavy metals and metalloids, dyes, pesti-
cides, cosmetics, microplastics, drug residues etc. [13, 34, 56]. Heavy metals and
metalloids are discharged from different industries such as metallurgical, electro-
plating, mining, chemical manufacturing, and battery manufacturing industries. The
wastewater containing drugs, metals and dyes are from the pharma, cosmetics textile
industries. Thewastewater released from the dairy and food processing industries has
a high concentration of organic materials, carbohydrates, lipids, proteins etc. This
highly nutritious water allows the rapid growth of algae and bacteria which reduces
the oxygen in thewater environment (eutrophication). The demand for oxygen results
in the death of large scale aquatic animals and plants due to the formation of anaer-
obic conditions. Other important pollutants are the pesticides that are reaching the
water bodies because of the inappropriate usage in agricultural practices.

All these pollutants reach the freshwater bodies (lakes, rivers and groundwater)
due to the lack of proper disposal of toxic wastes into soil medium and the discharge
of wastewater without prior treatment. The discharge of inorganic and organic
micropollutants into natural water bodies affects the ecological balance. Some of
the pollutants such as heavy metals and anthropogenic components are highly toxic
and carcinogenic. Particularly, anthropogenic pollutants may be detrimental not only
to human health but also to aquatic organisms. About 8,00,000 people/year are losing
life as a consequence of consuming contaminated drinking water [74]. Therefore the
treatment of wastewater is essentially important for the safety of the ecosystem and
development of human society before when it is discharged into natural bodies [2].

Generally, a few of the main industries in developing countries and small scale
industries are not treating the effluents properly because of limited resources and
the inadequate guidelines to discharge both primary and secondary wastes. So
across the globe, the governments, World Health Organization (WHO), the Euro-
pean Commission and different environmental protection agencies (EPA) have
enacted new acts and regulatory guidelines and revised the existing regulatory
guidelines to treat wastewater and disposal of toxic wastes [8, 19, 55]. Various
guidelines and acts such as the Clean Water Act, the Drinking Water Act and
the Protection of Water Sources Act are enacted to monitor the drinking water
and to safe-guard water sources [8, 19, 55]. The utmost motives of these regu-
lations are to provide clean and safe drinking water to humans and to provide
clean water for irrigation. Most of the studies argue that only a small frac-
tion of the world will have access to clean and safe water by 2050 because
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Fig. 4.1 Publication trend in the field of wastewater treatment from 2000 to 2020 and the values
are obtained from PubMed using the search words: a “wastewater treatment” and b “biopolymers
for wastewater treatment”

of the large quantity of wastewater that is generated annually [34, 56]. Hence,
among scientists and policymakers, developing cost-effective, efficient and sustain-
able technologies are of major concern to recover wastewaters and have to
turn them into safe and reusable. Different wastewater processing methods were
developed for this purpose [5, 6, 43, 53]. The literature trend reported in the
field of wastewater treatment from 2000 to 2020 is shown in Fig 4.1a. The
increasing number of publications indicates the importance of the topic during recent
years.

Several methods such as chemical precipitation, complexation, liquid extrac-
tion, membrane separation, classical coagulation-flocculation, chemical oxidation
and reduction, electrochemical oxidation and reduction, flotation, photocatalytic
degradation, reverse osmosis, ion exchange, electrodialysis, biological treatment and
adsorptionwere developed to treatwastewater that is discharged fromdifferent indus-
tries [7, 91]. Some of these techniques have certain limitations such as poor perfor-
mance during large-scale applications, low removal efficiency, generation of toxic
chemicals and secondary pollutants. The large quantities of sludge and secondary
pollutants require post-treatment which increases the cost of the whole process.
Also, the current approaches and devices are mostly designed based on synthetic
materials which will again increase the cost and often leads to environmental pollu-
tion through their disposal. The water treatment methods and devices should be
cost-effective, sustainable, viable to scale-up and the resources should be available in
abundance. These requirements are perfectlymet by biopolymers and their nanocom-
posites because nature provides us with a large number of biopolymers with excellent
physico-chemical properties [7, 35, 53, 70]. The publications trend on the utilization
of biopolymers for wastewater treatment was shown in Fig. 4.1b. In this chapter,
we discussed the type of biopolymers used for treating wastewater, modification of
biopolymers for effective adsorption, bionanocomposites used for water treatment,
the criteria for using such biomaterials for water purification, the type of interaction
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between the adsorbent and the adsorbate (pollutant), and the practical difficulties in
implementing the technique for commercialization.

4.2 Types of Biopolymers Used for Treating Wastewater

There exists a large number of polymers in nature that are abundant, sustainable
(because of renewable sources), biodegradable, cost-effective and possess peculiar
physicochemical properties [17, 42, 51, 53, 89]. We can tune the flexibility of the
devices by forming hybrids/composites with other suitable polymers. For example,
chitosan, silk, keratin are flexible while bamboo and wood possess a high combina-
tion of roughness and strength. Biopolymers are classified into different ways based
on their degradability, based on their polymer backbone and based on the nature of
the repeating unit such as polysaccharides, polyproteins, polyphenols and polynu-
cleotides. Based on the type of applications [35, 51, 78, 89], the biopolymers are
further classified into bioplastics, biosurfactant, biodetergent, bioadhesive, biofloc-
ulant. The biopolymers are widely used in wastewater treatment not only due to
their abundance and sustainable property but also due to their desirable properties
such as non-toxicity, poly-functionality, high chemical reactivity, and chelation and
adsorption capacities. The biopolymers that are widely used in water treatment can
be divided into four classes such as polysaccharides, polypeptides, polyphenols and
polynucleotides. The structure and sources of a few sustainable polymerswere shown
in Fig. 4.2.

Fig. 4.2 The molecular structure and sources of naturally derived biopolymers for water treatment
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4.2.1 Polysaccharides

Polysaccharides are polymeric carbohydrates composed of monosaccharide repeat
units bounded together by glycosidic linkage. Natural polysaccharides are simple
carbohydrates with a unique monosaccharide repeat unit. The properties of these
polymers depend on the sequence of monosaccharide repeat unit, reactive func-
tional groups (–OH, –COOH and –NH2 groups) and its skeletal structure (ranging
from linear to highly branched). The widely used organic polymers belonging to
the polysaccharides category that are used for wastewater treatment are cellulose,
chitosan, starch, alginate, pectin, guar gum and xanthan gum [47, 48, 53]. The
polysaccharides and their composites possess excellent adsorption properties due
to high hydrophilicity (arises due to the existence of hydroxyl groups), the presence
of multiple functional groups (acetamido, primary amino, and/or hydroxyl groups),
their high reactivity and chelation ability. Heavy metals can be removed by forming
chelates with metals since the functional groups in polysaccharides can bind with
metals. On the other hand, the organic molecules, dyes etc. can be removed by
electrostatic interaction.

4.2.1.1 Cellulose

Cellulose is the most abundantly available natural polysaccharide and it is composed
of β-(1–4) linked D-glucose units. The cellulose materials are derived from the
barks of plants, and bacteria [38]. The three general types of cellulose materials
are bacterial cellulose (BC), cellulose nanofibers (CNFs, nano fibrillated or micro
fibrillated cellulose), cellulose nanocrystals (CNCs, often referred to as cellulose
nanowhiskers or nanocrystalline cellulose). The BC is derived from bacteria via a
bottom-up approach. Various species of bacteria are capable of fermenting sugars
and plant polysaccharides and generating BC. The best-known bacterium is Koma-
gateibacterxylinus (previously calledAcetobacterorGluconoacetobacter). CNFs are
obtained from plants sources by a top-down method. The CNCs are prepared by
the acid hydrolysis of the CNFs in which the disordered (‘amorphous’) regions in
between the crystalline regions of cellulose fibrils are cleaved, thus liberating only
linear, crystalline entities. For example, the lingo-cellulosic rawmaterial (often paper
pulp, wood pulp, cotton, animal descent etc.) are used to prepare CNFs. The CNCs
are prepared by defibrillation and hydrolysis of CNFs.

The difference between BC, CNFs and CNCs are the differences in dimension,
purity and crystallinity. The BC are pure, crystalline, thick (20–100 nm) and have
length usually in the micrometre range, while the purity and crystallinity of CNFs
are less compared to BC because it contains hemicelluloses and/or lignin residues.
Also, the length of CNFs is in the micrometre range while the diameter is very small
(4–100 nm). The CNCs are very pure and crystalline but the length (50–500 nm) is
much shorter than BCs and CNFs. The cellulose materials possess numerous advan-
tages such as high purity and crystallinity, favourable biocompatibility, low density,
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high porosity, durable mechanical properties, high absorption capacity, low cost, and
three-dimensional interconnected structures of BC with ultrafine nanofibers. Hence,
they find potential applications in different fields such as membranes, nanocompos-
ites, medicine, bioplastics, barrier films, biomedicine, pharmaceutics, electronics
etc.

4.2.1.2 Chitin/Chitosan

Chitosan is another member of linear polysaccharides composed of randomly
distributed β—linked D—glucosamine and N—acetyl—D–glucosamine. It is gener-
ally derived through the deacetylation of the non-toxic polymer chitin which is gener-
ally extracted from crustaceans, insects, arachnids, algae, fungi, molluscs, fungi
and fishes via several routes of extraction including chemical methods, enzymatic
methods, and/or irradiation. The most common method is chemical extraction which
involves three basic steps, i.e., deproteinization, demineralization, and deacetylation
[6, 48]. Chitosan extracted from different sources have amino (–NH2) and hydroxyl
(–OH) functional groups on its polymer backbone. These functional groups have the
ability to chelate with metals and hence they can be used to remove metals from
the wastewater. The pKa values mainly depend on the degree of deacetylation in
chitosan. The pKa value of amine groups on chitosan is close to 6.3–6.4 and at pH
5, or below, more than 90% of amine groups get protonated and can attract anionic
species [45, 53].

4.2.1.3 Starch

Starch is one of the naturally abundant polysaccharides and it is commonly found
in many parts of plants such as stalks, roots, and crop seeds [47, 48]. The main
sources of starch are cassava, wheat, rice, maize or corn, and potatoes. Starch consists
of D—glucose units linked to macromolecules including amylopectin, branched
(1 → 6) −α −D—glucan, amylose, and linear (1 → 4)—linked α −D–glucan.
The major component of the starch is the amylopectin polymer. Hence, the primary
property of starch depends mainly on the properties of amylopectin. Crystalline
and amorphous starch structures (microcrystalline starch, starch nanocrystal, starch
crystallite, and hydrolyzed starch etc.) with varying morphologies can be prepared
by altering the hydrolysis conditions, sources and the method of extraction. The
desirable properties of starch towards water treatment are high abundance, non-
toxicity, low cost, renewability and biocompatibility.

4.2.1.4 Alginate

Alginate is a naturally occurring anionic polymer and it is one of the salts of alginic
acid. Alginic acid is the only polysaccharide that naturally contains carboxylic
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groups. It is a linear copolymer composed of homopolymeric blocks of (1–4)-linked
� −D–mannuronate (M) and its C-5 epimer, α–L–guluronate (G) residues with
different sequence or blocks such as consecutive G-residues (G-blocks), consecu-
tive M-residues (M-blocks) or alternating M and G-residues (MG-blocks). The pKa

values of mannuronic acid and guluronic acid are measured to be 3.38 and 3.65
respectively. Alginic acid/alginates are derived from marine brown algae (Phaeo-
phyceae) as well as from polysaccharide-based soil bacteria. Alginates are low-cost
linear polymers that can form gels when divalent cations are added to them. Also,
it can form viscous gum when it is hydrated and it is a superabsorbent (can absorb
a large amount of water, as much as hundreds of times equivalent to its mass) [25,
42, 48]. Alginate has been extensively utilized in wastewater remediation due to its
stability, high water permeability, biodegradability, and non-toxic nature.

4.2.1.5 Pectin

Pectin is one of the naturally occurring linear polysaccharide-based biopolymer
which can be derived from different plant-based sources such as fruit peels and
pulp, sugar beet, sunflower heads, lemon seeds, orange pulps etc. [48, 67] Pectin is
composed of D–galacturonic acid (GalA) repeating units joined by α−(1−4) glyco-
sidic linkage. It also possesses a number of carboxyl/hydroxyl groups in the polymer
backbone and a certain amount of neutral sugar as a side chain. The pKa of GalA
units in pectin is 3.5. Hence, the carboxyl groups are ionized (–COO−) above pH 3.5.
The ionized –COO− can act as a binding site for cationic pollutants and may form
ionic cross-linking with divalent cations. In addition to that, the functional groups
present on the pectin can form complexes with metals.

4.2.2 Polypeptides

Natural polypeptides are biomaterials composed of repeating amino acids that are
linked by peptide bonds. The coupling of a minimum of two or more polypeptides
results in specific proteins with unique architecture. Silk, collagen and keratin are
three typical proteins consisting of long chains of amino acids and their performance
and their application in different fields are due to the hierarchical structure with elon-
gated size. Also, these biopolymers are renewable and can be derived from natural
sources such as plants, exoskeletons of arthropods, skin, silkworm cocoon, spider
webbing, and hair [20, 77]. The control of structure in polypeptides based materials
such as hair or spider silk is exerted at every level of hierarchy and the two most
common local conformations are the α-helix and β-sheet structure. Polypeptides also
possess different functional groups and polar active sites similar to polysaccharides
based materials. Hence, the polypeptides can also adsorb different organic pollutants
and metals present in wastewater.
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4.2.2.1 Silk

Silk (Bombyxmori) is a naturally occurring protein made up of fibroin and glue-like
protein sericin, that holds the fibroins together. It is obtained from a variety of species,
including silkworms and spiders. Silk fibroins (SF) consist of two polypeptide chains
[a heavy H-chain (390 kDa), a light L-chain (26 kDa)] and glycoprotein (P25).
Among these, the H–L complex is formed through disulphide bond formation and a
glycoprotein (P25) is non-covalently associated with the H– L complex. The H-chain
contains the repeating units of Gly-Ala/Ser/Tyr dipeptides while L-chain has the
non-repetitive arrangements of amino acids. Silk possesses many ionizable groups
on different amino acid residues on the side chain and free carboxyl groups. The
carboxyl groups are from different acids i.e. aspartic acid and glutamic acid. These
functional groups present on the structure of SF provide the capability to adsorb
metal ions at oxygen atoms or on its amide group [20, 38]. Also, it is abundant,
low-toxic, biocompatible and exhibits a cationic/anionic nature. Hence, it is used for
removing heavymetals, dyes, organicmolecules etc.However, the silk exhibitsminor
mechanical properties and greater unsteadiness. To increase the stability, strength and
flexibility, the SF materials are combined with suitable reinforcing fillers.

4.2.2.2 Collagen

Collagen is one of the most abundant proteins in animals (25–35% whole-body
protein content). It is one of the main structural proteins in connective tissues [42].
It can be extracted from the skin, bones, and connective tissues of animals such as
domesticated cattle, chickens, pigs, and fish. Mostly collagen is derived from the
bones of animals. Hence, it is predominantly comprised of 90–95% of organic bone
matter. Its primary structure consists of glycine-x–y triads where x is mostly proline
and y is probably hydroxyproline. The molecule has 1000 amino acids at 100 kDa
molecular weight swirled into a triple helix. We can get multiple forms of collagen
from the animal kingdom and its solubility is determined by the age of collagen. The
number of free functional groups on collagen decreases with age due to crosslinking
of functional groups.

4.2.2.3 Gelatin

Gelatin is a mixture of peptides and proteins and is commonly derived from collagen
[42, 77]. It is produced by the partial hydrolysis of collagen extracted from the skin,
bones, and connective tissues of animals such as domesticated cattle, chickens, pigs,
and fish. It is a translucent, colourless, flavourless food ingredient and its composition
mainly depends on its parent collagen. Gelatin is water-soluble and brittle when it
is dried. Also, it is non-toxic, biodegradable, biocompatible, low cost and easily
available. It also contains various functional groups such as –OH, –NH2, and –
COOH which act as the binding sites for various pollutants via interactions such
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as polar, ionic interactions or chelation ability thus making gelatin an effective bio
adsorbent in wastewater treatment.

4.2.2.4 Keratin

Keratin belongs to the family of fibrous structural proteins (scleroproteins) and it
enables animals to protect themselves from predators, competition, and environ-
mental hazards. It is the key structural material making upscales, hair, nails, feathers,
horns, claws, hooves, calluses, and the outer layer of skin among vertebrates [15, 18,
62]. Keratin is insoluble in water and organic solvents. Keratin is typically extracted
from bovine hooves using the general approach usually applied for collagen produc-
tion. Keratin has sulphonic acid (–SO3H) in its structure in addition to other generally
existing functional groups. The properties of Keratin depend on the sources, structure
and crosslinking ability.

4.2.3 Polyphenols

Polyphenols are natural products that consist of multiple phenol units i.e. several
hydroxyl groups on aromatic rings. More than 5000 unique categories of polyphe-
nols have been found and they are mostly derived from beverages, vegetables,
fruits, cereals, plants and plant metabolites. The properties of the main categories of
polyphenols rely on the strength of phenolic rings and the elements attached to these
moieties. For example, the main polyphenols are flavonoids, tannins, phenolic acids,
lignans and stilbenes. The plant-based polyphenol tannin and complex polysaccha-
rides tannin derivatives are widely used to remove metals, organic molecules and
dyes from wastewater and also used to remove oils [4, 17, 27]. The structure of the
polyphenols (tannin and lignin) is one of the key factors i.e. they have the ability
to form 3D polymer structures and have different functional groups like hydroxyl,
methoxyl and phenolic groups. Due to the presence of a large number of hydroxyl
groups, polyphenols can chelate with metals and hence, they can be used to remove
heavy metals. Also, they can exhibit anionic/cationic character depending on the pH
of the solution. By taking advantage of this property, they can be used to remove
anionic/cationic molecules from the wastewater.

4.2.3.1 Lignin

Lignin is also one of the organic natural polymers made by cross-linking phenol
precursor and it is also the most abundant biomass along with cellulose and chitin. It
is usually found in wood and around 50 million tons of lignin are produced annually.
Lignin is an amorphous phenolic polymer consist of p-coumaryl alcohol, sinapyl
alcohol, and coniferyl alcohol. The structure of the lignin and the repeating units
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depend on the plant species, growing location, and growth duration. In addition to
that, lignin is further classified as alkaline lignin, lignosulfonate, organosolv lignin,
hydrolysis lignin based on the type of separation process. [17, 46] The adsorption
capacity of the lignin towards pollutants varies for the above-mentioned lignin. The
hydroxyl groups present on the lignin surface plays an important role in the chemical
and physical properties of lignin such as reactivity, hydrophilicity, and functionality.
Different cross-linking and functionalizationmethodswere developed to improve the
adsorption capacity of lignin. Similar to other polymers, lignin and its derivatives can
efficiently capture metal ions through chelation, ion exchange, and/or electrostatic
interactions.

4.2.3.2 Tannin

Tannins are non-toxic natural polyphenol biomolecules that are widely distributed
in roots, barks, stalks and fruits of plants. Also, they are recognized as secondary
plant metabolites. Tannin possesses multiple adjacent phenols in its structure [4],
[CSL STYLE ERROR: reference with no printed form.]; [27, 53]. The number and
the nature of phenol structure determine the physical, chemical, and biological prop-
erties of tannin. Since phenol is an excellent hydrogen donor, phenolic groups get
deprotonated to form phenoxide which is stabilized via resonance. Hence, tannin
usually exhibits anionic behaviour and absorbs cationicmolecules. Also, the deproto-
nated phenolic groups exhibit a strong affinity towards many metal ions. The tannins
are classified into two types (1) condensed tannin and (2) hydrolysable tannin or
flavonoids. Since tannin contains phenol and –OH in its structure, it can be function-
alized with different functional groups using substitution, addition, and coupling and
condensation reactions. The specific example for tannin is tannic acid and its pka is
around 6. However, the pka value varies due to the variation in phenolic groups and
numbers.

4.2.4 Polynucleotides (DNA)

Polynucleotides are another important class of biopolymers that consist of 13 or
more nucleotide monomers that are covalently attached in a chain. DNA and RNA
are typical examples of polynucleotides. It is well known that deoxyribonucleic acid
(DNA) is a polynucleotide that carries genetic information to instruct the growth,
function and reproduction of living organisms and many viruses. Moreover, we can
make 2D and 3D nanostructures using DNA origami because the predesigned cock-
tails of polynucleotide sequences can self-assemble and fold in a self-controlled
manner under controlled temperature and chemical conditions [85]. Hence, we can
prepare hierarchical 2D and 3D nanostructures for different applications using DNA
origami. Interestingly,DNAbasednanostructures canbeused to removeheavymetals
due to their ability to bind with heavy metals [63].
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4.3 Application of Biopolymers in Wastewater Treatment

In general, wastewater treatment systems are divided into four main categories: (1)
preliminary treatment, (2) primary treatment, (3) secondary and (4) tertiary treatment
[7]. The preliminary treatment often consists of physical techniques such as sedimen-
tation, screening, filtration to remove solid physical waste present in the wastewater.
The primary treatment methods such as coagulation/flocculation, chemical precipi-
tation, air flotation etc. often involve the addition of chemicals to remove solid and
chemical wastes. Secondary treatment methods are used to remove suspended parti-
cles and biodegradable organic matter. It consists of several primary approaches and
provides a high magnitude of treatment with more specific than primary treatment.
Tertiary treatment methods are applied when a high degree of treatment is required
and it is often used to remove smaller particles, dissolved dyes, metals, pesticides,
dairy products etc. The tertiary treatment method (reverse osmosis, adsorption, filtra-
tion etc.) is often pollutant specific and it consists of several primary and secondary
treatment methods. Table 4.1 shows the properties of materials to be used as floccu-
lants/coagulants, adsorbents and membrane/filters, and their corresponding process
and mechanisms. Statistically, about 54% of the whole processes of water treatment
techniques have been carried out using membranes to produce fresh and clean water.
Particularly, the filtration techniques such as reverse osmosis (RO), nano-filtration
(NF), ultrafiltration, andmicrofiltration have been carried out usingmembrane/filters.

The biopolymers, in addition to the properties mentioned in Table 4.1 have added
advantages such as hydrophilicity, non-toxicity, biocompatibility, biodegradability,
renewable in nature and abundance [35, 78, 82, 89]. Also, biopolymers are flexible
that can be reinforced into different structures to improve their properties and possess
highly reactive functional groups such as –COOH, –OH, –NH2, –SO3H, phenols,
electron-deficient centres, hydrophobic and hydrophilic sites along with different
porosity. One can engineer the surface of biopolymer with desired functional groups
(–COOH, –OH, –NH2 etc.) [36] to remove specific pollutants by altering the pKa
of the polymer backbone. Hence, the biopolymer and its derivatives can be used to
remove metals, heavy metals, organic molecules, dyes, pesticides, herbicides, drugs,
oil, radionuclides etc. from wastewater. In order to use the biopolymers as coag-
ulants/flocculants and adsorbents, an insoluble species should be formed with the
pollutants so that they can be easily removed from the water. The membranes/filters
prepared using biopolymers are found to be significant [22, 38, 50]. This is due to
the fact that the biopolymers based membranes are flexible, cost-effective, biocom-
patible, biodegradable, non-toxic and more effectively remove the soluble inorganic
and organic species from wastewater. A few examples of the pollutants removed
from wastewater using biopolymers, their derivatives and composites are shown in
Table 4.2.

As shown inTable 4.2, the cellulose-basedmaterials are used to removeCr6+, Pb2+,
Cd2, Ni2+, Cr3+, Mn2+, Hg2+, Cs+, Fe2+, cationic/anionic dyes, phenols, drugs etc.
Also, cellulose has been commonly used as a membrane due to its fascinating prop-
erties such as porous nature, semi-permeable, hydrophilic and dimensional strength



126 S. V. Sheen Mers et al.

Ta
bl

e
4.

1
T
he

pr
op

er
tie

s
of

m
at
er
ia
ls
to

be
us
ed

as
flo

cc
ul
an
ts
/c
oa
gu

la
nt
s,
ad
so
rb
en
ts
an
d
m
em

br
an
e/
fil
te
rs
,p
ro
ce
ss

an
d
m
ec
ha
ni
sm

s
[3
8,

41
,5

3]

Ty
pe

Pr
oc
es
s

M
ec
ha
ni
sm

s
M
at
er
ia
lF

ea
tu
re
s

C
oa
gu

la
nt
s/
Fl
oc
cu
la
nt
s

Ph
as
e
tr
an
sf
or
m
at
io
n

D
ou
bl
e-
la
ye
r
co
m
pr
es
si
on
,a
ds
or
pt
io
n
an
d

br
id
gi
ng
,c
ha
rg
e
ne
ut
ra
liz
at
io
n,
sw

ee
p

co
ag
ul
at
io
n

H
ig
h
ch
ar
ge

de
ns
ity
,m

ac
ro
m
ol
ec
ul
ar

fr
am

ew
or
k,

fo
rm

at
io
n
of

in
so
lu
bl
e
sp
ec
ie
s

w
ith

po
llu

ta
nt
s

A
ds
or
be
nt
s

Su
rf
ac
e
ph
en
om

en
on

C
he
la
tio

n,
io
ni
c
in
te
ra
ct
io
n,
V
an

de
r

W
aa
l’s
,i
on

ex
ch
an
ge
,h
yd
ro
ge
n
bo
nd
in
g,

ph
ys
ic
al
ad
so
rp
tio

n
an
d
pr
ec
ip
ita
tio

n
(d
ep
en
ds

on
su
rf
ac
e
ch
em

is
tr
y
an
d
th
e

na
tu
re

of
po
llu

ta
nt
s
i.e
.f
un
ct
io
na
lg

ro
up
s,

ca
tio

ni
c/
an
io
ni
c
na
tu
re

an
d

hy
dr
op
hi
lic
/h
yd
ro
ph
ob
ic
pa
rt
s
pr
es
en
to

n
th
em

)

Po
ly
-f
un

ct
io
na
lit
ie
s
an
d
th
ei
r
hi
gh

ch
em

ic
al

re
ac
tiv

ity
,

ch
el
at
io
n
ab
ili
ty
,e
as
e
of

fu
nc
tio

na
liz

at
io
n

an
d
hi
gh

ad
so
rp
tio

n
ca
pa
ci
ty
,t
un
in
g
of

ad
so
rp
tio

n
ca
pa
ci
ty

by
di
ff
er
en
t

m
od
ifi
ca
tio

ns

M
em

br
an
es
/F

ilt
er
s

Pu
re

w
at
er

pe
rm

ea
nc
e,
si
ze

ex
cl
us
io
n

re
gi
m
e,
af
fin

ity
re
gi
m
e
(i
.e
.o

nl
y
pu
re

w
at
er

is
pa
ss
ed

th
ro
ug
h
th
e

m
em

br
an
e/
fil
te
r
an
d
th
e
po

llu
ta
nt

is
re
je
ct
ed

by
si
ze
)

So
lu
tio

n-
di
ff
us
io
n
m
od
el
fo
r
m
em

br
an
e

(r
ej
ec
ts
po

llu
ta
nt
s
sm

al
le
r
th
an

1
nm

),
po

re
flo

w
m
od

el
fo
r
bo

th
fil
te
r
(r
ej
ec
ts
po

llu
ta
nt
s

w
ith

si
ze

bi
gg

er
th
an

m
ic
ro
m
et
re
s)
an
d

m
em

br
an
e
(r
ej
ec
ts
po

llu
ta
nt
s
w
ith

si
ze

bi
gg
er

th
an

1.
5
nm

)

Fl
ex
ib
le
,L

B
L
as
se
m
bl
y,
fo
rm

at
io
n
of

sh
ee
t

st
ru
ct
ur
e,
ab
ili
ty

to
tu
ne

th
e
po

re
si
ze
,

po
re
-v
ol
um

e,
ab
ili
ty

to
pa
ss

se
le
ct
iv
e

sp
ec
ie
s,
ha
s
an

af
fin

ity
to

bi
nd

w
ith

di
ff
er
en
ts
ol
ub
le
or
ga
ni
c
an
d
in
or
ga
ni
c

sp
ec
ie
s

C
at
al
ys
ts
/

B
io
ca
ta
ly
st
s

E
le
ct
ro
ch
em

ic
al
/P
ho

to
ch
em

ic
al
/

bi
ol
og

ic
al
de
gr
ad
at
io
n
of

or
ga
ni
c

m
ol
ec
ul
es

an
d
pr
ot
ei
ns

E
le
ct
ro
ch
em

ic
al
ox

id
at
io
n/
re
du

ct
io
n,

ph
ot
oc
at
al
yt
ic
de
gr
ad
at
io
n

C
on

du
ct
iv
e,
bi
oc
om

pa
tib

le
,i
ts
ho

ul
d
ha
ve

a
ba
nd
ga
p
to

ad
so
rb

lig
ht

fo
r
ph
ot
oc
he
m
ic
al

de
gr
ad
at
io
n,

it
sh
ou
ld

m
im

ic
th
e
en
zy
m
es

fo
r
bi
ol
og

ic
al
tr
ea
tm

en
te
tc
.



4 Sustainable Bio-Polymer-Based Nanocomposites for Wasterwater Treatment 127

Table 4.2 The list of few pollutants removed fromwastewater using biopolymers, their derivatives
and composites

Biopolymer used Metals Dyes Drugs and other
compounds

References

Cellulose Cr6+,
Pb2+,
Cd2+,
Ni2+,
Cr3+,
Mn2+,
Hg2+, Cs+,
Fe2+, As3+

MB, RhB,
MO, Rh6G,
CR, reactive
light-yellow
K-4G, acid
red GR,
victoria blue
2B, MV2B,
RB 19

sulfa-methoxazole,
acetaminophen, and
N,N
-diethyl-meta-toluamide
(DEET), 2-NP, UO2

2+,
Oil

[24, 32,38, 48, 69]

Chitosan Pb2+,
Cu2+,
Co2+,
Ni2+,
Zn2+,
Cd2+,
Cr6+,
Cr3+, As,
Ag+, Au,
Sb3+,
Hg2+

MB, MO,
MG, BB,
orange G,
Red 60, CR,
RR 141, RR
16, RR 120,
RhB 6G,
MG,
Reactive
blue-21,
Acid orange
7, direct red
16, rose
bengal,
brilliant
cresyl,
safranin,

Levofloxacin,
ceftriaxone, diclofenac
and ketoprofen,
amoxicillin, tartrazine,
Fluoride, nitrate, 4-NP,
free fatty acids, phenol,
aromatic amines and
carboxylic acids, oil

[6, 45, 48 91]

Starch Pb2+,
Cu2+,
Cd2+,
Cr6+, As,
Hg2+

MB, MG,
MO, golden
yellow SNE
dye, CR,
MV, acid
blue-25,
safranin,
optilan blue

Sulfamethazine,
Bisphenol A, nitrate,
urea, napthalene

[48]

Alginate Pb2+,
Hg2+,
Cu2+,
Co2+,
Zn2+,
Cd2+,
Cr6+,
As3+,
As5+,
Cesium,
Fe2+, Ni2+

Brilliant
cresyl blue,
MO, MB,
MV, MG,
reactive
blue 222,
indigo, acid
red 14,
RhB, basic
red 46,

Norfloxacin, 4-NP,
nitrate, fluoride, iodine,
4-chlorophenol,
trichlorophenol, THF,
bisphenol

[48]

(continued)
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Table 4.2 (continued)

Biopolymer used Metals Dyes Drugs and other
compounds

References

Pectin Pb2+,
Cu2+,
Co2+,
Ni2+,
Zn2+,
Cd2+,
Cr6+,
Cesium,
Fe2+

MB, MO Fluoroquinolones,
Ciprofloxacin,
Moxifloxacin, 4-NP

[32, 48, 67]

Silk Cr6+,
Hg2+,
Cd2+,
Pb2+,Zn2+,
Cu2+,
Ni2+,
Fe3+, Ag+,
As3+,
Au3+

Orange G,
brilliant
yellow and
blue, RhB,
CR, Rh6G,
MB, MG

cytochrome c, Gold
nanoparticles, oil

[20, 31, 79, 80, 83]

Collagen/Gelatin Cr6+,
Pb2+,
Cd2+,
Ni2+,
Cr3+,
Hg2+,
As3+,
Co2+,
Cu2+,
Zn2+

MB,
bromocresol
green, RhB,
CR, and
thioflavin
Tdyes,
pyronin Y,
RhB, DG
12, brilliant
green,
xylenol
orange,
eosin
yellow, MV,
acid
fuchsin,

Uranium, phosphate,
nitrate, Oil

[ 3, 16, 37, 39, 73, 81, 88]

Keratin Cr6+,
Pb2+, Cd2,
Ni2+,
Cr3+,
Hg2+,
Cu2+,
Zn2+, Ag+,

Brilliant
blue FCF,
erythrosine,
tartrazine,
MG,

– [15, 18, 62]

(continued)
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Table 4.2 (continued)

Biopolymer used Metals Dyes Drugs and other
compounds

References

Lignin Pb2+,
Hg2+,
Cu2+,
Zn2+,
Cd2+,
Cr6+,
Ni2+,
(light
metal
ions Na+,
K+, and
Mg2+)

ethyl violet,
MG,
cationic
brilliant red,
acid blue
92, and
direct red 23

Ibuprofen and
acetaminophen

[17, 46, 84, 90]

Tannin Cr6+,
Hg2+,
Cd2+,
Pb2+,Zn2+,
Cu2+,
Fe3+,
Ag2+,
As3+,
Au3+,
Mo6+,
Pd2+, Pt4+,
Rh3+

MB, MG,
brilliant red
X-3B, acid
dye (red 1),
DG86,

Trimethoprim,
Uranium, boron, Sb,
phosphate, CTAB

[3, 4, 27, 29, 65]

DNA Hg2+,
Cd2+,
Pb2+,Zn2+,
Cu2+,
Fe3+,
Cr3+, As2+

– Endocrine disruptor [23, 64, 86, 87]

Methylene blue (MB), methylene orange (MO), Rhodamine B (RhB), rhodamine 6 G (Rh6G), Neutral
reactive blue 19 (RB 19), Arsenic, 2-nitrophenol (2-NP), Reactive Red (RR), BB- Bromothymol Blue,
CR-congo red, MV-methyl violet, MG-malachite green, DG-direct yellow.

[39]. Similar to cellulose, chitosan and its derivatives have been used to adsorb heavy
metals (Cu, Pb, Ag, Cr, Ni, As), precious metals (Pd, Au, Pt, etc.), organic molecules,
oils, radionuclides etc. [6, 45] Similar to other polysaccharides, starch also possesses
reactive hydroxyl groups with long-chain polymer backbone which can chelate with
metals and will generate negative charge at high pH. Hence, starch, its derivatives
and composites are also used to remove heavy metals and charged organic molecules
from wastewater [48].

Similarly, alginate is used to remove metals, dyes, drugs etc. It has a high affinity
and binding capacity towards metal ions. Also, it forms stable hydrogel beads which
exhibit high surface area, network structure, and it is enriched with surface func-
tionalities [48]. The interesting properties of alginate-based bio sorbents are their
ability to form macromolecular hydrogel to form a 3D network structure, different
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morphologies and structures when they interact with multivalent or divalent metal
ions Ca2+, Fe3+, Ba2+, Ag+, Al3+, etc. with selective interactions. Mostly it is used to
remove cationic species due to its anionic nature. Another interesting polysaccharide
is pectin and the pectin based materials have been mostly utilized for the selective
elimination of heavy metals from aqueous media with the affinity sequence of Pb2+

> Cu2+ > Co2+ > Ni2+ > Zn2+ > Cd2+.
Similar to polysaccharides, polypeptides have been used forwastewater treatment.

The significance of the natural polypeptides is that they are mostly formed of protein
sequences. The proteins usually fold and interweave to form secondary structures
with ordered components such as beta sheets, turns, and helices, as well as amor-
phous coils. The lightweight and fibrous nature of natural silk, keratin, collagen and
gelatin make them potential candidates to prepare adsorbents, membranes and cata-
lyst support to remove pollutants from wastewater [18, 20, 61]. Few of the pollutants
removed using silk, keratin, collagen and gelatin are shown in Table 4.2.

A trace amount ofmetal ions can also be removed fromwastewater when polyphe-
nols are used [4, 27, 54]. Tannin and lignin are widely used for water treatment. The
removal of metals, dyes, chargedmolecules using tannin is drastically increased after
the development of tannin foams due to the increase in surface area. The rigid tannin
forms and tannin gels were prepared using tannin powder, formaldehyde and furfuryl
alcohol in 70%, 5% and 25%. As shown in Table 4.2, the tannin based materials are
used to remove heavy metals, precious metals, boron, phosphates, drug and dyes.
Lignin, another abundant polyphenol have been used to remove heavy metal ions
(Pb2+, Hg2+, Cu2+, Zn2+, Cd2+, Cr6+, Ni2+), light metal ions (Na+, K+, andMg2+) and
toxic dyes.

The polynucleotides are another important class of biopolymers in which the UV-
irradiated DNA film and glass beads were used to remove Hg2+, Cd2+, Pb2+, Zn2+,
Cu2+ and/or Fe3+ions [86]. The DNA trapped inside flavonoid and APTEMS film
[23] was used to remove Hg2+, Cd2+, Pb2+, Zn2+, Cu2+, Fe3+, Cr3+ and As2+. Despite
its natural abundance, DNA is costly due to the extraction process. But, we can make
2D and 3D nanostructures using DNA origami because the predesigned cocktails
of polynucleotide sequences can be self-assembled and folded in a self-controlled
manner under optimized temperature and chemical conditions.

4.4 Different Methods of Modification and Architecture
of Biopolymers

To improve the adsorption efficiency, membrane formation, hydrophilicity, and
catalytic activity, biopolymers are further modified by cross-linking, grafting,
coupling etc. Also, different composites have been prepared using biopolymers with
metals, metal oxides (Fe3O4, ZnO etc.), carbon materials (CNTs, graphene etc.),
enzymes etc. Different modification techniques and various forms/architecture were
developed to improve the adsorption efficiency of biopolymers, their derivatives and



4 Sustainable Bio-Polymer-Based Nanocomposites for Wasterwater Treatment 131

Fig. 4.3 Different modifications of biopolymers and their different forms used for water treatment

composites. The biopolymers aremodified by differentmethods such as cross-linking
[14, 71, 73], coupling [69], grafting [33, 42] of biopolymers with other organic
molecules or polymers, coupling or grafting of biopolymers on a solid support,
forming composites with metals, metal oxides, nanoparticles, polymers etc. [36,
53] Functionalized biopolymer derivatives and their composites with desired func-
tional groups and dimensions can be produced using these modification techniques.
Different modification methods and architectures are given in Fig. 4.3. All those
methods and architectures are possible due to the highly reactive functional groups
and flexible polymer backbone present in biopolymers. Modification of biopoly-
mers will give interesting macromolecular superstructures, e.g. gels and hydrogels
networks, polymeric resins, beads, membranes, fibers or composite materials. These
biopolymer-based materials can be then used as adsorbents.

Modified biopolymers based adsorbents show an increase in the adsorption
capacity, selectivity, recyclability and expand pH range i.e. pKa of biopolymer-based
materials can be altered. For example, chitosan has amine groups in its structure. The
pKa of amine groups on chitosan is close to 6.3–6.4 and the pKa values are mainly
depends on the deacetylation degree of chitosan. However, at pH 5, or below, more
than 90% of amine groups get protonated. Hence, they can attract anionic species.
Functionalized chitosan (N -carboxymethyl chitosan) contains active hydroxyl
(–OH), carboxyl (–COOH), an amine (–NH2) groups. At neutral or alkaline pH, the
–COOH groups become negatively charged, which attracts the metal ion or species
capable of being positive at the selected pH to adsorb positively charged organic
species or metals. The biopolymers are crosslinked with different polymers to form
microspheres, hydrogels, aerogels, films etc. For example chitosan-based hydrogels,
crosslinked gelatin-starch, nanocellulose-alginate, nanocellulose-chitosan etc. The
metal, metal oxides, minerals, clay, carbon nanomaterials and enzymes are dispersed
on a biopolymer matrix to form composites. Biopolymer based nanocomposites are
getting importance due to their excellent physical and chemical properties. These
composites are formed to improve functional properties of biopolymers such as
solubility, adsorption capacity, mechanical strength, catalytic activity etc. Also, they
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will have functional properties depending on both polymer and nanoparticles present
on them.

4.5 Bionanocomposites for Wastewater Treatment

Bionanocomposites (BNCs) are composite materials that contain constituent(s) of
biological origin and particles with at least one dimension should be in the range of
10–100 nm. For example, the nanosized inorganic or organic particles are dispersed in
an organic polymer matrix. The formation of BNCs is an interesting interdisciplinary
area that combines material sciences, biology and nanotechnology. BNCs possess
many advantages such as renewable, biocompatible, biodegradable, mechanical-
robust, and multifunctional features over synthetic polymer-based composite [11,
70, 85]. The functional properties of BNCs are due to the constituent(s) and size
of the nanoparticle present on it. Also, the characteristics of BNCs depend upon
the nature of biopolymers, the stoichiometric ratio of constituents, macromolecular
skeleton and functional groups. The polymer-based nanocomposites can be divided
into different categories. Representative examples of polymer-based nanocomposites
are shown in Fig. 4.4.

BNCs have been used in different applications includes drug delivery, bioelec-
tronics, health and environment monitoring, energy generation and storage, and
lightweight structural support. It has been encouraged to use BNCs for wastewater
treatment due to their excellent mechanical, physical and chemical properties espe-
cially the high surface area to volume ratio, interfacial activity, the flexibility of the
polymer backbone, functional groups. A few examples of BNCs used for wastew-
ater treatment is given in Table 4.3. The primary constituent of BNCs is either a
biopolymer or a nano-sized biopolymer, as shown in figure. The nanosized poly-
mers can be mixed /cross-linked with polymers, metal nanoparticles, metal oxides
etc. to form a nanocomposite. For example, cellulose nanocrystals are cross-linked

Fig. 4.4 Representative examples of polymer-based nanocomposites
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Table 4.3 Few examples of nanocomposite prepared using biopolymer

Nanocomposite Debris removed
from wastewater

Used as Adsorption capacity References

NB-DANC-CMC Bromophenol
blue, Direct Blue
6, oil, organic
solvents

Focculants 29.842 g g−1 and
20.927 g g−1 within
5 min, 50 times of its
weight for oil and
organic solvents

[68]

Cellulose acetate/Graphene Oxide
nanocomposite

Ni2+ Adsorbent 75.18 to 86.94% (10
to 40 mgL−1)

[76]

Fe3O4/CNCs-QXH hydrogel Zn2+, Pb2+,
Cd2+, Cu2+

Adsorbent 0.131, 0.159, 0.136
and 0.15 mmol/g

[60, 69]

CNCs-GQDs Hg2+, Cu2+,
Ni2+, Ag+

Scavenger – [1, 69]

Chitosan-derived magnet-sensitive
materials

Polycyclic
aromatic
hydrocarbons

Adsorbent 96% [52]

Gluten/Pectin/Fe3O4 Nano-hydrogel Sediment
contamination in
Lake Urmia

Adsorbent 62% for heavy metals
and 42% for organic
compounds

[57]

Pc-cl-GG/SPION m-cresol,
o-chlorophenol

176.1 and 75.6 mg/g [67]

SGGO Triple-network Composite
Aerogel (3D)

MB and CR dye Adsorbent 322.6 and 196.8 mg/g [25]

Saccharomyces cerevisiae/
Fe3O4/Calcium alginate

Atrazine 88% [12]

Au@BSA NCs on CNCs/alginate Hg2+ Sensor and
scavenger

50% [41]

Gelatin-Zr(IV) phosphate
nanocomposite

Methylene blue
(MB) and fast
green (FG) dyes

photocatalytic
degradation

87.81% MB and
89.91% FG were
degraded within 5 h

[58]

GA-cl-poly(AAm)/Ni(OH)2/FeOOH
NCH

Methylene blue Photodegradation 75% methylene blue
was degraded

[49]

Gelatin-Laccase Micropollutants Biocatalysts – [21]

with biobasedmaterials andmetal oxides, nanoparticles [69].Metal andmetal oxides
(Fe3O4, CuO, ZnO etc.) are integrated into the biopolymer/nano biopolymers to form
BNCs. These BNCs exhibits photocatalytic activity too with other functional prop-
erties such as conductivity, catalytic activity, adsorption ability etc. BNCs can also
be prepared using 1D, 2D carbon nanomaterials (CNTs, graphene, graphene oxide
etc.) and biopolymers. The resulted BNCs exhibits controlled electrical conduc-
tivity, thermal conductivity, gas barrier properties, sensing abilities, and controlled
molecular porosity, good adsorption capacity, etc.

Fe3O4 nanoctahedra in cellulose nanocrstals-Quaternized xylan hydrogel
(Fe3O4/CNCs-QXH hydrogel), cellulose nanocrystals-graphene quantum dots
(CNCs-GQDs), Pectin-crosslinked-guar gum/ superparamagnetic iron oxide (Pc-
cl-GG/SPION), Sodium Alginate/gelatin/graphene Oxide (SGGO), Nanoben-
tonite incorporated dialdehyde nanocellulose- carboxymethyl cellulose aerogel
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(NB-DANC-CMC), Gum Arabic-crosslinked- poly(acrylamide)/Ni(OH)2/FeOOH
nanocomposites hydrogel (GA-cl-poly(AAm)/Ni(OH)2/FeOOH NCH).

The 0D, 1D, 2D and 3D metal nanoparticles are incorporated on the polymer
matrix to increase the functional property of the biopolymers such as high electrical
conductivity, barrier transport, catalytic ability, and optical activity [58]. For example,
bovine serum albumin-protected gold nanoclusters (Au@BSA NCs)-loaded cellu-
lose nanocrystal—alginate hydrogel beads are developed and used for simultaneous
sensing and scavenging of heavymetal ions [41]. Similarly, themineral nanoparticles
of different shapes, such as 0D nanoparticles, 1D nanowhiskers and 2D nanoplatelets
are also integrated into the biopolymer matrix. For example, the montmorillonite
(MTM), CaCO3, hydroxylapatite, and boron nitride were integrated into biopoly-
mers to form BNCs. Chitosan-clay composites are also designed to remove ∼99%
of dyes, metals, and harmful negative ions from various solutions and a maximum
of ∼94% of the targeted herbicides can be removed from media under investigation.
The enzyme/bacteria based BNCs can also prepared using enzymes and biopolymer
for biocatalytic applications.

4.6 Adsorption Mechanism

The adsorption (biosorption) is found to be an effective method to treat wastewater
using biopolymer-based materials. Also, it is highly attractive for water treatment
throughout the world, especially in developing countries. In fact, adsorption is an
old drinking water treatment procedure and it is aimed to remove taste and odour
imparting compounds from an aqua stream. The advantage of the adsorption method
is its capacity to remove both organic, inorganic pollutants, biological species etc.
The adsorption phenomenon is broadly classified as chemisorption and physisorp-
tion. The physisorption occurs by Van der Waals force and electrostatic interaction
while chemisorption occurs by mainly chelation, covalent and/or ionic bonding.
One can achieve the efficient removal of pollutants using available biopolymers via
chemisorption and physisorption due to the presence of a large number of func-
tional groups, charge sites, flexible polymer network etc. in it. Understanding the
adsorption kinetics and isotherm is also important to identify the specific adsorbent
to remove specific adsorbate and to identify the desorption process. Because the
adsorption kinetics and isotherm studies provide information about how the pollu-
tant is bound within or onto the adsorbent. Different adsorption isotherms such as
Langmuir, Freundlich, Dubinin-Radushkevich (D–R) model, Temkin model, Toth
isotherm, Redlich-Peterson isotherm and Sips (Langmuir–Freundlich) are used to
quantify the performance of adsorbent. Among them, the Langmuir and Freundlich
isotherms are widely used.

The adsorption capacity is the key parameter to understand the performance of the
adsorbent for removing the pollutant (i.e. adsorbate). The adsorption capacity of the
adsorbent depends on solution temperature, nature and concentration of pollutants,
presence of other pollutants and other experimental conditions such as pH, contact
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time and particle size of the adsorbent. Also, the reported interactions of biopolymers
with pollutants are complexation, coordination/chelation, electrostatic interactions,
acid–base interactions, hydrogen bonding, hydrophobic interactions etc. However,
recent studies have been showing that the adsorption mechanism of biopolymers is
complex while the adsorption mechanism of the biopolymers based nanocomposites
is even more complex because the mechanism depends not only on the polymer. The
adsorption of nanocomposite depends on other components such as metal nanopar-
ticles, metal oxides, mineral metal nanoparticles, clay materials that are incorpo-
rated into the biopolymers. Also, morphological features of the nanocomposite (i.e.
porosity, pore size, roughness, surface area etc.) plays role in adsorption isotherm.

4.7 Sustainability Criteria for Wastewater Treatment

A systematic strategy is required for reporting water treatment works is mandatory.
Generally in literature, theBNCs based reports include the development of newmate-
rials, studying their water purification properties, developing different methods such
as adsorption, filtration, (photo)electrochemical degradation, photocatalytic degra-
dation, biodegradation, and underlying mechanisms [26, 52, 76] More commonly, a
fuzzy-Delphi method was used for screening the criteria required to evaluate certain
technology. Several reports are available in the literature about the application of the
fuzzy-Delphi methodology for making sustainable decisions. Based on this method,
sustainability criteria for wastewater treatment are also divided into four categories
[26] (1) technical, (2) environmental, (3) economical and (4) social, as shown in
Fig. 4.5. Treatment efficiency, production cost, health and safety risks, environmental
safety, ease of implementation are major concerns than other criteria.

4.7.1 Treatment Efficiency

Treatment efficiency of the wastewater treatment method depends on several factors
such as the nature of materials, adsorption capacity, catalytic activity, functional

Fig. 4.5 Sustainability criteria for wastewater treatment
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groups, morphology, porosity, crystallite structure, hydrophilicity/hydrophobicity,
different forms, and biocompatibility, biodegradability and reusability, and treat-
ment techniques [26]. Different methods were reported in the literature such as
adsorption, degradation by (photo)electrochemical, biological method, filtration
using membranes and filters, conventional coagulation/flocculation for water treat-
ment. Each method has its limitations and evaluation parameters. Hence, one should
consider all these factors when the efficiency of the water treatment system has to be
reported. For example, the efficiency of the adsorption methods depends on mate-
rials adsorption coefficient and their properties while the efficiency of electrochem-
ical methods depends mainly on the electrocatalytic activity. The photocatalysis and
(photo)electrochemical methods depend on the bandgap of the material and its light
adsorption property. In addition to the above properties, we should require biocom-
patible and biodegradable materials to improve the efficiency of the adsorbents and
catalysts, particularly which are used for biological treatment and microbial fuel cell
water treatment.

4.7.2 The Production Cost of Water Treatment

In general, the capital cost includes the cost of raw materials, processing cost, price
of materials, utilization of manpower, water transport infrastructure, land required
for installation and the cost of instruments used for the water treatment process.
Depending on the choice of method of purification, the efficiency and production
cost may vary. Adsorption/filtration and ion exchange chelating resins incineration,
electrochemistry, membrane filtration, evaporation, liquid–liquid (solvent) extrac-
tion based methods are cost-effective methods. In membrane filtration, the cost and
sustainability of the membranes decide the cost and in the adsorption method, the
cost mainly depends on adsorbents. Like-wise, we need specific catalyst, size andDC
source to apply potential/current for large scale electrochemical treatment method.
The biological method requires enzymes, microorganisms etc. that are cost-effective.
In microbial fuel cell-based water treatment, the cost of electrodes, binders, cata-
lysts, membranes, electron collectors, gas diffusers, and reactors contribute to the
production cost. Nowadays, BNCs are found to be cost-effective to make adsorbents,
membranes, catalysts and enzymemimickingmaterials. However, all those are initial
investments. Hence, technically, the capital cost should be normalized with respect to
surface area ($/m2) or volume of wastewater used ($/m3) or with treatment capacity
($/kg chemical oxygen demand) in addition to the initial investment [66].
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4.7.3 Processing Treatment Cost—Spent Money Economy
Impact

The metrics used to estimate the profit are net present value (NPV) and internal rate
of return (IRR). The profit from a technology depends on the difference between the
amount of cash inflow and the amount of cash outflows with respect to time which
is known as NPV. For a successful methodology, the amount of cash inflow should
be higher i.e., NPV should be positive. NPV can be calculated using the formula:

N PV = −A +
n∑

i=0

Qi

(1 + k)i
+

n∑

i=0

Qi

(1 + k)i (1 + λ)i
(4.1)

whereA—initial investment,Q—cashflow for a given period (in a year), k—discount
rate, n—a lifetime of the plant, rm—discount rate and λ—annual inflation (price
increase per year).

IRR is the discount rate when NPV is zero.When IRR is higher than theminimum
required return, then the investment can be done [S14].

0 = −A +
n∑

i=0

Qi

(1 + I RR)i
+

n∑

i=0

Qi

(1 + k)i (1 + λ)i
(4.2)

4.7.4 The Production Cost of Biopolymers

Biopolymers are preferentially employed in water treatment with the aim of reducing
the cost and it should be less toxic for treating water. Also, they can be discarded
into the environment after use. However, the biopolymers should be derived from
natural sources to be used as adsorbents. Also, several pretreatments and modifi-
cation methods were reported in the literature for introducing functional groups,
increasing the surface area and tuning the physical properties (such as biocompat-
ibility, biodegradability, reusability etc.). [28, 89] Various chemicals belonging to
both hazardous and non-hazardous types are used for the above-mentioned purpose.
The cost of production will also increase depending upon the increase in the number
of steps involved during the process and the number of chemicals used.

4.7.5 Environment Effect and Eco-Friendly

The effective water treatment method should not affect the environment i.e. there
should not be secondary sludge formation. This is because the disposal of secondary



138 S. V. Sheen Mers et al.

sludge again raises the disposal or treatment issues. Hence, different methods were
developed to reuse the adsorbents and catalysts thereby reducing the solid waste
generation. Also, biocompatible and biodegradable materials are used which can
be degraded when it is discarded into the environment. Moreover, the disposal of
nanomaterials is minimized by developing innovative technology for separating the
nanomaterials. The separated materials can be reused. For example, magnetic nano-
materials can be removed from sludge by a simple magnetic separation method. In
addition to the solid wastes, the soluble byproducts, released toxic gases and released
nanomaterials decides the impact of treatment method on the environment [34, 40,
89]. Since, the carbon nanomaterials, CO2 gas, nanoparticles and radicals disturb the
eco-system and cause several diseases, monitoring the products formed and investi-
gating their toxicity is also important. All those above parameters decide the water
reuse potential. Basically, the water treatment is carried out based on two purposes
(1) potable and (2) non-potable water. Potable water is used for drinking purposes
while non-potable water is normally used for non-drinking purposes like washing,
agriculture etc. [75]. The water recovery percentage of most of the reports using
various purification techniques are in the range of 90–99%.

4.7.6 Health and Safety Risks

The health and safety of workers in the various stages are also important along with
the developments in materials, technology and implementation. We need a gigantic
infrastructure to treat a large amount of wastewater contains particularly solidwastes.
For example, the wastewater treated using coagulation/flocculation methods requires
water transport infrastructure, gigantic instruments etc.Additional to instruments, the
few processes are dangerous and materials are toxic. To develop BNCs, the workers
are exposed to nanomaterials in various stages of manufacturing and handling. Most
of the nanomaterials and metal oxides are toxic. For example, TiO2, ZnO, MgO,
noble metal nanoparticles etc. are causing several diseases [26]. We all know that
biopolymers are non-toxic. But the extraction methods are hazardous. For example,
during the degumming of silk, there are chances for workers to expose to sericin
proteins. The sericin protein (hydrophilic adhesive layer) is produced by silkworms.
Various laboratory tests have revealed that sericin proteins are themain reason behind
causing allergic reactions/infections in humans. Also, to improve the properties of
biopolymers, different treatment methods are developed in which hazardous/toxic
chemicals are used. Considering the safety and health issues regulatory guidelines
need to be created and health should be monitored periodically.
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4.8 Practical Snag of Wastewater-Treatment Method

Most of our technologies related to water treatment are at the laboratory level and
there will be difficulties while scaling up the processes to the industrial level [9] The
main problems are.

(1) nature of wastewater/Mixture of pollutants,
(2) Formation of secondary sludge/disposal,
(3) Long term stability and usage/Fouling of adsorbents and catalysts,
(4) Release of nanomaterials due to the variation in pH and temperature,
(5) Regeneration of adsorbents and catalysts,
(6) Cost of membrane/filters and materials used
(7) Variation in the degree of functional groups and properties of biopolymers,
(8) Long term availability of raw materials.

Different types ofwastewater are available and hence, differentmethods are devel-
oped for purification. In addition to that, another issue is the real system where the
wastewater contains amixture of various organic and inorganic pollutants, solid parti-
cles, microorganisms. Hence, single adsorbents or catalysts cannot purify the whole
system. Most of the treatments are adsorption based methods and many materials
are reported in the literature as adsorbents. The sludge formation is also very high
in chemical precipitation, chemical oxidation and coagulation/flocculation methods.
The secondary sludge formed using BNCs can be disposed into the environment
after use. However, the biocompatible and biodegradable nature of BNCs after use
and the impact need to be investigated systematically. Further, the corrosive nature
of the raw materials will not be a support for long term usage and it will add up
expenses at later stages. Hence, highly stable materials are required. BNCs are found
to be more effective, biocompatible, biodegradable, renewable and efficient. But, the
nanoparticle released from BNCs when the pH of the wastewater is changed.

The regeneration of adsorbents/catalysts plays a major role in addition to their
stability when the duration of usage is considered. Several treatment methods like
thermal treatment, chemical treatment, supercritical extraction, and photocatalytic
and biological degradation are followed to regenerate the used adsorbents. Each
of these techniques has its limitations when practically implemented. The thermal
treatment method reduces the efficiency of adsorption due to the shrinkage of the
spent adsorbent on heating thereby reducing the surface area. High temperatures
may alter the functionalities present in the catalysts [59]. The biological degrada-
tion method is less effective in the regeneration of catalysts [44]. Understanding
the mechanism of adsorption (adsorption isotherm) is a mandate to identify the
specific desorptionmethod to regenerate adsorbents [14]. The adsorptionmechanism
of pollutants onBNCs are complex because adsorption of pollutants onBNCs follows
both chemisorption and physisorption. Especially in the case of catalytic degrada-
tion followed by adsorption based treatment methods, the mechanism of removing
pollutants from wastewater depends on both catalytic and adsorption processes.

While treating the wastewater chemically or photochemically, the possibilities of
the formation of toxic andunknownproducts are the constraints for their practical use.
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For example, the release of toxic gases during (photo)electrochemical degradation
of dyes. For example, in the Fenton process, the hydroxyl radicals are produced
and ferric ion is released into the water. In aerobic and anaerobic processes, the
main final product is CO2. The biological methods are less efficient to dyes, forms
uncontrolled degradation products and advanced oxidation processes (AOP) is only
at the laboratory scale and it will not be applicable to industries [10] Since the
advanced oxidation process forms many radicals which again affect the environment
and cause several diseases.

Among different parameters, the ‘production cost’ is also important as described
under sustainable criteria. The price of raw materials is another constraint for large
scale production. The extraction of biopolymers and processing of biopolymers to
form BNCs having different architecture such as forms, beads, membranes, gels,
aerogels, hydrogels etc. for the effective adsorption of pollutants and durability of
the components are other concerns during commercial use.Moreover in biopolymers
based MFCs, till now the nafion membrane and platinum cathode were used which
enhances the capital cost [30]. The coagulation/flotation method requires high initial
capital cost because of large size infrastructure and also the cost of maintenance is
also very high.

The source of biopolymers is renewable annually by developing their sustainable
sources, so biopolymers can easily be renewable. But the biopolymers are extracted
from different sources using different methods owing different properties such as
molecular weight, crystallinity, affinity for water, number of functional groups etc.
For example, the number of functional groups present on chitosan depends on the
deacetylation degree of chitin. The properties of tannic acid depend on the number
of phenol groups present in it which varies with the source material. The variation
in properties will be reflected in the results. Hence, we should also consider the
source and extraction method when selecting biopolymers. Finally, in the laboratory
we utilize analytical reagent (A.R) grade chemicals which cannot be available for
industrial (large-scale) use or using A.R. grade chemicals increase the cost [9, 66].
Nowadays the noble metal nanoparticles and carbon materials are used to make
BNCs based adsorbents. Hence, research should be carried out to understand the
toxic nature of these materials even at parts per billion levels.

4.9 Conclusions

In this chapter, we have discussed the types of biopolymers used for developing
bionanocomposites, the application of bionanocomposites for wastewater treatment,
the environment and the economic impact of the developed catalysts for real-time
applications. However, in the actual scenario, the extraction methods, pretreat-
ment procedures, variation in a number of functional groups, release/aggregation
of nanomaterials in certain wastewater and the formation of secondary sludge acts
as constraints for practical applications.
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Chapter 5
Electrospun Nanofiber-Based
Composites for Arsenic Removal
in Water and Wastewater

Phillemon Matabola, Keneiloe Sikhwivhilu, and Odwa Mapazi

Abstract The growing concern for ground and surface water contamination by
arsenic metal has become a serious plight, for it has reportedly affected more than
100 million people worldwide. The increase in the prevalence of arsenic in the envi-
ronment is reported due to the swift growth of industrial and agricultural activities,
leading to the contamination of water resources. Sadly, exposure to environmental
arsenic has been known to lead to biological ecosystem disruption in aquatic envi-
ronments and cancer and death in humans. As a result, various technologies have
been developed for arsenic removal, including precipitation, membrane processes,
ion exchange, and adsorption. Among these methods, adsorption stands out owing to
its high removal efficiency, easy operation, low cost, and absence of toxic sludge. The
sorbent materials prepared from electrospun nanofibers have come to the forefront
of arsenic uptake on account of the outstanding traits such as high specific surface
area; which leads to increased sorption capacity, porosity, reusability, environmental
friendliness, flexibility to surface functionalization and potential to conform to a
wide range of physical and chemical conditions. This chapter provides an insight
into the latest development of nanofiber-based composites as adsorbents for arsenic
removal in water.

5.1 Introduction and Background

Water is the most treasured possession in life. Hegel described it in his famous
book (philosophy of nature) by saying: “Water is the element of selfless contrast, it
passively exists for others, water’s existence is, therefore, an existing for others, its
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fate is to be something not yet specialized and thus it soon came to be called the
mother of all that special” [10]. Water is a resource of great importance for people
and the environment, considering that it is pivotal for everything on our planet to
grow and prosper. It covers over 70% of the earth surface and makes up 65% of
human bodies. Therefore, it is the most invaluable natural resource on the planet as,
without this precious commodity, life on earth would be mythical [12].

Reliable access to clean and low-priced water is deemed one of the basic human-
itarian goals and remains a major global challenge for the 21 century [86]. However,
globally, water resources are found to be severe risks of over exploitation. This is as a
result of theworld facing unprecedented adversity ofmeeting demands for unpolluted
water. The accomplishment of the demand is compounded by the deteriorating avail-
able supplies of freshwater primarily due to increased population growth, extended
droughts, extensive industrialization, improper disposal, andman’s undesirable prac-
tices. These often affect drinking water, rivers, lakes, and oceans all over the world.
This, as a result, compromises human health, the natural environment, and even the
global economy.

Among the leading environmental issues of the twenty-first century is the handling
ofwastewater, particularly because it has a high potential of eventually contaminating
the fresh water bodies. All the pollutants present in wastewater are regarded as a
serious environmental problem for they affect the quality of drinkingwater and hence
human health. The studies have shown that the major pollutants in raw wastewater
streams emanate from intensive anthropogenic activities such as mining, agriculture,
and disposal of industrial waste materials [2, 67, 94, 100]. For instance, the mining
industries, albeit serving as one of the driving forces of many countries’ economies,
dump billions of tons of hazardousmaterials into the environment. As a consequence,
the emissions of such pollutants into the air and water are gravely considered as
primary factors to the common respiratory, neural and intestinal diseases. To that
end, a safe and healthy environment turns out to be a priority that needs immediate
intervention in both developing and well-developed countries [16, 76].

The above-mentioned serious concerns call upon novel and effective technologies
to address the current environmental issues either by protecting the environment and
current water sources or by producing high-quality water from available sources
(ocean andwastewater) without harmful by-products. Several differentmethods have
been reported to have the efficacy to remove heavymetals fromwastewater. However,
they have been found to be inefficient in many ways. That being so, a need to develop
an efficient and low-cost technique for the removal of arsenic from contaminated
water turned out to be consequential. In this regard, the nanofibers adsorbents were
found to be more efficient and suitable in terms of technical and economic feasibility
and environmental importance. In recent years, the production of nanofibers has
gained a lot more attrition to develop innovative materials with properties that are
appropriate to address the challenges related to water treatment.
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5.2 Environmental Contamination by Heavy Metals

The pollution of the environment by different pollutants is one of the fundamental
issues in human society.

These pollutants are simplydescribed as naturally occurring compounds or foreign
matter. When they come into contact with the environment, they bring about dire
changes. The literature has indicated that these pollutants exist in different forms,
namely, inorganic, organic, and biological. Notwithstanding pollutants falling under
different categories, they all bag a great deal of attention due to their impacts on the
environment. Inorganic pollutants are metals, salts, acids, and bases [120]. Further,
studies have reported that inorganic pollutants as materials found naturally but have
been altered by human production to increase their number in the environment [96].

In the group of inorganic pollutants, heavy metals have gained overriding interest
to environmental scientists due to their persistence in the environment and toxic
nature. They are a part of an ill-defined subset of elements that display metallic
properties. These include the transition metals, some metalloids, lanthanides, and
actinides. Elements of greatest worry include arsenic, cadmium, cobalt, chromium,
copper, mercury, manganese, nickel, lead, tin, and thallium, which are persistent in
all parts of the environment. Generally, these metals have densities above 5 g/cm3,
cannot be degraded or destroyed, and have a relative atomic mass of 40 [40].

Fifty three of the ninety naturally occurring elements are heavy metals [118]. Of
these, Fe, Mo, and Mn are important as micronutrients, while Zn, Ni, Cu, Co, Va,
and Cr are toxic elements but have importance as trace elements. On the other hand,
Ag, As, Hg, Cd, and Pb do not have known function as nutrients and seem to be toxic
to plants and microorganisms [40, 131]. Heavy metals come from both natural and
anthropogenic processes and land in different environmental compartments such as
soil, water, air, and their interface. Increasing amounts of heavy metals can account
for soil quality degradation, contributing to crop yield reduction, poor quality of
agricultural products, posing far-reaching threats to human, animal, and ecosystem
health.

5.3 Arsenic Metal

Amongst the heavy metals alluded to, arsenic is characterized as one of the harmful
pollutants precisely due to its toxicity, bio accumulating tendency, and threat to
human life and environment [37, 53, 101, 119]. It is the twentieth most abundant
element in the earth’s crust [69] and the forty-seventhmost abundant element on earth
among the eighty-eight existing elements [66]. It is a metalloid in the constitution of
more than 245 minerals [106].

Arsenic has three allotropic forms, namely, grey, black, and yellow. Arsenic and
its associated compounds are often used as pesticides and herbicides. This element
can flow through arsenic-containing rocks or get into water through the dissolution of
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mineral rocks in areas with weathered rocks. Arsenic is also emitted via fossil fuels
combustion. Commercially, arsenic is used in alloys and wood preservatives. Also,
this element is achieved by heatingminerals containing arsenic and re-crystallization
of vapors of its sublimation and industrially; it is achieved as an additional product
of metal production centers.

Arsenic is traditionally found in a slight quantity on earth. It is in soil and mineral
materials, and it gets into air or water through dust or runoff. It is difficult to convert
arsenic into liquid or gas states. The metal is mobile naturally, and it is rarely found
in one place; this is a good point, but arsenic pollution mostly occurs due to its easy
emission. Due to anthropogenic activities such as mining, arsenic can be mobile in
most regions.Arsenic cycles are extensive due to anthropogenic activities, and arsenic
is found less in the environment and nature. Copper producing industries mostly
emit arsenic, but it is also distributed in the lead, zinc production, and agricultural
activities. If arsenic gets into the environment, it will not be decomposed, and it gets
emitted and causes diseases for humans and animals [106].

Arsenic exists in four valency states, including −3, 0, + 3, and + 5. The
elemental state −3 and 0 are extremely rare, whereas +3 and + 5 oxidation states
are commonly found in groundwater systems, depending on the prevailing redox
conditions. Arsenite (As(III)) is dominant under a moderately reducing anaerobic
environment, while Arsenate (As(V)) exists inwater with abundant dissolved oxygen
levels [132, 133]. Arsenite is 25–60 times more toxic than arsenate [61]. Neverthe-
less, it has been found at 100–200 g/L in groundwater in several countries, notably
in Asia, America, Europe, Africa, and the Pacific [132]. Arsenic contamination in
drinkingwater has become amajor concern inmany regions around theworld and has
affected more than 100million people worldwide [87]. Arsenic poisoning of ground-
water was first reported in Taiwan in 1968 [77]. It is estimated that there were 19.6
million people at risk of being affected by the consumption of arsenic-contaminated
groundwater in China [91]. People drinking arsenic-impacted water greater than
0.05 mg/L are prone to increased risk of lung, bladder cancer, and arsenic-associated
skin lesions, as well as other effects such as loss of appetite, muscular weakness,
pigmentation changes, and nausea [19]. To minimize the health problems associated
with arsenic in water, the World Health Organization (WHO) recommends a strict
permissible limit of 10 μg/L as the maximum arsenic contaminant level in drinking
water [58].

5.4 Methods for the Removal of Arsenic

As the environmental pollution resulting from discharging wastewater consisting
of high concentrations of heavy metals is becoming a pressing issue worldwide,
the interest to lower these increased concentrations to below permissible discharge
limits has garnered a lot of attention. Accordingly, the development of effective and
sustainable purification methods for arsenic removal from water became a matter of
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great importance and profound societal value. Nonetheless, in light of the low socio-
economic status of the major affected countries, they cannot afford expensive and
large-scale treatments to remove arsenic from drinking water to the acceptable levels
(10 ppb, as recommended by WHO and US Environmental Protection Agency).
Therefore, the development of facile and cost-effective methods, which are easy to
handle and can be applied at household and community levels to remediation of
arsenic from contaminated groundwater, is of utmost importance.

In consideration of the societal value and critical importance, tradi-
tional and different emerging technologies based on chemical, biochem-
ical/biological/biosorption, and physico-chemical treatment processes for arsenic
removal from contaminated drinking water have been developed and applied [48].
Many sustainable and naturally abundant materials including waste rice husk [9],
iron-based adsorbents such as iron oxy-hydroxides including akaganeite (β-FeOOH),
goethite (α-FeOOH), lepidocrocite (U-FeOOH), ferrihydrites (Fe10O14(OH)2), iron-
based layered double hydroxides (LDHs), iron oxy-hydroxides doped activated
carbon, and iron oxy-hydroxides doped graphene oxide [47, 105], and activated
carbon [21] have been examined as efficient adsorbents for arsenic removal. Lately,
some novelmaterials including cellulose-based fibers [25, 102],metal organic frame-
work (MOF), and hydrogel [68], have also been examined. Several of these arsenic
removal materials and techniques have also been implemented practically in the
affected rural areas. However, most of these methods are unsatisfactory owing to
different grounds such as incomplete metal removal (poor efficiency), high reagent
and energy requirements, and large quantities of wastes. Furthermore, the type of
waste generated is usually toxic and therefore difficult to dispose of. Moreover, other
concerns of these processes are largely linked to costs, both initial and operational, as
the arsenic problem is mainly in developing or underdeveloped countries and areas.
Amongst all these methods, there are some conventional techniques that have been
widely applied for arsenic ions removal with some form of merits and demerits.

5.4.1 Conventional Methods

In recent years, conventional methods commonly known as physicochemical
methods have been developed for arsenic removal. These are oxidation, precipi-
tation, ion exchange, separation (membrane processes like reverse osmosis, nanofil-
tration, and electrodialysis), and adsorption [14, 57, 64]. These methods are well
recognized for large to medium-scale water treatment plants [28, 65, 88]. These
chemical processes can be used individually, sequentially, or in combination for
effective As(V) removal [65]. However, As(III) species are poorly removed and
require a chemical or physical pre-treatment oxidation to convert it to As(V) for effi-
cient removal [64]. Speciation of arsenic controls its interaction and removal with
different environmental materials [22, 57].

Similarly, the presence of different cations, anions, and organic matter affects
arsenic removal. These effects grow manyfold at higher concentrations. In Latin
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America (LA), many regions are contaminated with additional contaminants along
with arsenic. For example, arsenic removal fromArgentinian groundwater is compli-
cated due to elevated levels of fluoride and silica. Thus, assessment of different
contaminants before treatment technique selection becomes necessary. The advan-
tages and disadvantages of various physico-chemical methods used for arsenic
removal are given in Table 5.1. Subsequently, the methods were described briefly in
the sections that follow.

5.4.1.1 Adsorption

Adsorption is deemed an efficient and economically practicable method as opposed
to other arsenic removal methods [20]. Its efficiency is seen mostly in developing
countries faced with unreliable electricity supply and a lack of skilled personnel [22].
Adsorbents with quantitative efficiencies (N95%) are reported for As(III) and As(V)
[83]. The adsorption does not generally require chemical addition, as in the case
with other techniques [88]. A huge number of adsorbents have been developed and
assessed around the world [7, 14] for the removal of arsenic. However, large-scale
implementation of these adsorbents is still lacking for this application.

5.4.1.2 Coagulation

Coagulation is a simple method known for treating large volumes of arsenic contam-
inated water [64]. In this method, the colloidal particles are destabilized by coag-
ulants by particle charge neutralization, causing them to be aggregate, followed by
precipitation. During the coagulation-precipitation process, soluble arsenic species
are transformed into flocs by the coagulants and can simply be removed by filtration
[99]. These processes combine coagulation, adsorption, and sedimentation [108, 25],
employing inexpensive chemicals and low installation costs. In consequence, coagu-
lation and filtration have huge application potential for low-cost economies. For the
removal of arsenic, arsenite is converted into arsenate, succeeded by its removal via
adsorption onto coagulated flocs, and then by filtration [59]. Salts such as Al2(SO4)3,
FeCl3, and FeSO4 have frequently used coagulants. Among them, ferric chloride is a
rather more preferable coagulant since it generates somewhat large flocs [34, 50, 83,
90]. However, the shortcoming of this method is the production of arsenic-containing
sludge, which may act as a potential source of arsenic contamination. At present,
coagulation technology successfully reduced arsenic from 400 to 10 μg/L under-
regulated pH, coagulants, and oxidizing agents with an approximate cost of 2.3
US¢/L of water. It became apparent that the composition of the arsenic-impacted
water is the major factor when selecting a specific arsenic removal process [4].
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Table 5.1 Advantages and disadvantages of various arsenic removal technologies. Reproduced
with permission from [104]. This article has been published underCreativeCommons byAttribution
(CC-BY) license

Arsenic Removal
Technology

Advantages Disadvantages Removal Efficiency As
(v) (%)

Oxidation • Low operation cost
• Works over a wide pH
range

• Very slow process
• Drinking water has a
bad smell and color in
addition to chlorine,
permanganate, etc

• Sludge formation

>95

Coagulation • It can be operated
within a wide range of
pH

• Pre-oxidation
ofarsenite required

• High arsenic
contaminatedsludge
production

• Expensive process
• Additional filtration is
required

>90

Adsorption • Low cost
• Ease of operation

• pH, effective surface
area and the nature of
the adsorbent need to
be maintained

• Arsenite cannot be
removed very well

• Post-filtration required
• Organic matter, other
salts in water decreases
the efficiency of the
process

• Removal of the
generated heavy flocs
is difficult

100

Ion Exchange
Process

• pH-independent
process

• Only efficient for
arsenite removal

• Expensive process
• Low capacity
• Sludge disposal
problem

• Resin needs to be
replaced again and
again

95

Electrocoagulation • Sustainable technology
• Less area requirement

• Sludge production
• High investment cost
• High energy
consumption

>99

Membrane
Filtration

• Easy operational
technique

• High arsenate removal
efficiency

• No sludge production

• Membrane fouling
• High investment cost

>99
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5.4.1.3 Oxidation

Arsenic in natural waters, by and large, occurs as arsenite [As(III)] and arsenate
[As(V)]. As(III) is more soluble, mobile, and toxic as compared to As(V). As a
result, As(III) removal is more challenging than As(V). In light of this, As(III) must
be oxidized to As(V) prior to its removal [18]. Thus, it is important amid the arsenic
removal process to understand As(III) oxidation and its kinetics in the presence of
different oxidants [55]. It was found that the arsenic oxidation in the presence of
air or pure oxygen is slow and can be enhanced by using ozone, chlorine, chlorine
dioxide, hypochlorite, and H2O2 [18].

5.4.1.4 Chemical Oxidation

Chemicals such as Cl2 (g), ClO¯, O3,MnO−4, H2O2,MnO2, andH2O2/Fe2+ (Fenton’s
reagent) are used to enhance the oxidation kinetics of As(III) [1, 64, 83]. Chlorine
shows fast As(III) oxidation kinetics, but on reactingwith organicmatter it also forms
trihalomethanes, which can be awful and some are known carcinogens. Accordingly,
potassium permanganate (KMnO4) can be selected as an alternative for chlorine,
capitalizing on its wide availability, non-reactivity with filtration membranes, and no
formation of disinfection by-products [57, 65].

5.4.1.5 Advanced Oxidation Processes (AOPs)

Advanced oxidation processes (AOPs) generate highly reactive species, including
HO•, HO• 2, andO−2 radicals in the aqueous phase. These radicals are produced using
chemical oxidants such as H2O2, O3 combined with catalysts or radiation (γ rays or
UV irradiation) [82]. The high reactivity of these free radicals makes AOPs suitable
for oxidizingmany inorganic and organic pollutants, includingAs(III). AOPs include
UV/H2O2,O3/UV,O3/H2O2, Fe2+/H2O2, photo-Fentonoxidation, andheterogeneous
photocatalysis [82].AOPs such as heterogeneous photocatalysis can be easily applied
in rural and low-income communities [30, 31, 38]. In heterogeneous photocatalysis,
aqueous As(III) is oxidized using a semiconductor-like titanium dioxide (TiO2) as
the catalyst [8, 38, 63, 65]. The latter is a widely used photocatalyst owing to its low
cost, chemical stability, and outstanding electronic and optical properties. Arsenic-
impacted water samples in contact with TiO2 are exposed to UV light (solar or
lamp sources) followed by iron (ferrous) addition to achieving arsenic concentrations
below an acceptable level.

5.4.1.6 Ion Exchange

It is a reversible chemical reaction wherein an ion from wastewater solution is
exchanged for a similarly charged ion attached to an immobile solid particle. These
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solid ion exchange particles are either naturally occurring inorganic zeolites or
synthetically produced organic resins [2]. The resins have been successfully used
for arsenic remediation in drinking water. Tailored anion exchangers are available,
which can reduce the arsenic concentration to < 10μg/L [63]. Synthetic ion exchange
resins normally have quaternary ammonium groups and a polystyrene cross-linked
divinylbenzene (polymeric matrix). These resins are particularly efficient for As(V)
adsorption. As(V) uptake does not depend on pH and influent concentration. Oxida-
tion is required for As(III) removal via ion exchange resins because neutral H3AsO3

is present, and H2AsO−3 is only available at pH > 8 (Fig. 5.2) [83, 90]. The resin
surface is loaded with chloride ions via HCl pre-treatment. Chloride ions are easily
exchanged by As(III) or As(V) or anions such as SO2

−4, F−, and NO−3. Arsenic
concentration in water along with the ion-exchange resin type and competing ions,
are important factors affecting arsenic removal [99]. High sulfate and total dissolved
solids interfere in the process [117]. Ion exchange columns may also be clogged due
to suspended solids and iron precipitates [59, 83, 119].

5.4.1.7 Membrane Filtration

Low-pressure (0.069–0.207 MPa) membrane microfiltration or ultrafiltration, high-
pressure (0.517–1.72 MPa) membrane nanofiltration and reverse osmosis (RO), or
even higher pressure (N1.724 MPa) membranes processes have been probed for
aqueous arsenic removal [66, 83, 90]. RO uses pressure to pass water but not
solutes through a semipermeable membrane [65]. The micropores allow only water
molecules to pass and retain polyvalent ions, including arsenic oxyanions. ROworks
efficiently in the pH range of 3–11 [65]. For municipal systems or larger scale water
remediation applications, multiple membrane units may be connected in series [83].
Low pressure membrane processes, including ultrafiltration or microfiltration are not
suitable for arsenic remediation because of the small size of arsenic species that can
easily pass the membranes [65, 83] unless pre-treatment with suitable coagulants is
implemented prior to membrane filtration. RO is the most suitable option for high
salinity water treatment [28]. RO effectively removed As(V), but As(III) removal can
only be achieved at pH > 9.0, when As(III) exists as a weak acidic (Fig. 5.2) [80].
This is due to the fact that the neutral form of As(III) cannot be repelled by ionic
RO membranes [80]. However, to achieve high removal, As(III oxidation is diffi-
cult due to possible membrane damage by residual oxidants [65]. Water hardness,
humic acids, organic matter, suspended solids, dissolved solids, and methane inter-
fere with membrane processes. Drinking water’s chemical composition is altered
when ions other than arsenic are simultaneously eliminated [66]. RO works better in
the presence of nitrate and fluoride salt contaminants [64]. However, >70 mg/L silica
concentrations can damage the RO membranes. In general, RO efficiently removes
arsenic (92%) and fluoride (85–95%) from drinking water [4, 36, 83]. The only limi-
tation with RO is that the safe management of the resultant brine is required in the
absence of provisions to treat or dispose of it safely [4, 65]. This increases water
treatment costs with RO technology [4, 83].
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5.4.1.8 Electrocoagulation

Electrocoagulation is a novel method for arsenic removal with a lot of advantages.
It lowers sludge volume; it is quite compact with the trouble-free operation even
with high flow rates and has no extra chemicals requirements [97]. The technology
utilizes iron and aluminum anodes, which are consumed during the process [97], and
is very efficient for both arsenic and fluoride removal.

In electrocoagulation, the coagulant is generated in-situ as electrolytic oxida-
tion of the anode occurs [114]. This process provides improved As(III) removal
versus ferric coagulation [46, 114]. Through electrocoagulation, 100 mg/L As(V)
was reduced to <2.0 mg/L with a residence time of ~9 min, “current density = 1.2
A/dm2, liquid flow = 3 L/h., DC current reversed each 2 min [46]”. Various articles
have reported an arsenic reduction in Latin American groundwater and well water
from an initial level of 134 μg/L [5], 50 μg/L [97], 43 μg/L [44], to concentrations
well below 10 μg/L. Successful containment of arsenic (As= 106 μg/L) along with
fluoride and hydrated silica was achieved from groundwater in a 12 cell electrocoag-
ulation unit [92]. The optimum pH for arsenic removal in electrocoagulation using
aluminum electrodes is 7.0, whilewith iron electrodes, it is 6.5 [109]. The presence of
co-existing ions also effects arsenic removal during electrocoagulation. Sandoval and
colleagues reported that silicate influences arsenic removal by forming aluminosili-
cates on aluminumhydroxide flocs [97]. The presence of phosphate and sulfate ions
decreases the arsenic removal by competing with arsenic for sorption onto aluminum
flocs. Chloride ions favor arsenic removal by enhancing aluminum floc formation
by corroding the electrode [97]. Electrocoagulation provides an exciting solution for
treating drinking water and groundwater for consumption, but electricity require-
ments for this treatment limit its application. In urban settings, electrocoagulation
usage can be feasible for treating arsenic contaminated water. So far, electrocoagu-
lation application has been limited to laboratory scale and pilot projects, large scale
applications of electrocoagulation for providing arsenic-free contaminated water are
still lacking [97].

5.5 Electrospun Nanofibers

By and large, the above mentioned methods were found to have had more disad-
vantages that restricted their thorough potential, and there is a pivotal need for more
alternatives to overcome the intricacies of arsenic removal. With that said, electro-
spun nanofibers came out as idealmaterials for the removal of heavymetals ions from
drinking water, inclusive of arsenate ions. Nanofibers are a class of nanomaterials
with interesting properties unparalleled to other materials. A variety of routes have
been employed to fabricate these nanostructured materials from different materials
such as drawing, templates synthesis, phase separation, self-assembly, and electro-
spinning. Amongst these methods, electrospinning emerged greatest in respect of the
production of the nanofibers owing to its simplicity, efficiency and its versatility [11,
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27, 42]. The technology is described as an easy technique for producing micro- and
nanofibers of organic polymers and inorganic oxide materials. With its intriguing
traits, the technique finds applications in filters, tissue engineering scaffolds, wound
dressing, drug delivery materials, biomimetic materials, composite reinforcement,
and many others. A thorough review by [52] showed an unprecedented increase in
the number of publications on electrospinning over the past few years. Since elec-
trospun fibers find applications in nanotechnology and biotechnology, this obviously
can be seen as a motive force behind the renewed interest in a technique that has
been known since the 1930’s [39, 52, 107].

The principle behind electrospinning is relatively simple: an electrical field is
applied across a polymer solution and a collector plate to force a polymer solution
jet out from a small hole. As the solution jet travels, the solvent evaporates and leaves
behind a charged polymer fiber [39], which undergoes stretching and thinning as a
result of the whipping, and finally collects on the grounded collector as a randomly
oriented web of micro- or nanofibers [107]. The operational conditions are known to
have a significant influence on the resultant fibers [33, 70]. Previous studies indicate
that the development of useful applications of electrospun nanofibers requires a
thorough understanding of the electrospinning parameters as the morphology and
diameter of the electrospun nanofiber will have an influence on the final product
[56, 89, 110, 130].

Nanofibers adsorbents can be used directly and easily separated from aqueous
solutions after adsorption due to their long size [62]. Some researchers have prepared
modified fibers to remove toxic anions, such as humic acid, fluoride, and phosphate
[62, 85], but few studies have been conducted to remove arsenate from wastewater
[35, 90, 112]. Sorbents prepared from electrospun nanofibers have come to the front-
line of analyte adsorption on the grounds of their interesting attributes such as specific
surface are, porosity, high flux, fine pores with interconnected pore structures, and
ability to adhere to a wide variety of physical and chemical conditions. However, the
relatively low rejection of ions has become a major impediment in the utilization of
thesemembranes. To address this issue, some researchers havemodified the structure
and surface of electrospun nanofibers by the incorporation of inorganic nanoparti-
cles and specific functional groups [41, 49]. The latter helped achieve the desired
functional properties, which improved the removal efficiency and the permeability
of membranes [54, 60]. Moreover, the large specific surface offered the nanofibers
enhanced sorption capacity [26, 123].

5.6 Reported Work on the Removal of Arsenic Using
Nanofibers/Composite Nanofibers

Nanofibers can be electrospun from a host of polymers, if not most. There are a
number of factors that influence the choice of polymer for electrospinning nanofibers
(NFs) for adsorption purposes. Among these are the availability of the polymer,
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process factors such as electrospinnability of the polymer, and the physical and chem-
ical properties of the polymer. This section will explore the polymers or composites
that have been used in the fabrication of nanofibers for the removal of arsenic in
water.

5.6.1 Polymers/Composites Used for Fabrication
of Nanofibers and Their Properties

Chitosan has emerged as a popular polymer for the fabrication of nanofibers for the
removal of arsenic in water. This is justified by the fact that chitosan is very rich with
functional groups that are capable of adsorbing arsenic and heavy metals in general
[116, 122, 134], as shown in Fig. 5.1. As a result of this, a number of research papers
have been published reporting the removal of arsenic using chitosan nanofibers.

Mokhena et al. [76] prepared blended electrospun nanofibers of chitosan and
poly(ethylene oxide) (PEO). The blending with PEO was necessary as pure chitosan
proves to be very challenging to electrospin [32, 51], often requiring another polymer
to be added [32, 93]. This is due to its rigid chemical structure, polyelectrolyte nature
in solution (Mi et al. 1999), and intra- and inter-molecular interactions.

In a subsequent study, [77] produced NFs from a blend of chitosan, PEO, and
FeCl3 solutions. The role of FeCl3 (Fe3+) was to enhance the near-neutral (pH 7.0)
adsorption of As(V) onto the chitosan nanofibers. Porous, continuous NFs with a
typical diameter of 153 nm were obtained (Fig. 5.2).

In yet another study, [73] have retained the synthesis routes of their previous
studies [74, 75] to fabricate chitosan NFs doped with Fe3+, however, this time for the
removal of arsenite [As(III)]. However, in this study, the NFs were also doped with
Zr, Cu, Fe/Zr, and Fe/Cu oxides. These metals have previously been reported to be
effective in removing arsenic from water [23, 29, 43, 45].

This chitosanNFs fabrication route involving blendingwithPEOwas also recently
explored by [111] to immobilize lanthanum nanoparticles (NPs) for subsequent
sequestration of As(V) from water. The previous chitosan NFs modifications byMin
et al. [74, 75] involved chitosan modification before the electrospinning process.
Herein, lanthanum is deposited on the surface of chitosan NFs post electrospinning.

These studies demonstrate the relative ease with which chitosan NFs can be elec-
trospun andmodified with metallic content to produce composite NFs with enhanced
properties. Another advantage of having a wealth of functional groups of chitosan is
that they also allow for chemical modification of chitosan with organic compounds.

Fig. 5.1 The molecular
structure of chitosan
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Fig. 5.2 a TEM image, b line scan, and c EDX elemental mappings of C, Fe, O, and N on the
surface of ICS-ENF. Reproduced with permission from [77]. This article has been published under
Creative Commons by Attribution (CC-BY) license

For instance, poly(vinyl alcohol) (PVA)was used as amodifier for chitosan via cross-
linking with glutaraldehyde and assisted in the immobilization of zero-valent iron
(ZVI) NPs and improved the porosity of the NFs [24].

Ethylene diamine-modified polyacrylonitrile (PAN) NFs for the removal of
arsenic in water have also been reported. Unlike chitosan, PAN has limited func-
tional groups onto which As can be adsorbed. Therefore, it was necessary to modify
its EDTA to increase the functional group density on its surface, and the resultingNFs
were poly(acrylo-amidino ethylene amine) (PAEA). Transforming PAN microfibers
(MFs) into modified NFs enhanced the properties of the fibers. Nitrogen adsorption
studies using a Brunauer-Emmet-Teller (BET) analyzer performed on both PAEA
NFs and MFs to determine the porosity and specific surface area of the systems
revealed an increase from 2.8 m2/g of PAEA MFs to 10.4 m2/g of PAEA NFs. This
suggests that the introduction of the chelating groups on the NFs surface, together
with a reduction in fiber diameter after electrospinning (from 16 μm to 250 nm),
enhanced the surface area of theNFs, which is advantageous for adsorption purposes.

Iron was used again in the removal of As(V) from water, this time by [15] in
the form of Fe2O3 NPs embedded in PAN nanofibers. The presence of Fe2O3 NPs
in the PAN NFs improved both the porosity and hydrophilicity of the ENMs. The
improved interaction with water in the presence of nanoparticles was attributed to
the formation of hydroxyl ions at the metal oxide NP-water interface [127].
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5.6.2 Performance Characteristics of NFs in the Removal
of Arsenic from Water

Apart from the properties of the polymer/composite NFs used as adsorbents, water
itself has some parameters that influence the performance of adsorbents in adsorbing
the targeted pollutant. These include the ionic strength of the solution, the presence
of competing ions or interferences, solution pH, and initial analyte concentration
[79]. This section discusses the reported performances of NFs in Arsenic removal
from water and the influence of solution parameters.

5.6.2.1 Influence of Solution pH

Arsenic commonly exists as arsenate As(V) and arsenite As(III) in the water. Both
these arsenic species dissociate in solution to give different ions that interact differ-
ently with the adsorbent. The dissociation of arsenic species in water is governed
by solution pH. Many studies have identified the dissociation products and the solu-
tion pH in which they are dominant [13, 81, 125, 134]. Solution pH also influences
the extent of protonation or deprotonation of the adsorbent, which is crucial in the
adsorption process. Therefore, the optimal pH for the adsorption of arsenate onto
NFs is usually determined by batch adsorption studies.

This was evident from theworks ofMin et al., who used two chitosanNFs systems
to remove As(V) from water [74, 75]. For pure chitosan NFs, adsorption was found
to be sharply decreasing as the pH increased until no adsorption took place above pH
10 [74]. Maximum As(V) adsorption was recorded when the initial solution pH was
3.4. Miller et al. [71] explained a similar observation by attributing the decrease in
As(V) adsorption onto the surface of TiO2-impregnated chitosan beads (TICB) to the
electrostatic repulsions between the hydroxyl groups of TICB and arsenate, which
are both negatively charged. In contrast, at the equilibrium solution pH, chitosan
undergoes 99% protonation, which may allow for the adsorption of As(V) onto
the positively charged (protonated) amine groups [113], as studies concerning the
adsorption of other metal ions by chitosan have proposed [126].

It is fair to link the pH at which maximum adsorption was attained to real-life
situations in order to judge the suitability of the adsorbent. Most natural water bodies
are close to neutral pH.Therefore, Fe3+ was immobilized anddispersed in the chitosan
NFs as a means of shifting the pH of maximum adsorption to near neutral [75]. This
system was far more superior to the pure chitosan NFs in terms of As(V) adsorption
around neutral pH, as it exhibited As(V) removal of > 90%. Adsorption was less than
50% at neutral pH for pure chitosan NFs.

Sorbent materials are associated with a pH at which their surface is neutral. This is
called a point-of-zero charge of the material, or pHPZC. Miller and Zimmerman [72]
found that a pH above the point-of-zero-charge (PZC) of TICB actually prevented
chemisorption of As(V) from occurring. An increase of pH above the pHPZC imparts
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an overall negative charge on the surface of the adsorbent. This may lead to elec-
trostatic repulsions between the adsorbent and a negatively charged arsenic species.
At pH < pHPZC, the surface of the adsorbent is positive overall, which promotes
the electrostatic attraction and adsorption of negatively charged arsenic species. The
pHPZC and solution pH dictate how much arsenic can be adsorbed on the surface of
NFs. This phenomenon has been observed in several studies.

PAN NFs were impregnated with Fe2O3 NPs for removing As(V) in water [15].
The effect of pH on As(V) adsorption was examined where initial pH was varied
from 3–11. Maximum adsorption was observed at pH 4–5. Above pH 5 a gradual
decline in adsorption was observed. The pHPZC for the composite PAN NFs was
determined to be at pH 6.4, below which the composite NFs surface was positively
charged and allowed for electrostatic interactions with the negatively charged As(V)
species. Above pHPZC 6.4 a dramatic decline was observed. The surface of NFs had
assumed a negative charge overall, and less adsorption occurred due to repulsion
with As(V).

Poly(acrylo-amidino ethylene amine) (PAEA) NFs were fabricated by modifying
PAN NFs with ethylene diamine for As(V) removal [115]. When the effect of pH
on As(V) adsorption was studied, pH 3 was found to be the optimum as maximum
adsorption took place there. An increase in pH resulted in a decrease in As(V)
adsorption. The pHPZC for PAEA NFs was determined to be 7.6. However, a sharp
decrease in As(V) adsorption was observed above pH 6. This is because above pH
6, As(V) exists in solution as HAsO4

2−, AsO4
3−, as well as H2AsO4

−, which is
dominant at pH < 6 [125]. The presence of the multiple charged As(V) species and
decreasing PAEA surface positivity results in greater electrostatic repulsion between
As(V) and the adsorbents, hence the decline in adsorption at pH > 6. For this reason,
pH 3.0 was adopted as the optimum pH to ensure quantitative As(V) adsorption onto
PAEA NFs.

Solution pH played a significant role again in the As(V) removal performance of
the chitosan-La NF prepared by Tan et al. [111]. For instance, pure chitosan NFs
showed a removal capacity of 33 mg/g at pH 4, which decreased to just 2 mg/g
when the pH was adjusted to 11. Meanwhile, chitosan-La NFs exhibited an adsorp-
tion capacity of 51–53.5 at a pH range of 4–6. However, a significant drop was
observed in adsorption capacity when the pH was above 6. pH influences the form
in which As(V) exists in solution, depending on the extent of protonation or depro-
tonation. [13, 134] explain that at very low pH (~2.2), As(V) exists as the fully
protonated H3AsO4, while between pH 2.2 and 6.9 H2AsO4

− becomes dominant.
As the pH increases, As(V) becomes more deprotonated. At pH between 6.9 and
11.5, the HAsO4

2− species is dominant; and, finally, full deprotonation occurs at pH
> 11.5 to give AsO4

3− [13, 134]. Chitosan and chitosan-La NFs had pHPZC at 6.5
and 7.8, respectively. Meaning that chitosan was only able to remove H2AsO4

−, as
above pHPZC the chitosan surface becomes negative and repels As(V). However, the
extended pH range in which chitosan-La has a positively charged surface allows both
H2AsO4

− and HAsO4
2− species to be removed from the solution. Hence chitosan-La

NFs demonstrated a much higher adsorption capacity than pure chitosan.
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Another Fe-doped chitosan electrospun nanofibrous membrane (Fe@CTS ENM)
was studied byMin et al. for removing As(III) this time [73]. Fe@CTS ENMdemon-
strated the ability to consistently remove > 85%As(III) from aqueous solutions of pH
varying from 3.3 to 8.0, and after pH 9.0 a sharp decline in adsorption was observed.
Unlike in the adsorption of As(V), where at pH 9 H3AsO4 has already undergone
two deprotonations [13, 134], H3AsO3 remains in its neutral form at pH < 9 and
only at pH > 9.0 does the deprotonation into H2AsO3

− occur [17, 81]. This suggests
that the decline observed after pH 9 was caused by electrostatic repulsions between
H2AsO3

− and the negatively charged surface of Fe@CTS ENM. The authors further
explain that the removal of the neutral H3AsO3 was not facilitated by electrostatic
interactions, as H3AsO3 adsorption is not dependent on its deprotonation.

These studies, and many others that have not been discussed, reveal the extent to
which solution pH can influence the performance of adsorbents in removing arsenic
from water. As shown in the discussions, polymer nanofibers can be modified with
organic and/or inorganic substances to manipulate their properties and adjust their
ability to perform at various pH points, including at near neutral pH, where the pH
of natural waters usually lies. However, this is perhaps one of the areas in which
intensive research efforts still need to be focused as far as arsenic removal with NFs
or composite NFs is concerned.

5.6.2.2 Influence of Co-existing Ions

It is a common realization that arsenic species are only some of the ions/compounds
found in water, especially in wastewater and contaminated natural waters. The ions
differ in terms of toxicity, and therefore, the need for their removal. But even those that
are not harmful can impact the outcomes of any attempt to remove the harmful ones.
Hence it is common practice to study the effect of co-existing ions on the removal
of harmful pollutants from water. Selective adsorption of arsenic onto adsorbents is
desirable yet difficult to achieve because of the interference caused by co-existing
ions. Ionic species such as phosphate, carbonate, sulfate, fluoride, and chloride are
common ions in water systems, and their effect on arsenic removal is of interest to
researchers. Just like arsenate and arsenite, these ions are negatively charged and can
compete with As(V) and As(III) for adsorption sites [3].

The effect of the presence of other anions Cl− (chloride), NO3
− (nitrate), and

SO4
2− (sulfate) was examined on the removal of As(V) by PAN nanofibers func-

tionalized with Fe203 NPs [15]. It was found that all three anions decreased As(V)
adsorption onto the NFs. However, Cl− and NO3

− were found to cause less interfer-
ence than SO4

2−. This was due to the fact that Cl− and NO3
− are single charged and

smaller in size, compared to the more bulky and double-charged SO4
2−. Because of

this, SO4
2− can occupy more of the binding sites of Fe2O3 NPs than Cl− or NO3

−,
resulting in less As(V) adsorbed. This finding is in contrast with the studies by
Min et al. where the removal of As(V) by chitosan NFs [74] and Fe3+-immobilized
chitosan NFs [75] remained unaffected by small, single charged anions such as Cl−
even if present at very high concentrations compared to that of As(V).
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The As(V) removal performance of the chitosan-La NFs fabricated by Tan et al.
was compromized by the presence of co-existing anions Cl−, NO3

−, SO4
2−, HCO3

−,
and H2PO4

−, even though to a lesser extent for chitosan-La NFs [111]. In particular,
phosphate ions caused the greatest interference on both chitosan and chitosan-La
NFs. [74] observed a similar impact of phosphate and sulfate on their chitosan NFs,
while carbonate and fluoride had no significant impact. Contrary to that, chloride
and carbonate were found to affect the adsorption of As(V) onto even chitosan. This
may have been caused by the high concentration of the interferents in the solution
(up to 600 mg/L).

The effect of co-existing ions on the adsorption of arsenic species does not seem
to be entirely dependent on the nature of the adsorbent; as it can be seen here,
chitosan NFs used in two studies were affected differently by the presence of co-
existing ions. The presence of co-existing ions CO3

2−, SO4
2−, Cl−, F− did not have

an impact on the adsorption of As(III) by the Fe-doped chitosan NFs prepared by
[73]. The As(III) initial concentration was kept at 1.3μM, while co-ions varied from
0.1–2 mM (100–2000 μM). The presence of these ions has been found to negatively
affect the adsorption of either As(III) or As(V) [79].

5.6.2.3 Nanofiber Capacities and Kinetics and Mechanisms Involved
in Arsenic Removal

The performance of the NFs was determined by a combination of adsorption param-
eters such as equilibrium time, maximum adsorption capacity, adsorbent dosage, and
reusability. Theoretical equations have been used to model the adsorption data, viz.
the Langmuir and Freundlich isotherms, while the pseudo-first-order and pseudo-
second-order kinetic models were applied to analyze the equilibrium data. The
reported performances of NFs and NF composites have varied widely in terms of
maximum adsorption capacities and equilibrium time, i.e., the time it took the adsor-
bent to reach equilibrium. Table 5.2 lists the results of some of the studies that are
reported in the literature.

The PAEA NFs of Vu et al. required only 15 min to reach equilibrium, while
it took 60 min for PAEA MFs to reach As(V) adsorption equilibrium [115]. The
difference between the two adsorbents was their specific surface area. PAEA NFs
had a surface area of 10.4 m2/g, while the surface area of PAEA MFs was 2.8
m2/g. This difference in the surface areas of PAEA NFs and PAEA MFs explains
the difference in the As(V) adsorption rates for the two systems. It highlights the
advantage of using nanosorbents instead of their bulk counterparts. This is because
As(V) was exposed to more adsorption sites when the surface area was higher, thus
resulting in faster adsorption and even greater adsorption capacities as calculated
from the pseudo-second-order kinetic model. The experimental adsorption capacity
from these datawas found to be 66.68 and 25.72mg/g for PAEANFs and PAEAMFs,
respectively, while their respective maximum adsorption capacity was determined
from the Langmuir isotherm model to be 76.92 and 27.62 mg/g, which agree with
the experimental capacities.

Another strong adsorption performance in terms of adsorption capacitywas exhib-
ited by the chitosan-La NFs prepared by [111]. Equilibrium data for the adsorption
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Table 5.2 Comparison of reported nanofibrous adsorbents for arsenic adsorption under optimum
conditions

Polymer/polymer composite
description

Adsorption
Capacity
(mg/g)

Arsenic
Species

pH Equil.
time

Reference

PAN NFs embedded with Fe2O3 NPs 82.2 As(V) 3–4 120 min [15]

Chitosan NFs 30.8 As(V) 3.4 30 min [74]

Chitosan NFs with Fe3+ 11.2 As(V) 7.2 100 min [75]

PAN NFs modified with
ethylenediamine

76.92 As(V) 3 15 min [115]

Chitosan NFs with La NPs 83.6 As(V) 4–6 350 min [111]

Chitosan NFs with Fe3+ 36.1 As(III) 7 120 min [73]

Chitosan/cellulose blend 39.4 As(V) 60 min [84]

Cellulose modified with cysteine 357.14 As(III) 7 [25]

Chitin modified with cysteine 149 As(III) 7 [128]

Chitosan/PVA blend with cerium 18.2 As(III) 6.2–7 60 min [101]

PVDF with Fe–Mn binary oxide 21.32 As(V) 7 10 h [6]

PAN with alumina 3.8 As(V) 2 60 min [103]

PVA/Nafion blend 22.7 As(III) 5.9 5 h [101]

Chitosan-g-poly(N-vinylcaprolactam)
NFs modified with ZIF-8 MOF

258.5 As(V) 3 30 min [15]

of As(V) onto the surfaces of chitosan NFs and chitosan-La NFs was evaluated using
both the Langmuir and Freundlich isotherms. Based on the correlation coefficients
obtained for the data, the Langmuir isotherm best fit the data. As calculated from the
Langmuir model, the maximum adsorption capacities for chitosan NFs and chitosan-
La NFs were found to be 83.6 and 37.8 mg/g, respectively. Chitosan-La NFs owed
their higher adsorption capacity to the presence of La-OH NPs on their surface.
Figure 5.3 shows the surface of chitosan NFs before and after chitosan modification
with La NPs.

Fig. 5.3 a SEM image of chitosan NFs. b SEM image of chitosan-La NFs. cmagnified SEM image
of chitosan-LaNFs. Reproducedwith permission from [111]. Copyright 2020, Elsevier Science Ltd.
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The hydroxide form of the NPs is important as it has been reported to improve the
hydrophilicity of NFs [15]. ICP-MS studies revealed that the load content of La on
the NFs was 13.8 wt%. According to the authors, La was immobilized on the surface
of CSN NFs via complexation with amine groups of chitosan, as interpreted from
Fourier-transform infrared spectroscopy (FTIR) and XPS data. XPS further revealed
that As(V) adsorption also occurred on the amino groups of CSN, which was also
reported by [74]. Moreover, a reduction of the La–OH peak (FTIR) upon As(V)
adsorption, according to the authors, suggests an adsorption mechanism whereby
As(V) substitutes –OH from La the NPs. The equilibrium time for chitosan NFs was
found to be 35 min, while that of chitosan-La NFs was 350 min. As explained before,
the removal of As(V) using chitosan occurs via electrostatic interaction between the
protonated amine groups of chitosan and the negatively charged As(V) [74]. This
seems to be the case even for chitosan-LaNFs, as rapid uptake ofAs(V)was observed
in the first 40 min, followed by a slow increase until equilibrium at 350 min. This
second phase (after 40 min), the authors argue, is likely the complexation of As(V)
on the immobilized La-OH NPs via –OH substitution. This two-phase adsorption
was responsible for the higher adsorption capacity of chitosan-La NFs than the pure
chitosan NFs. However, the high capacity of chitosan-La NFs compromised its equi-
librium time. The slow nature of this complexation was attributed to the inner-sphere
type of complexation. [74] described this mechanism as one in which an increase in
ionic strength does not influence the adsorption of the adsorbate, while describing
outer-sphere adsorption as one in which the adsorption of the adsorbate takes place
in one plane of the adsorbate surface, and an increase in ionic strength decreases the
take-up of the adsorbate.

PAN NFs decorated with Fe2O3 NPs were fabricated by [15] for removing As(V)
from water. Adsorption equilibrium data was evaluated using the Langmuir and
Freundlich models. The Langmuir model was found to return better fitment of the
data, indicating monolayer adsorption of As(V) onto a uniform nanofiber surface.
The Langmuir model revealed that the maximum adsorption capacities that can be
achieved with the composites NFs was 82.2 mg/g, and equilibrium was achieved
within 120 min. The authors attributed this to the high porosity and specific surface
area (10.37 m2/g) of the composite NFs. It is important to note that PAN NFs with
zero addition of Fe2O3 NPs did not exhibit any As(V) adsorption capacity as the
As(V) feed solution retained its initial As(V) concentration after being exposed to
the PAN NFs. This means that the embedded Fe2O3 NPs were solely responsible for
all removal of As(V). The adsorption mechanism was said to be a ligand exchange
whereby –OH is replaced on the Fe2O3 NPs surface by As(V) species.

The results discussed above represent some of the best performances of NFs—in
terms of adsorption capacity—applied in the removal of arsenic in water. Others
reported 39.4 [84], 36.1 [73], 30.8 [74], 11.2 mg/g [75], etc. Common features about
the literature reported on the use of NFs for the removal of arsenic are that the
adsorption is reported to almost invariably follow the Langmuir model, assuming
monolayer adsorption on a homogeneous surface with no interaction among the
adsorbed molecules [84, 95]. Moreover, the kinetic data is reported to follow the
pseudo-second-order kinetic model largely. This means that the sorption of arsenic
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onto theNFsurfaceswasmore inclined towards chemisorption.The rate of adsorption
is not determined by the analyte concentration but rather the adsorption capacity of
the adsorbent [121]—the NFs. In this light, it is encouraging to already see high
adsorption capacities by some of the NFs reported.

The maximum permissible water level for arsenic is 10 μg/L [124]. Treatment of
model water contaminated with arsenic at different concentrations revealed that the
Fe3+-modified chitosan NFs could reduce contamination levels to below 10 μg/L
when the initial concentration range was 100–750 μg/L [75]. According to the
authors, the performance of this Fe3+-modified chitosan NFs on low equilibrium
As(V) concentrations renders these NFs suitable candidates for real environmental
water treatment, where As(V) concentrations are typically low, including drinking
water [75]. Subsequently, Fe-doped chitosan NFs also demonstrated the ability to
reduce As(III) in water from 100 μg/L to below the threshold of 10 μg/L [73]. The
Fe2O3 NP-immobilised PAN NFs fabricated by [15] were able to reduce 5000 μg/L
of As(V) to below 10 μg/L in 45 min. These achievements indicate that nanofibrous
membranes can be engineered to cater to the removal of arsenic from various water
systems, depending on the level of arsenic contamination.

Arguably, the highest maximum adsorption capacity to date on the removal of
arsenic from water with NFs was reported by Chen et al. [25]. Cellulose NFs were
extracted from wood pulp via the oxidative treatment of the biomass with sodium
periodate. The NFs were then imparted with thiol groups, which have been shown
to possess a great affinity for As(III) [128] by modifying them with cysteine. The
reportedmaximumadsorption capacity for this system, calculated from theLangmuir
adsorption isotherm, was 357.14 mg/g at pH 7. Because of the wide range of As(III)
concentrations in which the adsorbent was tested (10–2500 ppm), it was found that
the Langmuir model poorly fitted the data. However, when the As(III) concentration
range was segmented into three smaller ranges, viz. 10 − 20 ppm, 50 − 250 ppm,
and 500–2500 ppm, adsorption data from the 50 − 250 ppm As(III) concentra-
tion range was fitted well by the Langmuir isotherm. At the lower concentrations
(50 − 250 ppm), low adsorption efficiency was achieved, indicating only partial
ionic bonding between the thiol groups and As(III) [25]. The Langmuir isotherm
did not suitably fit this data. At the highest concentration range (500–2500 ppm),
again, the adsorption data was poorly fitted by the Langmuir isotherm. SEM micro-
graphs (Fig. 5.4a, b) of the functionalized cellulose NFs pre (NDAC−cys) and post
As(III) adsorption (NDAC−cys−As(III)-1500) at 1500 ppm are presented in Fig. 5.4
together with accompanying EDX spectra. It can be clearly seen that after adsorption
of As(III), arsenic nanoparticles formed on the surface of the adsorbent (Fig. 5.4c)
due to As(III) mineralisation into As2O3 and were also confirmed by the emer-
gence of a strong arsenic peak in the EDX spectrum (Fig. 5.4d). This explained the
poor fitting of the data on the Langmuir isotherm because the mineralization was a
multilayer process on a heterogeneous surface. Indeed, adsorption data for the entire
As(III) concentration range (without segmenting) was fitted well by the Freundlich
adsorption isotherm [25].

Notably, this adsorbent was prepared from cellulose, the most abundant
biopolymer on earth, which translates to low production costs and biodegradable.
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Fig. 5.4 SEM images of a NDAC−cys and b NDAC−cys−As(III)-1500 (NDAC−cys adsorp-
tion with 1500 ppm of As(III)); element mapping spectra of c NDAC−cys and d NDAC−cys −
As(III)-1500. Reproducedwith permission from [25]. This article has been published under Creative
Commons by Attribution (CC-BY) license

These are some of the most desirable properties of an adsorbent. However, these
NFs might be lacking one important thing—the property of being continuous. The
oxidation approach produced bundles of agglomerated NFs with diameters aver-
aging 70 nm [25]. The disadvantage of this NF preparation route is that the NFs
were not continuous and did not form a mat or membrane, limiting their applica-
bility in modern filtration systems, as they are effectively powder (5 nm width and
150 nm length of individual NF on average). The challenge with powder materials is
their difficult recovery and separation of water after the treatment [78]. Nonetheless,
considering the performance of these NFs, it would be interesting to see how the NFs
would perform if the transformation to NFs were to be conducted by electrospinning
to produce a membrane or mat. This is justified by the continued interest shown by
researchers in electrospun biopolymeric NFs for wastewater treatment [98] and the
already demonstrated potential of electrospun NFs in arsenic removal.

The cysteine-modified cellulose NFs study was preceded by another biopolymer,
chitin, underwent a similar extraction process of NFs and modification with cysteine
[129]. They reported a maximum adsorption capacity of 149 mg/g at pH 7 from the
Langmuir adsorption isotherm. These NFs came in the form of flat ribbons, and like
the cellulose-cysteine NFs, they were not continuous and exhibited average width of
24 nm and thickness of 6 nm.
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5.7 Conclusion and Perspectives

The environmental degradation by a variety of pollutants is a worldwide scourge
destabilizing livelihood. One of the pollutants seriously receiving considerable attri-
tion in the research and academic field is the inorganic arsenic heavy metal precisely
due to its toxic nature. The contact with unacceptable quantities of arsenic is in
consequence of the geogenic and anthropogenic activities. The latter is of benefit to
the economic growth in the world; however, their consequences on the environment
are harmful. For instance, the food chain is vehemently and severely disturbed by
the arsenic contamination, as evidenced by the deteriorated health conditions of the
inhabitants.

In order to contend with the arsenic problem, various physicochemical methods
have been intensively probed. The merits and demerits of these technologies have
been examined thoroughly. In respect of performance, the technologies displayed
modest efficacy in addressing arsenic contamination in wastewater. As a result,
low-cost, sustainable, and efficient technologies must be developed at commu-
nity or household levels to address the arsenic risk in drinking water. That being
so, electrospun nanofibrous membranes entrenched themselves as globally recog-
nized filtering media for various applications. This is due to their distinctive and
inherent specifications such as high porosity (up to 90%), three-dimensional inter-
connected pore structure, and functionality that make them highly promising and
appealing for both academic and R & D applications. The results that came out
upon exploring the nanofiber adsorbents for arsenic removal have indicated that the
nanofibers can remove arsenic metals from water. Unfortunately, the technology has
not been advanced to large-scale operations. It has only been tested at the laboratory
level, so its feasibility for real-world applications is not yet demonstrated. Pilot-scale
experimentation and long-term monitoring are therefore recommended. Moreover,
estimated treatment costs of these processes are not adequately addressed.

The wide-ranging capabilities and optimal performance conditions of the NFs
discussed suggest that no one system is fit for removing arsenic for all water types and
arsenic contamination levels. While that may be desirable, it might be challenging to
achieve.However, by recommendation, filtration systems can be designed to combine
several nanofibrous membranes optimized to perform at different levels of arsenic
contamination and their associated water conditions to ensure the complete removal
of arsenic or its reduction to acceptable levels.

It is predicted that the growth of the nanofibers global market is anticipated to step
up precisely on account of rapid urbanization and industrialization across emerging
economies. This is due to the growing rise in demandfor water for domestic and
industrial purposes, access to fresh and clean water. Globally, an increasing number
of R & D centers are trying hard on industrialization and commercialization of
electrospun nanofibrous membranes due to their perceived socio-economic benefits.
Thus, adaptations and modifications will be expected in the coming years for a
large-scale market of electrospun membranes for water treatment applications.
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Notwithstanding that electrospun nanofibers are of use to wastewater treatment,
they can also be used in other applications, including cosmetic products, healthcare
issues, reinforcement in composites materials, aerospace engineering, and gas/air
filtration purposes.
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Functionalized Biopolymer
Nanocomposites for the Degradation
of Textile Dyes
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Gowri Priya Sakala, and Gubbala V. Ramesh

Abstract In recent years, wastewater treatment has been an utmost important
endeavor adopted by several researchers around the globe. The alarming level of
contamination caused by the continuous release of organic pollutants/effluents into
water bodies from various industries such as textile, pharmaceutical, chemical, etc.,
has adverse effects in day-to-day life. The catalytic degradationof these organic pollu-
tants (dyes) is a promising approach in the treatment of wastewater. The nanocom-
posites comprising biopolymers decorated with metal and metal oxide nanopaticles
offer better applications due to their superior activity, ease of preparation, abun-
dance, and ecological friendliness. Numerous nanocomposite catalysts have been
prepared using variety of biopolymers (such as starch, cellulose, lignin, alginate,
chitosan, silk, gelatin, gums, and resins) in combination with various metals/metal
oxides/metal sulphides (such as Pd, Ag, Cu, CuO, and AgO) have been utilized
for degradation of organic dye pollutants. These research findings encouraged us to
write this chapter. Here, we include the recent developments in synthesizing novel
biopolymer nanocomposites for degradation of a catalytic textile dye in wastewater
treatment.
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6.1 Introduction

The word polymer originates from the Greek words “Polus” which means “many”
and “meros” which means “parts”. Polymers are aggregates of similar macromolec-
ular units known as monomers. Biopolymers are the polymer obtained from plants,
animals, or microbes and are easily degradable [7]. Biopolymers contain monomers
of a biomolecule,which are linked together to form largermolecules. The prefix “bio”
refers to a biodegradable product produced from biological entities. The expres-
sion ‘biopolymer’ can be used to describe a wide range of products commonly
obtained from biological sources, such as trees, microorganisms, or plants. Few
biopolymers can be derived synthetically from biological sources such as amino
acids, resins, vegetable oils, protein, sugars, and fats [34]. Conventional methods for
synthesizing polymer nanomaterials use chemical compounds which can later cause
toxicity because of their long-term stability.

In comparison, biopolymers typically consist of healthymonomers and are climat-
ically carbon neutral. Biopolymers are complex molecular assemblies with pre-
organized and well-defined 3D structures in contrast to synthetic polymers, which
feature randomand straightforward structures. This structural contrast plays a signifi-
cant role in the activity of biopolymers in vivo. For instance, unfoldedquaternary form
of hemoglobin cannot transport oxygen; rather, folded quaternary hemoglobin effi-
ciently transports oxygen in the bloodstream [58]. The striking features of biopoly-
mers compared to petroleum-based polymers are their sustainability, biodegrad-
ability, efficiency, and mechanical properties. Exposure of these biopolymers to
microbes in soil, fertilizer, or sea sediment can readily degrade the biopolymers.

Additionally, this feature considerably lowers CO2 emissions relative to the tradi-
tional combustion methods. The use of biodegradable bio-polymers is also high-
lighted in the context of mitigating global warming. Biopolymers find applications
in engineering electronics, food processing, automotive and aerospace technologies.

Research in polymer nanocomposites plays a crucial role in the trending engi-
neering applications [25]. The mutualistic effect of the composites offers variety of
materials with unique characteristics such as thermal stability, mechanical strength,
and permeability. When biopolymers are combined with inorganic metal/metal
oxide nanostructures, nanocomposites are formed, which possess increased mechan-
ical strength in polymer films. Biopolymers, for example, improve the photocat-
alytic activity of metal oxide nanoparticles (NPs) by separating the electron and
hole pairs and also prevent NP agglomeration during the catalytic process, which
is a major concern in nanostructures catalysis. Figure 6.1 summarizes multiple
biopolymer sources and photocatalytic activity of biopolymer-metal oxide/sulfide
nanocomposites.

Water contamination has been an ongoing concern, which has gained considerable
attention around the globe. Many sectors, including leather, paints, cosmetics, food,
and textiles, contribute to this alarming water contamination. Textile dyeing and
finishing is themost significant contributor towater pollution among these industries.
Synthetic textile dyes and other dyes are dumped into rivers which contaminate
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Fig. 6.1 Diagrammatical
depiction of multiple
biopolymer sources and
photocatalytic activity of
biopolymer-metal
oxide/sulfide
nanocomposites

the natural water resources. These dyes lead to a series of problems in the aquatic
environment, such as eutrophication, reducing the penetration of sunlight in the
water bodies, which affect the photosynthesis of aquatic flora and in turn, hampering
the nutrient supply of aquatic organisms. It also gradually increases the bio-oxygen
demand for water (BOD) by rising water turbidity and the destruction of the food
web [26].

Dyes are incredibly complex, stable, and toxic organic contaminants which can
sustain in the atmosphere for a long time. The conventional water treatment processes
like adsorption, ultrafiltration, chemical and electrochemical techniques etc., do not
readily degrade these pollutants [16]. Although the approaches listed above are not
disruptive procedures, they are not called inclusive strategies and transmit water
pollutants into the solid phase. Several recent mentions of photocatalysts strategi-
cally removing these contaminants as they are eco-friendly, renewable, and generate
no toxic by-products. The electron–hole pair is formed upon exposure of the photo-
catalyst to light, which accelerates the dye degradation reaction. [26]Moreover, inef-
ficient visible light exploitations help restrict practical applications by considering
several constraints, including low hydrophobic contaminant adsorption capacity, a
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strong aggregation trend, and difficulties in separation and recovery [23]. There-
fore, several researchers tried to develop better materials to solve these photocat-
alyst restrictions by introducing the elementary doping strategy to lessen the band
gaps in semiconductors [59], and varying the nanocomposition to extend the rate
of recombination with photogenerated carriers [68]. The key goals of this chapter
are to provide a detailed introduction to biopolymers, their classification, various
sources, and methods of preparation, including various physical and morphological
analysis methods used for biopolymers. The synthesis and photodegradation appli-
cations of different biopolymer nanocomposites containing metal/metal oxide/metal
sulfide will be discussed in the following sections.

6.2 Classification of Biopolymers

The versatility of biopolymers makes them ideal candidates for photocatalytic degra-
dation of dyes in environmental samples. Biopolymers interfaced with nanomaterials
and metal-oxides via intermolecular hydrogen bonding. As an example, biopoly-
meric nanocomposites of starch, alginate, and cellulose incorporated metal-oxides.
Moreover, the bandgap of nanomaterials can be easily tuned by various methods.
The main advantage of biopolymers capped nanomaterials is that they reduce the
bandgap energy and electron–hole recombination rate. Classification of biopoly-
mers is considered based on their origin (natural or synthetic) or their repeating unit
(polysaccharides, proteins, nucleotides) or their application (bioplastics, biosurfac-
tant, bioadhesives). Here we consider biopolymers based on their origin of repeating
unit and applied for only photocatalytic degradation.

Natural sources such as cotton, wood pulp, silk fabric, and native starch provide
various products. Among the various natural biopolymers, cellulose and starches
are the most abundant biomass produced. Cellulose is a homopolymer of D-
anhydroglucose units (AGU) units linked through 1,4-glycosidic bonds. Interest-
ingly it contains nanodomains crystalline and amorphous regions. Typically chain
length of cellulose is expressed in terms of AGU constituents or degree of polymer-
ization (n) that depends on the source and raw materials used during the treatment.
The polar groups and molecular structure of cellulose impart hydrophilicity, degrad-
ability, chirality, and hydrogen bonding through –OH groups—the ease hydrogen
bonding donor activity of cellulose. Moreover, cellulose is relatively stiff and rigid
that reflects in its crystallinity and ability to form fibrils.

Chitosan is another important polymer in polysaccharide family and is naturally
obtained from shells of crab, shrimp, and krill, by alkaline treatment. Chitosan (2-
amino-2-deoxy-ß-D-glucose) has cationic in nature and can be prepared by removing
acetyl groups (deacetylation) from chitin in strong alkali. The only difference
between chitosan and cellulose is the amine (–NH2) group in position C-2 of chitosan
instead of the hydroxyl (–OH) group found in cellulose. Due to the presence of amino
functional groups, chitosan is soluble in acidic solvents. The solubility of chitosan
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provides an advantage to recycle and reuse the biopolymer nanocomposites. In addi-
tion, the positive cation charge of chitosan can easily be electrostatically bound to
negatively charged molecules in-particular metal-oxides. Biopolymer composites of
chitosan and chitin gained interest in the materials sciences due to their ability to
chelate to metal ions, adsorption, and biocompatibility.

An example of a linear polysaccharide is alginate, which is extracted from some
species of brown algae. It consists of two uronic acids, namely d-mannuronic acid and
1-guluronic acid. In aqueous solutions, alginate is ionically crosslinked by Ca/Mg
divalent cations. When two guluronic acid residues are close enough to make inter-
and intra-chain crosslinking is also possible by polyvalent ions. It is reported that
alginate embedded with TiO2 nanocomposites has shown excellent dye degradation
properties. Moreover, the nanocomposite was recovered easily from the dyes after
treatment due to ease of preparation and its low cost.

Gelatin is a collagen-based biopolymer which used for photocatalytic degradation
of dyes. It is biocompatible with ease of chemical modification and crosslinking
during preparation of biopolymer nanocomposites. Collagen produces two types of
natural gelatin depending on processing conditions. In an alkaline medium, the base
attacks the amide groups of asparagine and glutamine and hydrolyses to carboxylic
groups. It results in aspartate and glutamate. On the contrary, acidic treatment has
no significant effect on the amide linkage. Thus, alkaline treated gelatin contains a
higher number of carboxyl groups and, thereby featuring, a low isoelectric point due
to negatively charged carboxylic groups. Gelatin nanocomposites also have proven
their applications in drug formulations and prostheses.

Guar gum obtained from the ground endosperm of the guar plant (Cyamopsis
tetragonolobus). It consists ofmannose units attached to galactose.Guar gum is a non-
ionic polysaccharide with a d-mannopyranose backbone linked to d-galactose (1–6
linked). It forms a highly viscous gel in water due to its high hydration and swelling
rate. Guar gum is used as a liquid oral binder and as a thickening and stabilizing agent
in topical pharmaceutical products. It is also for drug delivery, cosmetic formulations,
sauces, salad dressing, and other food products. The hydrophilicity of guar agar and
thereby its solubility can be tuned for drug releasing capacity to the colons in the
large intestine.

Pectin belongs to a non-starch family with linear polysaccharide carbohydrate
chains. Its huge structure encompasses an average molecular weight range from
50,000 to 150,000. It is extracted from edible plant materials of citrus fruits and
apples. Like guar gum, pectin also forms gels in the presence of acids, sugars, and
or calcium ions. Pectin is also used as one of the ingredients in many food prod-
ucts. Pectin is used as an anticoagulant by administered intravenously to control
hemorrhage or localized bleeding.

Moreover, it is also used for reducing blood cholesterol. The main advantages
of polysaccharides are that they are intact in the physiological environment of the
stomach. However, they are degraded by bacteria of the human colon when pectin is
administered intravenously.
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6.3 Biopolymer Nanocomposites

6.3.1 Introduction to Nanocomposites

Nanocomposites are multiphasic materials comprised of at least two components: a
continuous phase and an uncontinuous reinforcement phase. The continuous phase,
being a matrix, supports the uncontinuous phase. Generally, polymers are chosen as
continuous phase components while nanoparticles with dimensions of the order of
10–9 m (10-100 nm) are the components of uncontinuous phase. The recent inno-
vations use a variety of fossil fuel-based, petroleum-based, and synthetic polymers
pooled with nanoparticles for several nanotechnological applications [65, 67, 77,
95]. However, these nanocomposites with low biodegradability and inertness pose
detrimental effects on the environment. Therefore, substituting the conventional poly-
mers by green materials in these nanocomposites can provide potential applications
as they contribute biocompatible, biodegradable, ecofriendly, low dense, and low-
cost materials. Furthermore, the biopolymers degrade into biomass, carbon dioxide,
or methane which can further serve as a source for carbon and energy in nature.

Biopolymer nanocomposites are typical blends of biopolymers and nanocom-
posites with significant applications in engineering and technology [58, 89]. The
biopolymers are generally obtained frombiorenewable resources like plants, animals,
bacteria, fungi, algae, etc. Starch, cellulose, lignin, alginate, chitosan, silk, gelatin,
gums, resins, etc., are a few examples of biopolymers obtained from biorenewable
resources. These biopolymers, upon blending with inorganic metal, metal oxide,
metal/metal oxide, metal sulphide, clay nanoparticles etc., result in biopolymeric
nanocomposites. Integration of these nanoparticles with biopolymers improves the
properties like thermal, mechanical and thermal stability, catalytic, adsorption, the
conductivity of the materials, which find applications in water remediation, food
packaging, membrane technology, sensors, coatings, adhesives, fuel cells, optic
materials, biomedical appliances, tissue engineering, etc. [74]. In this chapter, we
will discuss the recent developments in biopolymer nanocomposites used to treat
industrial wastewaters.

Water resources, one of the basic needs of life on this earth, are getting contam-
inated due to rapid industrialization in recent years. As the number of industries
increases in leaps and bounds, the water resources are getting contaminated with
carcinogenic industrial effluents like dyes, pesticides, heavy metals, etc. Dyes such
as rhodamine B (RhB), methyl orange (MO), malachite green (MG), methylene
blue (MB), and rose bengal (RB) are released into water resources by textile, paper,
leather and cosmetic industries. These dye contaminants influence the color, pH,
temperature, chemical oxygen demand (COD), biological oxygen demand (BOD) of
water. These organic dye pollutants are resistant to degradation due to the presence
of –N = N-,−–NO2, NO, NH2, NR2 functionalities. The dye-contaminated water is
hazardous to flora and fauna as the dyes restrict the penetration of sunlight, leading
to mutagenicity in human beings [4]. Therefore, water remediation becomes essen-
tial to obtain clean and safe drinkable water. The common methods for treatment
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of industrial wastewaters are filtration, adsorption [63, 90], coagulation and floccu-
lation, membrane separation, oxidation/advanced oxidation, ionic exchange, micro-
bial/enzymatic degradation, catalytic/photocatalytic degradation [20, 30, 60] and
other biodegradation processes. These methods have their own merits and demerits,
and none of the methods can afford high-quality water. Combining the processes is
needed to degrade the contaminants and reduce the sludge formation after their degra-
dation. However, the photocatalytic degradation method provides potential applica-
tions [36]. Several polymeric [65, 92], biopolymer materials which include photocat-
alytic nanoparticles of various metals, are studied for dye degradation applications.
In this chapter, we will discuss biopolymeric nanocomposites for water remediation
in detail.

6.3.2 Biopolymer-Noble Metal or Metal Nanocomposites

Metal nanoparticles (MNPs) are widely used in nanotechnology. The naked metal
nanoparticles with large surface areas can efficiently serve as homogeneous catalysts.
However, the formation of agglomeratedMNPs reduces the photocatalytic efficacy of
these catalysts. Therefore, the immobilization of MNPs into stabilizing matrices can
avoid agglomeration and improve photocatalytic efficiency. The matrix-supported
MNPs thus serve as heterogenous catalyst systems in electron transfer reactions,
attributed to their high fermi potential level and small quantum size effect.

Several noble MNPs like Cu, Ag, Au, and Pd; metals like Fe have been incorpo-
rated into various biopolymers through green chemistry strategies for photocatalytic
textile dyedegradation applications.CopperNPs immobilizedon chitosanwere fabri-
cated onto cellulose microfibers of a filter paper [39] and cotton cloth [11]. These
chitosan-Cu nanocomposites indicated adsorption of Cu+2 ions upon treatment with
CuSO4 solution on the surfaces. The adsorbed Cu+2 ions were converted to Cu0

NPs by reduction. These Cu NPs in chitosan catalyzed the reductive degradation of
methyl orange (MO) and congo red (CR) in the presence of a reducing agent.

Silver (Ag)NPswere incorporated into a conducting polymer, polyaniline (PANI),
to enhance the conductivity of the polymer. Further, the Ag doped PANI was grafted
onto chitosan to give copolymer nanobiocomposite with enhanced photocatalytic
activity towards the degradation of Ponceau BS dye through amineralization process
[82]. The PANI/chitosan/Ag nanobiocomposite was non-toxic, biocompatible as the
films clearly showed the growth of food-borne bacteria prominently up to 21 days
under a fluorescent microscope. The photocatalytic efficiency and pH dependence of
the films in dye degradation was understood by conducting dye degradation exper-
iments under UV light. The films also exhibited good electrical conductivity indi-
cating energy storage applications of films. In another report, Cu, Ag and bimetallic
Cu-Ag NPs in varied concentrations were supported by biopolymeric ZCA sheet
[42]. The sheet comprised of ZnO-carbon black (ZnO/CB) system embedded in
cellulose acetate (CA) polymer. Firstly ZnO/CB nanomaterial was prepared, and
then quantitatively varied amounts were dipped into CA solution, which led to the
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formation of different ZCA films. These films/sheets were further treated with nitrate
salts of Cu, Ag to obtain the MNP adsorbed materials. The catalytic activity of the
CuAg/ZCA could be tuned by adjusting the molar concentrations of metal ions. This
biopolymer nanocomposite could successfully remove eight pollutants such as o-
nitrophenol (ONP), m-nitrophenol (MNP), p-nitrophenol (PNP), 2,6-dinitrophenol
(DNP), MO, CR, MB and RB through reduction strategy. Recently, a biopolymer
extract, κ-Carrageenan gum (K-CG)was used by a research group for green synthesis
of Ag NPs. κ-CG is a polysaccharide gum extracted from seaweeds. The κ-CG, in
this case, served as a reducing agent and capping agent for the NPs. Organic dyes,
RhB, and MB, were catalytically degraded using this κ-CG-s–Ag NPs [66].

Gold (Au) NPs find applications as visible light-responsive photocatalysts in
organic dye degradation processes. Au NPs embedded polymers display enhanced
absorption of visible light due to the interband electronic transition from 5d to 6sp.
Therefore, the Au NPs serve as active sites on the immobilized polymer support and
reduce O2 and hydroxyl groups. An efficient chitosan/Au nanocomposite, cl-Ch-
p(DEAEM)/Au was developed for functional photocatalytic organic dye degrada-
tion [56] Fig. 6.2. Chitosan was crosslinked to 2-(diethyl amino) ethyl methacrylate

Fig. 6.2 Degradation of dyes (RB5, CR) under sunlight for cl-Ch-p(DEAEM)/Au nanocomposite.
Reproduced with permission from [56]. Copyright 2016, Wiley
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(DEAEM) through a linker, diethylene glycol. The resultant copolymer is featuring
pendant –NH2 groups aided in the reduction Au(III) to Au(0) in situ, which catalyzed
the dye degradation process. The nanocomposite readily adsorbed CR and RB 5 dyes
at pH 5 due to electrostatic attraction between the cationic adsorbent (–NH+ groups
on biopolymer nanocomposite) and anionic adsorbate (SO3

− groups on dye). Exper-
imental results revealed that cl-Ch-p(DEAEM)/Au nanocomposite could be recycled
up to four cycles.

Palladium (Pd) NPs also have been used for photocatalytic dye degradation appli-
cations. The incorporation of Pd NPs into carboxymethyl cellulose (CMC) following
a green approach, wherein CMC served as both reducing and the stabilizing agent,
was reported [46]. Here, Pd NPs were enveloped by CMC thin films and stabilized
by ligation of hydroxyl groups present on cellulose. The Pd NPs of desired size
and morphology could be achieved by monitoring the concentration of CMC, pH,
reaction time and temperatures, through UV–Vis absorption studies. The synthe-
sized Pd-CMC nanocomposite showed good stability for more than a year and high
catalytic activitymainly towards azo dyes (–N=N−). The stability of the PdNPswas
evident from the zeta potential measurements of colloidal suspension, which was −
56.2 mV. The specific catalytic activity of the nanocomposite towards azo dyes in the
presence of a reducing agent was studied using a model dye, p-Aminoazobenzene
(pAAB), which featured a single azo bond.

Further, the nanocomposite was tested for its catalytic activity using acid dyes-
acid red 66 (AR66), acid orange 7 (AO7), and two reactive dyes- scarlet 3G (S3G),
reactive yellow 179 (RY179), which revealed a promising catalytic activity. Another
report by Arslan et al. mentions the use of Pd NPs as a catalyst, supported on
chitosan gel-multi walled carbon nanotubes (MWCNT) biopolymer composite [73].
It was used specifically for catalytic degradation of nitro functional pollutants like
4-nitrophenol, 2-nitroaniline, 4-nitro-o-phenylenediamine, and 2,4-dinitrophenol,
and azo dyes like CR, MO, MB, and MR in water remediation technology. The
authors used chitosan hydrogel-MWCNT, which supported the conversion of Pd(II)
to Pd(0) in situ and resulted in Pd(0)-crosslinked chitosan-MWCNT beads or Pd
NPs@chitosan-MWCNT. The UV–Vis absorption studies clearly showed that Pd
NPs@chitosan-MWCNT catalyzed the reductive degradation of CR, MO, MB, or
MR dyes, initiated by reducing agent at room temperature within no time.

Iron (Fe) NPs were synthesized using green tea leaf extracts (GT-Fe). The green
tea leaf extracts contain polyphenols, which act as both reducing and capping agents.
GT-Fe was used to remove cationic MB and anionic MO dyes through the Fenton-
like oxidation method [76]. A comparative study between GT-Fe and non zero-
valent (nZVI) iron prepared using a reducing agent by the authors revealed that the
performance ofGT-Fewasmuch better than the prepared nZVI in the dye degradation
process. Abbasi’s research group reported a green method for the synthesis of clay-
supported nano iron particles (CnIPs, < 100 nm), which were immobilized into green
tea extracts to obtain GT-CnIP [2]. The as-prepared GT-CnIPs were successfully
employed in the removal of MG from water. The CnIPs were treated water was
further tested for phytotoxicity, which revealed a higher germination percentage
with V. radiata seeds.
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6.3.3 Biopolymer-Nonmetal Nanocomposites

Nonmetal NPs such as carbon black (CB), doped carbon materials, graphene
oxide (GO) are also used for textile dye degradation applications. Chitosan/carbon
black (Chit/C) and poly(vinyl alcohol)/carbon black (PVA/C) films were compared
for photocatalytic degradation of CR [12]. Here, the authors studied the effect
of polymeric matrix on the performance of the semiconductor photocatalyst, by
choosing a biopolymer, chitosan and a biodegradable polymer, PVA. The polymer-
nanocomposite films were prepared by spreading a solution of carbon black NPs
(95 nm) on the polymer matrix, followed by evaporating the solvent. Both Chit/C
and PVA/C showed similar trends in their photocatalytic degradation of CR in visible
light. The efficiency of the catalytic films was observed at pH 6 and 8 mg/L of dye
concentration. The rate of degradation was directly proportional to the intensity and
time of exposure to light. Chitosan-based graphitic carbon nitride (g-C3N4-CS-x)
beads, obtained by crosslinking was utilized as a photocatalyst [100]. The authors
used g-C3N4 which has a narrow bandgap of 2.7 eV and visible absorption capacity,
as a catalyst for dye degradation. g-C3N4 granules were uniformly distributed on
the surface of the chitosan matrix as implied by the characterization techniques-
scanning electron microscopy (SEM), diffuse reflectance spectroscopy (DRS), X-
ray photoelectron spectroscopy (XPS). Photodegradation of MB under visible light,
using g-C3N4-CS-3 in appropriate ratio followed first order reaction kinetics. 97%
dye degradation was observed even after five cycles which indicates the stability
and efficacy of the designed catalyst. Aditionally, the mechanism of photocatalysis
was implicit by addition of radical scavengers such as BQ for O2

−, IPA for. OH
and TEOA for holes (h+), which substantially decreased the rate of dye degradation
indicating. O2

− and h+ as active species involved in photodegradation of the dye.

6.3.4 Biopolymer-Metal Oxide Nanocomposites

Semiconductor photocatalysts such as TiO2 (band gap energy: 3.2 eV) [8], V2O5

(2.8 eV), SrTiO3 (3.4 eV), Fe2O3 (2.2 eV), SnO2 (3.5 eV), WO3−x (2.6–3.0 eV),
Nb2O5 (3.4 eV), and ZnO (3.37 eV) are known for applications in wastewater
treatment systems [15]. Although several metal oxide NPs are used, biopolymers
involving TiO2 [29] and ZnO NPs play a significant role owing to their low-cost
availability and efficiency [48].

6.3.4.1 Biopolymer TiO2 Nanocomposites

TiO2 catalyst with a bandgap of 3.2 eV, absorbing a photon act as a semiconductor
in dye contaminated water treatment. It effectively degrades toxic pollutant dyes
through an auto-oxidation process (AOP) involving chemical, photochemical or
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photocatalytic generation of hydroxyl ions (–OH) continuously. The –OH ions are
powerful oxidants that degrade the organic molecules into CO2, H2O, etc. However,
in the absence of dye molecules, recombination of TiO2 is observed, which reduces
the efficiency of the catalyst. Biopolymer supporting matrices like chitosan, cellu-
lose, etc., continuously provide the target dye molecules and avoid recombination of
catalyst in photocatalytic conversions.

A report mentions the use of chitosan/TiO2 (CTC) biopolymer nanocomposite
for the degradation of anionic Reactive red 2 (RR 2), cationic MB, and zwitterionic
RB dyes under UV light [27]. Using this catalytic system in combination with an
oxidant revealed enhanced reaction rates due to in situ capturing of electrons by
the oxidant. This process thus avoided the recombination of catalysts. When dye-
contaminated water was treated with CTC and irradiated, COD values were signifi-
cantly reduced. The catalytic system followed pseudofirst-order kinetics according to
the Langmuir–Hinshelwood model. Similarly, many research groups used a combi-
nation of polymer/biopolymers or grafted chitosans to immobilize TiO2 catalysts.
A few examples are listed here, chitosan/poly(methacrylic acid) (PMA) micropar-
ticles (Ch/PMA/TiO2; chitosan grafted to acrylic acid (CA/TiO2 or CATN) were
persistent organic dyes in water [53]. Similarly, sodium alginate-TiO2 and bentonite-
TiO2 (NaAlg/TiO2/bentonite), in combinationwith 9.2wt%ofTiO2 (35 nm)was used
for degradation of MB by 91% at pH 8 in 30 min under UV light [81].

A research group compared the photocatalytic activity of commercially avail-
able Degussa P25 TiO2 (25 nm) and colloidal TiO2 NPs (6 nm). Both the NPs
were immobilized into/onto chitosan either by dip coating or impregnation into
chitosan hydrogel. Chitosan hydrogel/TiO2 nanocomposite obtained by dip-coating
method showed better degradation of AO7 under UV conditions [50]. As observed
by SEM images, the dip dip-coated nanocomposites indicated smaller pore size
with a uniform spread of colloidal TiO2 NPs along the walls. The photodegradation
experiments indicated better efficiency of colloidal TiO2 compared to commercially
obtained NPs. In a few cases, modified TiO2 NPs were grafted onto biopolymer
supports to achieve the maximum efficiency of the catalyst. In this line, anatase
TiO2 NPs were grafted to cellulose at low temperatures, and then the NPs were
immobilized into clay, i.e., montmorillonite (MMT). Cellulose, in this case, served
as an adsorbent and subsequently aided the accumulation of dye on the catalysts
surface during photocatalysis ofMO. The as-prepared cellulose-g-p4VP/MMT/TiO2

followed pseudo-first-order kinetics according to the experimental data. It is note-
worthy that the addition of clay particles enhanced the adsorption-degradation perfor-
mance of catalyst and also aided in regeneration of the biopolymer nanocomposite
[51].Meena and coworkers recently reported a sustainablematerial from seaweed (κ-
Carrageenan, ι-Carrageenan andλ-Carrageenan) template, carbon- and sulfur-doped
TiO2. Carrageenans are rich in carbon, sulfur, sodium, and calcium in their matrix.
κ-S-TiO2, ι-S-TiO2, λ-S-TiO2 were prepared through hydrothermal calcination. Dye
degradation experiments using these modified TiO2 materials were conducted using
solar concentrators. λ-S-TiO2 showed better photocatalytic performance compared
to κ-S-TiO2 and ι-S-TiO2 in degradation of MO, MB, and RB [18]. Similarly, a
bio nanocomposite hydrogel (TGB-hydrogel) comprised of TiO2 nanorods and a
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biopolymer, gum ghatti (Gg) was used for the removal of a toxic dye, brilliant green
(BG). The free radical graft polymerization technique prepared the TGB-hydrogel.
The Gg-based TBG-hydrogel showed excellent dye adsorption and degradation. In
a circular approach, the bio nanocomposite with the adsorbed dye was processed at
high temperature and then used for photocatalytic degradation of ciprofloxacin, a
second model pollutant [44], Fig. 6.3.

Interestingly, Krause et al. developed a system with dual properties i.e., biocat-
alytic and photocatalytic properties for dye degradation. They used bacterial cellulose
(BC), a natural polymer obtained by fermentation of Komagataeibacter xylinus as

Fig. 6.3 Adsorption and photocatalysis processes using BC/MoS2 membranes are shown schemat-
ically. Reproduced with permission from [44]. Copyright 2018, American Chemical Society
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Fig. 6.4 Schematic representation of modification of BC and preparation of OBC/TiO2-Lac
membrane for dye removal applications. Reproduced with permission from [47]. Copyright 2017,
Elsevier Science Ltd

matrix; an enzyme, Laccase (Lac) as biocatalyst, and TiO2 as photocatalyst in their
design Fig. 6.4 [47].

BCprovides improvedmechanical strengthby inducinghydrophilicity and surface
area to volume ratio, featuring a fibrous network with hydroxyl groups. These
hydroxyl groups serve as binding sites for TiO2 and Lac through hydrogen bonding
and crosslinking, respectively. TiO2 was co-immobilized onto BC-Lac membranes
to result in a composite material, i.e., OBC/TiO2-Lac. The co-immobilization of both
Lac and TiO2 was confirmed by morphological characterization using SEM, AFM,
and FTIR. Extensive studies were done, comparing the materials in native state and
the bio composite to understand the optimal pH, temperature, thermal stability and
reusability of the material which revealed the highest rate of photocatalysis at pH
2.5 and temperature of 50 °C. The OBC/TiO2-Lac system showed 95% degradation
of X-3B dye efficiently under UV light within 3 h with a relative activity of 67% up
to ten cycles.
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6.3.4.2 Biopolymer-ZnO Nanocomposites

ZnO is an n-type semiconductor with bandgap of 3.37 eV, which shows high electron
mobility, good transparency, strong luminescence, and potential photocatalytic dye
degradation applications. ZnO, in combination with cellulose nanofibres (CNF), was
used as a photocatalyst for the degradation of MB [22]. Derivatives of the composite
were prepared by varying the amounts of either ZnO or CNF through in situ precip-
itation method. The composites were analyzed using SEM, SAXS, zeta potential,
FTIR, and XRD techniques. According to SEM, the size of ZnONPs was distributed
between 30 and 500 nm (mostly 200 nm). The SAXS experiment revealed that the
composite loaded with higher amounts of ZnO exhibited isotropic scattering, unlike
the samples with a lower amount of ZnO, which exhibited anisotropic scattering.
An increase in dye adsorption was observed with an increase in the amounts of ZnO
and CNF in the samples. Also, an increase in ZnO content resulted in more negative
zeta potential values indicating the stability of the system. The photodegradation
was fast in case of 0.3 M Zn(Ac)2·2H2O, 1.5 M NaCl, 1 wt % CNF and 0.4 M
Zn(Ac)2·2H2O, 2 M NaCl, 1 wt % CNF where the bleaching of MB was observed
to be 99% within 20 min. In another way, ZnO NPs were synthesized in the green
route using Quince seed mucilage which acted as a reducing and stabilizing agent at
calcination temperatures. This material removed over 80% ofMB photo catalytically
[84].

Alginate/carboxymethyl cellulose (CMC)/ZnO nanocomposite or algi-
nate/CMC/ZnO gel was used for heterogeneous photocatalysis of CR dye. Alginate
and cellulose, with porous nature and stability towards the light, improved the
photocatalytic activity of ZnO [69]. The gel obtained upon crosslinking was washed
thoroughly to remove excess barium ions and was subjected to freeze-drying. Char-
acterization of the gel by SEM, TEM, XRD, FTIR, EDX indicated the attachment of
ZnO NPs on the fibrous material of alginate/CMC. The size of these ZnO NPs in the
nanocomposite according to the TEM analysis was 28 nm. The optimum condition
for photocatalytic degradation of CR was observed when 60 mg of nanocomposite
(alginate/CMC:ZnO ratio 1:0.8) was used at pH 3 for 110 min. Reusability of the
nanocomposite was observed in 3 cycles which showed the degradation percentage
of about 90.12%, 78.82%, and 69.63% in each cycle, respectively.

In a recent report, GO, which has high conductivity (16,000 s/m) and surface area
(2600 m2/g), was used to enhance the photocatalytic efficiency of ZnO. A nanocom-
posite, ZnO/Ch/GO, was developed for the photodegradation of AO7 [78]. SEM
analysis of composites supported the formation of ZnO nanospheres (30–40 nm) on
the nonporous and smooth surface of chitosan. In acidic conditions, ready adsorption
of negatively charged dye was observed as the bio nanocomposite acquired a posi-
tive charge. Efficient photodegradation of AO7 was observed at pH 4, with 20 mg
of composite at 20 ppm of dye concentration in 75 min. 97.5% degradation of AO7
was observed using ZnO/Ch/GO which followed pseudo first order kinetics.

Few other metal oxide NPs like Fe2O3, MnO2, and SnO2, are also used in the
following biopolymer nanocomposites for photocatalytic degradation of dyes. A
spindle-like Fe2O3/C composite was bio templated using agarose for photocatalytic



6 Functionalized Biopolymer Nanocomposites for the Degradation … 189

degradation of MB [98], wherein the carbon acted as an electron transfer channel to
improve the conductivity of metal oxide photocatalyst. Another comparative study
with Fe2O3 nanocomposites using a biopolymer (rice straw)-RSFS and a conducting
polymer (polyindole)-PIFS, was attempted to evaluate the photocatalytic perfor-
mance. Both the materials showed similar degradation of CR dye [55]. A cellulose
film containing MnO2 NPs [64] was used for photobleaching of Indigo carmine in
25 min under ambient light conditions. The film could be reused with high effi-
ciency up to 10 times. Also, Chitosan-SnO2 nanocomposite (Ch-SnO2) was used in
photocatalysis of MO and RhB in water at different wavelengths of UV light [30].

6.3.5 Biopolymer Metal/Metal Oxide Nanocomposites

Further, another complex hybrid material, CS/AgCl/ZnO hydrogel beads, was
prepared by a research group to removeMB and photocatalytic inactivation of E. coli
and S. aureus. from water [85]. AgCl/ZnO nanocomposite suspension was added to
chitosan to obtain hydrogel beads. SEM images of these beads indicated the size of
ZnO, AgCl ranging between 20 and 40 nm. EDAX, X-ray diffraction, TGA analysis
confirmed the immobilization ofAgCl/ZnO onto chitosan successfully. The hydrogel
beads showed high photocatalytic efficiency at pH 11 with an optimal 1.5 g catalyst
with the reusability of up to six cycles. In addition, the composite was able to inac-
tivate microorganisms like E. coli and S. aureus under visible light conditions. This
can be attributed to the fact that AgCl gets activated under visible light and gener-
ates charge carriers, i.e., electrons. These electrons get transmitted to the conduction
band of ZnO fromAgCl, generating holes in the valence band of AgCl, which inacti-
vates the bacteria. Similarly, CS-ZnO/CuOmembrane [13] and ZnO/CuO@Alg [32]
bio nanocomposites were also prepared for photocatalytic degradation of fast green
dye and p-nitrophenol, respectively. Silver-nickel oxide/calcium alginate hydrogel
beads (Ag@NiO/Alg) were used for the photoreduction of RhB and MO [41]. The
authors used Ag NPs here to enhance the catalytic activity of NiO in the biopolymer
nanocomposite.

6.3.6 Biopolymer-Metal Sulfide Nanocomposites

Metal sulfides provide promising visible light photocatalytic applications compared
to metal oxides as they possess smaller band gaps. CuS is a p-type semiconductor
with a bandgap of 1.2–2.0 eV, which finds applications as photocatalyst. A multi-
functional composite paper using lignin, xylan or starch biopolymers as stabilizers
for the in situ precipitation of CuS nanocomposites on CNFwas used for photodegra-
dation [35]. The composite paper with starch, i.e., CuS/starch/CNF, was observed to
provide better distribution of CuS revealing high electrical conductivity and photo-
catalytic activity towards RhB with the highest rate constant. The modified papers
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Fig. 6.5 Schematic representation of BC/MoS2 membrane preparation and its application in
adsorption and photocatalysis processes. Reproduced with permission from [28]. Copyright 2020,
American Chemical Society

also showed excellent reusability up to at least 10 cycles. Another group reported
a cellulose-supported CuInS2 nanocomposites (Cel-CIS) obtained by hydrothermal
strategy without using any surfactant or template [86]. Cel-CIS was successful in the
degradation of RhB in the presence of visible light.

Rebeiro’s group reported bifunctional hybrid aerogel material, BC/MoS2
membrane that has applications in photocatalysis andheavymetal adsorption, Fig. 6.5
[28]. The smaller bandgap observed for MoS2, i.e., 1.4–1.9 eV, enables visible light
photocatalysis. Also, MoS2 exhibits a layered structure composed of stacked 2D
nanosheets possessing several sulfide sites. These sulfide sites can adsorb organic or
inorganic contaminants through hydrophobic, electrostatic, or complexation interac-
tions. The heavy metal adsorption of MoS2 can be attributed to the soft–soft chem-
ical interactions with heavy metals such as Pb+2, Hg+2, Cd+2 (Pearson’s soft acids).
BC/MoS2 hybrid aerogel membrane could successfully remove organic pollutants
like MB dye up to 99% and inorganic heavy metals such as Cr(VI) in 120 min..

6.3.7 Other Types of Biopolymer Nanocomposites

A nanocomposite with gelatin as biopolymer and Zirconium (IV) phosphate as an
inorganic nano photocatalyst was used for dye degradation and antimicrobial appli-
cations in water [87]. The nanocomposite was prepared using the sol–gel method and
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was well characterized. Dyes like FG, MB were photo reduced by GT/ZP nanocom-
posite up to 89.91% and 87.81% within five hours. In addition, GT/ZP acted as an
antimicrobial material efficiently towards E. coli. Khan et al. recently developed a
nano photocatalyst which is a ternary metal selenide (TMS), BiCuSe, coated with
chitosan. The chitosan coating on TMS resulted in chitosanmicrospheres (TMS-MS)
which prevented the leaching, dispersion, and dissolution of these NPs and avoided
the formation of any sludge/ secondary pollutant in dye contaminated water samples
[10]. The size of the TMS NPs was observed to be 33 nm. After encapsulation,
TMS-MS displayed a porous surface with a pore size of 0.5 μm. This porous mate-
rial significantly contributed to the photocatalytic activity of TMS-MS by allowing
the passage of sunlight through these pores, which led to the activation of the TMS
NPs. The chitosan encapsulation also minimized the probability of recombination
of the valence band and conduction band, rendering a stable catalyst. The bandgap
of TMS-NPs was calculated to be small, i.e., 1.8 eV, when compared to many other
catalysts such as ZnO and TiO2. The photocatalytic activity of the TMS-CM bio
nanocomposite was studied using Alizarin red S (ARS) dye. It was observed that
the catalyst degraded the dye, following first order kinetics, to a maximum extent
of 95% at pH 4 in 180 min. The catalyst was also recyclable up to six times with a
maximum efficiency of 86.7%.

The biopolymer nanocomposites reported to date for photocatalytic applications
in wastewater treatment are listed in Table 6.1.

6.4 Conclusions

The advantages of catalysts made of both biopolymers and metal/metal oxide
nanoparticles are enormous. The research endeavors are progressively increasing
to prepare and evaluate these nanocomposites as efficient catalysts for many appli-
cations. Herein, the attempt was made to describe the biopolymers, nanoparticles,
and importance of wastewater treatment in the introduction part. Then the prepara-
tion of various composite catalysts using various biopolymers and metal/metal oxide
nanoparticles. The efficacy of these catalysts for the degradation of organic dye pollu-
tants was documented. Both the catalytic reductive and photocatalytic degradation
of organic dye pollutants was described with brief mechanisms and various applica-
tions. However, still many challenges are to be addressed in turn to transform these
catalytic systems for commercial and large-scale applications.
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Table 6.1 Comparison of photocatalytic degradation activity of biopolymer nanocomposites

S.
No

Type of nanocomposite (Catalyst/
Biopolymer)

Degraded dyes Time References

1 Silver nanoparticles/ κ-carrageenan Rhodamine B, and
methylene blue

– [66]

2 Palladium (Pd)/ chitosan-MWCNT
catalyst

Congo red 2 min [73]

Methyl orange 1 min

Methylene blue Instantly

Methyl red Instantly

3 Silver Nanoparticles/ Gelatin Methyl orange 6 min [38]

4 Copper Nanoparticles/ Carboxymethyl
Cellulose/ Bacterial Cellulose
Nanofibers

Methylene blue 6 min [37]

5 Ag/agar Methylene blue 20 [24]

Methyl orange 40

6 Ag-Au/agar Methylene blue 20

Methyl orange 40

7 Ag-Au–Pd/agar Methylene blue 4

Methyl orange 4

8 Copper nanoparticles/Chitosan-coated
cotton cloth

Congo red 12 [11]

9 Ag-nano/ polyaniline/chitosan Poncaeu BS 60 [83]

10 Palladium
nanoparticles/glucuronoarabinogalactan

Coomassie brilliant
blue G-250

2 [43]

Methylene blue 2

Rhodamine B 2

11 Palladium nanoparticles/ carboxymethyl
cellulose

p-Aminoazobenzene,
acid red 66, acid
orange 7, scarlet 3G
and reactive yellow
179

5 s [46]

12 Silver nanoparticles/ Guargum Reactive blue -21, 2 [93]

Reactive red-141, 30

Rhodamine 6G 300

13 Ag@ anatase TiO2 nanocomposites/
gum acacia

Malachite Green 30 [70]

14 Cu nanoparticles/ chitosan Methyl orange 13 [39]

Congo red 17

15 Pd/CdS/ wool Rhodamine B 210 [96]

16 ZnO/Cellulose Methylene blue 10 [22]

17 Titanium (IV) oxide/ sodium alginate Basic blue 41 180 [62]

(continued)
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Table 6.1 (continued)

S.
No

Type of nanocomposite (Catalyst/
Biopolymer)

Degraded dyes Time References

18 TiO2/ chitosan/hydroxyapatite Methylene Blue, 40 [94]

Rhodamine B 60

19 ZnO/chitosan Crystal violet 210 [1]

20 ZnO/ Quince seed mucilage Methylene blue 120 [84]

21 Manganese dioxide/ cellulose Indigo Carmine 25 [64]

22 TiO2/ Chitosan Malachite green 240 [17]

23 TiO2/ polylactic acid Methyl orange 24 h [72]

24 Cu2O/ Graft Gum Ghatti Naphthol Blue Black 60 [14]

25 TiO2/ calcium-alginate Methylene blue 24 h [45]

26 TiO2/ chitin Methylene blue 195 [21]

27 TiO2/ Chitosan Methylene orange 180 [3]

28 TiO2/ Chitosan C.I. Acid Orange7,
C.I. Acid Red18, C.I.
Acid Blue113, C.I.
Reactive Black5, C.I.
Direct Blue78

2–24 h [50]

29 TiO2/ bacterial cellulose Reactive red X-3B 180 [47]

30 CuO/Chitosan Rhodamine B 60 [75]

31 Niobium (V) oxide/ chitosan Indigo carmine 30 [91]

32 zinc oxide/ pullulan Methyl orange 300 [57]

33 ZnO/carbon black/ cellulose acetate/
CuAg nanoparticles

Methyl orange (MO), 12 [42]

Congo red (CR), 19

Methylene blue (MB), 13

Rhodamine B (RB) 14

34 H4SiW12O40/cellulose acetate Methyl orange 120 [49]

35 Fe2O3- and Fe3O4-modified TiO2/
Alginate

Methylene blue 120 [19]

36 CeO2-Bi2O3/ chitosan Acid Blue 113 360 [54]

37 ZnO, AgCl, AgCl/ZnO, / chitosan Methylene blue 135 [85]

38 Ce(IV)MoPO4/ Gum Acacia Methyl
violet

120 [79]

39 BSA(bovine serum albumin)-Cu
complex/ laccase

Malachite green 30 [71]

40 O-carboxymethyl chitosan Schiff bases
and their Cu (II) complexes

Methylene blue 90 [52]

41 Co2+@PEM-MSNP,
Fe2+@PEM-MSNP
Mn2+@PEM-MSNP
Polyelectrolyte-coated
Mesoporous silica
Nanoparticles (Metal@PEM-MSNPs)

Morin dye 5 [99]

(continued)
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Table 6.1 (continued)

S.
No

Type of nanocomposite (Catalyst/
Biopolymer)

Degraded dyes Time References

42 Gelatin-Zr (IV) phosphate Methylene blue (MB) 5 h [87]

Fast green (FG)

43 Pectin/Graphene Oxide (Pc/GO) Methylene blue (MB) 25 [40]

Methyl orange (MO) 90

44 Multi-walled carbon nanotube coupled
β-Cyclodextrin/PANI hybrid

Crystal Violet (CV) 120 [33]

45 C3N4 supported on chitosan Methyl orange (MO) 30 [88]

46 CoFe2O4@Methylcelloluse Reactive Blue 19 30 [61]

47 Chitosan-Ascorbic Acid@NiFe2O4 Malachite green 240 [31]

48 Pd NPs@chitin Acidic blue 193 15 [6]

49 ZnS/chitosan Acid brown 5G and
acid black 2BNG

120 [9]

50 TiO2@CS-Hpt MB ad RhB 60 [94]

51 Iron–bismuth selenide/ chitosan Crystal violet 150 [5]

52 FeNiSe/ Chitosan Congo red 140 [97]

53 Chitosan-La3+-graphite Methylene blue 40 [80]
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Chapter 7
Sequestration of Organic Dyes
from Wastewater Using Hydrogel
Nanocomposites
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Sadanand Pandey, and Mpitloane J. Hato

Abstract With the growth in civilization and industrialization, there is a rise in
the release of organic dyes into water systems, which is causing serious public
concern. Although adsorption using biopolymer-based hydrogels has proven to be
an ideal technique for treating these dye contaminants from aqueous solutions, these
hydrogels suffer from a lack of mechanical stability and recoverability compared
to synthetic polymers. Herein, we review the low-cost synthesis of hybrid hydrogel
nanocomposites to improve the mechanical stability and separation of the hydrogel
in removing dyes from an aqueous solution. The literature reports hydrogels and
their nanocomposites as noble adsorbents well-known for addressing water pollu-
tion issues. In adsorption technology, hydrogel nanocomposites act as absorbents,
prominent to improve the performance of removal efficiency. This current chapter
pays particular attention to some recent breakthrough development in water remedi-
ation based on hydrogels as efficient adsorbents. In-depth discussions on adsorption
and various methods for the synthesis of hydrogels have been devoted to applica-
tions of these nanocomposites and are compared in this contribution to the removal
efficiency of organic dyes from wastewater.
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7.1 Introduction

Water is a vital resource for the survival of living things on earth [40]. Despite the
need for this resource, water pollution continues to be a problem in most coun-
tries, including South Africa, where the mainstream water supplies are underground
and surface water [72]. Water pollution may be defined as any water that is unsafe
for drinking by humans and animals [72]. There are two classes of water contam-
inants, namely, point sources and non-point sources in which they are defined as
a source of pollution at a fixed location (mines, industries, power stations, water
treatment station, etc. and pollution from moving sources (cars, buses, and trains,
respectively [79, 93]. In point source, water pollutants may be classified as either
inorganic (fertilizers and toxic metals), organic (dyes), or microbial (viruses and
bacteria) [12]. For example, dyes are organic complexes mostly used by textile
industries to colour fabrics and contribute mainly to pollution [110]. Other appli-
cations may include medical, pharmaceutical, paper, rubber, plastics, leather, food,
and cosmetics industries [56]. Dyes contain aromatic rings in their structure and can
be either chromophores or auxochromes [23, 56]. Chromophores are responsible
for the production of colour (OH, NH2, NHR, NR2, Cl, COOH), and auxochromes
(NO2, NO, and N = N) improve chromophores, make molecules soluble in water
and improve their affinity to bind materials [23]. The discharging of dye effluents
into either surface and/or groundwater sources leads to contamination, resulting in
various health and environmental problems [23, 104]. Consumption of contaminated
water by humans can lead to vomiting, mutation, cancer, breathing, difficulties, diar-
rhoea, eyes burn, nausea, shock, cyanosis, jaundice, and tissue necrosis [23, 56, 61,
62, 104]. The environmental issues include the death of aquatic organisms, leading
to the development of foul smell [5]. Hence, the need to eliminate dyes from waste
effluents before discharging them into rivers and other water streams.

Due to the above-mentioned health and ecological problems, various techniques
have been employed for eliminating dyes from wastewater [89]. However, because
of the chemical stability and non-biodegradable nature of the dyes, most of these
methods are less effective [56].Additionally, eachmethod has itsmajor disadvantage,
as shown in Table 7.1.

The adsorption technique is most favoured owing to its cheap synthesis and
operation costs, easy design, and fast removal of dye [48, 66, 88]. Although the
adsorption technique is effective for dye removal. Its efficiency is limited by the
type of adsorbent used (Gómez et al. 20,107). Various materials have been used
for organic dyes removal, which includes; activated carbon, fly ash, graphene, clay,
carbon nanotubes, and hydrogels [35, 39, 52, 63, 71, 99, 100, 106, 116]. Among
these adsorbents, hydrogels are reported as promising adsorbents for organic dyes
removal from aqueous solutions owing to their cheap synthesis, tunable properties,
and high removal capacity. This chapter summarises the recent advances and devel-
opments of hydrogel adsorbents for wastewater treatment. This is realized by doing
a detailed review of various hydrogel adsorbents and their modified systems with
great emphasis on the structure and properties of the hybrid hydrogels.
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Table 7.1 Removal methods for organic dyes from wastewater

Adsorbent method Disadvantage References

Membrane filtration Membrane fouling and production of
concentrated sludge

[88]

Ion-exchange Ineffective for all dye types [2, 110]

Photochemical method Production of by-products [88]

Electrochemical destruction Moderately high flow rates that decrease
the amount of dye removed

[88]

Anaerobic bioremediation systems Lead to the production of methane and
hydrogen sulphide which are harmful

[2, 78]

Adsorbent using activated carbon The adsorbent is expensive [78]

7.2 Hydrogels

7.2.1 Background

Hydrogels are crosslinked gel structured polymers that swell in a liquid medium
and can trap liquids for a long time without losing their structural integrity [39, 99].
Hydrogels’ swelling capacity and hydrophilicity arise from the presence of hydroxyl,
sulfonyl, amide, imide, and carboxylic groups in their 3D backbone [92]. Hydro-
gels are produced from non-toxic and highly hydrophilic natural polymers called
Polysaccharides. Polysaccharides are made by connecting glycosidic bonds between
the smaller saccharide units [39, 99, 116]. Polysaccharides provide energy storage
and structural support in animals and plants [100]. Examples of these polysaccha-
rides include, alginate, guar gum, locust bean gum, starch, chitosan, carboxymethyl
cellulose, carrageenan, and starch [100, 116].

7.2.1.1 Classification of Hydrogels

Hydrogels may well be categorized depending on various characteristics depending
on their nature. Hydrogels are classified based on whether they are natural (produced
from biological monomers), synthetic (made from artificial monomers), or a combi-
nation of natural and synthetic monomers forming a hybrid gel [62] (Table 7.2). The
method used for the synthesis of a polymeric composite can also be used to classify
hydrogels [62]. These include but are not limited to;

i. Homopolymeric hydrogels: they are hydrogels comprising of a similar kind of
monomer.

ii. Copolymeric hydrogels: the polymeric gels contain two or more distinct
varieties of monomers resulting in a hydrogel with at least one hydrophilic
part.
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Table 7.2 Classification of
physical and chemical stimuli

Physical Chemical

Light Composition of solvent

Magnetic field pH

Temperature Molecular species

Sound Ionic strength

Electric field

Pressure

iii. Multipolymer Interpenetrating polymeric hydrogel (IPN): the polymer chain
contains two independently cross-linked synthetic and/or natural polymer
portions.

Classifications of hydrogels could also be categorized based on the following
properties [33],

i. Amorphous,
ii. Crystalline or,
iii. Semicrystallinity: displaying characteristics of both amorphous and crystalline

phases.

Moreover, hydrogels can be classified based on whether they are chemically or
physically crosslinked. Briefly;

i. The crosslinking of the hydrogel can be achieved physically (1) between oppo-
sitely charged groups, (2) by establishing a hydrogen bond, (3) by subjecting
gels to freeze and thawprocedure during crystallization usingPVA/PVPsolution
at controlled conditions. Lastly, (4) through hydrophobic connections between
polymer chains, the hydrogel strength is improved, and the dissipation energy
prevents breakage of bonds. [23].

ii. The crosslinking of hydrogels can be realized chemically through (1) aldehydes,
namely; glutaraldehyde, formaldehyde, and acetaldehyde, (2) radiation through
ultraviolet rays, gamma rays, an electron beam, or at ambient temperatures to
form free radicals where monomers can be added to form or grow the hydrogel
chain. Lastly, (3) using MBA crosslinker for free radical polymerization. In
this method, an initiator (e.g., potassium persulfate) generates free radicals to
interact with monomers in the presence ofMBA crosslinks to form the hydrogel
[16, 39].

Additionally, the classification of hydrogels could be established according to the
charge of the hydrogel polymer chain [21, 55]. Whether the charge is,

i. Non-ionic (neutral).
ii. Ionic (anionic/ cationic)
iii. Zwitterionic (each recurring structural unit has cationic and anionic parts). The

overall charge of the polymer chain is zero.
iv. Amphoteric (contains both acidic and basic groups).
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Lastly, hydrogels can be categorized depending on whether a chemical or phys-
ical stimulus (Table 7.2) encourages their reaction. These hydrogels are sometimes
called smart hydrogels [16, 62]. Sometimes environmental conditions can affect the
swelling or de-swelling of hydrogels and therefore result in a volume collapse (phase
change).

7.2.2 Synthesis of Hydrogels

For application in water remediation processes, the low stability and solubility
of hydrogels are improved by developing hybrid hydrogel systems that consist
of nanofillers and/or synthetic polymers [21]. Most researches have reported that
crosslinking, grafting, and free radical polymerization. Therefore, the type ofmethod
used to prepare the hydrogel affects its structural makeup or physical properties.
Below are brief descriptions of the methods as mentioned above.

7.2.2.1 Grafting

Grafting uses artificial polymers, namely; methacrylamide, acrylic acid, vinyl
alcohol, and acrylamide, to improve the hydrogel backbone [55]. An initiator gener-
ates free radical sites to which monomer units are attached [94]. Grafting can initiate
through either radiation or chemical stimulus. Chemical grafting makes use of chem-
icals such as potassium persulfate (KPS), ammonium persulfate (APS) as initiators
[68]. Radiation grafting initiates free radicals through microwave or UV visible
energy [20].

Itwas reported in the literature that using amicrowave radiationmethod for synthe-
sizing hydrogels produces sterilized hydrogels [20]. Naturally, polysaccharides have
poor mechanical and chemical stability [21]. Grafting solves these problems and
improves the biopolymers efficiency by establishing new functional groups from
grafted monomers.

7.2.2.2 Crosslinking

Crosslinking process can occur through chemical or physical interaction. During
chemical crosslinking, complementary groupswithin the polymer chain react to form
irreversible covalent bonds [91]. In contrast, physical crosslinking occurs through
reversible van der Waals forces, hydrogen bonding, and electrostatic reactions [14,
44]. Hydrogels that are crosslinked chemically are mainly applied in the medical
field during tissue engineering, wound dressing, wastewater treatment, and drug
delivery [57, 105]. Several chemical crosslinkers exist that may be used for hydrogel
synthesis. For example, in a study by Mittal et al. hydrogels was produced using a
mixture of ascorbic acid and KPS as a redox initiator and MBA as a cross linking
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agent in the microwave-assisted graft co-polymerization method (Scheme 7.1) [69].
According to the group, this usingMBA as the cross linker to establish links between
different polymeric chains. [69].

Chemicals such as tri-propyleneglycol diacrylate (TPGDA) tetra-ethylene glycol
dimethyl-acrylate (EGDMA), N, N-methylene-bis-acrylamide (MBA), and ethylene
glycol dimethyl-acrylate are the most commonly used as crosslinkers in hydrogel
synthesis [96]. However, these crosslinkers produce non-biodegradable hydrogels
and are generally toxic [118]. Moreover, the resulting hydrogels are very brittle
because of the lack of an effective strategy for energy dissipation and inner structural
uniformity [108, 109]. As a solution, hybrid hydrogel systems comprising both phys-
ical and chemical interactions have been established by researchers to aid in energy
dissipation and improve structural properties, respectively [19, 83]. For example,
researchers constructed hybrid polymeric gels using poly(N-isopropyl acrylamide-
co-itaconic acid) and non-poisonous octa-vinyl polyhedral oligomeric silsesquioxane
(OV-POSS) crosslinkers. The analysis of the SEMand TGA (Fig. 7.1) results demon-
strated that the surface of the non-hybridized NIPAM-co-IA (SEM image Fig. 7.1a)
was not smooth. However, after crossing with various POSS amounts ((a) 8%, (b),
10%, and (c), 12%), the surface texture changed to a honeycomb-like structure with
similar pores of different pore sizes as the POSS amount was raised. The group
observed disruption of the honeycombpattern at higher POSS content (12%), demon-
strating that the level of homogeneity in the hybridized gel structure could be manip-
ulated by varying the degree of crosslinking [27]. Their TGA thermogram (Fig. 7.1e)
indicated that the thermal stability was enhanced through hybridization with POSS,
in which the weight loss obtained for poly(NIPAM-co-IA) from 340 to 500 °C was
higher compared to the weight loss achieved for the hybridized hydrogel at the same
temperature [27].

7.2.2.3 Free Radical-Polymerization

Free radical polymerization is when free radicals are generated to which monomers
bind progressively, and the polymer chain grows [13]. This technique combines
crosslinking and grafting methods. In this process, an initiator breaks down by light,
photon, or temperature to form a free radical [18]. The advantages of generating free
radicals by photon are (1) cost-efficiency, (2) no chemical solvent is required, and
(3) it offers improved time-based and spatial control of the reaction procedure [46].
Scheme 7.2 illustrates the synthesis of hydrogels through the free radical polymer-
ization process. Firstly, free radicals are produced through an initiator (initiation).
Next, the monomer interacts with the free radicals to create unoccupied functional
sites (propagation), and lastly, crosslinking occurs to form a hydrogel (termination)
[65].

The most commonly used technique in the polymer industry is free radical poly-
merization. This technique offers the advantage of easy operation, convenience, and
the ability to design and prepare polymers for different uses. Impurities do not easily
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Scheme 7.1 Mechanism for the graft co-polymerization of Gg with P(AAm-co-MAA). Repro-
duced with permission from [69]. Copyright 2015, Elsevier Science Ltd
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Fig. 7.1 SEM images of poly (NIPAM-co-IA) hydrogel (a) and hybrid poly (NIPAM-co-IA)/OV-
POSS (8%, 10% and 12% POSS) (b–d), e TGA thermogram. Reproduced with permission from
[27]. Copyright 2018, Elsevier Science Ltd

influence it. Free radical polymerization allows the achievement of in situ properties
and well-characterized reaction kinetics [84].

7.2.3 Hybrid Hydrogels

It has been reported that hydrogel properties can be improved through generating
hybrid hydrogel systems. Recently, many studies have incorporated nanofillers such
as metal oxides [63], carbon-based materials [61, 62], and clay-based materials [65]
into the hydrogel matrix during the polymerization process to produce a hydrogel
nanocomposite with enhanced recovery and stability.

7.2.3.1 Modification of Hydrogels with Inorganic Materials

Depending on the intended application of the hydrogels, their physical properties can
be enhanced through the incorporation of inorganicmaterials. For example, for use in
removing contaminants from aqueous solutions, the hydrogel must be mechanically
and thermally stable, especially for removing effluents from industries that utilize
water for cooling reactions [22, 38]. Wherein the contaminants may be introduced
at that point. Additionally, the hydrogels must be easy to recover.

7.2.3.2 Carbon-Based Hydrogels

Carbon-based hydrogel nanocomposites are hydrogels synthesized by incorporating
nanofillers such as graphene oxide (GO), biochar, activated carbon, and carbon
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Scheme 7.2 An overview of
thermal free-radical
polymerization and
crosslinking. Reproduced
with permission from [65].
Copyright 2020, Springer
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nanotubes (CNTs) [11, 64, 95]. GO is a carbon material prepared by oxidizing
graphene through chemical or thermal reduction processes. It contains highly
hydrophilic groups such as hydroxyl, carboxylic, and epoxy groups that are essential
for adsorbing dyes and toxic metals [8]. GOmay interact with contaminants through
pi-to-pi interactions, electrostatic interactions, or hydrogen bonding [107]. Owing to
its outstandingmechanical, electrical and thermal properties, GO has attracted its use
in the biomedical, energy and environmental field [31]. An example of a study is by
[99]. The group prepared starch hydrogel infused with reduced graphene oxide and
reported a high removal capacity of 1106.960 μg g−1 for cationic dyes. The group
also reported an improvement in the hydrogel pore size. In another study by [61,
62], xanthan gum-polyacrylic acid hydrogel was modified with reduced GO (XG-cl-
pAA/rGO for the removal of MB and MV [28]. The group reported an impressive
removal capacity of 1052.63mg/g and 793.65mg/g at 25 °C forMB andMV, respec-
tively. Additionally, the XG-cl-pAA/rGO hydrogel nanocomposite was reported to
have easy recovery and recyclable.

CNTs are simply graphene sheets rolled up in cylinders of 1 nm in diameter
[29]. As a result of their porous structure, large surface area, high tensile strength
(0.15 TPa) and elastic modulus (0.91 TPa), CNTs have attracted interest in use for
adsorption of pollutants such as dyes, dichlorobenzene, ethylbenzene, and some
heavy metals [24, 117]. CNTs can be categorized into two forms, namely, single-
walled CNTs (SWCNTs, which are made up of single layers of graphene sheets and
multiwalled CNTs (MWCNTs), which are made up of multiple layers of concen-
tric cylinders [4, 29]. Among recent studies that have used carbon-based mate-
rials to modify the properties of hydrogels, [62], reported that the incorporation of
MWCNT’s onto XG/PAA hydrogel improved the surface hydrophilicity and specific
area of xanthan gum. The literature reports that although the incorporation of CNTs
in gels improves the mechanical properties, the rate of degradation decreases, which
is because carbon-based materials have high hydrothermal stability, which makes
them resistant to harsh environments [60]. Another widely used carbon-based adsor-
bent and nanofiller are activated carbon/activated charcoal (AC). This material is
reported to improve the surface properties, adsorption capacity, and porosity of adsor-
bent materials. A study by [45] reported a removal capacity of 60.9 mg/g for TH
dye from wastewater using chitosan (CS) hydrogel modified with activated charcoal
(CS/AC). Various carbon-based nanocomposite hydrogels and their adsorption prop-
erties for the removal of organic dye contaminants fromaqueous solutions are listed in
Table 7.3.

7.2.3.3 Clay-Based Hydrogels

Natural clays and their improved forms have recently been used for removing pollu-
tants from water [15]. The most commonly used clays, especially for treating toxic
metals and dyes, are modified kaolinite and montmorillonite [36]. However, these
clays are difficult to regenerate and reuse because of their colloidal dimensions [113].
This prompted the functionalization of these clays—for example, the modification
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of montmorillonite (MMT) to form Cloisite 30B. In a study where C30B clay was
incorporated onto polypropylene (PP) grafted with maleic anhydride (PP-g-MA) and
thermoplastic starch (TPS), it was reported that biodegradation studies performed
in compost revealed that the presence of C30B improved the matrix biodegrad-
ability [1]. Modification of adsorbents by introducing functionalized clay compo-
nents may improve both the physical and chemical properties of adsorbents [1, 113].
Other modifications with clay results improve the number of adsorbing active sites,
enhanced porosity, and low levels of mineral impurities [1]. In a recent study, C30B
was mixed with a culture obtained from an anaerobic sludge to remove hexavalent
chromium, where the removal capacity of nearly 100% was obtained [58]. In our
recent study, we reported the incorporation of C30B into magnetic carboxymethyl
cellulose/poly(acrylic acid) to synthesize the hydrogel nanocomposite [65]. Our find-
ings reported an increased crosslinking density and easy dispersion of magnetite
(Fe3O4) nanoparticles into the hydrogel matrix due to the presence of the C30B
component in the hydrogel. Another study by [81], prepared cellulose-MMT hydro-
gels for removingMB.The hydrogels had amaximum removal capacity of 1065mg/g
(Table 7.4). Their viscoelasticity studies from the sweep measurements (Fig. 7.2a)
showed that when the storage modulus (G’) < loss modulus (G”), the cellulose-
MMT systems were in a viscous liquid form, however with increasing time when
G’ > G”, the materials were in a gel form. Figure 7.2b in this case revealed that
increasing clay content decreased the gel formation. Figure 7.2c revealed that the
storage moduli (G’) of hydrogels containing clay was higher than that of unmodified
hydrogel and was proportional to the clay content from 10 to 15 wt.%. However,
the incorporation of clay increased the gel strength from 0.3 kPa to 4.7 kPa, as
shown in Fig. 7.2d and e, which was approximately 16 times higher. Furthermore,
the study reported that an increase in clay content from 10 to 15 wt.% reduced
the swelling capacity of the hydrogel (Fig. 7.2f), reportedly due to a high degree
of crosslinking. Furthermore, it was reported that the addition of modified clay
containing 2,3-epoxypropyltrimethylammonium chloride increased the crosslinking
density of the hydrogel networks, eventually resulting in enhanced storage modulus
[81].

7.2.3.4 Metal Oxide-Based Hydrogels

Metal oxide-based nanoparticles have been reported to have a high density and
restricted size, which are responsible for their fascinating and unique chemical
and physical properties [7, 80]. Examples of metal oxides include titanium dioxide
(TiO2), iron oxide (Fe3O4), magnesium oxide (MgO), aluminium oxide (Al2O3).
Owing to their nontoxic nature, high surface area, high chemical stability, and
economical friendliness, Fe3O4 nanoparticles are widely used for the removal of
toxic metals and organic pollutants from water [7, 80, 85, 97, 119]. Ion-oxide and
zinc oxide nanoparticles are some of themost frequently usedmetal oxides in treating
dyes from aqueous solutions [67].
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Fig. 7.2 a Time dependence of storage modulus (G′) and loss modulus (G′′), b Gelation time c
G′ at 60 min d Compressive-strain curves e Photographs of M-5 f The swelling ratio performed
using distilled water. Reproduced with permission from [81]. Copyright 2016, American Chemical
Society

Amongst the most promising metal-oxides are magnetite (Fe3O4) nanoparticles.
Magnetite nanoparticles also called black iron oxide amongst other transitionmetals,
have the strongest magnetism and are stable at ambient temperatures [59]. Magnetite
is prepared from the coprecipitation of iron oxide salts that result in an inverse
spinel crystal structure consisting of half of the Fe3+ in tetrahedral coordination
and the other half Fe2+ ions in octahedral coordination (Fig. 7.3a) [32, 59, 86].
The coprecipitation method is the most useful and suitable technique in preparing
magnetite at both lab-scale and industrial scales [53]. Due to their cheap synthesis
costs, susceptibility, stability, high porosity, magnetic properties, biocompatibility,
and easy chemical modification, MNP’s have attracted much use in the wastewater
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treatment field [32, 59, 67, 85, 86]). The introduction of MNPs into polymer struc-
tures to produce nanocomposite hydrogels leads to a hybrid hydrogelwith advantages
of both components, thus improved chemical and physical properties. An example
of such hybridized hydrogel is Fe3O4-g-pAA hydrogel synthesized via radical poly-
merization in the presence of MBA crosslinker, which resulted in a highly adsorp-
tive hydrogel of 507.7 mg/g removal capacity for MB [82], as shown in Table 7.5.
However, according to Flory’s theory, the swelling degree of a hydrogel depends on
the density of crosslinking, the ionic osmotic pressure, and the attraction of the gel
for the liquid [50].

When the crosslinking density is high, the space between the polymer chains
decreases, making the gel to be stiff due to tiny nonexpendable pores [50]. Addi-
tionally, an increase in the amount of MNPs increases the thermal properties but
consequently reduces the swelling capacity as the Fe3+ from the incorporated MNPs
may act as a physical crosslinking agent [82, 87]. Additionally, in a study by
[65] in the removal of MB using CMC-cl-pAA/Fe3O4-C30B, the group reported
a decreased removal capacity with improved stability for modified HNC compared
to non-modified CMC-cl-pAA hydrogel as a consequence of incorporating metal
oxide nanoparticles. The most significant advantage of incorporation MNPs into the
hydrogelmatrix is the improved stability and easy recovery of thematerial after appli-
cation [10]. Another prevalent metal oxide is zinc oxide (ZnO) which can be found
in nature as a zincite mineral; however, the majority of it is prepared synthetically. Its
crystal structure can be found in a hexagonal wurtzite form of cubic zinc blend form
(Fig. 7.3b). The form that is most stable and commonly found at ambient temper-
ature is the wurtzite structure Fig. 7.3b [98]. ZnO is commonly used for treating
skin-related problems such as nappy rash, dandruff, and incorporation in ointments
used in wound dressing [98]. Other applications of ZnO include the use in catalysis,
batteries, sensors, and adsorption of contaminants [3, 30, 73, 112]. Their application
as adsorbent material was reported in a study by [49], where a guar gum adsorbent
hydrogel incorporated with ZnO nanoparticles was used for removing chromium
(VI) from water. The group reported that incorporating ZnO nanoparticles improved
the recovery of the adsorbent from the aqueous solution after the removal of Cr
(VI) [49]. In another study, CMC hydrogel was modified with ZnO for antimicrobial
activity, which was influenced by their inexpensiveness and lack of colour [54].

Another widely used metal-oxide is TiO2, a semiconductor [25, 75]. There exist
three forms of TiO2, namely, anatase, rutile, and brookite. Amongst the three forms,
anatase has been reported to bemore photoreactive thus its wide use in photocatalytic
degradation during water treatment studies [34]. This is because TiO2 as a photocat-
alyst is chemically stable, non-toxic, cost-effective, and remains stable during irradi-
ation [9, 47, 74]. Various techniques have been used to synthesize titanium dioxide,
namely, low-temperature dissolution-reprecipitation, gas-phase pyrolysis, ultrasonic
spray pyrolysis, sol–gel, ultrasonic spray pyrolysis, and combustion synthesis [76].
TiO2-based nanomaterials have been used in fields such as drug delivery, medical
research, self-cleaning, producing antibacterial materials, and energy storage [51,
9]. As nanoparticles for water treatment, TiO2 offers a high surface area, which is
very important in the sorption of contaminants from aqueous solutions [37]. A study
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Fig. 7.3 Structures of Fe3O4 and ZnO [67]. Reproduced with permission from [98]. Copyright
2017, Walter de Gruyter GmbH

by [102] reported that an increase in the TiO2 content from 0.05 g to 0.2 g in SA-
cl-poly(AA)-TiO2 O/I hydrogel nanocomposite increased anionic centres and the
intrinsic charge repulsion within the hydrogel matrix, consequently enhancing the
removal capacity for MB.

7.3 Conclusions

In conclusion, this chapter discusses recent studies applied for removing different
types of dyes from an aqueous solution using biopolymer-based HNCs. Owing to
various advantages such as low cost and easy design, the adsorption method is recog-
nized as the most promising treatment technique for the removal of dyes. This work
briefly discussed hydrogels, their classification, methods of synthesis and modifica-
tions with inorganic components to improve on their drawbacks. This contribution
emphasized the importance of incorporating carbon compounds, clay content, and
metal oxide nanoparticles in hydrogels for the removal of dyes. Additionally, various
modified hydrogel nanocomposites are summarised in table form for easy study and
comparisons depending on which content was used to modify them.
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Chapter 8
The Effect of Zeolitic Imidazole
Framework-8@Graphene Oxide
on the Performance of Polymeric
Membranes Used for Wasterwater
Treatment

T. A. Makhetha and R. M. Moutloali

Abstract The practice of using zeolitic imidazole framework-8@graphene oxide
(ZIF-8@GO) is increasing tremendously in membrane technology for wastewater
treatment. This is not only due to the limitations posed by ZIF-8 or GO when used
separately, but because of the interesting properties a composite of these mate-
rials (ZIF-8@GO) possesses, such as hydrothermal stability, porosity, crystallinity,
hydrophilicity, and selectivity. Therefore, it is necessary to expand knowledge on the
overall properties of the resultant ZIF-8@GO as well as the ZIF-8@GO incorporated
into polymericmembranes. This chapter covers the literature on recent developments
on ZIF-8@GO incorporated into polymeric membranes for wastewater treatment.
The focus is on themorphological features, thermal and chemical stability,membrane
performances i.e., rejection of pollutants from wastewater, water flux, selectivity as
well as antifouling and or antibiofouling properties of these ZIF-8@GO embedded
in polymeric membranes.

8.1 Introduction

Each person has the right to adequate, perpetual, accessible, safe, and cheap water
for personal and domestic use. However, not everyone in the world has access to
safe and readily available water [81, 86, 94]. It is worth noting that having clean
and safe water can greatly boost every country’s economy and significantly reduce
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poverty, especially in African countries [86, 94]. Nonetheless, different factors such
as increasing water scarcity, climate change, urbanization, population growth, and
demographic changes have been identified to pose challenges towater supply systems
[44, 46, 49]. As a result of these challenges,WorldHealthOrganisation (WHO) stated
that, by 2025, half of the world’s population would be living in water-stressed areas
[99]. Consequently, there is a need to review and scrutinize the already existing
membrane processes that are used for wastewater treatment for reuse to ensure the
WHO projections are inappropriate.

Membrane processes such as reverse osmosis (R.O.), nanofiltration (N.F.), ultra-
filtration (U.F.), and microfiltration have been extensively utilised for wastewater
treatment due to their ease of preparation and operation, are cost-effective and
possess high efficacy [20, 32, 44, 46, 49, 99]. However, these membrane technolo-
gies are hamstrung by their perceived high energy demands or chemical intensiveness
during preparation and high fouling tendency, thus requiring frequent backwashing or
cleaning [20, 32,44,99]. Furthermore, membrane fouling is considered as the number
one drawback hindering the widespread adoption and use of membrane processes in
wastewater treatment [44, 46, 49]. In definition, membrane fouling results from the
deposition on the membrane surface or adsorption of organic filth such as proteins,
natural organic matters, and humic substances as well as microorganisms [22]. It is
worth noting that membrane fouling, caused by either bio or organic deposition, is
highly affected by the membrane properties and characteristics that greatly dictate
its application and performance [22]. In addition, there are other factors that play a
crucial role in membrane fouling, i.e., the pH of the feed solution, the concentration
of the solute in the feed, and the structure of the membrane [76]. Mitigation strate-
gies to minimize fouling have resulted in the development of modified polymeric
membranes leading to improved membrane performances and application.

The incorporation of porous and/or hydrophilic materials into polymeric
membranes is currently considered one of the most effective ways to achieve func-
tional membranes for wastewater treatment [32, 44, 46, 49, 58]. Consequently, inten-
sive studies and reports dedicated to the utilisation of metal organic frameworks
(MOFs) in membrane formulation due to their controllable pore aperture, pore size,
diverse structures, morphologies, and their tunable functionalities [13, 14, 20]. These
studies revealed that understanding key features ofMOFs and how these interact with
polymeric membrane matrices could ensure the production of defect-free MOF-
integrated membranes for the filtration process [3]. It is worth noting that not all
MOFs are water stable and compatible with the polymers utilized in membrane tech-
nology for wastewater treatment [3, 14, 44, 46, 49]. This has led to carbon-based
material such as graphene oxide (GO) being used as a dispersant for MOFs as well
as to enhance the water stability of the MOFs [11, 43, 47, 55, 57, 69, 89]. GO is a 2D
carbon material with oxygenated functional groups,such as carboxyl, hydroxyl, and
epoxy, contained on its edge and on the basal plane [53]. These functional groups
bestowGOwith good hydrophilicity. Furthermore, the oxygenated functional groups
make GO reactive, making its surface modification easier and hence used to anchor
MOFs increasing their compatibility with the polymer matrix [53, 103].



8 The Effect of Zeolitic Imidazole Framework-8@Graphene Oxide … 227

Wang et al. [11] fabricated an electrospun membrane from polylactic acid (PLA)
polymer modified with ZIF-8@GO filler for methylene blue (MB) adsorption and
its photodegradation from wastewater. An increase in hydrophilicity and enhanced
mechanical strength of the polymer matrix was observed with the incorporation of
the ZIF-8@GO filler. The resultant PLA/ZIF@GO composite membranes exhib-
ited enhanced adsorption capacity and photocatalytic efficacy for MB compared to
Zhang et al., which rejected only 50% of methyl blue using ZIF-8/HPEI hybrid filler
modified PAN [97].

On the other hand, Wang and co-workers [89] investigated the effect of ZIF-
8@GO on the antibacterial performances of thin-film composite membranes. The
authors found that the increasing ZIF-8@GO content enhanced the antimicrobial
properties of the thin film composite membranes. Furthermore, it was also reported
that a synergistic effect of the hydrophilic GO and porous ZIF-8 improved the perme-
ability of the thin film composite membranes without compromising on their solute
rejection properties. A similar positive contribution resulting from the incorporation
of ZIF-8@GO composite fillers on hydrophilicity, water flux, dye rejection as well
as fouling resistance in ultrafiltration membrane was reported by [97]. Furthermore,
we also reported on how the antibiofouling membrane properties were enhanced by
the incorporation of ZIF-8@GO encapsulating the well-known antimicrobial agents,
viz. silver and copper nanoparticles [57].

The chapter summarises recent progress on MOFs@GO composite and its use to
modify polymeric membranes for wastewater treatment. The focus is on the impact
of ZIF-8@GO on structural and morphological features of the resultant membranes;
i.e., membrane pore size or shape, surface roughness, and hydrophilicity and their
influence on the membrane performance parameters such as water flux/permeability,
solute rejection mechanisms, and the effect of the composites on membrane fouling.

8.2 General Description of Metal–Organic Framework
(MOFs)

Metal–organic frameworks (MOFs) are classified as both organic and inorganicmate-
rials due to their constituents, i.e., transitionmetal cations (such asCo, Zn, Zr, andCu)
and multidentate organic linker (such as terephthalic acid and 2-methylimidazole)
[36]. The formation of MOFs is through the coordination of the metal clusters with
the functional groups from the ligand/linker; hence they are also called porous coor-
dination frameworks [35].MOFs have interesting features such as a high surface area
with their porosity and pore sizes much greater than those of molecular sieve mate-
rials that can be controlled or tuned from micro to mesoporous by simple methods
[12, 32, 44, 46, 49, 99].

MOFs are divided into different categories based on their metal clusters and the
linker used. More insight on the differences in MOFs is presented in the sections
below. Thus far, there is isoreticular metal–organic frameworks (IRMOFs) [6, 30,
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54, 70, 84, 96], zeolitic imidazolate frameworks (ZIFs) [4, 5, 7, 59, 65], materials of
institute lavoisier frameworks (MILs) [10, 15,16, 18, 30, 60, 61, 67], University of
Oslo (UiO) [8, 34, 51, 93], etc. New types of MOFs are being developed, looking at
using lanthanides and actinides metals with different linkers [28, 78]. The f-orbital
lanthanides and actinides are less available for bonding which results in big particle
size in comparison to the d-orbital transition metals [78]. Furthermore, due to less
available bonding sites, the lanthanides metal center forms the first coordination
sphere that constitutes the primary building units (PBU) of the lanthanide MOFs.
The PBU then combines into larger, unique polymeric subunits that are repeated
throughout the entire framework that is known as the secondary building unit (SBU)
[28]. Subsequently, these lanthanides and actinidesMOFs provide enhanced catalytic
binding sites compared to the transition metal MOFs [28].

8.2.1 Isoreticular Metal–Organic Frameworks (IRMOFs)

Isoreticular MOFs are the ones from organic ligands of different sizes, but with
a common symmetry/geometry resulting to MOFs of related topologies, but with
expanded pore sizes and volumes [73]. IRMOFs series have similar primitive cubic
packing (pcu) topology and can be fabricated from MO–C clusters where M is a
metal and different ligands as demonstrated in Fig. 8.1 [6, 30, 54, 70, 84, 96]. The
varied ligand result to change in surface area, physical and chemical properties; hence
these are used for various applications such as gas adsorption, catalysis, and sensors

Fig. 8.1 Description of the formation of IRMOFs and structural represantation of IRMOFs and
the structure of the ligand derivatives of IRMOFs family. Yellow central sphere represents open
pore spaces. Reproduced with permission from [96] and [70]. Copyright 2012, Royal Society of
Chemistry and 2014, Springer-Verlag Berlin Heidelberg
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[6, 30, 54, 70, 84, 96]. However, IRMOFs are not applicable in water research since
they easily degrade in a humid environment even at room temperature due to the
rupture of the bond between a metal atom and the central oxygen from the metal
cluster [6]. The molecular length and breadth of the organic ligand control the size
of the cavities (yellow spheres) of the resultant MOFs.

8.2.2 Zeolitic Imidazolate Frameworks (ZIFs)

Extensive research has been done on MOFs in the past decades, which led to the
development of the subfamily zeolitic imidazolate frameworks (ZIFs) [4, 5, 7, 59,
65]. The main constituents of ZIFs are the two transition metals, i.e., zinc and cobalt,
and a range of imidazolate linkers coordinated in a tetrahedral shape that is similar to
that in crystalline aluminosilicate zeolite and hence their generic name (Fig. 8.2) [59].
The coordination of ZIFs is built from M–I.M–M (M = tetrahedrally coordinated
metal ion, I.M. = imidazolate, and its derivative) bonding with a M–I.M.–M angle
of 145°, which is similar to the Si–O–Si angle in zeolites (Fig. 8.3) [4, 7, 59].
Interestingly with ZIFs, their structure depends primarily on the type of solvent used
and the linker imidazolate (Fig. 8.4) [4, 5, 7, 59, 65]. It has been observed that when
the functionalized linkers are used, greater structural diversity in ZIFs is possible.
Similarly, ZIFs are thermally and chemically stable;moreover, ZIFs have been shown
to be water stable in comparison to other MOFs [4, 5, 7, 59, 65]. This is due to the
strong metal to nitrogen bond that shows intensive resistance to alkali water and
organic solvents [3]. Furthermore, ZIFs are hydrophobic; therefore, water molecules

Fig. 8.2 Representation of assembly of different types of ZIFs and their respective topologies.
Yellow central sphere represents open pore spaces. Reproducedwith permission from [5]. Copyright
2008, American Association for the Advancement of Science
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Fig. 8.3 General structural model of ZIFs showing angle similarities with the aluminosilicate
zeolites. Reproduced with permission from [59]. Copyright 2020, Taylor & Francis Online

Fig. 8.4 Different types of imidazole ligands used for the synthesis of ZIFs. Reproduced with
permission from [7]. Copyright 2014, Springer Nature Switzerland AG

cannot penetrate through the framework pores to destroy their structure [59]. ZIFs
have been widely applied in gas storage/separation, catalysis and recently in water
purification and wastewater treatment [4, 5, 7, 59, 65].
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8.2.3 Materials of Institute Lavoisier Frameworks (MILs)

MILs were firstly discovered in 2000 by Millange and Serre et al. [18]. These types
ofMOFs are formed from the chemically inert metals such as Cr, Fe, Sc, V, Al, Ti, Ni,
and Mn. and the benzene-1,4-dicarboxylate linkers (Fig. 8.5) [10, 15,16,18, 30, 60,
61, 67]. The structure of MILs is made by coordinating benzene-1,4-dicarboxylate
ligands metal centres that are octahedrally connected and share trans-corners to give
infinite, linear inorganic chains [10, 15,16,18, 30, 60, 61, 67]. This yields an open
structure with diamond-shaped channels running parallel to the inorganic chains,
as presented in Fig. 8.6. MILs are known for their flexibility which allows them
to expand and contract when exposed to stimuli such as pH change, temperature,
the introduction of guest molecules, and pressure without any change in their crys-
talline structure [10, 15,16,18, 60, 61, 67]. Such MOFs have been used in various
applications such as catalysis, sensing, drug delivery and degradation or capture of
pollutants [10, 15,16,18, 60, 61, 67].

Fig. 8.5 Different types of ligands used to synthesizeMILs. Reproduced with permision from [82].
Copyright 2020, John Wiley and Sons
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Fig. 8.6 Representation of assembly of different MILs. Reproduced with permission from [91].
Copyright 2020, Royal Society of Chemistry

8.2.4 University of Oslo (UiO)

UiO-66 MOF was first synthesized at the University of Oslo and hence its
name. Similar to other MOFs such as MILs, UiO-66 is formed when the 1,4-
benzenedicarboxylate organic linkers coordinate to Zr metal ions in clusters
contained as Zr6O4(OH)4 nodes (Fig. 8.7) that are different to that of MILs [8, 34,
51, 93]. UiO-66 MOFs present an octahedron shape and are known to be stable in
acids andwater vapor, and are thermally stable [93]. As such, they have been widely
used in aqueous applications such as dye adsorption and pervaporation [20].

8.2.5 Summary of MOFs

From the general description ofMOFs, it is evident that not all MOFs are suitable for
water application without modification. Therefore, some factors need to be consid-
ered when choosing MOFs to be used in water-related applications. It is also worth
noting that the structure and the morphology of the MOFs are not only dependent
on the building blocks and the linker used, as shown in Figs. 8.1, 8.3, 8.5 and 8.7. In
essence, some factors such as temperature, compositional parameters (i.e., pH, type
of salt and molar ratio), and solvent influence the structure and the morphology of
MOFs [3]. For example: during the synthesis of MOFs, usually, the solvents are not
incorporated within the framework; however, they might direct the crystal growth
of the MOFs by acting as directing agents [29, 42, 74]. Furthermore, the nucleation
growth of MOFs can be increased, which then results in a smaller particle size of
MOFs by using more reactive metal precursors, i.e., using Zn(NO3)2 instead of using
ZnSO4 [102].
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Fig. 8.7 Representation of assembly of different UIO-66MOFs. Reproducedwith permission from
[105]. Copyright 2018 John Wiley and Sons

Additionally, the molar ratio between the linkers and the metals does play a huge
role; the excess of the linker might slow down the growth rate as it will function as
a stabilizing agent [52, 74]. Another important factor to consider is high tempera-
tures used for the synthesis of MOFs since excessively high synthesis temperature
may oxidize metal ions [74]. Thus, MOFs are recently used as precursors for metal
oxides [71]. Finally, the addition of additives such as trimethylamine (TEA) and
cetyltrimethylmmonium bromide (CTAB) might affect the growth rate resulting in
smaller particle sizes [25, 66].

8.3 Factors to Consider When Choosing MOFs in Water
Application

8.3.1 MOFs Should Have High Water Stability

MOFs need to be water stable for them to be applied in water research, such
as in membrane technology for water treatment and purification. Most MOFs,
such as isoreticular MOF-5 and HKUST (Hong Kong University of Science and
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Technology), a metal–organic framework made up of copper nodes with 1,3,5-
benzenetricarboxylic acid struts between them, are susceptible to moisture and
hydrolyze, resulting in decomposition and displacement of the building block leading
to a loss of crystallinity and porosity of MOFs [6]. As a result, only a handful of
MOFs are stable in water without any modification. These include MOFs with high
valence metal ions such as Zr4+, Ti4+, Cr3+, and Fe3+ coordinated to ligands shown
in Figs. 8.6 and 8.7, these include MOFs such as MILs and UiO [34, 60, 67, 93].
Their stability is due to the charge density of these high valence metals that is related
to their corresponding ionic radius. In this case, the stability of MOFs is enhanced
since the smaller the effective ionic radius is linked to the high charge density of the
metal ion [3].

Other water-stable MOFs are those synthesized using azolate based organic
ligands such as imidazolates, pyrazlates, triazolates, and tetrazolates (Fig. 8.4) [5, 59,
65]. The stability of the azolate ligands is ascribed to their higher pKa values [45].
This results in the stability of the ligands being maintained even though low valence
metal ions are used, e.g., Zn in ZIF-8 is one of the perfect examples [59]. Further-
more, the strong bond formed between metal-nitrogen is maintained, resulting in
higher water stability of the ZIFs [5].

Modification of MOFs with specific functional groups can prevent water
molecules from entering into their framework structure. For instance, the introduc-
tion of the hydrophobic functional groups such as methyl groups and non-polar
alkyl groups enhances water stability of the resultant MOFs [45]. Consequently,
hydrophobic pore surfaces and encapsulated metal ions provide steric hindrance as
a mechanism that blocks water from seeping into the frameworks. Ultimately the
exclusion of water molecules in the framework structure imparts and enhances the
water stability of MOFs.

Finally, the formulation of the core–shell MOFs does play a crucial role in
enhancing thewater stability of theMOFs. In this case, thewater-stableMOFs act as a
shell that protects the water-sensitive core [3, 45]. Most interestingly, MOFs@MOFs
materials offer a synergistic effect, and new properties are often realized in these
types of materials [44, 46, 49, 68, 95]. In adsorption and separation application,
MOFs@MOFs materials are fabricated fromMOFs with different apertures in order
to serve as molecular sieves [95]. As such, the MOF with a larger opening will act as
a cargo transport highway, while the MOF with a smaller opening will act as a filter
[95].

Furthermore, these MOFs@MOFs materials are synthesized using different
synthesis routes, i.e., epitaxial growth, post-modification, and one-pot synthesis for
MOFs@MOFs materials [44, 46, 49, 68, 95]. These synthesis routes offer different
structural features as well as different properties that can be utilized for different
applications [95]. In definition, epitaxial growth is the seeding/growing of oneMOFs
on the surface of the other MOF through see-mediated synthesis, e.g., growth of
ZIF-8@ZIF-67 or vice versa [44, 46, 49 68, 95]. On the other hand, a post modifi-
cation route is the most flexible method for the synthesis of MOFs@MOFs mate-
rials, wherein, different strategies are employed such as Ostwald ripening-mediated
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method, selective trans-metalation method, internal extended growth method, post-
synthetic ligand exchange, retrosynthetic design, and surfactant-mediated over-
growth method [95]. Finally, in the one-pot synthesis method, the metal ions and
ligands of the inner and outer MOFs are added into the reaction system simultane-
ously [95]. Nonetheless, the porosity of MOFs@MOFs materials is of paramount,
especially in separation application.

8.3.2 Suitable Pore Size for MOFs Appropriate for Use
in Membrane Technology

MOFs have a high controllable level of porosity that makes them suitable to be
used in all membrane types, i.e., reverse osmosis, nanofiltration, ultrafiltration, and
microfiltration membranes [20]. In these cases, the aperture of their cages and the
pore sizes play a crucial role in themembrane process resulting in enhancedwater flux
by providing alternative water pathways, decreasing water resistance, and reducing
tortuosity (Fig. 8.8) [39]. The pore size of the MOFs does affect the rejection of
pollutants; small pore size and aperture cage are mostly preferred to allow water
transport while preventing transport of dissolved ions across the membrane [14]. As
such, the appropriate pore or cavity size of the MOFs in membrane technology is
the small pore size that can only allow water molecules while preventing other small
dissolved salts; this is referred to as molecular sieving. In a case where the pore size
of the MOF is big enough to allow pollutants within the pores, there is an interaction
of the pollutants with the adjacent surfaces of the MOF; hence adsorptions will take
place within the MOF cavities [44, 46, 49]. The selection of the pore size does also

Fig. 8.8 Representation of thewater transport through themacropores inside theMOF incorporated
into polymeric membrane. Reproduced with permission from [39]. Copyright 2015 Elsevier
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depend on the targeted pollutant, similarly in gas separation since gas molecules are
different in size [44, 46, 49].

8.3.3 Importance of Uniform Dispersibility of Fillers
in Composite Membranes

Free-standing layers of MOFs with uniform pore size and high level of porosity
can be used to ensure consistent properties throughout MOF membranes [44, 46,
49]. However, these membranes can barely be approved for practical application due
to their poor mechanical strength. Therefore, MOFs incorporated into membranes
are widely used and approved [3, 43, 47, 99]. As such, MOFs are generally used
as nanofillers, and the dispersion of MOFs crystallites plays an important role in
the performance of the composite membranes [3, 43, 47, 99]. The concentration or
loading of MOF nanofillers below 5 wt.% is the most appropriate quantities to use
for resulting in uniform dispersion in the membrane matrices (Kadhom and Deng,
2018b). However, MOFs are not entirely compatible with most polymer matrices.
Hence, in other instances, a compatibilizer or a dispersant such as carbonaceousmate-
rials (graphene oxide, carbon nanotubes) play a crucial role in properly dispersing
MOFs in a matrix [41, 106]. As the concentration of the MOF nanofillers increases,
the surface energy of the MOF particles is reduced as a result of high surface energy
that is caused byVan derWaals forces (Manuscript et al., no date), leading to agglom-
eration. Poor dispersion compromises the mechanical properties of the membranes
resulting in poor membrane performances [41, 106]. Furthermore, a high concen-
tration of MOF filler may result in changes in the rheology of the membrane matrix
affecting the physical and chemical properties of the resultant membrane, as a result,
decreasing membrane performances such as water flux, rejection as well as fouling
resistance. (Manuscript et al., no date). Consequently, there is a need to investigate
different strategies to employ to improve the MOF/polymer interface.

So far, a great number of approaches have been used to improve MOF/polymer
interface, such as using different methods for preparing the dope solution, surface
modification of the MOFs or the polymer, adding interface agents, i.e., ionic liquids,
and using MOF composites, i.e., MOF@GO [48]. Most of these approaches have
shown interesting results; however, there is still more to be done to improve
the interfacial voids found between the MOF and the polymer [48]. However,
few interfacial voids and better MOF/polymer interactions have been reported for
MOF composites due to better compatibility between the GO and most polymers
[55,57, 43, 47, 87, 106].
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8.4 ZIF-8@GO Fillers Used in Membrane Technology
for Wastewater Treatment

MOFs have been used as fillers in membrane technology for wastewater treatment
[27]. However, MOFs as inorganic fillers are incompatible with organic polymer
matrix, which has led to the use of hybrid fillers that emanated from the concern of
poor dispersion of the inorganic filler in the organic polymeric membrane. Conse-
quently, the use of carbonaceous materials as compatibilizers or dispersants has
proven to be very crucial [11, 89]. It is worth noting that, in most cases, the composite
membrane will exhibit both the properties of the individual materials used to form
the hybrid filler [11, 56, 57, 89]. Interestingly, in membrane technology, the filler
material improves the properties of the resultant composite membrane; these include
the physico-chemical, i.e., improved surfacemorphology, enhanced thermal stability,
improved mechanical properties, improved membrane performance, i.e., water flux,
rejection, and fouling resistance. Therefore, understanding the individual properties
of the materials such as MOFs and GO as well as the resultant composite is crucial
as it provides insight into how the morphology and/ or structure of the resultant
composite membranes can be influenced, leading to better membrane performance.

8.4.1 Morphology

There are three different groups of membranes, i.e., biological membranes, artifi-
cial membranes, and theoretical membranes [72]. This chapter focuses on artificial
membranes such as R.O., NF, U.F., and M.F. with asymmetric structure mostly used
in industries [72]. A typical asymmetric membrane structure is shown in Fig. 8.9
and consists of two layers that can be viewed from its cross-section. This type of
membrane consists of a top dense thin layer usually referred to as the top skin layer,
and a bottom porous sublayer [62, 72]. These two layers play a crucial role. The
dense top layer controls the performance, such as the permeation properties and
water flux of the membrane. The porous sublayer only provides mechanical strength
to the membrane. On the other hand, the membranes with symmetric structures do
not possess top dense or porous bottom layers and are uniform throughout (Fig. 8.9).
There are two types of asymmetric membranes, (1) an integrally skinned asymmetric
membrane where the material of the top layer and porous sublayer is the same [19].
(2) The composite membrane where the polymer of the top skin layer is different
from the polymer of the porous sublayer [19]. Interestingly, the porous sublayer can
be modified separately to optimize the overall performances of the membrane in
comparison to the integrally skinned asymmetric membrane [19, 72]. For example,
the porous layer can be optimized by choosing the amount of the polymer used that
affects the viscosity of the casting solution, as a result affecting the exchange rate of
water and solvent. The addition of the pore former, e.g., poly(vinyl pyrrolidone) is



238 T. A. Makhetha and R. M. Moutloali

Fig. 8.9 Classification of membranes based on materials of construction, structural attributes,
configuration and diameter of the configuration. Reproduced with permission from [19]. Copyright
2019 Elsevier

also used to optimize the porous layer [41]. The top layer can be modified by under-
standing the effects and the amount of the monomers that are used to fabricate the
top layer (W J [37, 38]. For example, m-phenylenediamine (MPD) aromatic diamine
and trimesoyl chloride (TMC) acid chloride have proven to be the most successful
monomers for the fabrication of the top layer of the composite membrane (W J [37,
38].

The properties of membrane pore structures, such as pore size, pore size distri-
bution, pore density, surface roughness, etc., are the backbone of the membrane
processes since such properties control the filtration characteristics of membranes
[19, 62, 72]. Membrane preparation protocols that are geared towards controlling
the physical properties like pore size and pore size distributions of the membranes
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are continuously being developed. These include the phase inversion method that
is divided into four different main types (i.e., non-solvent-induced phase separation
(NIPS), vapor induced phase separation (VIPS), thermally induced phase separation
(TIPS), and solvent evaporation-induced phase separation (SEIPS)). NIPS, TIPS,
and VIPS are extensively used for producing polymer membranes, whereas SEIPS
involves the use of liquid monomers for the production of membranes [21, 83]. The
difference between these methods is the mechanism in which the phase inversion
process occurs [83]. Wherein TIPS method uses high temperatures to prepare a dope
polymer solution thereafter cooled to induce phase separation followed by polymer
solidification [50, 83]. On the other hand, in NIPS, a homogeneous solution of the
polymer and the solvent is cast on a glass plate and subsequently submerged into a
coagulation bath containing a non-solvent, e.g., deionizedwater; hence, precipitation
occurs due to the exchange of solvent into non-solvent [21, 55]. In contrast to NIPS
and TIPS, the phase inversion processes in the VIPS method occur in the open air
under-regulated humidity [64].

There are fundamental factors that affect the phase inversion process inmembrane
formation when using NIPS, TIPS, and VIPS methods, these include the choice of
solvent-nonsolvent system, the composition of the coagulation bath, the composition
of the polymer solution, and film casting conditions [21, 83]. As such, the desired
membrane is achieved by optimizing the above-mentioned factors. Furthermore,
additives, such as organic, i.e., poly(vinyl pyrrolidone) and poly(ethylene glycol), as
well as inorganic additives, i.e., nanoparticles, are often used as a third component
during membrane formation [21, 83]. These additives are often utilized to regulate
membrane pore formation, pore structure, pore distribution, and chemical properties,
which then influence the membrane performance as well as the membrane appli-
cation [21, 64, 83]. There are numerous techniques that are utilized to assess the
effectiveness of these various factors in membranes formation. For example, Younas
and co-workers investigated the effect of coagulation residents on the morphology,
mechanical properties as well as gas transport behavior of the resultant membranes
[50]. The findings revealed that the pores increased with increased exposure of the
membranes in the coagulation bath, which allowed enough time for de-mixing to
occur. Furthermore, it was realized that an increase in pore density resulted in a thin
dense layer that positively influenced the resistance of the membranes towards gas
transport [50].

The usage of several techniques to determine pore size and distribution charac-
teristics of the membranes include the mercury porosimetry, permporometry, bubble
point method, thermoporometry, and the adsorption method, as well as methods
based on liquid or gas transport, microscopic methods such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFM) are commonplace [62, 72]. Herein, the focus will be limited to
themicroscopicmethods, i.e., SEMandAFM. These two techniques are of interest in
this chapter since they provide a clear and visual morphological insight with respect
to pore size, pore density, pore distribution, as well as surface roughness. Moreover,
each technique can provide more than a single information about the characteristics
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of the membrane pore, and the results obtained are independent of the other param-
eters unlike the other mentioned techniques. Whereas, in other techniques such as
the bubble point technique and porosimetry, only the radius of the largest pore is
determined, and the results depend mostly on the contact angle as well as the surface
tension of the membrane [85].

8.4.1.1 Sem

SEM is an electron microscope that uses a focused beam of electrons that react with
the sample to produce a topological image. In membranes, a top surface and a cross-
section are usually investigated where the top surface reveals the surface pores of the
membranes. SEM usually underestimates pore diameters due to the metal coating
that is necessary to increase conductivity [31]. The measured pore diameter value
varies with the coating rate, coating period, and pore shape [31, 62]. It is worth noting
that the pore shape is usually not cylindrical but funnel-shaped, so the coating can
reduce the pore size leading to underestimation of the actual size [72]. The structural
changes/defects may also occur due to the damage by the electron beam or by the
requirement to operate in a high vacuum [72]. Nonetheless, SEM is widely used in
membrane technology to assess the topography of the membrane.

The effect of ZIF-8@GO fillers on membrane topography is dependent on the
membrane fabrication protocol used. For instance, its effects on membranes formed
using phase inversion for U.F. membranes are different from that obtained using
interfacial polymerization process for N.F. and R.O. membranes. For instance, in the
phase inversion process, ZIF-8@GO filler affects the rate at which the de-mixing
process occurs therefore impacting/influencing the membrane pore size, pore distri-
bution, and the shape of the pores that are formed [19, 72]. For example, we observed
a decrease in membrane pore size but an increase in pore density and pore distribu-
tion as the amount of ZIF-8@GO composite in the PES composite membranes was
increased in comparison to pristine PES membrane [56]. Furthermore, the cross-
section of the composite membranes demonstrated a formation of a sponge-like
membrane compared to the pristine membrane at higher ZIF-8@GO loading [56].
This variation is dependent on the influence the hydrophilic GO has on the rate of
solvent de-mixing and final deposition of the filler within the membrane polymer
matrix. In this case, the combination of porous filler and hydrophilic GO support
consequently increased water flux by affording the membrane more water trans-
port pathways and increased hydrophilicity that plays a crucial role in membrane
performances [3, 11, 57, 89, 97, 106].

In interfacial polymerization (I.P.), the fillers, i.e., ZIF-8@GO, affect the rate
of crosslinking between aliphatic/diamine monomer in the aqueous phase and the
acid chloride monomer in the organic phase (Fig. 8.10) [37, 38, 89]. Subsequently,
the thickness of the thin film is affected, which plays a huge role in membrane
performance [37, 38]. It is worth mentioning that the filler effect is usually observed
when the filler is dispersed in the organic phase because the diffusion rate of the I.P.
process is generally controlled in the organic layer [3, 37, 38]. The SEM images of
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Fig. 8.10 Representation of the formation of polyamide thin film. Reproduced with permission
from (Lau, Ismail, Misdan and Kassim 2012). Copyright 2012 ELSEVIER

thin film composite membranes usually show a thin layer onto the porous substrate,
and in some cases, irregular structure is observed, which is assumed to be a result of
the growth of initial polyamide clumps caused by the defect in the interface at the
beginning of crosslinking.

8.4.1.2 Afm

Recently, the AFM technique has foundwidespread usage for the study of membrane
surfaces. AFM provides atomic-level images and has become a crucial technique for
obtaining images of the membrane surface materials. This technique does not require
any special sample preparation, as is the case for SEM above. Interestingly, AFM
can show three-dimensional images of the surfaces. The quantitative information
obtained from AFM provides the microscopic details of the surface structure that is
used to obtain a variety of surface roughness parameters as well as in some cases the
width of surface pores and surface porosity. Visualizing the effects of fouling and
chemical modification on surface morphology is another potential benefit of using
this technique. Researchers revealed that the surface roughness of the membrane
influence the surface area that is available for contact with foulants [31, 72, 104].
Therefore, surface roughness plays a critical part in establishing the magnitude and
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Fig. 8.11 Representation of
the affinity of foulants
towards the rougher
polymeric membrane and
poor affinity towards the
smoother ZIF-8@GO
modified membrane

nature of membrane surface fouling [31, 72, 104]. Due to the observed correla-
tion between higher surface roughness the increased propensity for surface fouling
(Fig. 8.11), great effort into creating membranes with smoother surfaces to minimize
fouling has beenmade. The incorporation of hydrophilic ZIF-8@GOfillers has led to
a reduced surface roughness which subsequently enhances fouling resistance of the
composite U.F. membrane (Fig. 8.11) [11, 26, 92, 106]. The reduced surface rough-
ness emanates from the affected rate of de-mixing in the phase inversion method and
the rate of crosslinking in interfacial polymerization.

8.4.2 Membrane Wettability

Membrane wettability studies usually involve the measurement of contact angles as
the primary data, which indicates the degree ofwettingwhen amembrane surface and
liquid interact [24, 100]. Small contact angles (8 = 90°) correspond to high wetta-
bility, while large contact angles (8 = 90°) correspond to low wettability [24, 100].
The contact angle values are presented in Fig. 8.12. A lower contact angle value signi-
fies the hydrophilic nature of the material, i.e., the high affinity of water molecules
toward themembrane substrate [24, 100]. Hydrophilic literallymeans “water loving”
and such materials easily adsorb water molecules due to the presence of active polar
functional groups [100]. The higher contact angle indicates the hydrophobic nature
of the surface. Hydrophobicmaterials possessing this characteristic have the opposite
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Fig. 8.12 Demonstration of contact angle formed by a sessile liquid drop on a smooth surface

response to water interaction compared to hydrophilic materials. Hydrophobic mate-
rials “water hating” have little or no tendency to interact with water, and water tends
to “bead” on their surfaces [24, 100]. The contact angle measurement is in addition
also influenced by the physical properties of the membranes such as heterogeneity,
surface roughness, pore size, and pore distribution [24]. Suppose a membrane is
highly porous due to the incorporation of ZIF-8@GO composite. In that case, the
contact angle value may become very low due to the combination of functional
groups on GO and porosity afforded by the ZIF-8. In the case where the membrane
incorporated only ZIF-8, the overall surface character is less hydrophilic at high filler
content. Hence, the observed contact angles are higher compared to its GO analog.

Similarly, the contact angle value of a membrane of higher surface roughness is
higher compared to the other membrane of lower surface roughness [11, 56, 57, 89].
Generally, as the contact angle values decreased (membrane become hydrophilic),
the flux rate has increased, a behavior observed for composite membranes containing
ZIF-8@GO [11, 56, 57, 89]. Hydraulic permeability of the membrane significantly
influenced the surface hydrophilicity. These involve the secondary forces of interac-
tions such as dipole–dipole, induced dipole–dipole, Van der Waals forces, electro-
static interaction, hydrogen bonding, etc., between the solution and membrane [24].
This also results in relatively higher fluxes.

8.4.3 Water Flux

Water flux is greatly affected by various factors such as membrane hydrophilicity,
membrane roughness, membrane pore size, pore density as well as pore distribution.
As such, ZIF-8@GO composites have a strong influence on the above-mentioned
factors, hence resulting in improved water flux of the composite membrane [11, 56,
57, 89].VanderBruggen et al. [89] reported an increase inwater flux andpermeability
owing to the hydrophilic and porous characters of GO and ZIF-8, respectively. This
is similar results to our results [56] which was attributed to a decrease in tortuosity
owing to the hydrophilic properties ofGOand the porous nature of ZIF-8 that allowed
for an alternative flow path for water molecules infiltrate through the composite filler
(Fig. 8.8). Similarly, Ye et al. and Sun et al. reported a significant increase in water
flux and permeation due to the incorporation of UiO-66-NH2/GO and UiO-66@GO,
respectively [43, 47, 69] in comparison to UiO and GO when used separately. An
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increase in flux for the hybrid material is due to the synergistic effect from the MOF
and GO; hence more research is focused on using MOF@GO fillers. Furthermore,
ZIF-8@GO is extensively used as a filler in membrane technology due to ZIF-8
water stability, the compatibility of the filler with different polymer matrixes as well
as selective properties in rejection of various pollutants [11, 56, 89].

8.4.4 Fouling Resistance

One of the utmost unfavorable problems in the pressure-driven membrane process
such as reverse osmosis (R.O), nanofiltration (N.F), ultrafiltration (U.F) and micro-
filtration (M.F) is fouling, which hinders the long-term usage and efficiency of the
membranes [22, 76]. Fouling is due to the adsorption or deposition of particles,
colloids, proteins, macromolecules, salts, etc., at the membrane surface or inside the
pores [22, 76]. Generally, fouling is reduced by enhancing the surface hydrophilicity
and reducing the surface roughness of the membrane surfaces [22, 76].

Membrane surface hydrophilicity is the affinity of the membrane to attract water
molecules towards itself while repelling hydrophobic pollutants [24, 100]. As such,
water molecules form a water layer on the hydrophilic membrane surface, reducing
the contact between the hydrophobic pollutants and the membrane surface [24, 100].
This phenomenon plays an important role in fouling resistance. For example, Kang
et al. and Lee et al. revealed that GO as a filler material increases the hydrophilicity
of the composite membranes, subsequently enhancing fouling properties of the
composite membranes [40, 98]. Similarly, incorporation of ZIF-8@GO onto poly-
meric membranes was shown to improve membrane hydrophilicity and therefore
increase fouling resistance [11, 56, 89].

The surface roughness of themembrane also plays a crucial role in fouling propen-
sity, as demonstrated by various researchers. As such, Zhang et al. investigated the
mechanism and implications of surface roughness and fouling relationship in RO
membrane [75]. It was shown that the rougher surface with valleys contributes to
an increase in membrane fouling where foulants are trapped within the valleys [75].
Furthermore, it was revealed that the low surface roughness normally has evenly
distributedwater fluxwithminimized effects of drag force whilemaking better use of
shear force resulting in an increase in fouling resistance [75].We also reported similar
findings, wherein an increase in fouling resistance was observed for membranes with
smoother surface roughness in comparison to rougher membrane surfaces [56, 57].

8.4.5 Wastewater Treatment

Wastewater emanates from municipal discharge, agricultural activities and indus-
trial discharge contaminated by dyes, heavy metals, radioactive nuclides, pesticides
as well as miscellaneous and emerging contaminants which ultimately reduce the



8 The Effect of Zeolitic Imidazole Framework-8@Graphene Oxide … 245

quality of drinkingwater [79]. Consequently, different strategies have been employed
for wastewater treatment, such as membrane technology [17], ion exchange [33], and
adsorption [79]. These techniques can be utilized to extract valuable constituents for
reuse, separate solutes, and ultimately remove all solutes [1, 2]. However, the process
depends on the type of technique used, type of contaminant, and material [2, 79].
Herein, the interest is on membrane technology for the removal of solutes from
wastewater.

So far, rejection of various contaminants using polymeric membranes is due to
size exclusion, depending on the size of themembrane pore and that of the pollutants,
electrostatic interaction, hydrogen bonding, etc. [77, 101]. For example, Chang and
co-workers investigated the effect of size exclusion in nanofiltration membrane [9].
The results revealed that the pore size of the membranes has much influence on
size exclusion compared to cross-flow velocity and the transmembrane pressure [9].
Van Dijk et al. studied the role of electrostatic repulsion between the solute and
the membrane at different pH using nanofiltration membranes [88]. On the other
hand, Shen et al. explained electrostatic interaction formed between the ion from the
pollutants with water molecules forming a shell around the ion, making it difficult for
the ions to pass through the membrane [77]. However, rejection percentages using
polymeric membranes have been demonstrated to be low.

To enhance rejection % as well as selectivity, ZIF-8, GO, and ZIF-8@GO
composite have been used for selective removal of various hazardous pollutants
from wastewater [56, 63, 80]. Selective rejection of the pollutants via ZIF-8@GO
containing composite membranes were also found to proceed through a number
of different mechanisms such as electrostatic interactions, acid–base interactions,
hydrogen bonding, stacking/interactions, and hydrophobic interactions (Fig. 8.13)
[11, 23, 56, 90]. It has also been observed that sometimes, for a particular selectivity
process, multiple interactions might take place to afford 100% of rejection [23].

Jhung et al. reviewed the effect of MOFs selectivity on the adsorptive removal
of conventional organic contaminants from wastewater [23]. The authors investi-
gated the possible interactions between the pollutants and the MOFs. Their findings
revealed that there is a number of interactions that play a crucial role in different types
of adsorption depending on the type of the targeted pollutant and the MOF used.
Additionally, Chen and co-workers explored the adsorption of organic and inorganic
pollutants using ZIF-8@GO [90]. It was realized that the adsorption mechanisms of
ZIF-8@GO towards Pb(II) were complexation and electrostatic attraction, whereas
the π–π bond was the dominating adsorption mechanism for 1-naphthylamine.

8.5 Conclusion

The chapter first described the different types of MOFs as well as their different
properties. These are subsequently illustrated with respect to the types of applica-
tion each MOF is suitable for. It is further indicated that only water-stable MOFs
are suitable for application in membrane technology unless the further modification



246 T. A. Makhetha and R. M. Moutloali

Fig. 8.13 Possible mechanisms for selective removal of pollutants from wastewater. Reproduced
with permission from [23]. Copyright 2015 ELSEVIER

is done to enhance the water stability of the MOF. In addition to water stability,
MOFs deemed suitable for membrane technology must possess appropriate pore
sizes as well as be compatible with the polymer matrix are other critical considera-
tions. The chapter also showed that proper dispersion of the MOFs in the polymer
matrix is enhanced through the use of the carbonaceous dispersant, namely GO.
The MOF@GO composite has proven to improve the surface morphology of the
membranes by modulating pore density, reducing surface roughness, and enhancing
surface hydrophilicity. These improved surface characteristics result in enhanced
membrane performance, i.e., high water flux due to synergistic effect from porous
MOFand hydrophilicGO, rejection efficiency of themembranes is also influenced by
the use of hybrid material; as such, multi rejection mechanisms is realized, resulting
in the selectivity of the pollutants. Ultimately, the chapter has demonstrated that
the use of a zeolitic organic framework coupled with graphene oxide is currently
providing enhanced characteristics in the membrane for water treatment and thus
offers a promising future role in the field.
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