


 
 

Inorganic Pollutants in Wastewater 
Methods of Analysis, Removal  

and Treatment  
 

Edited by  
Inamuddin 

Ali Mohammad 
Abdullah M. Asiri 

 
 

 

 

 

 

 

 

 

 

This book, 'Inorganic Pollutants in Wastewater: Methods of Analysis, Removal and 
Treatment' extensively investigates the most recent improvements in the area of 
inorganic pollutants analysis, removal and treatment of wastewater by utilizing different 
materials such as natural polymers, husks, graphene and carbon nanotube composites, 
fruit cortex etc. It covers photocatalysis, adsorption, desalination and electrochemical 
technologies used for the analysis and treatment of inorganic pollutants.  
The book is the result of the significant commitment of specialists from different 
interdisciplinary fields of science. It comprehensively investigates the most abundant, 
top to bottom, and avant-garde research and reviews.  



 
 

  



 
 

 

 
Inorganic Pollutants  

in Wastewater 
Methods of Analysis, Removal  

and Treatment 
 

Edited by 
 

Inamuddin1,2, Ali Mohammad2 and Abdullah M. Asiri1 
 

1 Chemistry Department, Faculty of Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia 

2 Department of Applied Chemistry, Faculty of Engineering and Technology, Aligarh Muslim University, Aligarh- 

202 002, India 

 

  



 
 

Copyright © 2017 by the authors 
 
Published by Materials Research Forum LLC 
Millersville, PA 17551, USA 
 
All rights reserved. No part of the contents of this book may be reproduced or 
transmitted in any form or by any means without the written permission of the publisher. 
 
 
Published as part of the book series  
Materials Research Foundations 
Volume 16 (2017) 
ISSN 2471-8890 (Print) 
ISSN 2471-8904 (Online) 
 
Print ISBN 978-1-945291-34-0 
ePDF ISBN 978-1-945291-35-7 
 
 
This book contains information obtained from authentic and highly regarded sources. 
Reasonable efforts have been made to publish reliable data and information, but the 
author and publisher cannot assume responsibility for the validity of all materials or the 
consequences of their use. The authors and publishers have attempted to trace the 
copyright holders of all material reproduced in this publication and apologize to 
copyright holders if permission to publish in this form has not been obtained. If any 
copyright material has not been acknowledged please write and let us know so we may 
rectify in any future reprint. 
 
Distributed worldwide by  
 
Materials Research Forum LLC 
105 Springdale Lane 
Millersville, PA 17551 
USA 
http://www.mrforum.com 
 
Manufactured in the United States of America 
10 9 8 7 6 5 4 3 2 1 



 
 

 
 

Table of Contents 

Preface 

Chapter 1 Photocatalysis: Present, past and future ........................................ 1 

Chapter 2 Natural polymers for the removal of heavy metals ..................... 64 

Chapter 3 Ion selective membrane electrodes as sensors for detection of 
heavy metal ions .......................................................................... 86 

Chapter 4 A study on the potential applications of rice husk derivatives as 
useful adsorptive material .......................................................... 149 

Chapter 5 Natural husks as potential adsorbents for uptake of  
heavy metals .............................................................................. 187 

Chapter 6 Removal of heavy metals using graphene composites .............. 210 

Chapter 7 Magnetic mollusk shell-Fe3O4 composite powder used  
as seeding adsorbent to purify Zn(II) and Pb(II)  
contaminated wastewater ........................................................... 247 

Chapter 8 Waste fruit cortexes for the removal of heavy metals  
from wastewater ......................................................................... 275 

Chapter 9 Advances in desalination for water and wastewater treatment . 294 

Chapter 10 Advanced membrane materials for desalination:  
carbon nanotube and graphene .................................................. 322 

Chapter 11 A review of the progress of desalination technologies:  
application to wastewater treatment .......................................... 343 

Chapter 12 Photo-Fenton oxidation technology for the treatment  
of wastewater ............................................................................. 370 

Chapter 13 Electrochemical technologies for produced water treatment .... 420 

Keywords ............................................................................................................. 445 

About the editors .................................................................................................. 457 



 
 

 
 

  



 
 

 
 

Preface 
Water pollution is the defilement of water bodies e.g. lakes, streams, seas, aquifers, and 
groundwater. This type of ecological debasement happens when pollutants are straightforwardly 
or in a roundabout way released into water bodies without sufficient treatment to evacuate 
destructive compounds. Water pollution influences the whole biosphere–plants and living 
organisms living in these waterways. Water contamination is a major worldwide issue which 
requires continuous assessment and amendment of water resource policy at all levels (universal 
down to singular aquifers and wells). It has been proposed that water contamination is the main 
overall reason for death and infections. Water is commonly alluded to as contaminated when it 
is impaired by anthropogenic contaminants such as inorganic as well as organic substances and 
either does not bolster a human utilize, for example, drinking water, or experiences a stamped 
move in its capacity to help its constituent biotic groups, for example, animals. Natural 
phenomena, for example, volcanoes, algal blooms, tempests, and seismic tremors additionally 
cause real changes in water quality and the natural status of water. A number of wastewater 
analysis and treatment processes have been developed over the past few years. This edition 
covers the photocatalysis, adsorption, desalination and electrochemical technologies used for the 
analysis and treatment of inorganic pollutants.  

This book, 'Inorganic Pollutants in Wastewater: Methods of Analysis, Removal and Treatment' 
is intended to extensively investigate the most recent improvements in the area of inorganic 
pollutants analysis, removal and treatment of wastewater by utilizing different materials such as 
natural polymers, husks, graphene and carbon nanotube composites, fruit cortex etc. 

The book is the result of the significant commitment of specialists from different 
interdisciplinary fields of science. It comprehensively investigates the most abundant, top to 
bottom, and avant-garde research and reviews. We are grateful to all the contributing authors 
and their co-authors for their esteemed contribution. We might likewise want to thank all 
distributors, authors, and others people who conceded consent to utilize their figures, tables, and 
schemes. Albeit each exertion has been made to acquire the copyright authorizations from the 
individual proprietors to incorporate reference to the replicated materials, we might want to 
offer our earnest statements of regret to any copyright holder if accidentally their privilege is 
being encroached. 

Inamuddin1,2, Ali Mohamma2 and Abdullah M. Asiri1 
1 Chemistry Department, Faculty of Science, King Abdulaziz University, Jeddah 21589, Saudi 
Arabia 

2 Department of Applied Chemistry, Faculty of Engineering and Technology, Aligarh Muslim 
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Abstract 

Photocatalysis is one of the effective catalytic processes with potential applications in 
solving the environmental pollution and energy crisis problems by degrading the 
pollutants, reducing the CO2 levels and production of sustainable hydrogen (H2) fuel, 
respectively, using semiconductors as a photocatalyst under irradiation of light. Various 
types of photocatalytic materials, reactors, and processes with efficient photocatalytic 
performance have been studied to fulfill the practical requirements. In this chapter, 
initially, we will briefly discuss the principle of photocatalysis, its application in 
pollutants abatements and energy production along with the basic requirements. 
Simultaneously, we will discuss the past and present state of art of the utilization of this 
potential technique in these applications. Finally we describe future viewpoint of this 
technique in these fields as well. 
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1. Introduction 

Environmental problems and energy crisis are the two major issues the world is facing 
today. The continued rise in the world population with industrialization produces a 
significant amount of contaminants to the water, soil and air environments. Several types 
of hazardous pollutants such as dyes, organic compounds, pharmaceuticals, heavy metals, 
agricultural chemicals, radioactive materials and volatile organic compounds (VOCs) 
etc., have been detected in the water and air. For example, dyes are majorly utilized in 
different industries like paper, textile, leather and cosmetic industries and approximately 
15% of dyes are being lost during the dyeing process. World Health Organization (WHO) 
reported that diseases transmitted through dirty water or unhygienic water resources are 
the second leading cause of children’s death worldwide, U.N. world water development 
has reported that by 2050, at least one in four peoples is likely to live in a country 
affected by chronic or recurring shortages of freshwater [1, 2]. The unstoppable liberation 
of contaminants to the environments has made a significant interest to the scientific 
community to develop energy efficient technologies for purifying the environment. In 
addition, the worldwide energy requirements mainly rely on fossil fuels. However, the 
emission of a large amount of carbon dioxide (CO2), which is one of the major 
greenhouse gasses contributing to global warming causes, is threatening to the life of 
mankind and animals. The CO2 concentration in the atmosphere was 404 pp min 
December 2016, and it is increasing day by day [3]. The significant dependency on fossil 
fuels and other growing anthropogenic emission of greenhouse gases result in the 
emission of about 30.4 Gt of CO2 to the atmosphere, it may be expected to increase to 36-
43 Gt by 2035 [4, 5]. Therefore, it is highly emphasized to develop a clean and 
sustainable route to generate a renewable fuel to mitigate the level of CO2 emission or a 
technology to reduce CO2 into useful products.  

To address the environmental pollution various conventional technologies like physical, 
biological, thermal, and chemical treatments have been developed. However, these are 
energy intensive, transforming the pollutants from one phase to another which creates 
secondary pollution, high operating cost over long-term and are economically not viable 
[6-8]. As an alternative, advanced oxidation processes (AOPs) has been developed, it 
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uses the in-situ formed hydroxyl radicals (•OH) as a potential oxidizing agent to degrade 
the environmental pollutants [9-11]. Among the AOPs, photocatalysis is a promising and 
environmentally benign technology for degrading the pollutants in the presence of light 
irradiation using semiconductors as a photocatalyst. The pioneering work of 
photoelectrochemical water splitting using TiO2 electrode by Fujishima and Honda in 
1972 [12] has enhanced the research interest in the field of photocatalysis and 
degradation of a wide range of pollutants into less harmful substances at ambient pressure 
and temperature, and sustainable solar light also used for irradiation. Subsequently, 
different semiconductors (TiO2, ZnO, WO3, ZrO2, etc.) used for degradation of different 
types of organic and inorganic pollutants under UV light irradiation led to the 
development of different geometry of slurry and immobilized type photocatalytic reactors 
[13-21]. These semiconductors are activated under UV light; possess wide band gap 
energy (uses 4% of solar spectrum) and lower surface area, the high recombination rate 
of photogenerated charge carriers, and catalyst recovery problem in slurry reactors limit 
their practical applicability. These semiconductors have been doped with metals, non-
metals, and anions, sensitized with dye molecules, prepared magnetic photocatalyst, 
composites with other semiconductors and mixed with high surface area materials to 
enhance the adsorption capacity leading to the improved degradation efficiency [22-30]. 
However, their stability and reproducibility of degradation efficiency were poor, led to 
the development of direct visible light responsive low band gap energy sulfides (CdS, 
ZnS), Cu2O, oxynitrides and oxyhalides photocatalyst but these were not stable under 
light irradiation. However, their low band gap energy with high visible light response 
triggered the research to improve their stability, also gave impetus input to develop 
different types of visible light active photocatalysts. Bismuth (Bi2O3, Bi2WO6, BiOX (X-
Cl, Br,I) etc.), g-C3N4, MS2 (M-Mo, W, Sn), AB2X4, silver (Ag3PO4, Ag2O), ferrites and 
metal-organic frameworks (MOFs) etc., based visible light photocatalysts have been 
developed for pollutants degradation [31-36]. Nevertheless, their efficiency was poor 
because the redox potential of photogenerated electrons and holes on the CB and VB was 
lower than the potential required for •OH and superoxide radical anions (O2

•–)generation 
and the poor charge carriers transfer rate. As a result, dual semiconductors with solid 
state electron mediators and redox- or solid state electron mediators free and ternary 
composite photocatalyst systems have been developed for degradation of organic and 
inorganic pollutants and still the research is underway to develop various photocatalytic 
systems [37-40].  

Similarly, the CO2 mitigation was performed by different carbon capture and storage 
(CCS) techniques such as a post or pre-combustion capture and oxyfuel combustion. 
Post-combustion involves the capturing of CO2 from flue gas constituents produced by 
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combustion, in pre-combustion, it is removed from the fuel before combustion, and in 
oxyfuel combustion, the fuel is burned in the presence of oxygen stream that comprises 
low or no nitrogen. The captured CO2 stored on the natural sites like deep ocean 
sequestration and geological storage. However, the long-term storage leads to CO2 
leakage which creates negative impact on earth surface and is economically not feasible 
[41-43]. Subsequently, electricity, hydrogen, battery technology, biofuels and conversion 
of CO2 into useful chemicals such as polymer, fuels, minerals and other chemical 
commodities are considered as possible alternative sources to replace fossil fuels. Battery 
technology suffers from low gravimetric and volumetric energy densities and biofuel lack 
to fulfill the global energy supply [40, 41]. However, the energy required for these 
processes is relatively high and these are short-term solutions for CO2 emission. 
Conversion of CO2 into useful chemicals by catalytic route is an alternative method to 
decrease the CO2 concentration, however, these processes use high temperature and 
pressure and also requires an external H2 source [44-47]. Therefore, for the production of 
solar fuels, hydrogen (H2) is a clean and sustainable fuel; it can be produced from 
nonfossil sources like water and solar light as the energy source. However, the problem in 
the storage of produced H2 makes this technology not accessible for immediate practical 
usability. So, the reduction of CO2 into liquid carbonaceous fuels such as methanol and 
methane is a possible technology to eliminate the CO2 emission, but these being high 
energy processes would be studied further. However, this technology has potential 
advantages over the catalytic routes and other CO2 emission reduction processes. Thus, 
the production of hydrogen by water splitting and liquid carbonaceous fuels by CO2 
reduction using renewable energy sources has been considered as the key strategies to 
fulfill the increasing global energy demands. Since the Fujishima and Honda discovery, 
different semiconductor photocatalytic materials have been developed to produce H2 and 
CO2 reduction. However, the photocatalytic efficiency mainly relies on the conduction 
(CB) and valence band (VB) edge positions of the respective semiconductors[48-55]. 
Therefore, the development of an efficient photocatalytic system to degrade the 
pollutants, produce H2 and reduce the CO2 is highly challenging and even more complex 
for practical implementations. In the following paragraphs, we aimed to describe the 
principles of photocatalysis in degradation of pollutants, water splitting, and CO2 
reduction. The status of this energy efficient and benign photocatalytic system in 
environmental remediation and energy application also is discussed.  

2. Principle of photocatalysis 

Irradiation of semiconductor photocatalysts in the presence of light energy with equal to 
or greater than that of their band gap energy generates electrons and holes in their CB and 
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VB, respectively. Subsequently, holes and electrons in the VB and CB react with surface 
adsorbed water molecule (H2O) or hydroxyl group (-OH) and oxygen (O2) to generate 
reactive •OH and O2

•– radicals. These reactive radicals react with different water or air 
pollutants and degrade them into carbon dioxide, water, and other less toxic inorganic 
ions. In some cases, holes in the VB directly oxidize the pollutants adsorbed on the 
photocatalyst surface and the electrons in the CB indirectly degrade the pollutants using 
•OH radicals formed by cleavage of in-situ produced hydrogen peroxide (H2O2). On the 
other hand, the surface adsorbed dye excites under light irradiation and injects an electron 
into the CB of the catalyst which reacts with oxygen to yield hydroxyl (•OH) radicals 
indirectly via formation of H2O2. 

Photocatalyst + hʋ (λ ≥band gap) → Photocatalyst (h+VB) + Photocatalyst (e– 
CB) 

Photocatalyst (h+ VB) + H2O or -OH → H+ + •OH 

Photocatalyst (e–
CB) + O2 → O2

• – 

OH  + O2
• – + water or air pollutants → intermediate products → CO2 + H2O + inorganic 

ions 

Photocatalytic degradation of pollutants is generally described as a thermodynamically 
downhill reaction which occurs spontaneously with negative Gibbs energy change (i.e. 
∆G < 0). However, the photocatalytic water splitting reaction is different than the water 
pollutants degradation; in the case of water splitting, the photo produced electrons and 
holes act as reducing and oxidizing agents to generate hydrogen (H2) and oxygen (O2), 
respectively. This reaction involved a high positive change in the Gibbs free energy (i.e. 
∆G > 0, 237 kJ/mol) and hence it is a thermodynamically uphill reaction. This reaction 
resembles natural photosynthesis in green plants and is highly challenging in chemistry, 
therefore it is often called as the “Holy Grail” of Chemistry.   

H2O → ½ O2 + H2     ∆G = +237 kJ/mol 

Similarly, the photocatalytic reduction of CO2 is also challenging because CO2 molecules 
are relatively inert and stable compounds. Thus, the CO2 reduction is also an uphill 
reaction requiring huge energy input (∆G > 0), which is offered by the incident photons. 
The high negative potential (-1.90 V) is required to reduce the CO2 to CO2

• – anion radical 
by single electron and hence makes this reaction highly implausible. Thus,  

CO2 + 1 e–→   CO2
• – -1.90 V 

CO2 reduction occurs by proton-assisted transfer of multiple electrons. In the presence of 
light irradiation, H2 is produced by the photocatalytic splitting of water and then the 
produced hydrogen hydrogenates CO2 to formic acid (HCOOH), carbon monoxide (CO), 
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formaldehyde (HCHO), methane (CH4), methanol (CH3OH), and other products, as listed 
below. 

2 H+ + 2e–  →   H2 -0.41 V 

CO2 + 2H+ + 2e–→   HCOOH -0.61 V 

CO2 +2H+ + 2e–→   CO + H2O -0.53 V 

CO2 + 4H+ + 4e–  →   HCHO + H2O -0.48 V 

CO2 + 6H+ + 6e–→   CH3OH + H2O -0.38 V 

CO2 + 8H+ + 8e–→   CH4 + H2O -0.24 V 

Unlike photocatalytic degradation, H2 production and CO2 reduction are an uphill 
reaction and highly challenging, hence, semiconductor photocatalyst should possess band 
edge positions with suitable redox potentials which satisfy the potential required to 
produce hydrogen and different CO2 reduction products. 

3. Overview of development in photocatalysis  

The pollutants degradation using light irradiation and semiconductors in 19th century 
triggered researchers to prepare semiconductors with efficient degradation efficacy. The 
discovery by Fujishima and Honda has offered further indispensable inputs for the 
development of photocatalysis and synthesizing TiO2 based photocatalysts. Afterwards, 
TiO2 has been efficiently studied for the degradation of various pollutants (Fig. 1) due to 
its unique properties. Furthermore, different types of slurry photocatalytic reactors have 
been developed, however, the difficulty in catalyst regeneration led to designing of 
immobilized photocatalytic reactors. The low surface area and higher band gap energy of 
TiO2 have restricted its use into UV light. Therefore, TiO2 was decorated with metals and 
non-metal ions (Fig. 2), sensitized with dye molecules, prepared composite of TiO2 with 
other metal oxides and synthesized different morphologies of TiO2 using different 
synthesis methodologies (Fig. 3a) to improve photocatalysts visible light absorption 
capability and surface area. However, the stability and reusability of modified TiO2 
photocatalyst were poor and synthesis methodologies comprised of complicated and 
energy intensive steps which guided to develop variety of visible light responsive low 
band gap energy non-TiO2 based photocatalysts. The surface area of TiO2 was also 
enhanced by supporting them on photoactive and non-photoactive high surface area 
adsorbents. In addition, the recombination of charge carriers was drastically reduced by 
synthesizing binary and ternary composites, dual semiconductors with and without redox-
mediator based photocatalysts (Fig. 3b). The difficulties associated with UV and solar 
light-based reactions led to use of light emitting diode (LED) as an irradiation source for 
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designing of energy efficient and portable reactors. Like pollutants degradation, 
simultaneously these processes and photocatalytic systems have been utilized to fulfill 
the energy requirement by producing sustainable H2 fuel and mitigate the CO2 pollution 
by converting them into value-added products. The high energy requirement of these 
processes challenges the researcher to develop potential photocatalytic systems with 
appropriate band edge potentials for sustainable fuel production and CO2 reduction (Fig. 
4). Z-scheme type photocatalysts with appropriate CB and VB potentials which mimic 
the natural photosynthesis have been developed, however, their efficiencies were 
insufficient to fulfill the commercial technology sectors. Therefore, the research keeps on 
moving forward to design a photocatalytic system to achieve the practical sector 
requirement for efficient pollutants degradation, energy production and reducing CO2 
into value added products. As discussed above, various types of processes and techniques 
have been implemented in different years to improve the efficiency of photocatalysis. 
Initially, this has been majorly utilized to decontaminate the pollutants present in water 
and air environments with less concentration on fuel production. However, the 
continuous consumption of fossil fuels and CO2 emission led us to utilize this 
photocatalytic processes to produce sustainable and renewable H2 fuel and reduce the 
CO2 concentration by converting them into value-added products. Therefore, the 
forthcoming section describes the detailed progress of each of these applications and their 
journey towards scientific advancement.   

 

 

 

Fig. 1. Different types of pollutants used to study the photocatalytic activity of the 
catalysts. 
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Fig. 2. Periodic table shows the elements used for doping over TiO2 for pollutants 
degradation, H2 generation and CO2 reduction reactions. 

 

 
 

Fig. 3. (a) Synthesis methodologies for development of photocatalytic materials and 
surfaces and (b) Different types of photocatalysts used so far. 
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Fig. 4. Band-edge positions and band gap energies of selected semiconductors.  

4. Photocatalysis in pollutants degradation 

In 1937, Goodeve studied the absorption spectra and photosensitizing activity of the 
white ZnO and TiO2 pigments and used them for oxidation of oil vehicles and bleaching 
of adsorbed dye stuffs [56]. In that article, it was mentioned that in 1929, both Keidel and 
Wagner separately studied the action of TiO2 on discolouring of dye stuffs. In 1955, 
Markham studied the photocatalytic properties of ZnO, TiO2 and Sb2O3 oxides in 
oxidation of organic compounds under UV light. In addition, various phenomena on these 
metal oxides such as photoconductivity, phosphorescence or fluorescence, phototropy 
and photolysis have been studied under UV light exposure. A summary of these effects 
provided a valuable input for interpretation of effect of UV light and observable changes 
in these properties by the effects of external parameters [57]. The discovery of 
photoelectrochemical splitting of water using TiO2 and Pt electrode by Fujishima and 
Honda in 1972 [12] increased the researcher’s interest and triggered the research on the 
use of semiconductor as a photocatalyst for the degradation of environmental pollutants 
in the presence of light irradiation. With this invention, in 1976, Carry et al. used TiO2 as 
a photocatalyst for photodechlorination of polychlorobiphenyls [58], followed by in 
1977, Frank and Bard studied the photocatalytic oxidation of cyanide and sulphite ion in 
water using TiO2, ZnO, CdS, Fe2O3 and WO3 semiconductors under xenon light 
irradiation [59, 60]. Successively, other semiconductors such as TiO2, ZnO, ZrO2, WO3, 
V2O5, SnO2, CeO2, Cu2O, CdS and Fe2O3 etc., have also been intensively studied for the 
degradation of dyes, organics, pharmaceuticals, air pollutants, and inorganic hazardous 
pollutants to innocuous end-products [13-21, 61-66]. Among these, TiO2 is a potential 
photocatalyst because of its high chemical and biological stability, rapid degradation 
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ability, none corrosiveness under light irradiation, and environmental acceptability. 
Subsequently, in late 1980, frenzied series of studies have been reported on the 
photocatalytic degradation of pollutants (water or air) in the presence of light irradiation 
using TiO2 as a photocatalyst. Moreover, TiO2 exhibits three phases such as anatase, 
rutile and brookite; anatase exhibited higher photocatalytic performance. The influence of 
different operational parameters such as catalyst concentration, initial concentration of 
pollutants, pH of reaction solution, light intensity, co-presence of other ions, temperature 
and quantum yield measurement, have been studied on the degradation efficiency of 
TiO2. Continuously, various geometry of TiO2 based slurry photocatalytic reactors have 
been developed for the degradation of pollutants under UV light irradiation and it has 
been reviewed in several research articles [13-21, 67-81]. However, the presence of TiO2 
photocatalyst nanomaterials in the slurry reactors tends to aggregate and scatter the 
incident light which decreases the amount of light reaching the catalyst surface and their 
subsequent production of electrons and holes. The recovery and reuse of TiO2 from the 
slurry reaction medium need a proper post-treatment which makes these slurry 
photocatalytic reactors practically unsuitable for large scale application. This has led to 
immobilization of TiO2 nanoparticles on different solid supports using various coating 
techniques and development of various immobilized photocatalytic reactors [19, 76, 79, 
82-91]. However, these reactors have showed lower photocatalytic performance than the 
slurry counterparts because of the reduced surface area, less porosity and increase in the 
coating thickness (limited exposure of the photocatalyst to light). To overcome the 
problem in both the type of reactors, magnetically separable photocatalytic materials have 
also been developed to have easy separation of the catalyst particles. Magnetic materials 
such as ferrites (MFe2O4, M-Zn, Ni, Co, etc.,), Fe3O4 and Fe2O3 etc., were coupled with 
non-magnetic photocatalysts in order to induce the magnetic property along with the 
enhancement in their reusability. It is also understood that, some magnetic materials itself 
demonstrated good visible light response and degradation ability [92-96]. Furthermore, 
most of the photocatalytic reactions have been performed under traditional UV irradiation 
(low/medium/high pressure mercury vapor lamp), which possess serious drawbacks such 
as low photonic efficiency, requirement of cooling arrangement, less lifetime (1000 h), 
need of high voltage at initial stage and use of hazardous mercury metal. To conquer this 
constraint, energy efficient ultraviolet-light emitting diodes (UV-LED) has been used as 
alternative for degradation of pollutants. It offers more advantages like high robustness, 
long lifetime (100000 h), little heat production, good linearity of the emitted light 
intensity with current, no cooling requirements and suitability for designing of compact 
and portable photocatalytic reactors [97-111]. Chen et al., investigated the photocatalytic 
oxidation of perchloroethylene under UV-LED reactor using P25 coated fiber surface 
[98]. Wang and Ku studied the degradation efficiency of Degussa P-25 TiO2 (P25) coated 
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quartz plate by degradation of an aqueous solution of reactive red 22 dye under UV-LED 
irradiation [99]. Subsequently, various types of UV-LED based slurry and immobilized 
photocatalytic reactors have been developed for the degradation of different organic and 
inorganic pollutants [100-111]. We have also developed UV-LED source based slurry 
and immobilized photocatalytic reactors for degradation of methylene blue (MB), 
rhodamine B (RhB), congo red (CR) and malachite green (MG) dyes using P25, TiO2 
nanotube array and TiO2 coated quartz tube surfaces as a photocatalyst [100, 101, 103, 
105, 108]. 

In addition, the photoactivity of TiO2 is limited to UV light irradiation because of its wide 
band gap energy (3.2 eV). The problems with UV sources make these TiO2 based 
processes impractical for commercialization. Besides, TiO2 possesses a lower surface 
area and its high electron-hole pair recombination resulted in low electron transfer rate 
leads to deterioration of the photocatalytic activity of TiO2 based reactions. The surface 
area of TiO2 has been increased by synthesizing TiO2 through template assisted methods, 
different morphologies of TiO2 like nanotube, nanoflower, nanosheets, nanorods, etc., 
(Fig. 3) and making composite with zeolite, carbon, graphene, clays and other porous 
materials [112-116]. We have prepared TiO2 coated NaY and HY zeolites, demonstrated 
that 1%-TiO2 loaded NaY and HY zeolites exhibited higher activity in degradation of 
MB dye, which may be because of their higher surface area, leads to enriched adsorption 
percentage than the bare TiO2 [117]. Similarly, the visible light response of TiO2 and 
charge transfer rate has also been improved by doping with metals, non-metals and dye-
sensitization. In 1981 platinized TiO2 materials with improved light absorbance in the 
visible range were developed for splitting of water and organic transformation reactions, 
but, their stability and reusability were extremely poor [118]. In 1984, Serpone et al. 
reported two semiconductor systems (CdS/TiO2) by coupling TiO2 with CdS and 
revealed that photogenerated electron and holes were vectorially separated through the 
interparticle electron transfer pathway and improved the visible light response [119]. To 
prove this, in 1995 they developed different double semiconductors comprised of TiO2, 
CdS, ZnO, SnO2, WO3 and Fe2O3 (CdS/TiO2, ZnO/TiO2, CdS/WO3, ZnO/Fe2O3 etc.,) for 
the photocatalysed oxidation of phenol, 2-chlorophenol and pentachlorophenol reactions. 
As a follow up, different semiconductor composite photocatalytic systems have been 
studied so far to decrease the photogenerated electron hole recombination rate and 
enhance the visible light photocatalytic performance [120]. Similarly, in 1994 different 
metals (Fe3+, Mo5+, Ru3+, Os3+, Re5+, V4+, Co3+, Al3+and Rh3+) doped TiO2 have been 
designed for enhancing the visible light response of TiO2 [22]. Not only these, various 
other transition metal ions doped TiO2 photocatalytic materials have also been prepared 
for the degradation of various organic and inorganic pollutants [24, 25, 27,121-127]. In 
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metal doped TiO2 photocatalyst, the photogenerated electrons are trapped by metal which 
leads to enhanced charge carrier transfer rate and visible light photocatalytic degradation 
efficiency. In 2001, Asahi et al., reported nitrogen doped TiO2 which extended the TiO2 

response to visible light and enhanced its photocatalytic efficiency by degradation of 
methylene blue and gaseous acetaldehyde under visible light irradiation [23]. In 2002, 
visible active chemically modified TiO2 (i.e.  n-TiO2–xCx) with band gap energy of 2.32 
eV was prepared by Khan et al., for water-splitting into hydrogen and oxygen [128]. Yu 
et al., reduced the band gap energy of TiO2 by doping with F− ions and used for oxidation 
of acetone [129]. Luo et al., improved the visible light response of TiO2 by co-doping 
with bromine and chlorine and examined their efficiency for water splitting application 
[130]. Subsequently, different non-metals (B, C, S, P, F etc.,) doped TiO2 photocatalytic 
materials have been synthesized to enhance the visible light photocatalytic degradation 
efficiency. Consequently, several articles reports appeared on the different synthesis 
methodologies of TiO2, modification of TiO2, the mechanistic study of degradation and 
influence of different operational parameters on the degradation efficiency [20, 26, 27, 
125-127]. The modification involves intricate synthesis procedure and the reproducibility 
of doping level needs an attention. Moreover, in the presence of light irradiation, the 
modified photocatalyst undergo corrosion and long-term reactions lead to leaching of 
doped metal ions gradually results in a decrease in the photocatalytic degradation 
efficiency. 

Non-TiO2 sulphide based visible light photocatalysts like CdS, ZnS, Cu2O have been 
developed for the degradation of pollutants. The stability of these photocatalysts is poor 
and these are oxidized by holes in the VB to liberate metal ions which are hazardous to 
our health [31]. Consequently, bismuth-based photocatalysts such as Bi2O3, Bi2WO6, 
Bi2MTaO7 (M = In, Ga, and Fe), BiVO4, BiOX (X-Cl, Br, I), Bi2MNbO7 (M = Al, Fe, In, 
Sm) and Bi2MoO6 etc., have been developed to improve the mobility of photogenerated 
carriers. The activity of photocatalyst depends upon the mobility of photogenerated 
electron-hole pairs and positions of the VB and CB. The VB of metal oxide 
photocatalysts is composed of O 2p, nevertheless, the VB of Bi-based photocatalytic 
materials consists of O 2p and Bi 6s hybrid orbitals and the CB consists of Bi 6p. So, the 
broad VB increases the mobility of the charge carriers and improved the degradation 
efficiency. Subsequently, it has also been combined with the TiO2 to improve the 
photocatalytic degradation efficiency [32, 33, 131]. In 2009, Wang et al., prepared visible 
light responsive metal-free graphitic-like carbon nitride (g-C3N4) photocatalyst by 
heating cyanamide between 673 and 873 K for water splitting reactions. The absorption 
edge of g-C3N4 is in longer wavelengths, leading to decrease in the bandgap (2.7 eV) was 
obtained. Unlike the sulfide photocatalysts, the g-C3N4 is stable under light irradiation 
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because of strong covalent bonds between carbon and nitride atoms [34]. Yan et al., 
synthesized g-C3N4 by heating low-cost melamine and examined their degradation 
performance [132]. In 2010, Yi et al., reported visible light active silver orthophosphate 
(Ag3PO4) for water splitting and degradation of MB and RhB dyes [35]. Similarly, 
various visible light responsive photocatalysts such as MS2 (M-Mo, W, Sn), AB2X4 (A 
=Cu, Zn, Cd, Ca, etc.; B = In, Ga, Al; X = S, Se, Te) and ferrites etc., have been 
developed for the degradation of pollutants [95, 96, 133-135]. For an efficient visible 
light photocatalysis, semiconductors should possess lower band gaps, lesser rates of 
charge recombination, more positive VB and negative CB potentials. However, a single 
visible light responsive photocatalyst with lower band gap cannot hold less 
recombination and high redox ability and vice-versa. To overcome these, recently TiO2 
and non-TiO2 based heterojunction photocatalytic systems that consist of two 
semiconductors are developed to improve the visible light absorption, separation 
efficiency of charge carrier and their redox ability. In heterojunction-like composites, the 
charge carriers are spatially separated by transferring the electron from CB of 
semiconductor 1 (SC1) to CB of semiconductor 2 (SC2) and holes are transferred from 
VB of semiconductor 2 (SC2) to VB of semiconductor 1 (SC1) (Fig. 5). Subsequently, 
different TiO2 and non-TiO2 heterojunction-like composites were synthesized for 
degradation of pollutants. However, the band edge potential of semiconductors is most 
essential for efficient photocatalytic activity. The band gap and band edge potential of 
some semiconductor photocatalysts are listed in Table 1. However, the redox ability of 
spatially separated photogenerated electrons and holes on the CB and VB of the two 
different semiconductors in the heterojunction-like composites are lower, because the 
redox potential of accumulated holes on the VB is lower than the potential required for 
•OH generation (H2O or –OH/•OH = +2.4 eV vs. NHE). In some cases, the accumulated 
holes on the VB could directly degrade the pollutants or the CB electrons indirectly 
degrade the pollutants using •OH radicals formed by cleavage of in-situ produced 
hydrogen peroxide (H2O2); nevertheless, their efficiency does not fulfill the practical 
requirements. For example, Ge et al., developed g-C3N4/Bi2WO6 composite photocatalyst 
which exhibited efficient visible light photocatalytic activity than the pristine g-C3N4 and 
Bi2WO6 in degradation of MO. This may be due to the effective separation of 
photogenerated electron and holes by transferring electrons from the CB of g-C3N4 to the 
CB of Bi2WO6, and holes in the VB of Bi2WO6 moved to the VB of g-C3N4. However, 
accumulated holes in the VB of g-C3N4 may not produce •OH by water oxidation because 
redox potential of VB edge of g-C3N4 (+1.57) is lower than the potential required for •OH 
generation [136]. Fu et al., synthesized g-C3N4/CdS organic-inorganic heterojunctions 
photocatalysts, 0.7C3N4–0.3CdS ratio exhibited higher activity than another ratio of 
composites, bare g-C3N4 and CdS in degradation of MO (5 mg/L) and 4-aminobenzoic 
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acid (4-ABA, 25 mg/L). Under visible light irradiation, g-C3N4 and CdS are excited, 
charge carriers are well separated, nevertheless the holes gathered on the VB of g-C3N4 

may not produce •OH, which decreases the final degradation efficiency. 

 

 

Fig 5. Schematic representation of photogenerated holes and electron separation 
mechanism on heterojunction-like photocatalyst. 

 

In some cases, dye sensitization also accompanied with the heterojunction-like carrier 
separation mechanism which leads to improved degradation efficiency [137]. Sun et al., 
prepared BiOCl/SnO2 heterojunction photocatalyst for degradation of RhB. It was 
revealed that dye photosensitization, defects states, and the heterojunction are mainly 
responsible for enriched degradation efficiency [162]. As described above the separated 
holes may directly decompose the pollutants, nevertheless, their degradation mechanism 
is still unclear. 
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Table 1. Band gap and band edge position of some semiconductor photocatalysts. 

Semiconductor Potential 
(eV) 

Bandgap 
(eV) 

Reference 

VB  CB 
TiO2 (anatase) + 2.97 -0.23 3.2 [138] 
TiO2 (rutile) + 2.50 -0.50 3.0 [139] 
g-C3N4 +1.57 -1.13 2.7 [140] 
TaON +2.12 -0.17 2.29 [141] 
Ta3N5 +1.70 -0.40 2.1 [142] 
CeO2 +2.44 -0.32 2.76 [143] 
WO3 + 3.35 + 0.63 2.72 [144] 
ZnO +3.10 -0.10 3.2 [145] 
CdS +1.75 -0.39 2.4 [137] 
ZnS +2.66 -1.12 3.78 [146] 
Bi2O3 +2.67 +0.29 2.38 [147] 
BiOI +2.31 +0.58 1.73 [148] 
BiOBr +3.06 +0.29 2.77 [149] 
BiOCl +3.52 +0.20 3.20 [150] 
Bi2WO6 +2.94 +0.24 2.70 [149] 
Bi2MoO6 +2.44 -0.32 2.70 [151] 
BiVO4 +2.36 0.00 2.36 [138] 
BiFeO3 +2.63 +0.54 2.09 [152] 
Bi2O2CO3 +3.44 +0.23 3.21 [153] 
BiPO4 +4.28 +0.43 3.85 [154] 
Bi2S3 +1.43 +0.13 1.30 [155] 
AgBr +2.60 0.00 2.60  [154] 
AgI +2.37 -0.41 2.78 [156] 
Ag3PO4 +2.90 +0.46 2.44 [151] 
Ag2S +1.10 0.00 1.1 [157] 
Ag2CrO4 +2.20 +0.45 1.75 [158] 
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Ag2CO3 +2.60 +0.43 2.17 [159] 
MoS2 +1.78 -0.12 1.90 [160] 
SnS2 +1.19 -0.98 2.17 [161] 
SnO2 +3.40 +0.04 3.36 [162] 
NaNbO3 +2.57 -0.69 3.26 [163] 
CoFe2O4 +1.76 +0.43 1.33 [164] 
ZnFe2O4 +1.49 -0.39 1.88 [165] 
Nb2O5 +2.53 -0.47 3.0 [166] 
CuBi2O4 +2.35 +0.87 1.48 [167] 
CaIn2S4 +0.88 -1.10 1.98 [168] 
ZnIn2S4 +1.52 -0.85 2.4  [169] 
In2S3 +1.26  -0.86 2.12 [170] 
In2O3 +2.17 -0.63 2.8 [171] 
α-Fe2O3 +1.38 -0.82 2.2 [172] 
CaWO4 +4.59 +0.50 4.09 [173] 
BaTiO3 +2.34 -0.84 3.18 [157] 
CuO +2.16 +0.46 1.70 [174] 
Cu2O +0.40 -1.60 2.2 [138] 

 

To improve the separation and degradation efficiency further, different dual 
semiconductors photocatalysts with solid-state electron mediators (metals, RGO and 
carbon) and redox-mediator-free system have been designed for degradation of 
pollutants. However, they discussed that photogenerated electron-hole pairs are 
efficiently separated through “Z-scheme” mechanism and named as Z-scheme 
photocatalysts with solid-state electron mediators and direct Z-scheme photocatalysts. 
The experimental evidence for this mechanism is ambiguous and not investigated in the 
deepest manner. Generally, Z-scheme term resembles the natural photosynthesis which is 
mainly used for thermodynamically uphill reaction (example, splitting water into 
hydrogen and oxygen) such as high positive change in the Gibbs free energy (i.e. ∆G > 
0). However, photocatalytic degradation of pollutants is a thermodynamically downhill 
reaction which occurs spontaneously with negative Gibbs energy change (i.e. ∆G < 0). 
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So, the usage of “Z-scheme” in photocatalytic degradation of pollutants leads to the 
misconception and ambiguity [175]. Therefore, in this section of chapter we have dictated 
Z-scheme photocatalysts system with solid-state electron mediators and without redox-
mediators (direct) as dual semiconductor system with solid-state electron mediators and 
without redox-mediators. In these cases, the photogenerated electrons in the CB of the SC 
2 travelled to VB of the semiconductor 1 and recombines with the holes on the SC 1. 
Concurrently, the electrons and holes present in the CB and VB of the SC 1 and 2 are 
separated and improved the degradation efficacies [38, 39]. Metal nanoparticles (Ag, Au, 
Cu), reduced graphene oxide (RGO) and carbon materials are largely used as a solid-state 
electron mediators. In 2006, Tada et al., prepared gold mediator based CdS/Au/TiO2 dual 
semiconductors photocatalytic system for methylviologen (MV2+) reduction under visible 
light irradiation. Charge carriers were separated through vectorial electron transfer (TiO2 
→ Au → CdS) such as electron on the CB of TiO2 migrated to Au, then to the VB of the 
CdS where they recombined with holes on the VB. Afterwards the separated electrons 
and holes on the CB and VB of the CdS and TiO2 efficiently participated in the reaction 
and displayed higher photocatalytic activity than the mono and bi photocatalytic systems 
[176]. Zhang et al., prepared non-TiO2 based AgBr-Ag-Bi2WO6 system where charge 
carriers separated via Bi2WO6→Ag→AgBr vector-like transfer. It results in improved 
visible light activity in degradation of procion red MX-5B (MX-5B) and 
pentachlorophenol (PCP) compounds [38]. Similarly, RGO mediator system like g-
C3N4/RGO/Bi2WO6 was developed by Ma et al., for degradation of 2, 4, 6-
trichlorophenol (TCP) under visible-light irradiation [177]. RGO systems possess large 
specific surface area and their high electrical conductivity facilitates the transfer of 
charge carriers. Successively, various dual semiconductor photocatalysts with solid-state 
electron mediators have been prepared for the degradation of dyes and organic 
compounds. However, the drawbacks like absorption of visible light by metal particles 
decreases the light reaching the catalytic surface by surface plasmon resonance (SPR) 
effect and the intricate synthesis procedure for carbon and graphene limits their practical 
implementation. Consequently, electron/redox-mediator-free direct dual semiconductors 
photocatalytic systems have been developed to circumvent these drawbacks. For 
example, Arai et al., first prepared a CuBi2O4/WO3 composite photocatalyst by 
mechanical mixing and studied their visible light activity by degradation of acetaldehyde 
(CH3CHO). In the presence of visible light irradiation, the electrons and holes in the n-
type WO3 and p-type CuBi2O4 electrodes travel in the porous semiconductor films where 
recombination occurred. Afterward, the holes and electrons in the WO3 and CuBi2O4 

possess strong oxidation and reduction potential, which completely degrades the 
CH3CHO within 60 min [178]. Likewise, various redox-mediator-free direct dual 
semiconductor systems such as NaNbO3/WO3, g-C3N4/TiO2, g-C3N4/BiVO4, g-C3N4/N-
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ZnO, Ag4V2O7/Ag3VO4, Bi2MoO6/Ag3PO4, MoS2/Ag3PO4, and Bi2MoO6/BiOBr etc., 
have been synthesised for the degradation of different types of organic and inorganic 
pollutants under visible light irradiation. We have also developed the redox-mediator-free 
g-C3N4/TiO2, CaIn2S4/TiO2 and ZnIn2S4/Bi2WO6 dual semiconductors for the degradation 
of isoniazid and metronidazole pharmaceuticals. The results revealed that dual 
semiconductors exhibited enriched degradation efficiency than the respective bare 
semiconductors. Under light irradiation, the generated electrons in the CB of TiO2 and 
Bi2WO6 travelled to the VB of g-C3N4, CaIn2S4 and ZnIn2S4 and recombined with holes 
on the respective semiconductors. Subsequently, the electrons on the CB of g-C3N4 (-1.13 
eV vs. NHE), CaIn2S4(-1.1 eV vs NHE) and ZnIn2S4(-0.85 eV vs NHE), and the holes in 
the VB of TiO2 (+2.91 eV vs NHE) and Bi2WO6 (+2.94 eV vs NHE) were well separated, 
possess high negative and positive potentials for reduction of O2 to O2

• – and oxidation of 
H2O or -OH to •OH which lead to enhancement in the degradation efficiency. This 
mechanism was confirmed by reactive radicals quenching study, photoluminescence, 
hydroxyl radicals determination by fluorescence and electron spin resonance (ESR) 
spectroscopy analysis [40, 168, 179]. Recently, the visible light response, charge transfer 
rate and degradation efficiency were improved by synthesizing ternary composite 
photocatalyst and redox-mediator-free double direct dual semiconductor photocatalyst 
systems. For example, Zamiri, et al., developed ZnO-ZnS-Ag2S ternary nanostructures 
for NOx degradation and reported that 45.9, 47.7 and 53.1% of initial concentrations 
were degraded after 60min using ZnO, ZnO-ZnS and ternary systems, respectively. The 
mono and binary systems were not stable under reaction atmosphere due to photo-
corrosion effects, hence dropped its activity. However, ternary system was stable up to 
third run of reaction [180]. Yuan et al., prepared BiVO4-Cu2O-TiO2 ternary system for 
degradation of RhB dye under 9W energy-saving fluorescent lamp. Ternary composite 
was capable to degrade 97.8% of RhB after 8h irradiation while it was 80.7 and 31.6% 
for Cu2O-TiO2 and Cu2O systems, respectively. The enhanced photocatalytic activity of 
ternary system may be due to the formation of heterojunction among them, matched band 
edge positions of semiconductors and higher charge transfer rate, respectively [138]. 
Successively, graphene-CoFe2O4/CdS, MoS2 quantum dots-graphene-TiO2, 
Fe3O4/ZnO/CoWO4, ZnO/Ag3VO4/Fe3O4, ZnO/AgI/Ag2CO3, ZnO-Ag2O/porous g-C3N4, 
Ag3PO4/AgBr/Ag-HKUST-1-MOF and g-C3N4/CdS/TiO2 nano-sheets etc., have been 
reported for the degradation of organic and inorganic pollutants. Likewise, Li et al., 
studied the visible light photoelectrocatalytic degradation of MO and phenol using redox-
mediator-free double direct g-C3N4/WO3/Bi2WO6 dual semiconductor systems. The 
produced electron-hole pairs in the CB and VB of WO3, g-C3N4 and Bi2WO6 
semiconductors were separated but recombination occurred between the electrons and 
holes in the CB and VB of WO3 and g-C3N4. Similarly, electrons in the CB of g-
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C3N4 combined with the holes in the VB of Bi2WO6. Thus, the presence of electrons in 
the CB of Bi2WO6 and holes in the VB of WO3 were well separated, confirmed by 
enhancement in the photocurrent leading to the production of higher concentration of 
reactive radicals and improved the degradation efficiency[181, 182].We have also 
prepared redox-mediator-free double direct ZnIn2S4/g-C3N4/BiVO4 nanorod-based 
ternary semiconductors which demonstrated higher degradation efficiency for CR dye 
and metronidazole pharmaceutical degradation than the bare semiconductors [183]. Most 
of the existed visible light photocatalytic systems are used high power artificial solar 
lights such as xenon, tungsten and halogen lamps as a visible light source, however due 
to their inherent drawbacks practical implementation are limited. Consequently, energy 
efficient visible light emitting diodes (VLED) have been used for the degradation of 
pollutants. For example, Yin et al., studied the photocatalytic deNOx abilities of N-doped 
TiO2, Fe and Pt loaded-N doped TiO2 catalyst under the irradiation of UV, blue, green, 
and red LED light. The results demonstrated that Pt loaded-N doped TiO2 showed higher 
deNOx ability under all LED irradiation [184]. Sun et al., has used blue LED as an 
irradiation source for degradation of RhB and phenol using Bi2MoO6 photocatalyst [185]. 
We have also investigated the degradation behaviour of RhB dye using BiOX (X-Cl, Br, 
I) and TiO2/ZnFe2O4 photocatalysts under blue, green and red LEDs irradiation [95,186]. 
LED could be used to degrade pollutants only as it is at lower concentration ineffective 
for higher concentration or need large number of LEDs. 

In addition, metal organic frameworks (MOFs), a new class of organic visible light 
responsive semiconductors have been used for degradation of pollutants. MOFs are 
highly porous crystalline coordination polymers prepared using metal ions and 
polyfunctional organic ligands. MOFs are different from other high surface area materials 
like zeolites, other microporous and mesoporous materials because they contain light 
absorbing organic chromophores. This high surface area material is highly useful to 
enhance adsorption percentage of the pollutants, so MOFs have also been used in gas 
storage and separation, catalysis and drug delivery applications, [36, 187-191]. In 2007, 
Garcia et al., examined the semiconducting property of MOF-5 (Zn-based MOFs) and 
used it as a photocatalyst for degradation of phenol and 2, 6-di-tert-butylphenol. They 
found that MOF-5 showed better photocatalytic activity compared to P-25 TiO2 and ZnO. 
However, MOF-5 shows poor stability under light irradiation [192, 193]. Mahata et al., 
prepared Co, Ni and Zn-based MOFs and studied their photocatalytic activity for 
degradation of orange G, RhB, Remazol Brilliant Blue R and MB dyes [194]. 
Subsequently, iron, aluminum, chromium, titanium based MOFs and composites of metal 
oxide with MOFs were developed [187-191] and still different studies are underway for 
designing of novel MOFs photocatalysts for degradation of organic and inorganic 
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pollutants. In addition, the MOFs materials were also used as a template to synthesize 
corresponding metal oxide photocatalysts with the high surface area by pyrolysis of 
MOFs and used them for pollutants degradation [195, 196]. Though the MOFs are 
effective visible light responsive photocatalyst, nevertheless difficulties in their synthesis 
procedure and stability (reusability of results) not paving the way for them to move 
forward to implement the practical technology. As discussed above, till date different 
types of semiconductor materials have been used as a photocatalyst for the degradation of 
various organic and inorganic pollutants in the presence of UV, visible, LED and direct 
sunlight irradiation. However, all the photocatalytic systems have their own limitations, 
which put restrictions on this technology for being effectively used in the commercial 
sectors. Thus, to make use of the photocatalytic system for pollutants degradation at 
industrial and government sectors, efforts for better developments are needed.  

5. Photocatalysis in H2 production and CO2 reduction 

Photocatalytic production of H2 fuel and CO2 reduction reactions are the energy efficient 
alternative routes to the fossil fuel consumption and reduction of the CO2 emission to the 
atmosphere. As discussed earlier in section 2, the H2 production by water splitting and 
CO2 reduction to valuable chemicals such as HCOOH, HCHO, CH3OH, and CH4 etc., are 
completely different from the pollutants degradation. Both the H2 production and CO2 

reduction are thermodynamically uphill reactions with a high positive change in the 
Gibbs free energy. Considerable efforts have been made in respect of H2 production and 
CO2 reduction till date. It is, therefore, worthwhile, to sum up the journey of 
photocatalytic technology, its applications, and short comings in the following section.  

After the discovery by Fujishima and Honda, the production of H2 using semiconductor-
based photocatalytic water splitting method under solar light was considered as one of the 
efficient technologies to solve the world energy crisis. For efficient H2 production 
reaction, the bottom of CB level must be more negative than the reduction potential of 
H+/H2 (0 V), while the top of VB level must be lower than the oxidation potential of 
O2/H2O (1.23 V), as illustrated in Fig. 4. TiO2 material possesses sufficient VB (+2.97) 
and CB (-0.23) edge potentials to oxidize and reduce the water molecules and hence 
significant studies have been performed on TiO2 for H2 production. However, there are 
some other factors such as wide band gap energy (3.2eV), faster rate of photogenerated 
electrons and holes recombination and the low transfer rate of charge carriers to the 
surface which affect visible light photocatalytic activity. Moreover, the quantum 
efficiency of the reaction is also very low. To improve these, the photocatalytic reactions 
were performed in the presence of sacrificial agents such as aqueous solution of alcohols, 
organic acids, sulfite and iodate etc. Sacrificial agents or electron donors are irreversibly 
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oxidized by photogenerated holes resulting in the enrichment of the concentration of 
electrons and thereby improving the H2 production efficiency[197-200]. Besides, the 
added sacrificial agents prevent the back reaction between the generated H2 and O2 to 
form H2O. Moreover, the use of TiO2 with co-catalysts such as metal ions (Fe, Cu, Ni, Pt, 
Au, Ru, Rh, Pd, Ag, Au, lanthanides, alkali/alkali earth metals etc.), non-metal ions (B, 
N, C, S), and co-doping elements (Sn-Eu, Au-Rh, Au-Pt, Cu-Pt, B-N etc.), (Fig. 2) 
effectively improves the visible light photocatalytic H2 production activity [48-51, 118, 
130,198-200,201-205]. The introduction of dopants creates the intra-band states between 
the VB and CB of the semiconductor which provides electronic states and improves the 
visible light response, decreases the band gap energy and also offer a large amount of 
active sites for water reduction reaction. The H2 production efficiency was also improved 
by declining the back reaction between formed H2 and O2 by performing the reaction in 
the gas phase using NaOH coated metal loaded TiO2. NaOH serves to hold a higher 
amount of water on the catalyst surface, which enhances the photolysis of water in gas 
phase than the liquid phase [206, 207]. Moreover, the TiO2 combined with other metal 
oxides (ZrO2, ZnO,SrTiO3, SiO2, CuO etc.) and other mesoporous materials, showed 
higher H2 production efficiency than the bare catalyst [208]. Like TiO2, in 1990 titanates 
(K2Ti4O9, K2Ti2O5, Na2Ti3O7, etc.,) and tantalates have also been used as efficient 
photocatalysts for H2 production. The charge carriers recombination rate on these 
modified photocatalysts was dramatically decreased and the H2 production efficiency and 
the quantum yield of these modified photocatalysts were improved [204, 209, 210]. 
Furthermore, the stability and reusability of the single and modified TiO2 materials are 
very poor, because stability is the most important factor suggesting that the H2 production 
efficiency of the photocatalyst should not significantly decrease with time. 

To improve the visible light absorption further, non-TiO2 based low band gap energy 
photocatalysts have been prepared to enhance the H2 production efficiency. Initially, 
visible light responsive CdS or CdSe and other chalcogenides with low band gap energy 
were designed which demonstrated sufficient CB edge potential for efficient H2 
production [211]. In 1981, Harbour et al., studied the H2 production efficiency of Pt/CdS 
and CdS particles using ethylenediaminetetraacetic acid (EDTA) as a sacrificial agent, 
they found that Pt/CdS-EDTA provided higher H2 amount than the CdS-EDTA system 
[212]. However, CdS and CdSe were not stable in the reaction because the S2- and Se2- 
anions were more susceptible to oxidation by photogenerated holes than water, causing 
the CdS or CdSe itself to be oxidized and degraded and the quantum efficiency of these 
photocatalytic systems was also lower. CdS was modified by other metal oxides, 
sulphides, solid solutions and different nanostructures of CdS were also prepared to 
enhance the H2 production efficiency [213, 214]. Kalyanasundaram et al., studied visible 
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light driven water cleavage process using CdS with the addition of Pt and suppressed its 
photo-corrosion by addition of RuO2. The photogenerated hole on the VB of CdS trapped 
by RuO2 does not degrade the CdS and enriches the H2 production efficiency [215]. Later 
in 1992, Kobayakawa et al., studied the H2 production ability of CuInS2 semiconductor 
with band gap range of 1.5-1.9 eV. It enhances the visible light absorption and possesses 
suitable CB edge potential for efficient H2 evolution [216]. In 1998, BiVO4 was identified 
as one of the visible light active photoanodes with band gap of 2.4 eV for H2 production. 
However, the CB edge of unmodified BiVO4 is located just below the H2 production 
potential and hence suffers from charge carrier recombination, poor charge transport and 
water reduction properties [217]. Thus, various modifications have been carried out on 
the BiVO4 to alleviate these limitations. In 2000, (oxy) nitrides (Ta3N5, TaON, BaNbO2N, 
SrTaO2N etc.) have been utilized as photocatalysts for H2 production under visible 
light.(Oxy)nitrides shows absorption bands in 500-750 nm, corresponding to the narrow 
bandgap energy in the range of 1.9-2.5 eV and possess appropriate VB and CB position 
for water oxidation and reduction [142, 218, 219]. However, (oxy)nitrides usually suffer 
from poor stability in water medium by self-oxidative deactivation and the photocatalytic 
activity in water over a long period cannot be maintained. This self-oxidative degradation 
has been suppressed by co-catalyst loading, but could not suppress completely [220, 
221]. In addition, these (oxy)nitrides photocatalysts are majorly used as an electrode 
material to produce H2 under visible light irradiation, hardly been used in the suspension 
based photocatalytic reaction. In 2003, Lei et al., synthesized a new ternary chalcogenide 
ZnIn2S4 with band gap energy of 2.3 eV which belonged to the family of ternary AB2X4 
compounds and showed high activity for water reduction under visible light. No photo-
corrosion was observed after 150 h of photocatalytic reaction, thus, paved the way for 
development of stable visible light active ternary metal sulphides for H2 production 
[222].In 2005, Nørskov et al., prepared efficient MoS2 catalyst for H2 production. It has 
low band gap energy and high visible light absorption [223]. In 2009, Wang et al., 
developed a metal-free polymeric graphitic carbon nitride (g-C3N4) for H2 production 
under visible light irradiation [34]. Followed by other catalysts, In2O3, In2S3, ferrites, 
MOFs etc., were investigated for H2 production under visible light irradiation. The 
narrow band gap energy of these photocatalysts leads to strong absorption in the visible 
light range, however, single system using these photocatalysts suffers from poor charge 
transport and stability and some systems have low CB edge position than the H2 
production potential. To conquer these constraints, a non-TiO2 based visible light active 
catalyst are combined with other non-TiO2 or TiO2 materials to make various binary and 
ternary composite photocatalysts with sufficient CB edge position and enhanced the 
charge transport rates for improved H2 production [204, 224-228]. Furthermore, H2 
production efficiency of these composites was further enhanced by addition of co-
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catalysts, but still these systems suffer from poor stability and low quantum efficiency. 
The graphene material has been combined with these photocatalysts to enhance their 
photocatalytic efficiency by improving the charge carrier separation and transfer rates, 
stability and quantum efficiency. Graphene possess high specific surface area, thermal 
conductivity and excellent mobility of charge carriers at room temperature which make it 
an ideal support for these photocatalysts to enhance their H2 production efficiency. The 
enhancement of photocatalytic performance may be because of efficient suppression of 
the recombination of the photogenerated charge carriers, decrease in the band gap of 
parent semiconductor, increase in catalytic sites, high surface area and acting as a 
photosensitizer and co-catalyst to catalyse the H2 production [229, 230]. 

 

Fig. 6. Schematic representation of photogenerated charge carrier separation 
mechanism in Z-scheme photocatalyst with shuttle redox-mediators. 

 

Likewise, another visible light active photocatalytic system such as Z-scheme which 
mimics the natural photosynthesis process, (photosystem II and photosystem I, PS II and 
PSI), has been developed for water splitting applications. In Z-scheme, two different 
semiconductors are combined, in which one has a higher VB potential and another having 
a higher CB potential for water oxidation and reduction using as appropriate shuttle 
redox-mediators [231]. Z-scheme system utilizes higher visible light than the single water 
splitting photocatalytic system which led to efficient separation of photogenerated charge 
carriers in two different semiconductors (Fig. 6) and the potential is kept higher than the 
required H2 evolution potential in order to enhance the H2 production efficiency. Abe et 
al., used Z-scheme system that consists of Pt-TiO2 anatase and TiO2 rutile for H2 and O2 
evolution using IO3

- /I- shuttle redox mediator. It was revealed that 180 and 90 µmol/h of 
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H2 and O2 were produced from a basic aqueous NaI solution under UV irradiation [231]. 
The photogenerated electrons in the CB of BiVO4 recombine with the photogenerated 
holes in the VB of Ru/SrTiO3: Rh, the electrons and holes in the CB and VB of 
Ru/SrTiO3: Rh and BiVO4 are used to reduce and oxidize water into H2 and O2, 
respectively [232]. Kato et al., reported Pt/SrTiO3: Rh as an H2-evolving photocatalyst, 
and BiVO4, Bi2MoO6, and WO3 as O2-evolving photocatalysts using Fe3+/Fe2+ mediator 
[233]. Subsequently, different Z-scheme photocatalysts like SrTiO3: Cr/Ta, WO3 and Ru 
loaded SrTiO3:Rh, BiVO4with IO3

- /I-  and Fe3+/Fe2+ were developed [234, 235]. 
Similarly, exhaustive water-splitting systems constructed in the last decade have been 
reported in various review articles. Z-scheme photocatalyst with shuttle redox-mediators 
holds major drawbacks such as the presence of redox mediators which lead to backward 
reactions, difficulty to achieve simultaneous production of H2 and O2 and the redox 
mediators strongly absorb visible light which reduces the light reaching to the 
photocatalyst surface. Furthermore, this system applicable to aqueous-phase only and 
efficiency relies on the suitable and stable redox-mediators. To overcome these 
drawbacks, solid-state electron mediators and redox-mediator-free direct Z-scheme 
photocatalytic systems have been developed for water splitting applications (Fig. 7a and 
7b). In such systems, two photosystems are connected through a solid-state electron 
mediators (metal, carbon, GO) or direct intimate contact (shuttle redox-mediator-free). 
Ma et al., prepared sandwich-structured g-C3N4/Au/CdZnS photocatalyst for H2 
production from an aqueous mixture of Na2S and Na2SO3 solutions. It was revealed that 
18.3 mmol/g of H2 was produced using g-C3N4/CdZnS, while it was enhanced to 24.6 
mmol/g for g-C3N4/Au/CdZnS catalysts. Under light irradiation, the electrons in the CB 
of CdZnS travelled to metallic Au and combined with the holes in VB of g-C3N4. The 
electrons in the CB of g-C3N4 and holes in the VB of CdZnS were efficiently separated, 
thus electrons in the CB of g-C3N4 held high negative potential and easily reduces the H+ 
to H2[236]. Lu et al., prepared Z-Scheme g-C3N4/Ag/MoS2ternary photocatalysts for H2 
production from aqueous solutions with 15vol % of triethanolamine (TEOA). About 10.4 
µmol/h of H2 was produced using ternary Z-scheme, which is about 3.51 times higher 
than the bare g-C3N4 (2.963 µmol/h) [237]. Likewise, different solid-state electron 
mediators based Z-scheme photocatalysts have been designed for H2 production but still, 
research is under progress in this area. The solid-state electron mediators possess serious 
problems which decrease the H2 production efficiency and practical implementation. 
Therefore, shuttle redox-mediator-free direct Z-scheme photocatalytic systems with 
intimate contact have been developed for H2 production. Sasaki et al., designed 
Ru/SrTiO3:Rh/BiVO4 direct Z-scheme powder photocatalysts, where Ru/SrTiO3:Rh 
powder for H2 evolution and BiVO4 powder for O2 evolution were used [238]. Zhao et 
al., designed redox-mediator-free g-C3N4/WO3 Z-scheme photocatalyst for H2 production 
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in water/TEOA solution, water splitting efficiency was improved by the addition of Pt 
and RGO. The highest H2/O2 evolution rates of 2.84 and 1.46 μmol/h, with a quantum 
yield of 0.9% were obtained [239]. Zhou et al., prepared CdS nanoparticles/BiVO4 
nanowires Z-scheme photocatalyst for H2 production using 20 vol% lactic acid solution. 
CdS/BiVO4 with 1:2 wt ratio showed 3.65 times (124 µmol/h) higher photocatalytic 
activity than the bare CdS (34 µmol/h). The Pt loading further enhanced the H2 
production efficiency, Pt-CdS/BiVO4 (1253 µmol/h) displayed 2.03 times higher activity 
than the Pt/CdS (568 µmol/h) [240]. Similarly, a various number of direct Z-scheme 
photocatalysts have been developed. The higher H2 production efficiency was obtained as 
compared to the single-step photocatalytic system. However, the quantum yield obtained 
so far are not significantly higher.   

 

  

Fig. 7. Schematic representation of photogenerated charge carrier separation 
mechanism in Z-scheme photocatalyst with (a) solid-state electron mediators and (b) 
redox-mediator-free (direct Z-scheme). 

 

In the above-mentioned reactions, precious metals have been majorly used as co-catalyst 
for enhancing the H2 production efficiency, but their preciousness it cannot use as a co-
catalyst for large-scale energy production. These precious co-catalysts have been 
replaced by inexpensive metals such as Fe, Co, Ni, Cu, their oxides, hydroxides 
(Co(OH)2, Ni(OH)2, Cu(OH)2) and sulphides (FeS, CoS, NiS, NiS2, CuS) to enhance the 
H2 production efficiency [241-246]. Though, the loading of these co-catalysts enhances 
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the H2 production efficiency of pristine semiconductors, however, still their performance 
has not reached to the efficiency level as obtained by precious metal loading. Recently, 
transition metal disulfides (like WS2, MoS2) based photocatalysts have emerged as 
inexpensive co-catalysts for H2 production than the precious metals. Among these, MoS2 
is a typical graphene-like layered transition-metal dichalcogenide low-cost co-catalysts, 
but bulk MoS2 cannot be used as a long-term H2 production catalyst. MoS2 nanosheets 
which provide higher specific surface area, more active sites, adjustable bandgap energy, 
band position and controllable phase transformation for efficient H2 production [247, 
248].  

All the above photocatalytic systems are majorly used as sacrificial agents enhance the 
H2 conversion rate. To decrease the water pollution and make the sustainable H2 
production system, recently pollutants containing wastewater has been used as a source 
for H2 production and simultaneously degrades the pollutants in the presence of UV and 
visible light irradiation [249-255]. Choi et al. produced H2 through photocatalytic 
degradation of 4-chlorophenol and bisphenol pollutants under artificial and natural solar 
light irradiation. They revealed that H2 production decreased with increase in the 
degradation percentage of pollutants [251]. The organic substances serve as a hole 
scavenger that decreases the recombination of photogenerated electron-holes pairs and 
enhances the H2 production efficiency. In recent days’ researchers are working on this 
field to develop better photocatalytic systems for simultaneous degradation of pollutants 
and H2 production. The dual purpose photocatalytic systems are supposed to be useful 
because of a decrease in energy requirement and overall cost of wastewater treatment. 

Like H2 production, the CO2 reduction is an effective route to decline CO2 emission and 
concentration in the atmosphere but quite challenging process because CO2 molecules are 
highly inert and stable compounds, their reduction is much more difficult than the proton 
reduction. In addition, it involves carbon reduction, proton transfer, and hydrogenation 
processes as well as the analysis of a variety of CO2 reduction products which make more 
complicated process than the water splitting [54, 55]. In 1978, Halmann, 
photoelectrochemically reduced the aqueous CO2 to HCOOH, HCHO, and CH3O Husing 
p-type GaP electrode in the presence of high-pressure mercury (Hg) and halogen lamp 
[256]. Hemminger et al., reduced CO2 molecules to CH4 in the gas phase with water 
vapor on the SrTiO3 surface under the irradiation of 500 W high-pressure mercury vapor 
lamp [257]. Inoue et al., in 1979, first time performed the solid-liquid phase reduction 
reaction of CO2 to HCHO and CH3OH using TiO2, CdS, ZnO, GaP, SiC and WO3 
semiconductors as a photocatalyst in the presence of Xe or high-pressure Hg arc lamp 
(500W) [52]. Halmann et al., photocatalytically reduced CO2 to HCOOH, HCHO, 
CH3OH, CH3CHO and ethanol (EtOH) using TiO2 doped with RuO2 loading under a high 
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pressure mercury immersion lamp [53]. Tennakone et al., used Pt, Au, Ag, Co, Pb, and 
Hg coated TiO2 powder for reduction of CO2 to HCHO. Amongst these, Hg-coated TiO2 
showed the highest yield of HCHO [258]. In later years, many researchers have worked 
on the photocatalytic reduction of CO2 in gas or water phase using various 
semiconductors photocatalysts (TiO2, ZnO, CdS, metal-doped TiO2 etc.). The CO2 
reduction efficiency is highly depended on the pH of the reaction medium because the 
acid medium leads to the low solubility of CO2 in a water medium. The reduction 
efficiency was improved by performing the reaction in organic solvents. Liu et al., 
studied the effect of solvents (2-propanol, carbon tetrachloride, acetonitrile, 
dichloromethane etc.,) on the photocatalytic CO2 reduction efficiency using TiO2 
nanoparticle embedded SiO2 matrix. The results revealed that CO2 solubility and 
reduction efficiency were greatly influenced by solvents, and the major reduction 
products such as formate and carbon monoxide were increased by increasing the 
dielectric constant of the solvent [259]. Different other solvents triethanolamine (TEA), 
trimethylamine (TMA), and N, N-dimethyl formamide (DMF) etc., were used to enhance 
the CO2 solubility and reduction efficiency. The CO2 solubility was further improved by 
changing pH of the reaction medium and the reduction reaction was also carried out in 
sodium hydroxide (NaOH), potassium hydroxide (KOH) or sodium bicarbonate 
(NaHCO3) solution [260-262]. In addition, the low adsorption of CO2 on the catalyst 
surface, competition between the H2O and CO2 to capture a photogenerated electron from 
the semiconductor and the selectivity in the product formation decrease the photocatalytic 
CO2 reduction efficiency. To enhance the adsorption quantity and improve product 
selectivity, the TiO2 photocatalyst was embedded on the zeolites, SiO2, Ti-containing 
zeolites (TS-1, Ti–Beta), mesoporous molecular sieves (Ti-MCM-41, Ti-MCM-48, Ti-
HMS, Ti-FSM), and porous silica glass (Vycor) materials [263-268]. For instance, Anpo 
et al., included TiO2 catalyst within the framework of mesoporous zeolites (Ti-MCM-41 
and Ti-MCM-48), studied selectivity in formation of CH3OH in the photocatalytic 
reduction of CO2 in gaseous H2O and compared with Ti-microporous zeolites (TS-1). 
The results revealed that selectivity for the CH3OH formation was highly depended on 
the photocatalyst. Ti-containing zeolites led to the considerable amount of CH3OH, while 
in the case of bulk TiO2,CH4 was the major product [265]. The enrichment in the 
reduction efficiency was due to the larger effective surface area, reduced rate of charge 
recombination and small size of the anatase crystallites. Moreover, the CO2 adsorption 
capacity on the TiO2 photocatalysts was enhanced by introducing the basic site on that 
surface. Xie et al., studied the reduction of CO2 to CH4 with H2O using Pt-TiO2 catalyst 
with the addition of basic oxides such as MgO, CaO, SrO, BaO, La2O3 and Lu2O3, the 
enhanced CO2 adsorption were obtained [269]. Liu et al., prepared MgO-TiO2 composites 
for CO2 reduction with H2O vapor and they observed good adsorption capacity and 
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increased CO2 adsorption after MgO addition [270]. As mentioned earlier, the lower 
lifetime of photogenerated electron-hole pairs and poorly visible light response of TiO2 

was responsible for lowering the visible light photocatalytic CO2 reduction efficiency. 
Like pollutants degradation and H2 production, the TiO2 was loaded with metals (Cu, Ru, 
Pd, Ag, Au, Rh, Pt, Fe, In), and sensitization (dyes, quantum dots) for improving the CO2 
reduction efficiency and selectivity (Fig. 2) [55, 261,271-276]. Hirano et al., synthesized 
copper nanoparticles loaded TiO2 which effectively trapped electron, reduced charge 
recombination and produced mainly CH3OH [271]. TiO2 also combined with other low 
band gap semiconductors (CdS, Cu2O, AgBr, FeTiO3, CeO2 etc.,) graphene, carbon 
nanotube, other carbons and clays, yielded higher CO2 reduction efficiency under visible 
light, because of defects in graphene and carbon structure which improve the visible light 
response of TiO2 and charge transfer rate[55, 274-276, 277-279]. 

As described above, different modifications have been performed on the TiO2 
photocatalyst to improve the CO2 reduction efficiency; however, their poor reusability 
and stability under light irradiation diminish their practical usability. In view of this, 
different non-TiO2 based semiconductors such as Cu2O, ZrO2, Ta2O5, CaFe2O4, Zn2GeO4, 
CdS, InTaO4, bismuth catalyst, g-C3N4, AB2X4, silver-based catalyst etc., have been 
developed to enhance visible light utilization and CO2 reduction efficiency [273-275, 
280-286]. In 1989, Tennakone et al., selectively reduced the CO2 to CH3OH using 
aqueous suspension of hydrous cuprous oxide (Cu2O·xH2O). The higher selectivity in the 
CH3OH formation is mainly due to the higher flat-band potential, multi electron transfer 
and strong chemisorption of CO2, but the stability Cu2O is very poor [280]. In 1994, 
Matsumoto et al., studied the CO2 reduction behavior of CaFe2O4 catalyst in 0.01 M 
NaOH solution,NaH2PO2 and Fe2+ ion were added as reducing agent in the solution, 
HCHO and CH3OH were the major reduction products, however, this catalyst utilizes 
little amount of visible light [281]. Liu et al., selectively produced the EtOH by reducing 
the CO2 in water using BiVO4. It was stable up to five cycles of reduction experiments; 
nevertheless, the CB band edge potential was lower than the potential required for CO2 

reduction [282]. In 2011, Zhou et al., and Cheng et al., studied the reduction behavior of 
ultrathin and uniform Bi2WO6 square nanoplates. The Bi2WO6 utilizes higher amounts of 
visible light, the ultrathin geometry of Bi2WO6 efficiently decreased the charge carrier 
recombination rate, ultimately improved the CO2 reduction efficiency [283, 284]. Jiang et 
al., synthesized CdIn2S4 microsphere with different low band gap energy (1.68, 2.09 and 
2.05 eV) with respect to the different sulfur precursor (L-cysteine, thioacetamide, 
thiourea), effectively reduced the CO2 to dimethoxymethane and methyl formate in 
CH3OH solution. The photocatalyst absorbs high concentration of visible light, however, 
suffers from higher recombination rate of charge carriers [286]. Similarly, other low band 
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gap energy visible light responsive semiconductors are reported for production of solar 
fuels by reduction of CO2.  

To improve the catalyst stability, charge carrier separation, and CO2 reduction, the 
photocatalytic materials have been combined with other semiconductors, graphene and 
co-catalysts to make the binary and ternary composite materials. Wang et al., designed an 
optical fiber photocatalytic reactor, studied both aqueous and vapor-phase CO2 reduction 
reactions using NiO/InTaO4 photocatalyst and thin film under visible light and real 
sunlight irradiation. Around 11.1 μmol/g/ h of CH3OH was produced under visible light, 
while it was 11.30 μmol/g/h for real sunlight irradiation. The quantum efficiency was 14 
times higher than that of the aqueous-phase reaction because NiO/InTaO4 thin film had 
greater light energy utilization [287]. Li et al., synthesized CdS or Bi2S3/TiO2 nanotube 
photocatalyst for reduction of CO2 to CH3OH. The visible light response of TiO2 
nanotube was significantly improved after CdS or Bi2S3 loading. Bi2S3/TiO2 nanotube 
showed higher reduction efficiency (224. 6 μmol/L of CH3OH) than the CdS/TiO2 
nanotube (159.5 μmol/L of CH3OH), because of a higher amount of CO2 adsorption and 
enhanced the visible light response [288]. Lv et al., synthesized RGO modified NiOx-
Ta2O5 composite, yielded a higher amount of H2 and CH3OH because of the effective 
lengthening the lifetime of the photogenerated electron-hole pairs [289]. Liu et al., 
developed visible light responsive CdIn2S4/mesoporous g-C3N4 hybrids for reduction of 
CO2 to CH3OH. About 42.7 μmol/g/ h of CH3OH was formed after 4h reaction in 0.1 M 
NaOH solution on use continuous-flow reactor system. The photocatalyst was stable up 
to 4 cycles and the charge carriers were separated by transferring the electrons from CB 
of g-C3N4 to CB of CdIn2S4 whereas holes in VB of CdIn2S4 migrated to the surface of 
mesoporous g-C3N4[290]. Likewise, various visible light responsive binary and ternary 
composite materials have been designed for enhancing the lifetime of charge carriers and 
CO2 reduction efficiency [291-293]. Moreover, like H2 production, the Z-scheme type 
photocatalysts have also been prepared to increase the visible light absorption, charge 
carrier’s separation and transfer rate, CO2 reduction efficiency, and selectivity. Sato et al., 
designed a hybrid Z-scheme photocatalyst comprising of semiconductors (N-Ta2O5, InP, 
GaP, Ni-ZnS, reduced SrTiO3) and metal complex electrocatalyst (ruthenium complex 
polymer) to improve the conversion efficiency. This system mimics the natural 
photosynthesis, efficiently separate the charge carriers and enhance the CO2 to HCOOH 
reduction rate [294-296]. Sekizawa et al. developed Ag-tantalum oxynitride (TaON) and 
Ru(II) dinuclear complex based system for reduction of CO2 into HCOOH using 
methanol as a reducing agent [297]. However, the poor stability of metal complexes 
under irradiation is not suitable for practical implementation. Therefore, visible light 
responsive semiconductors with suitable band edge position have been utilized to develop 
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efficient and robust Z-scheme photocatalytic materials. Yu et al., selectively produced 
CH3OH using g-C3N4/ZnO direct Z-scheme photocatalyst, exhibited 2.3 times higher 
activity than the bare g-C3N4, and attributed to the efficient separation of charge carriers 
at the intimate contact interface between the g-C3N4 and ZnO by following the Z-scheme 
transfer mechanism [298]. Various other Z-scheme systems such as CdS/WO3 [299], 
Ag3PO4/g-C3N4 [300], α-Fe2O3/Cu2O [301], BiOI/g-C3N4 [302], etc., have been 
developed for CO2 reduction and still the research is underway to develop different Z-
scheme type photocatalysts. 

Similarly, MOFs are other efficient visible light responsive high surface area 
photocatalytic materials. Due to their unique properties, these have been mostly used for 
improving the CO2 adsorption capacity and enhancing reduction efficiency. Fu et al., 
synthesized amine functionalized titanium MOFs (NH2-MIL-125 (Ti)) for reduction of 
CO2 into HCOOH under visible light irradiation. Maximum CO2 adsorption was 
observed for NH2-MIL-125 (Ti) (132.2 cm3/g) which was 1.3 times higher than the MIL-
125 (Ti) (98.6 cm3/g)and this higher conversion of CO2 to HCOOH (8.4 µmol) was 
obtained [303]. Sun et al., investigated CO2 reduction efficiency using zirconium (Zr) 
based MOFs, NH2-Uio-66(Zr) in acetonitrile solution and TEOA as a sacrificial agent. 
These MOFs possess higher negative redox potential than the Ti-MOFs which led to 
higher concentration of HCOOH (13.2 µmol) was obtained [304]. Subsequently, several 
MOFs materials and their modification by loading with metal nanoparticles, other 
semiconductors, and graphene oxide have been designed for CO2 reduction. However, the 
poor thermal and photostability of these materials make this process economically and 
environmentally not viable. Therefore, still, research work is underway to develop highly 
stable MOF photocatalysts for efficient reduction of CO2. As described above, different 
photocatalytic processes have been utilized for the degradation of pollutants, H2 

production, and CO2 reduction reactions. Nevertheless, the problems highlighted in the 
above sections are highly challenging and require an additional improvement in the 
designing of efficient photocatalytic systems for alleviating these drawbacks. 

6. Future outlook 

As discussed, the photocatalysis is one of the efficient processes to decontaminate the 
pollutants present in the environment, produce sustainable H2 fuel and reduce CO2 into 
value added products. However, the poor separation and transport efficiency of 
photogenerated electron-hole pairs, poor solar-to-hydrogen and CO2 conversion 
efficiency, the back reaction of generated H2 and O2, the lower lifetime and poor 
reusability of these photocatalytic systems in real scale have created hurdles for their 
commercialization.  
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Presently, a variety of single, binary and ternary composite photocatalysts are available, 
still, research is underway to design other novel catalysts for degradation of pollutants 
under visible light, and their practical usability. In addition, the visible light degradation 
activity of developed systems is mainly performed in the presence of artificial visible 
light, thus, still the direct solar light utilization is poor and it is a major challenge ahead 
for the development of practical systems. Moreover, the future lab scale photocatalytic 
system might be applied to work on the degradation of real wastewater, thus it can be 
easily utilized for practical implementation.  

In the case of H2 fuel production and CO2 reduction, the preparation of Z-scheme 
photocatalytic systems using low band gap energy semiconductors with appropriate band 
edge potential are assumed to improve the charge carrier generation, separation, and 
transport efficiency. The improved charge transport enhances the solar-to-hydrogen and 
CO2 reduction efficacy. Further studies devoted to using the in-situ characterization 
techniques for proving the Z-scheme type transfer of charge carrier at the interfaces of 
two closely connected semiconductors are needed. Moreover, the research efforts have to 
be directed to design systems which simultaneously yield the H2 fuel and degrade the 
pollutants under artificial visible light and direct solar light irradiation. The simultaneous 
processes can decrease the total energy consumption which will be highly useful to 
develop practical technology for H2 fuel generation from real wastewater with 
simultaneous purification which enhances solar energy conversion efficiency. The 
quantum efficiency obtained so far is not up to the mark and further studies are needed 
for the development of multicomponent composite photocatalysts to extend their light 
absorption range, tune the band gap energy, facilitate the charge carrier generation, 
migration and utilization efficiency and increase the quantum efficiency. Besides, 
significant improvement is needed on the development of highly active, robust, 
inexpensive and earth-abundant cocatalysts for H2 evolution reactions. Future studies 
need to be focused on developing dye-sensitized photocatalytic systems to enhance solar-
to-hydrogen conversion efficiency. Adsorption and activation of CO2 onto the surface of 
photocatalysts are the vital steps in defeating the competitive reduction to enhance the 
selectivity towards carbonaceous products. Therefore, future research will be focused on 
the development of efficient single or composite photocatalysts with suitable CB edge 
potential, changing the pH of reaction mixture, modification of catalyst surface by 
introducing the hydrophobicity nature, functionalized with basic sites or some organic 
semiconductors and supporting on high surface area materials to enhance the CO2 
adsorption capacity and selectivity. Like H2 production, the loading of cocatalysts is 
needed to improve water oxidation and selectivity in the CO2 reduction products 
formation. Furthermore, the methodical mechanistic study is required to prove the 
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properties of cocatalysts, their relationship in enhancing the carrier separation and 
photocatalytic performance in either H2 generation or CO2 reduction. In addition, the in-
depth understanding of the reaction mechanism of CO2 reduction at the molecular level 
through in-situ spectroscopical studies is needed. Finally, it is expected that the future 
research should be dedicated to develop robust and effective photocatalytic systems 
based on the above-described ideas for environmental remediation and energy application 
using proper technologies and promote them to apply simultaneously in all these 
applications.  
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Abstract 

Heavy metals are very toxic, carcinogenic and non-biodegradable substances discharged 
into waste water from various chemical industries, even a small concentration of heavy 
metals can be lethal for the environment and public health.  Advanced developments for 
treating of heavy metals contaminated industrial waste water involving natural polymers 
such as fungai, algae, microorganism, biopolymers and numerous polysaccharides have 
shown to be very useful.   
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1. Introduction 

Heavy metals are non-biodegradable metallic elements, have high molecular weight, are 
most persistent wastewater pollutants with density of 5g/cm3[1-5]. These metals have 
toxic (acute, chronic or sub-chronic) [6-10], carcinogenic [11-13], mutagenic [14, 15], 
neurotoxic [16, 17] or teratogenic effects on human, plants and microorganisms [17-19]. 
Arsenic, cadmium, chromium, copper, lead, mercury, nickel, silver, and zinc are the most 
common toxic metals in waste water. Heavy metals have numerous agricultural, 
industrial, medical, domestic and commercial applications [20-23]. Their occurrence and 
accretion are due to certain environmental factors such as leaching of rocks [24, 25], 
aerial dust [26, 27], forest fires [28, 29] and flora [30, 31]. Human activities such as 
urbanization [32, 33] and industrialization [34, 35] have been major reasons for the entry 
of trace elements in water bodies. The toxicity, genotoxicity, and carcinogenic nature of 
heavy metals depends on the quantity, exposure limit, production rate, age, gender, 
heredities, and dietary status of the exposed person. Arsenic, cadmium, chromium, lead, 
and mercury ranked highly as toxic metals, even a small concentration of theses metallic 
toxicants have very lethal impact on biological tissues and environment. The 
International Agency for research on Cancer [36] and U.S. Environmental Protection 
Agency [37] declared these metals as carcinogenic.  

Lead is considered a threat to human health [38]. Even lower level of exposure to lead 
has an influential effect on human health [39-42] and reproductive system [43, 44]. It 
caused a decrease in hemoglobin production [45] and mental alertness [46].  Children are 
a carrier of lead right from birth via blood stream of their mother in embryonic stage [47]. 
It is now proven that antisocial behavior and criminal attitude due to the accumulation of 
lead during childhood, which has lifetime effect on a child brain and intellectual 
capabilities. Environmental factors such as polluted dust, air, and soil are also a potential 
source of lead. Environmental lead is also harmful to flora, fauna, and microbes. 

Another persistent cumulative poison is cadmium. A major source of kidney malfunction 
in human beings is the intake of cadmium by food or vegetables [48, 49].  Agriculture 
soil irrigated by cadmium rich water caused accumulation of cadmium in a food product. 
The intake of such food items by any human being results in renal tubular damage, 
osteomalacia, osteoporosis, cadmium pneumonitis, lung emphysema, high blood pressure 
and prostate cancer [50]. The International Agency for Research on Cancer (IARC) 
classifies cadmium in Class 1 of carcinogenic elements. Persistent exposure may result in 
respiratory edema and demise. Aquatic organisms absorbed Cd (II) directly from 
wastewater reservoirs. In plants, stomata opening, transpiration, and photosynthesis have 
been affected by cadmium. It causes a decrease in seed germination and lipids contents 
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and enzymes activity. ( Table 1) lists the sources of their toxic effects on the human 
health. 
 

Table 1. Heavy metal sources and toxicity. 

Heavy Metal  Sources Toxicity 

Arsenic  Pesticides and metal smelters Vomiting, abdominal pain, encephalopathy, 

thickening of the skin, darker skin, 

abdominal pain, diarrhea, heart disease, 

numbness, and cancer. 

 

Cadmium  Fertilizers, Pesticides, 

electroplating, Cd Batteries and 

nuclear fission reactions 

 

Cardiovascular, renal, gastrointestinal, 

neurological, reproductive, and respiratory 

disorders 

Chromium Mining, chemical industries, 

metal Piping, pesticides, 

electroplating, leather tanning, 

dyeing, and cement industries 

Pneumonia, asthma, bronchitis, liver 

damage, a decrease in blood cells, skin ulcer 

Lead Pesticides, paint, mining, 

smoking, combustion, 

automobile emission 

Anemia, constipation, hearing Loss, kidney 

damage, reduced IQ, slow development and 

birth defects 

 

Mercury Gold mining, coal-fired power 

stations, Industrial boilers and 

biomass combustion. 

Depression, vision or hearing loss, 

numbness, irritability, tremors, memory 

problems 
 

Arsenic is another toxic heavy metal discharged in waste water. It binds itself with 
protein and damaged biological tissues. It inhibits ATP production during respiration by 
coagulating protein [51]. It is more dangerous in inorganic form as compared to organic 
arsenicals. Arsenite is more poisonous than arsenate. Arsenic compounds caused acute 
lethality as well as the inhibition of growth in aquatic and terrestrial biota [52].  
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Dental amalgam, mercury oxide batteries, electric and electronic switches, thermometers, 
laboratory chemical industries etc. are major sources of mercury in wastewater [53]. 
Methyl mercury originated from seafood badly affects human brain especially children 
via placenta during their birth [54]. The high toxicity of methyl mercury is well 
documented. Epidemiological studies revealed that infant’s brain is exposed to methyl 
mercury through placenta via the gastrointestinal tract. However, plants are usually 
unresponsive to the toxic effects of mercuric compounds in waste water. Exposure to 
Cr(III) or Cr(VI) caused allergic reactions like irritating respiratory, stomach and blood 
effects [55]. Cr(VI) compounds are more toxic as compared to Cr(III) and considered as 
carcinogenic. There is a need to minimize human and environmental exposure to toxic 
heavy metals by strict regulation and developing new technologies. 

1.1 Wastewater treatments 

Numerous methodologies have been commercialized for removal of heavy metals from 
water sources, involving physical, chemical and biological treatments (Fig. 1). Heavy 
metals can be removed from sewages using adsorption with activated carbon, chemical 
precipitation, electrochemical treatment, ion-exchangers, membrane filtration, 
coagulation–flocculation, flotation precipitation with hydroxides, carbonates and sulfides 
are other popular techniques. 

However, all the methods mentioned above become ineffective at very low metal 
concentration. Electrolysis and ion exchange are expensive methodology due to high 
capital and operational costs. Precipitation and flocculation faced a challenge because of 
the necessity for disposal and treatment of sludge produced during treatment. Adsorption 
is a well-known equilibrium separation process. For water decontamination applications, 
it is proven as an effective, efficient and economical process. The adsorbents are 
categorized as mineral, organic or biological. Activated carbons, clays, zeolites and silica 
gel are low-cost adsorbents of mineral origin. Agricultural wastes, biomass, and 
polymeric resins, microporous polymeric beads belong to the organic class of adsorbents 
so adsorption with activated carbon is considered more feasible and efficient treatment 
for removal of heavy metals from waste water. But in many cases, it’s not cost effective. 
Consequently, low-cost sorbents derived from natural polymers are a promising 
alternative for reduction of water pollution [56, 57]. 
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Fig. 1. Methodologies for decontamination of waste water 
 

2. Natural polymers as biosorbents 

Since the beginning of industrialization activated carbon has been the common and 
extensively used adsorbent for purification of waste water. Microporous structure, large 
surface area and chemical reactivity of carbon have made activated carbon an ideal 
candidate for treatments. However, activated carbon treatments are expensive and hence 
the need of alternative low-cost adsorbents with superior performance has always been 
felt. Recently natural polysaccharides have been developed as economical, more effective 
and environmentally friendly materials for removal of a toxic substance from 
contaminated water [58]. Polysaccharides based adsorbents such as cellulose [59], 
nitrocellulose [60], chitin[61], chitosan [62], starch [63], cyclodextrin [64] and natural 
gums [65] as well as their derivatives have been under consideration to purify water in an 
economical way. These biopolymers represent an interesting and attractive alternative as 
adsorbents because of their structural diversity, abundance, physio-chemical properties, 
stability under wide PH range, reasonable reactivity and good adsorption capacity. 
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Theses biopolymers have a very high swelling index due to the hydrophilic nature of 
monomer units associated with polymer back. Consequently, repeating anhydrous sugar 
units swell during adsorption process to allow the fast removal of heavy metals from the 
solution by diffusion. Numerous functional groups (hydroxyl, acetamido or amino 
functions) present on theses polymers backbone make them an ideal candidate for 
chemical interactions with a wide variety of molecules. Grafting of these functional 
groups enhanced organic solubility, polarity and hydrophilicity of natural polymer, 
consequently increased their adsorption capacity for heavy metals pollutants. Another 
advantage associated with these biopolymers is cost management so “green” and 
sustainable water treatments become a prerequisite. Recently, several natural polymers 
have been developed as economical and efficient adsorbents. The adsorption process for 
decontamination of water by these biopolymers is termed as biosorption. It is a mass 
transfer method by which heavy metals are transferred from aqueous solution and 
bounded by physical and chemical interactions on absorbents. Generally, a suitable 
adsorbent for these processes should meet following requirements. 

 
• Efficient for wide range of environmental pollutants. 

• Maximum swelling index and adsorption capacity. 

• Granular and porous structural morphology. 

• Biodegradable and easy regeneration ability. 

• Stability under experimental conditions, temperature, pH and other variables. 

• Low cost and environment benign. 

• High physical strength. 

The main steps involved in adsorption of pollutants on solid adsorbent are (Fig. 2) 

 
• Metal ion transportation from the bulk solution to the external surface of the 

adsorbent. 

• Internal mass transfer through the porous surface of adsorbents. 

• Occupying of active sites of adsorbents by metal ions. 
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Fig. 2. Illustrations for adsorption method for heavy metals. 
 

In this Chapter, numerous adsorption mechanisms have been discussed for efficient 
natural polymers as an adsorbent for wastewater treatment. The parameters which have 
been investigated for optimizing the use of adsorbent in wastewater treatment include 
adsorbent nature, the concentration of metal ions, temperature, time, pH of aqueous 
media, reaction kinetics and adsorption isotherm. 
 

2.1 Cellulose as biosorbents 

Most abundant biopolymer on earth is cellulose and hemicellulose (Fig. 3). Cellulose is a 
linear homopolymer of glucose connected by β1 4 glycosidic linkages having 
intramolecular and intermolecular hydrogen bonding.  

Numerous derivatives of cellulose are commercially available due to structural 
modification by replacing free hydroxyl groups on polymer backbone by other functional 
groups. Cellulose was modified successfully to produce effective adsorbents using 
chemical and biological methods. Such as graft copolymerization, etherification and 
modification for corn stalk, quaternization for rice straw, and oxidation for peanut shell. 
These cellulosic adsorbents were characterized and then used for the removal of heavy 
metals from waste water. 

 

Adsorption Mechanism 
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Fig. 3. Structure and sources of cellulose. 

 

Crosslinked cellulose was prepared under different synthetic conditions. Epichlorohydrin 
(EPI) has been considered good crosslinker for cellulose for a decade [66]. A lot of work 
has been done on epichlorohydrin crosslinked cellulose to form polymeric adsorbents 
with tunable properties. Dalbergia sissoo pods, commonly known as Indian rosewood 
found throughout India, Bangladesh, Pakistan and Nepal up to 900 m were assessed for 
sequestering of Cr (VI) from synthetic wastewater.  

Cellulose based nanogels [67] have been synthesized by graft copolymerization of acrylic 
acid and N-isopropyl acrylamide (NIPA) onto carboxymethyl cellulose (CMC) for 
removal of copper and lead ions from aqueous solutions. Cellulose based adsorbents have 
been used for removal of Cu2+, Ni2+, Zn2+, Pb2+ and Hg2+from waste water. Cyanoethyl 
cellulose [68]-based superadsorbent hydrogels were prepared and used for the adsorption 
of copper (II) ions from aqueous solutions. Acrylamide and acrylonitrile grafted cellulose 
were also examined for sorption of different metal ions as best alternative to cheap and 
economical sorbent materials [67, 68]. 

2.2 Chitosan as biosorbents 

Chitosan is composed of randomly dispersed β-(1→4)-linked D-glucosamine 
(deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) chains (Fig.  4). It is 
produced by N-deacetylation of chitin (shrimp and other crustacean’s shells) under 
alkaline conditions via deproteination and deacetylation mechanism. Chitosan is 
biocompatible, biodegradable and not-toxic hydrophilic polymer, having very reactive (-
NH2, -OH) groups as essential part of its backbone. Chitosan undergoes modification by 
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various crosslinkers such as acetate, ethylene glycondiglycidyl ether, methanol, glyoxal, 
glycidyl chloride, glutaraldehyde, and isocyanates which enhanced the metal binding 
capacity of chitosan. It is a pH sensitive polymer but after substitution becomes stable 
over a wide pH range [69, 70]. 

 

Fig. 4. Structure of chitin and chitosan. 
 

Various Chitosan derivatives have been used extensively as an adsorbent. Chitosan 
derivatives containing nitrogen phosphorous and sulfur as hetero atoms and other 
derivatives such as chitosan crown ethers and chitosan ethylenediaminetetraacetic 
acid(EDTA)/ diethylenetriaminepentaacetic acid (DTPA) complexes. [71, 72] crosslinked 
via ethylene diamine have been used for removal of Cu (II) ion from wastewater.  

Another approach for removal of Cu(II) ions from aqueous solution was done by pH-
dependent formaldehyde crosslinked [73, 74]. Chitosan layered carbon adsorbent was 
developed for the removal of Cr(IV) and Cd(II) from wastewater at pH of 5.0-5.5. The 
reactions followed pseudo-second-order kinetics via Langmuir adsorption isotherm.  

Novel chitosan composites have been fabricated for decontamination of waste water from 
heavy metals. Polyelectrolyte films and chitosan blends and CMC/pectin interpolymer 
complexes have been used for removal of Pb (II) ions from the treated waste water. 
Different variables studied demonstrated first order kinetic for adsorption mechanisms. 
[75] and Granular semi-IPN hydrogel composites were prepared for their use in removal 
of Cu(II) ions from the wastewater. Microporous film of polyethylene glycol cross-linked 
chitosan was used for Fe removal from aqueous solutions. Brominated chitosan showed 
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enhanced Pb(II) ions adsorption capacity due to increase in the surface area and porosity.  
Gold ore stalk solutions having traces of cyanide have been purified by shrimp shells 
waste extracted chitosan. The result have shown efficient removal of Cu(II), Hg(II), 
Pb(II) and Zn(II).   

Ethylenediaminetetraacetic acid (EDTA) ligand and chitosan-silica hybrid materials [76] 
were bound for creating a novel type adsorbent for removal of the Co(II), Ni(II), Cd(II), 
and Pb(II) ions from aqueous solutions [77]. 

Grafting of polyacrylonitrile on chitosan backbone has been done in the presence of ceric 
ammonium nitrate and the resultant modified chitosan has been used for removal of 
Cr(VI) and Cu(II) ions from aqueous media [78]. 

Thiourea modified chitosan was synthesized in two steps, used for the adsorption of 
Hg(II) [79]. Chitosan-thiourea and chitosan-polyacrylonitrile, chitosan-sodium alginate, 
mercapto-acetyl chitosan, chitosan(CRCH)-carbon tetrachloride homopolymers have 
been synthesized for adsorption of numerous heavy metals such as Cu(II), Cr(VI), Cd(II), 
Pb(II) and Ag(II) ions from wastewater. The adsorption efficacy was studied at various 
pH of the solution, adsorbent dosage and contact time [70]. 

Both alginic acid and chitosan naturally occurring polysaccharides have been the most 
effective adsorbents for removal of Co(II), Cu(II), and Cd(II) from wastewater [80].    
The combined use of alginic acid and chitosan was expected to form a rigid matrix due to 
the anionic interaction between amino groups of chitosan and carboxyl groups of alginic 
acid and the crosslinking between the two through glutaraldehyde. The crosslinking 
makes the beads durable and facilitates the adsorption of Cu(II), Co(II) and Cd(II) ions 
under acidic conditions. 

2.3 Starch as biosorbents  

Starch is second most abundant biopolymer available naturally. It primarily consists of 
D-glyclopyramide homopolymerize linked together by α-1,4 and α-1,6 glycosidic 
linkage. Glucose diversity in starch molecules leads two types of polymers, amylose and 
amylopectin (Fig. 5) Amylose is an fundamentally linear polymer, whereas the 
amylopectin molecule is much branched and larger molecule. The structural variances 
among these two polymers contribute to important modifications in starch properties and 
functionality. 

Much attention has been focused on modified starches for waste water treatments because 
of their ecological friendliness, easy handling, and accessibility [80]. 
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Fig. 5. Structure of starch. 

 

Dithiocarbamate-modified starch (DTC) [81,82] and DTC mesoporous starch have 
potential for decontamination of heavy metals from waste water in the order of Cu(II)> 
Ni(II)> Cr(VI)> Zn(II)> Pb(II). The adsorption kinetic followed pseudo-second-order 
kinetics model. The adsorption kinetics of Cu(II), Cd(II), Co(II), Zn(II), Ni(II) was 
studied using dithiocarbamate-modified glycidyl methacrylate starch (DMGS). The 
adsorption of V(V) ions for removal from aqueous solutions was done by using modified 
starch known as dithiocarbamate- porous starch (DTCPS) [83]. The reaction kinetics was 
pH dependent and followed the pseudo- second order and Langmuir isotherm. 

The graft copolymer of starch and acrylic acid was used as novel hydrogels and for 
treatments of water. Starch-g-poly- (N-methyl acrylamide-co-acrylic acid) has proved as 
biodegradable adsorbent for heavy metal sequence [84,85]. This synthetic graft 
copolymer acted as an adsorbent to remove Hg(II) from wastewater. Many grafted starch- 
poly (acrylic acid)/sodium humate (St-g-PAA/SH) hydrogels were used to adsorb Cu (II) 
from the waste aqueous solution [86]. Starch xanthate (PSX)[87], starch citrate [87] 
(PSC), starch-graft-polyacrylamide-co-sodium xanthate (CSAX)[88], crosslinked 
starches, cross-linked starch/acrylonitrile [89], cross-linked amino starch [90], 
hydroxyethyl starch (HES) [91], cassava starch (St-g-GMA) and many other have been 
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reported in recent years for removal of variety of heavy metal ions to minimize water 
pollution. 

2.4 Guar gum as biosorbent 

Gums are important natural hydrocolloid and potential biopolymers for numerous food 
and non-food applications. These belongs to very important family of polysaccharides 
known as galactomannan and chemically consist of linear chain of D-mannose units, 
linked by β (1-4) glycoside linkage with α (1-6) D-galactose glycoside branching on 
approximately every alternate pH dependent guar gum silica nanocomposites were 
successfully used in elimination of Cd (II) from aqueous solution [92] as shown below in 
(Fig. 6). 

 

Fig. 6. Removal of cadmium (II) by guar gum silica-nanocomposites. 
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Guar gum (GG) and carbon nanotube (CNT) nanocomposite gel (MWCNT) with higher 
strength were prepared [93]. Iron oxide particles were then grafted on the surface of these 
super gels to enhance their sorption ability for decontamination of heavy metals. GG–
MWCNT to formulate the magnetic GG–MWCNT–Fe3O4. Form (GG-clPDA) for the 
exclusion of Hg(II) ions from their aqueous solutions. Polyacrylamides and acrylic acid 
was polymerized with guar gum and novel hydrogels with versatile and fascinating 
properties were prepared by many researchers. The graft copolymer of 
Polyacrylamide/guar gum was then cross-linked with glutaraldehyde (GA) to obtain the 
sorbent material in the form of a hydrogel. The hydrogel was used for removal of 
chromium ion (Cr (VI)) from aqueous solution mannose units [94]. 

Conclusion 

There are numerous naturally occurring materials that can be used for the removal of 
heavy metals. Natural adsorbents such as agricultural wastes, carbohydrate derivatives, 
biopolymers, natural gums are most promising for removal of heavy metal due to the 
following considerations. They are economical, metal selective, regenerative, green and 
cost effective. Still, there is a need to develop novel technologies and explore the 
possibilities of polymers as new potential natural polymer as an adsorbents for waste 
water treatments. 
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Abstract 

The present chapter deals with the basic information regarding pollution caused by heavy 
metals and their effect on our natural resources, economy and human health. It also gives 
an idea on the role of nano-composites in the remedial and purification processes. The 
principle,  procedure and advantages of ion-selective membrane electrodes along with the 
work carried out during the last decade in the field to develop various lead and cadmium 
selective cation-exchangers is included in this chapter. The utility of organic-inorganic 
composite material based sensors and their application in the development of ion-
selective membrane electrodes (ISME) for the detection of heavy metals, which render 
portable water unsafe for use and pose a threat to the wellbeing of man is also discussed. 
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1. Introduction 

The environment has been continually been neglected by the rapid, unplanned and over 
ambitious industrial development. Man has entered a blind race of exploitation of natural 
resources in the name of industrialization. The natural resources are being overburdened 
and as such the environmental balance is disrupted which has threatened the very 
existence of life on this planet [1,2]. All the essential components of environment-air, 
water and soil are highly polluted due to the unrestricted use and ill monitored flux of 
industrial and domestic discharges. Our present day environment is highly polluted and a 
safe, pure and supportive environment for humans is rapidly becoming at thing of the 
past. Pollution can be defined as any undesirable change in the physical, chemical or 
biological characteristics of air, land and water, that may adversely affect human life or 
that of other desirable species or industrial processes, living conditions and cultural assets 
or that may waste or deteriorate natural resources [3]. A pollutant may be a solid, liquid 
or gaseous substance and may be in a chemical or energy form. Some pollutants are 
produced naturally but within such a range that doesn’t cause any alarming problem. 

Today, man is collectively facing a daunting task in the form of pollution and more 
importantly the means and measures that need to be taken in order to control this menace 
and prevent further deterioration of our valuable environmental assets. Present day 
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research focuses not only on effective treatment of the contaminants but prevention and 
minimizing the production of such toxic and harmful substances in the first place. 

2. Water and its significance 

Life on earth cannot be imagined without water. Water covers about 70% of our earth and 
is one of the most important constituents of the environment which facilitates life on 
earth. About 97% of available water is present in oceans, ice constitutes about 2% of the 
total water and only 1% of water is available to sustain life on earth as present in rivers, 
lakes and reservoirs constituting the hydrological cycle of earth[4](Fig. 1). 
 

 

Fig. 1: Water cycle 
 

Water has very wide impact on different aspects of life as food, health, economy and 
energy [5,6]. Water plays a leading role in photosynthesis and respiration that form the 
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basis of life on this planet. It works as an excellent solvent in several metabolic processes 
in both plant and animal kingdom. About 69% of human body weight, 70% of brain and 
80% of blood volume is made up of water. Water got first place in the green solvent list 
proposed by the royal society of chemistry as it is easily available, has no harmful effect 
on health and environment, is high solubilising and does not produce any type of waste. 
Over the last three centuries uptake of water has increased by more than 35 times. Annual 
utilisation and withdrawal of fresh water is about 3240 cubic km, agriculture gets the 
major share about 69% of this water, industry gets 23% and only 8% of this water is 
available for domestic purpose [7]. 

3. Water and its pollution 

Entry of any toxic organic, inorganic, biological and radiological substance which 
changes the physical, chemical and biological properties of water is called water 
pollution. The Economic European Community (EEC) [8] defined pollution in its ‘article 
one’ as “the discharge by man, directly or indirectly, of substances or energy into the 
aquatic environment, the results of which are such as to cause potential health hazards to 
humans, harmful to living resources and aquatic ecosystems, damage to amenities or 
interferences with other legitimate uses of water. Industrial revolution, uncontrolled use 
of natural water resources, ever increasing human population, urbanisation and change in 
the lifestyle of the people have been the main cause of water pollution [9]. Deterioration 
in the quality of water is mainly due to industrial waste and human activity resulting in 
the pollution/contamination of water in all forms. Water quality parameters for domestic 
water supply in the form of permissible limits suggested by different organisation such as 
United States Public Health drinking water standards (USPH) and Indian Standard 
Institution (ISI) are represented in Table 1 [10,11]. Deterioration in the quality of water 
affects the aquatic ecosystem, groundwater deposits and human life. Water pollution 
manifested as water borne diseases is the main cause of about 10-20 million human 
deaths annually [12]. Diarrhea causes about 6000 deaths in children every day [13,14]. 
An estimated 0.78 billion humans in the world don’t have access to safe drinking water 
[15]. 
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Table 1: Water quality parameters as per USPH and ISI 
Parameters  ISI USPH 

Essential characteristics  

Color  15 Hazen  Colorless  

Odour  Agreeable  Odourless 

Taste  Agreeable  Tasteless  

pH value 6.5-8.5 - 

Turbidity  5 - 

Dissolved oxygen (ppm) - 4.0-6.0  

Total dissolved solid(ppm) 2000  500  

Total hardness (as CaCO3) 
(ppm) 

600  - 

Undesirable substances 

Aluminium (ppm) 0.2  - 

Chloride (ppm) 1000  250  

Fluoride (ppm) 1.5  1.5  

Calcium (ppm) 200  100  

Magnesium (ppm) 100  30  

Nitrate (ppm) 45  <10  

Sulphate (ppm) 400  250  

Phosphate (ppm) - 0.1  

Manganese (ppm) 0.3  <0.05  
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Iron  (ppm) 0.3  <0.3  

Copper (ppm) 1.5  1.0  

Zinc (ppm) 15  5.5  

Carcinogenic substances 

Cadmium (ppm) 0.003  0.01  

Chromium (ppm) 0.05  0.05  

Lead (ppm) 0.01  <0.05  

Arsenic (ppm) 0.05  0.05 

Mercury (ppm) 0.001  0.001  

Nickel (ppm) 0.02  - 

Molybdenum (ppm)  0.07  - 

Pesticides  - 0.005 

 

4. Sources of water pollution 

The major sources of water pollution are waste water discharge from industries, urban 
and rural runoff, agricultural (increased use of chemicals, fertilizers, pesticides and 
surfactants), animal matter discharge into surface and ground water and municipal 
discharge into water bodies [16,17]. Fresh water bodies are under constant stress due to 
ever increasing demands of food, energy etc. [18,19] and is a leading cause of pollution 
of the reservoirs. These sources of water pollution are broadly categorized into two types: 

1) Point sources and 2) Non-point sources 

Point sources are single identifiable sources of pollution and include the outlets from 
industries, discharging wastes into water bodies while as non-point sources often referred 
to as ‘diffusible’ sources include such sources which are not localized and are spread over 
a large area (Fig. 2). Depending upon the nature and quality of wastes disposed by point 
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sources, these are regulated by several environmental protection agencies. From the 
pollution control point of view, the non-point sources are more troublesome and 
problematic compared to the point sources because these contain varied types of 
contaminants. Paper, chemicals, petroleum and metal industries produce about 97% of 
water contaminants. 

Water pollutants in general are grouped into the following four types: 1) organic 
pollutants 2) inorganic pollutants 3) suspended solid sediments and 4) radioactive 
materials. Among these, organic and heavy metal pollutants are of major concern. 
Organic pollutants are carcinogenic and heavy metals are non-biodegradable and their 
long exposure can lead to several serious ailments/ health hazards and even death. 

5. Heavy metal pollution 

Heavy metal pollution mainly originates from the industries, geological weathering, 
volcanic eruptions, forest fires, ore processing, metal coating, use of chemicals, fertilizers 
in agriculture, landfill waste, sewage effluents etc. Such metals are used for 
manufacturing of batteries, pigments, as catalyst in petroleum industries, protective 
coating of other metals, chemical synthesis and in metal processing plants [20,21]. The 
heavy metals from these sources and other anthropogenic activities make their entry into 
various spheres of the environment and pose a serious threat to life. The main problem 
arises due to their non-biodegradable and accumulative nature. Once the heavy toxic 
metals enter into the food chain or the food web, next is their bio-accumulation in various 
tissues [22]. Some heavy metals (copper, zinc, iron and trivalent chromium) are 
important for the human body at very low concentration levels but some of the heavy 
metals/metalloids are highly toxic such as mercury, cadmium, arsenic and lead. Mercury, 
lead and cadmium are also known as the “big three” poisonous heavy metals [23]. Due to 
their highly toxic nature and already well established harmful effects on human health, 
several heavy metals have been placed on a priority list by various environmental 
protection agencies. Table2 shows the maximum permissible limit of some heavy 
metals/metalloids in drinking water [10,11,24-26].  
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Fig. 2: Sources of water pollution. 

 

6. Effect of heavy metal/metalloid pollution on humans 

Following their route through the food chain, heavy metals accumulate in the human 
body as these are non-biodegradable in nature and are also not converted into harmless 
end products through metabolism, causing severe, carcinogenic as well as chronic health 
problems. Some of these metals/ metalloids are given below. 

6.1 Cadmium 

Cadmium is generally found in industrial work places and is extremely toxic in nature. It 
mostly gets released into the water bodies through industrial discharges, cadmium-nickel 
batteries, phosphate fertilizers, pigments and alloys [20] and causes stomach pain, severe 
vomiting, damage to kidneys, lungs, reproductive failure and destruction of red blood 
cells [27-29]. 
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Table 2:  Maximum permissible limits (µg L-1) of heavy metals/metalloids in drinking water. 
Heavy metals 

concentration  

WHO European 

Union 

United States China  Canada ISI 

Cd  3  5  5  5  5  3  

Cr 50  50 100  50  50  50  

Cu  - 2000  - 1000  1000  1500  

Pb  - 10  15  10  10  300  

Hg  6  1  2  0.05  1  1  

Ni  - 20  - - - 20  

As   10  10  10  50  10  50  

Fe  - - - - 300  300  

Mn  - - - - 50  30  

Se  40  10  50  10  10  10  
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6.2 Lead 

Lead is one of the most prominent heavy toxic metals. It gets released into the 
environment by both natural as well as anthropogenic activities. The main sources 
include volcanic eruptions, sea aerosols, the manufacturing of lead acid batteries, metal 
processing plants, paints, lead pipes, solders and gasoline. Lead poisoning is also referred 
to as plumbism. Its exposure causes irritability, insomnia, damage to kidneys, brain, 
reproductive and central nervous system [21,30,31]. 

6.3 Arsenic 

Arsenic exposure is related to occurrence of high blood pressure and peripheral vascular 
diseases [32-35]. The skin is the most badly affected part of the human body due to 
arsenic exposure. Dermatological hyper-pigmentation, based cell carcinoma (BCC), 
squamous cell carcinoma (SCC) and Bowen's disease (BD) have also been reported due 
to chronic arsenic exposure [36,37]. It is also related to cancer of several body organs as 
urinary bladder, lung and pancreas [38,39]. It gets released into the environment by both 
natural and anthropogenic sources [40,41]. 

6.4 Chromium 

Chromium can exist as hexavalent or trivalent form in the aqueous environment. Out of 
these two forms Cr(VI) is highly toxic and carcinogenic as compared to Cr(III). It is used 
in tanning, hard chromium plating, textiles, thermal power plants and sugar mills [42-45]. 
Cr(VI) causes skin rashes, stomach ulcers, respiratory problems, kidney and liver 
damage, mutations and lung cancer. 

6.5 Mercury 

The high reactivity and relative solubility of mercury in water and other tissues make 
mercury a potent toxic heavy metal [46]. It is used in production of batteries, cameras, 
cathode tubes, calculators, dental amalgam fillings, mercury vapour lamps and 
barometers [47]. It gets easily accumulated in the food chain and is a precursor of several 
health hazards in humans viz, nausea, abdominal pain, damages kidney, gastrointestinal 
tract, hearing impairment, teratogenic effect [48,49]. Table 3 represents some heavy 
metals/metalloids, their sources and effect on human health. 

7. Some heavy metal disasters 

Chisso Corporation released sewage into Minamata Bay in Japan containing mercury 
(1932-1968), resulting in its accumulation in aquatic organisms over a period of time, 
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leading to mercury poisoning [50]. In 1956, the first case of Minamata disease appeared 
in Japan by consumption of mercury polluted fish. 

In 1986, water used to extinguish major fire in Mexico carried ~30 tons of fungicide 
containing mercury into the upper Rhine and causing a large kill off of aquatic lives [51]. 

In 1998, Coto De Donana nature reserve (Spain) got contaminated with toxic chemicals 
by bursting of a dam belonging to a mine. Almost 5 million metric tons of mud 
containing several harmful metals (Pb, Cd) flew down Rio Guadimar. Permanent damage 
was caused to bird sanctuary, agriculture and fisheries [52]. 

 

Table 3:Sources and effects of metals/metalloids on human health. 
Heavy metal Sources Effect on human health 

Chromium 

 

Cooling tower, dyes, 

electroplating, ink, anodizing, 

paints, tanning etc. 

Cancer 

Cadmium 

 

Coal combustion, metal 

plating, water pipe, pigments, 

phosphate fertilizers etc. 

Cardiovasculardisease, 

reproductive failure, kidney 

damage and hypertension 

Copper 

 

Pulp and paper, electrical 

goods, utensils, chemicals etc. 

Caner (suspected) 

Lead 

 

Metal processing plants 

batteries, paints etc. 

Affects nervous and renal 

systems, headache, 

constipation, cancer etc. 

Nickel 

 

Diesel oil, coal, steel & non-

ferrous alloys, tobacco smoke 

Lung cancer, respiratory 

Symptoms and haemorrhage 

Inorganic Pollutants in Wastewater



98 

etc. 

Zinc Galvanizing, alloys rayon, 

paper etc. 

Cancer 

Mercury Coal combustion, electrical 

batteries, Chlor-alkali industry 

Nerves damage, death, 

kidney and brain damage 

Iron 

 

Steel, dye, textiles, machinery, 

medicines etc. 

Cancer (suspected) 

Cobalt Alloys, steel, electroplating 

glass, enamel etc. 

Cancer 

Manganese Metal alloys, power plants, 

gasoline etc. 

Nervous system damage 

 

8. Removal of heavy metals 

The aquifers are fast depleting owing to several factors. Advanced purification 
technologies can release pressure of water scarcity, health and climate change. The same 
can be achieved by purifying and reuse of waste water, which in effect involves the 
development of efficient, novel, reliable and cost effective materials and methods [53]. A 
number of methods have been used for the determination/removal as well as treatment of 
heavy metals from waste water bodies. These methods are: 

 Chemical and electrochemical precipitation  

 Evaporation 

 Membrane filtration 

 Reverse osmosis 
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 Adsorption 

 Electrochemical sensors 

 Ion-selective membrane 

Biological treatment in the form of activated sludge and trickling filters are not able to 
remove a broad array of contaminants as majority of the compounds remain soluble in the 
effluent [54,55]. Similarly, physico-chemical treatments such as flocculation, coagulation 
and lime softening are ineffective in removing various endocrine disrupting compounds 
(EDCs) and pharmaceutical compounds [56,57]. The chlorination provides protection 
against regrowth of bacteria and pathogens [58,59] but produces undesirable taste and 
odour [60], along with the formation of different disinfection by-products (DBPs) in 
portable water [61,62] while ozonisation is not an effective alternative considering its 
high cost. Ultraviolet and ion-exchange are considered as advance methods for the 
treatment process. 

9. Nano-composites 

At present the most surprising and promising field in technological developments is 
nanotechnology. The word “nano” comes from Greek word “nanos” meaning “dwarf” as 
in nano-science materials used are in nanometer range. Nanoparticles are embedded into 
metal, ceramic and polymer matrix material in nano-composites. These embedded nano-
particles act as matrix reinforcement and change the physical properties of the base 
material. High surface to volume ratio of reinforcing material or high aspect ratio makes 
nano-composite different from conventional composite materials with better and 
interesting properties. Being environmental friendly with interesting properties, nano-
composites provide a new technology and wide opportunity to all sectors of industry in 
order to fulfil the ever growing demands of society. 

9.1 Classification of nano-composites 

On the basis of matrix material, nano-composites are classified as: 

1. Ceramic matrix nano-composites  

2. Metal matrix nano-composites  

3. Polymer matrix nano-composites 
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9.1.1 Ceramic matrix nano-composites 

In ceramic matrix nano-composites (CMNC), the main volume of composite material is 
occupied with ceramic and metal is the second component. Nano-composites obtained 
with the combination show improved electrical, magnetic, optical, corrosion resistance 
and other protective properties. Pioneer work of Niihara [63] revealed the potential of 
CMNC made up of Al2O3/SiC system.  

9.1.2 Metal matrix nano-composites 

In this type of nano-composites, metal reinforcement is embedded into metal matrix 
material. Carbon nanotube (CNT) metal matrix composites are one of the important 
nano-composites of this class and emerge as new material with high tensile strength and 
electrical conductivity. Metal matrix nano-composites have been widely used in the 
development of structural materials, aerospace and automotive industries. 

9.1.3 Polymer matrix nano-composites  

Nano-particles such as carbon nanotubes, graphene, tungsten disulfide and molybdenum 
disulfide reinforced into polymer matrix enhance the compressive and flexural 
mechanical properties of polymeric substances. These types of nano-composites are light 
weight and mechanically strong, hence used in bone implantation. For enhancing the 
electrical conductivity, multiwalled carbon nanotubes based polymer nano-composites 
are used.  

On the basis of nature of association between organic and inorganic components, nano-
composites are classified as: 

1. Inorganic-organic nano-composites 

2. Organic-inorganic nano-composites 

9.1.4 Inorganic-organic nano-composites 

In this type, inorganic nano-particles are embedded into organic matrix material. 
Inorganic nano-particles (guest particle) are introduced into the host (organic) matrix 
through chemical route or by electrochemical incorporation method. Colloidal stability, 
better optical and catalytic properties are the main features of inorganic-organic nano 
composites. 

9.1.5 Organic-inorganic nano-composites 

In organic-inorganic nano-composites, organic nano-particles are embedded into the 
inorganic matrix material. Inorganic materials possess well defined, ordered intralamellar 
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space that is accessible to foreign substance producing interesting lamellar organic-
inorganic nano-composite materials. These lamellar nano-composites are further divided 
into two classes, intercalated and exfoliate. 

In intercalated nano-composites, definite number of polymer chains with fixed 
compositional ratio is present in interlamellar space of the inorganic layer. The number of 
polymer chains between the inorganic layers is continuously varying in exfoliate nano-
composites with a distance >100Aͦ between layer stands. 

9.2 Application of nano-composites 

Nano-composites are used in various fields and new applications are being continuously 
developed. Some applications [64,65] of nano-composites are given below: 

 Thin-film capacitors for computer chips 

 Solid polymer electrolytes for batteries 

 Automotive engine parts and fuel tanks 

 Oxygen and gas barrier 

  Food packaging 

 Battery cathodes and ionics 

 Non-linear optics 

  Nano-wire sensors and others systems 

 Impellers and blades 

9.3 Nanotechnology in water purification and development of sensors/detectors 

Nano-technology has the potential to control materials at nano-scale resulting in the 
formation of materials with specialized function [64,66]. These materials possess very 
high surface to volume ratio and hence can be used to detect sensitive contaminants 
[65,67]. Nano-technology, when applied to industrial processes also finds its application 
to prevent the formation of pollutants. It finds application in environmental processes at 
several levels viz, 1) pollution control, 2) purification (remediation) of contaminated 
material, 3) sensing and detection. The development and evolution of such instruments is 
inevitable keeping in view the rapidly changing scenario of pollutants [68,69]. The 
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remedial process involves the removal of pollutants in water that pose a threat to human 
health and eco-systems. Several nano-materials have found application in water remedial 
processes; e.g. zeolites, carbon nanotubes (CNTs), nano-particles of zero valent iron, self 
assembled monolayers on mesoporous support [70]. The CNTs exhibit high adsorption 
capability for several heavy metals and metalloids such as Pb2+, Cd2+, Cr3+, Zn2+ and 
As3+[71-74]. Nano-fibres of poly vinyl alcohol (PVA) and poly acrylonitrile (PAN) 
containing silver nano-particles exhibit antimicrobial activity; with PVA nano-fibres 
reducing ~99% bacteria in polluted water and PAN nano-fibres killing ~100% [75]. 

Nano-wires and tubes offer greater opportunities in the field of chemical/ biological 
sensors [76,77]. The development of such sensors which provide fast and accurate 
information about contaminants at low levels is going to boost the ability to protect the 
environment and human health [78]. 

10. Electrochemical sensors 

The electrochemical sensors represent a rapidly progressing division of analytical 
chemistry [79]. These sensors essentially represent electrochemical cells employing 
two/three electrode system. These have attained a great significance owing to their on-
site monitoring of various environmentally hazardous substances, thus addressing several 
environmental concerns [80]. Fig. 3 represents some of the important aspects to be 
considered while choosing an electrochemical sensor. 

A sensor can be defined as something viz an apparatus, a device which is used to sense or 
detect a particular substance or species. In general, a sensor consists of an active material 
for sensing and a signal transducer. A chemical sensor is defined as a device which 
provides fast and continuous information about its immediate surrounding environment. 
The chemical sensors recognise the analyte and their chemical changes are manifested in 
the form of a signal which can be easily interpreted [79,81]. The chemical sensor senses a 
particular analyte and transforms the chemical interaction with the analyte into an 
electrical signal in the form of potential of an electrode with respect to the reference 
electrode. The magnitude of signal is determined both by the quality and quantity of the 
analyte and hence, the linear response range can be treated as the activity range of the 
sensor [82]. The chemical sensing involves both recognition of an analyte at a particular 
site and the transduction (Fig. 4). The chemical sensors find wide variety of application 
particularly in the field of clinical diagnostics, safety, industrial hygiene, process 
controls, quality controls, human comfort, critical care, emissions monitoring, 
automotive, safety alarms and more recently homeland security. The wide spread 
application of chemical sensors in these fields has economic, aesthetic and social utility 
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[83]. These sensors are mostly categorised as: amperometric, conductometric and 
potentiostatic. 

 

Fig. 3: Different aspects of electrochemical sensors. 
 

The voltametric sensors involve the measurement of current when the potential of the cell 
is ramped from one preset potential value to another. Amperometric sensors on the 
contrary determine the current flow at a fixed applied potential by the detection of 
chemically active species in the process. The current is measured as a function of time 
and the potential of the working electrode is kept constant with respect to the reference 
electrode. Conductometric sensors depend on the measurement of conductivity changes 
of a film or bulk material on interaction with an analyte. These methods, principally non-
selective, mostly find application only on development of modified surfaces along with 
improved instrumentation. The conducting polymers have been used as conductometric 
sensors e.g. pyrrole detects volatile amines and if doped with ClO4

- and tosylate, acts as 
NH3 sensor [84]. 
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Potentiometric sensors on interaction with a specific analyte convert the chemical 
information related to the analyte into a useful potential signal. The signal obtained, 
corresponds to the amount (logarithmic) of the species concerned. The ion-selective 
electrodes represent an important and widely used class of potentiometric sensors. 

11. Ion-Selective membrane electrode 

According to the International Union of Pure and Applied Chemistry (IUPAC) 
recommendation [85] an ion-selective electrode (ISE) is: An electrochemical sensor, 
based on thin films or selective membranes as recognition elements, and is an 
electrochemical half-cell equivalent to other half-cells of the zeroth (inert metal in a 
redox electrolyte), 1st, 2nd and 3rd kinds. These devices are distinct from systems that 
involve redox reactions (electrodes of zeroth, 1st, 2nd and 3rd kinds), although they often 
contain a 2nd kind electrode as the "inner" or "internal" reference electrode. The potential 
difference response has, as its principal component, the Gibbs energy change associated 
with perms-elective mass transfer (by ion-exchange, solvent extraction or some other 
mechanism) across a phase boundary. The ISE must be used in conjunction with a 
reference electrode (i.e. "outer" or "external" reference electrode) to form a complete 
electrochemical cell. The measured potential differences (ISE versus outer reference 
electrode potentials) are linearly dependent on the logarithm of the activity of a given ion 
in solution. 
 

 

Fig. 4: Representation of electrochemical sensing. 
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Ostwald (1890) laid the foundation of work on ion-selective membrane with the 
discovery that for an electrolyte a membrane can be impermeable [86]. The difference of 
concentration at the membrane gives rise to membrane potential at the boundary. The 
same was later confirmed by Donan (1911) [87]. The work on collodion membrane by 
Michaelis and Fujita is considered as the basic work related to ion-selective membranes 
[88]. 

Juda and MC Rae [89] and Winger et al. [90] were the first to develop a stable and highly 
selective ion-exchange membrane with low electric resistance and this led to the use of 
ion-exchange membranes for industrial processes. The ion-selective membrane electrode 
selectively determines the activity of a particular ionic species. These electrodes mainly 
consist of membrane-based devices, composed of perm selective ion-conducting 
materials separating the sample from the inside of the electrode (Fig. 5). The potential of 
a working electrode is determined mainly by its environment while the reference 
electrode potential is kept constant by a solution containing the ion of interest at a 
constant activity. The potential difference (cell potential) is related to the concentration of 
the dissolved ion as the potential of the reference electrode remains constant. The 
development of a specific ion-selective membrane electrode is very typical and different 
strategies to produce specific electrode, selective to particular species depend primarily 
on the nature and composition of the membrane material. As such research in this area is 
wide open and has applications to an almost unlimited number of analytes, only 
limitation being the preparation of particular analyte selective membrane electrode based 
on dopant and ionophore matrix of the membrane. The ion-exchange membranes have 
been used in diverse fields of food, drug, biological, waste material treatment and 
environmental monitoring. All this has become possible due to the discovery of better 
selectivity, low electrical resistance, improved thermal and mechanical properties in ion-
exchange membranes. The ion-selective membrane electrodes offer low cost, non-
destructive, robust, portable, higher sensitive and selective procedure for the 
determination of heavy toxic metal ions. The harmful/hazardous effects of heavy toxic 
metals have necessitated the rapid, on-spot, selective determination of these ions in 
portable and ground water. The ion-selective electrodes can be used for the detection of 
both cationic and anionic ions. 
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Fig. 5: Schematic diagram of ion-selective membrane electrode. 
 

11.1 Membrane 

The IUPAC recommendations [85] define membrane as: A continuous layer, usually 
consisting of a semi-permeable material, with controlled permeability, covering a 
structure, such as carbon or an inert metal, or separating two electrolyte solutions. This 
latter case is the most general form of an ISE. The membrane separates the internal 
components of the ISE from the test solution. The membrane of an ion-selective electrode 
is responsible for the electromotive force (emf) response and selectivity of the entire 
electrode. 

Sollner [91] has defined membrane as: “Membrane is a phase or structure interposed 
between two phases or compartments which obstructs or completely prevents gross mass 
movement between the later, but permits passage, with varying degree of restriction of 
one or several species of particles from one to the other or between the two adjacent 
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phases or compartments, which thereby acting as a physico-chemical machine transforms 
with various degree of efficiency according to its nature and composition of the two 
adjacent phases or compartment”. R. Schlogl [92] described membrane as a phase, finite 
in space, which separates two other phases and exhibits individual resistance to the 
permeation of different species. 

11.2 Physico-chemical properties of ion-selective membrane electrodes 

The characteristics of an electrode can be studied by evaluating the electrode response or 
membrane potential, detection limit, response time, working pH range, selectivity and 
interference. 

11.2.1 Electrode response or membrane potential 

The use of ion-selective electrodes involves the potential determination. However, the 
potential of an individual electrode cannot be determined and it requires the measurement 
of emf of the half cell of an electrochemical cell. The two half cells are separated by the 
ion-selective membrane with their respective reference electrodes. A membrane potential 
(emf) is developed across the membrane separating the two solutions 1 and 2 with both 
having the same ions. This potential developed across the membrane is given by the 
equation (1.1) 

Em = 𝑅𝑅
𝑍𝐴𝐹

�ln [𝑎𝐴]1
[𝑎𝐴]2

− �𝑍𝑦 − 𝑍𝐴� ∫ 𝑡𝑦𝑑 ln𝑎±
2
1 � (1.1) 

where A = counter ion, Y = co-ion, Z = charge on ions, ty = transference number of co-
ions in the membrane phase, [aA]1 and [aA]2 =  activities of the counter ions in the 
solution 1 and 2, a± = mean ionic activity of the electrolyte.  
For an ideally perm-selective membrane- 

Em = ± 𝑅𝑅
𝑍𝐴𝐹

�ln [𝑎𝐴]1
[𝑎𝐴]2

� (1.2) 

The above eq. (1.2) represents the Donnan potential for an ideally perm-selective 
membrane. The concentration of the internal or reference solution is kept constant 
(usually 0.1M). This solution, a standard calomel electrode (SCE) and the membrane 
together form an ion-selective membrane electrode. The membrane potential 
measurement is carried out using the following cell set up: 
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External 

saturated 

calomel 

electrode (SCE) 

Test or 

external 

solution 

 Membrane 

 

Internal  

solution 

Internal 

saturated 

calomel 

electrode  (SCE) 

 

This membrane electrode is then immersed in solution 2, usually referred as external 
solution or test solution, having its separate external reference electrode. The emf of this 
cell is given by the following expression- 

𝐸𝑐𝑐𝑐𝑐 = 𝐸𝑆𝑆𝑆 + 𝐸𝐿(2) + 𝐸𝑚 + 𝐸𝐿(1) − 𝐸𝑆𝑆𝑆 (1.3) 

where ESCE, EL and Em refer to calomel electrode, junction and membrane potential, 
respectively. By combining equation (1.2) and (1.3), the following equation takes form- 

𝐸𝑐𝑐𝑐𝑐 = 𝐸𝑆𝑆𝑆 − 𝐸𝑆𝑆𝑆 + 𝐸𝐿(2) + 𝐸𝐿(1) ± 𝑅𝑅
𝑍𝐴𝐹

𝑙𝑙 [𝑎𝐴]2
[𝑎𝐴]1

   (1.4) 

For cation-exchange membrane, 

𝐸𝑐𝑐𝑐𝑐 = 𝐸𝐿(2) + 𝐸𝐿(1) −
𝑅𝑅
𝑍𝐴𝐹

𝑙𝑙[𝑎𝐴]1 + 𝑅𝑅
𝑍𝐴𝐹

𝑙𝑙[𝑎𝐴]2 (1.5) 

The above equation reduces to 

𝐸𝑐𝑐𝑐𝑐 = 𝐸0 + 𝑅𝑅
𝑍𝐴𝐹

𝑙𝑙[𝑎𝐴]2 (1.6) 

since the internal solution concentration and the values of EL(1) and EL(2) are also almost 
constant. Considering the negligible values of EL(1) and EL(2) (due to salt bridge in use), 
the cell potential in above equation may approximately be taken as membrane potential.  
Hence, it is clear from equation (1.6) that the cell potential would change with the 
activity of the cation in external or test solution 2. At 25 oC, value of RT/ZAF comes out 
to be 0.059/ZA volts. The membrane is said to give Nernstain response if the slope of cell 
potential versus log activity comes out to be 0.059/ZA volts. 
  

Solution 1 Solution 2 

EL(2) EL(1) 
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11.2.2 Detection limit 

The ISEs follow the Nernstian equation within a particular concentration range of the 
analyte, and this region gives the working range of ISE. It is also defined as the activity 
range of an ion between the upper and lower detection limits of an ion-selective 
electrode. The ISEs exhibit a point (detection limit) at which the electrode response 
begins to deviate from the theoretical value and the ISE loses its specificity towards the 
primary ion. The presence of interfering ions in the form of impurities plays a major role 
in governing the detection limit of ISE. The limit of detection for an ion-selective 
electrode can be determined by extrapolating the linear part of the ion-selective electrode 
calibration curve (Fig. 6). 

11.2.3 Response time 

It is one of the essential factors of an ion selective electrode. The IUPAC 
recommendations describe response time as: The time which elapses between the instant 
when an ion-selective electrode and a reference electrode (ISE cell) are brought into 
contact with a sample solution (or at which the activity of the ion of interest in a solution 
is changed) and the first instant at which the emf/time slope (∆𝐸 ∆𝑡⁄ ) becomes equal to a 
limiting value selected on the basis of the experimental conditions and/or requirements 
concerning the accuracy (e.g. 0.6 mV/min.). 

The expeditious measurement of the ISE represents an important criterion for membrane 
electrodes and has also been described viz the time necessary to attain an equilibrium 
value (steady potential) within ±1 mV after a ten-fold increase or decrease in the 
concentration of the test-solution. 

11.2.4 Selectivity coefficients 

The selectivity coefficient is one of the important factors of ion-selective electrodes, 
which determines the potential applicability of an electrode. The ISME yield a potential 
that is primarily due to the ion of interest usually called the primary ion while other 
interfering ions are called secondary ions. However, no ISME is exclusively specific to a 
single ion. The actual response of a binary mixture of primary (A) and secondary (B) ions 
is given by Nikoloskii-Eisenman equation (1.7) [93]. Detailed theory of the processes at 
the interference of these membranes, which generate the potential, is available elsewhere 
[94-96]. 
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Fig. 6: Calibration curve of ion-selective membrane electrode. 
 

𝐸 = 𝐸0 + 2.303 𝑅𝑅
𝑍𝐴𝐹

𝑙𝑙𝑙 �𝑎𝐴 + ∑𝐾𝐴
𝑝𝑝𝑝(𝑎𝐴)

𝑍𝐴
𝑍𝐵� (1.7) 

The lower the value of 𝐾𝐴,𝐵
𝑝𝑝𝑝, the more selective is the electrode. For ideally selective 

electrodes, the 𝐾𝐴,𝐵
𝑝𝑝𝑝would be zero. Thus, the selectivity coefficient plays a great role 

while determining the selectivity of a particular ion-selective electrode. Fig. 6 shows the 
effect on selectivity of ISME due to presence of various interfering ions. The inconsistent 
values of selectivity coefficient may cause problems [97-99]. Various methods [100] 
have been suggested for determining the selectivity coefficient, however, it falls into two 
main groups, namely- (1) Separate-solution method and (2) Mixed-solution method. 

11.2.4.1 Separate-solution method 

11.2.4.1(a) Separate-solution method (aA=aB) 

The potential of ISME is measured with two separate solutions, one containing the ion A 
at the activity aA (but no B), the other one containing the ion B at the same activity aA=aB 
(but no A). If the measured values are EA and EB, respectively, the value is calculated 
from the equation- 
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𝑙𝑙𝑙𝐾𝐴,𝐵
𝑝𝑝𝑝 = (𝑆𝐵−𝑆𝐴)𝑍𝐴𝐹

𝑅𝑅𝑐𝑛10
+ �1 − 𝑍𝐴

𝑍𝐵
� 𝑙𝑙𝑙𝑎𝐴 (1.8) 

11.2.4.1 (b) Separate-solution method (EA=EB) 

The log of activity versus electrode potential relations of an ISE for the primary and 
interfering ions are obtained independently. Then, the activities that correspond to the 
same electrode potential value are used to determine the 𝐾𝐴,𝐵

𝑝𝑝𝑝. 

𝐾𝐴,𝐵
𝑝𝑝𝑝 = 𝑎𝐴

(𝑎𝐵)
𝑍𝐴
𝑍𝐵

  (1.9) 

11.2.4.2 Mixed-solution method 

11.2.4.2 (a) Fixed interference method 

The emf of ISE cell is measured for solutions of constant activity of the interfering ion, 
aB and varying activity of the primary ion, aA. The emf values thus obtained are plotted 
against the logarithmic value of concentration of the primary ion. The intersection of the 
extrapolated linear portions of this plot indicates the value of aA that is to be used to 
calculate 𝐾𝐴,𝐵

𝑝𝑝𝑝from the following equation- 

𝑲𝑨,𝑩
𝒑𝒑𝒑 = 𝒂𝑨

(𝒂𝑩)
𝒁𝑨
𝒁𝑩

  (1.10) 

where both ZA and ZB have the same sign (positive or negative). 

11.2.4.2 (b) Fixed primary ion method 

The emf of ISE cell is measured for solutions of constant activity of the primary ion, aA 
and varying activity of the interfering ion, aB. The emf values obtained are plotted against 
the logarithmic concentration of the interfering ion. The intersection of the extrapolated 
linear portions of this plot indicates the value of aB that is to be used to calculate 
𝐾𝐴,𝐵
𝑝𝑝𝑝from the equation (1.11) 

𝑲𝑨,𝑩
𝒑𝒑𝒑 = 𝒂𝑨

(𝒂𝑩)
𝒁𝑨
𝒁𝑩

  (1.11) 
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11.2.5 Life time 

The life time of an ion selective membrane electrode denotes the period of time during 
which the slope and detection limit do not undergo any significant change. The 
deterioration of the plasticiser, polymer and the electro-active material is the main reason 
for the deviation in the response of membrane electrode. Thus, the period during which 
the electrode response remains reasonably constant represents the life time of ISE and it 
mostly varies between one to four months. 

11.2.6 Effect of pH 

The ion-selective electrodes are very specific in their response towards analyte species. 
These electrodes work only within a specific pH range and as such it is essential to find 
out the effect of pH on electrode response. In order to determine the working pH range of 
the ion-selective electrode, different solutions of varying pH with constant ion 
concentration are prepared and the electrode potential is recorded at each pH. The 
electrode potential is plotted against pH value and the pH over which the potential of ion-
selective electrode remains constant is taken as the working pH range of the electrode. 

11.3 Application of ion-selective electrodes 

The ion-selective electrodes (ISEs) belong to the potentiometric class of chemical 
sensors. During the past few decades the use of ISEs has achieved new heights due to 
their wide spread applicability. The ISEs find application in various interdisciplinary 
fields as laboratory analysis, industry, process control [101], physiological 
measurements, environmental monitoring, critical care [102], safety [103], industrial 
hygiene, product quality controls [104], human comfort controls, medical health care, 
biochemistry lab tests, emissions monitoring, automotive, clinical diagnostics [105] and 
safety alarms.  These sensors find such vast applications owing to a number of 
characteristic features as ease of preparation, low cost, on-spot determination, fast 
response, wide range of application, portability and need less skilled labour [106-114]. 
Several analytical techniques have been used for the determination of trace metal ions. 
These methods include atomic absorption spectroscopy (AAS) [115,116], electro thermal 
atomic absorption spectroscopy (ET-AAS), atomic emission spectroscopy (AES), ion 
chromatography [117] and inductively coupled plasma (ICP) [118,119]. However, all 
these methods are highly expensive, time consuming and require sophisticated equipment 
and well skilled labour [120-123]. Owing to these short comings, there has been a 
continuous need for development of other methods for easy and on-spot determination of 
heavy metals. The electrochemical methods have emerged as viable alternate. The ion-
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selective membrane electrodes have several attractive features as simple instrument, high 
sensitivity and selectivity, low cost and fast response [124-130]. 

12. Literature review 

The contamination of water streams by heavy metal ions is a cause of great worry to 
mankind since their harmful effects are well established on human health. The presence 
of heavy metal ions is also considered as a potent threat to the wellbeing of aquatic life 
due to their toxic and non-biodegradable nature. A variety of approaches for the detection 
and removal of heavy metals in water bodies are reported in the literature viz, chemical 
precipitation, membrane filtration, electrochemical treatment technologies, thermal 
treatment adsorption, ion-exchange etc. However, all these methods are highly expensive, 
time consuming and require sophisticated equipment and skilled manpower. In order to 
overcome these limitations, there is a continuous need for development of other methods 
for easy and on spot determination of heavy metals. The electrochemical methods have 
emerged as viable alternate. The ion-selective membrane electrodes (ISME) have several 
attractive features as simple instrument, high sensitivity and selectivity, low cost and fast 
response. These ion-selective electrodes consist mainly of a perm-selective ion-
conducting material and are primarily membrane-based devices, which separate the 
sample from the inside of the electrode. The membranes with higher selectivity bind the 
analyte ion, leaving interfering ions behind. Hence, different materials are used to impart 
ion-recognition properties to the membrane electrodes and hence higher selectivity. The 
development of electro-active materials for preparation of ISE is of primary importance, 
since this material is responsible for the recognition of analyte of primary importance. 
The nano-composite materials are the latest development for making electrochemical 
sensors for determination of heavy metals. The nanotechnology represents a promising 
field in technological developments. Nano-particles are embedded into metal, ceramic 
and polymer matrix material in nano-composite materials. These embedded nano-
particles act as matrix reinforcement leading to changes in the physical properties of the 
base material. The higher surface to volume ratio of reinforcing material makes nano-
composite different from conventional composite materials. The environmental friendly 
nature and the ability to modify the material at nano level, provide new opportunity to all 
sectors of industry in order to fulfil the growing demand of society. A vast number of ISE 
have been developed during last decade; as such it becomes imperative to sum-up the 
published work for better understanding. Although, it is very difficult to compile the 
work carried out in this field, an attempt has been made to arrange the work carried out 
during last ten years. Table4 represents various cadmium and lead selective ion-selective 
electrodes and Table5 represents some important lead and cadmium selective composite 
ion-exchangers. 
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Table 4: Cadmium and lead ion-selective membrane electrodes. 
Ionophore/Electro-active material Response 

time 

(s) 

pH Slope 

(mV/decade) 

Concentration 

range 

(M) 

Detection 

limit 

(M) 

Ref. 

Cadmium 

Cetylpyridinium-tetraiodocadmate 3 2.0-8.0 -29.8 1.5×10-6 -1.0×10-1 6.0×10-7 [131] 

Cetylpyridinium-tetrabromocadmate 7 2.0-8.0 -25.1 1.0×10-6 -1.0×10-1 8.0×10-7 [131] 

Dicyclohexano-24-crown-8  23 2.0-5.4 30.0±1.0 3.0×10-5-1.0×10-1 - [132] 

Tetraethyl-o-silicate treated zeolite Y  - - 12.0×10-3 1.0×10-6-15×10-3 - [133] 

N,N-[Bis(pyridin-2- 

yl)formylidene]butane-1,4-diamine 

10 2.0-8.0 - 7.9×10-8-1.0×10-1 5.0×10-8 [134] 

Orion-9648BN - - - 2.5×10-5-5.0×10-4 - [135] 

Thiacalix[4]arene  ~8 4.5-6.5 29.5 3.2×10-6-1.0×10-1 - [136] 

1, 2-Bis(quinoline-2-carboxamido)-4-

chlorobenzene 

<10 2.4-9.0 30.3 ± 0.4 1.0×10-6-1.0×10-1 8.0×10-7 [137] 

N,N′-(4-Methyl-1,2-

phenylene)diquinoline-2-carboxamide 

3-8 4.0-9.0 29.5 ± 0.5 1.0×10-6-1.0×10-1 8.0×10-7 [138] 

4-Hydroxy salophen 20 2.8-8.1 30.1 ± 1.0 1.0×10-6-1.0×10-1 8.4×10-7 [139] 

[Mo2(OAc)2(H2-calix[4]arene)] 12 1.0-7.0 30.0 ± 1.0 9.9×10-8-1.0×10-1 9.8×10-8 [140] 

Poly-o-anisidine Sn(IV) phosphate 3-5 - 26.0 1.0×10-7-1.0×10-1 1.0×10-6 [141] 
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N,N,N’,N’-Tetrabutyl-3,6-

dioxaoctanedi(thioamide) 

5-10 2.0-9.0 29.4 ± 0.3 1.0×10-7-1.0×10-3 1.3×10-8 [142] 

N1, N2-Dicyanoethyl- 

N1,N2-bis(pyridin-2-ylmethyl) benzene-1, 

2-diamine 

12 2.0-8.0 29.5 2.5×10-7-1.0×10-1 7.8×10-8 [143] 

1,3-Bis(2-cyanobenzene)triazene 2 6.0-9.0 29.2 1.0×10-5-1.0×10-2 8.0×10-6 [144] 

25,27-Bis(ethyl-2-(bis(2-

pyridylmethyl)aminomethyl)aniline)-

26,28-dihydroxy p-tert-butylcalix[4]arene 

10 6.0-9.0 29.4 ± 0.6 1.6×10-6-1.0×10-2 - [145] 

Poly-o-toluidine Ce(IV) phosphate ~20 3.0-7.0 24.1 1.0×10-6-1.0×10-1 1.0×10-6 [146] 

1-Ethyl-3-methylimidazolium chloride 

doped membrane 

5.0-8.0 3.8-8.0 30.3 1.0×10-8-1.0×10-1 1.4×10-9 [147] 

Poly(4-vinyl pyridine) <60 4.0-7.5 27.7 ± 0.8 1.0×10-7-1.0×10-1 2.51×10-8 [148] 

N,N,N’,N’-Tetrabutyl-3,6-

dioxaoctanedi(thiomide) 

- - - 1.0×10-9-1.0×10-7 2.8×10-10 [149] 

5,5’-(5,5’-(Benzo[c][1,2,5]thiadiazole-4, 

7-diyl)bis(thiophene-5,2-diyl))bis-

(N1,N1,N3,N3-tetraphenylbenzene-1,3-

diamine) 

10 3.0-10.0 29.6 ± 0.3 6.3×10-8-1.0×10-1 3.6×10-8 [150] 

 Ion imprinted polymer dispersed in 2- 15 4.0-7.0 29.9 2.0×10-7-1.0×10-2 1.0×10-7 [151] 

Inorganic Pollutants in Wastewater



116 

nitrophenyloctyl ether 

2,2’-Thiobis[ 

4-methyl(2-amino phenoxy) phenyl ether] 

6 3.0-5.5 29.95 ± 0.1 3.0×10-8-1.0×10-1 7.5×10-9 [152] 

Benzil bis(carbohydrazone) ~8 2.0-9.0 29.7 1.0×10-8-1.0×10-1 3.2×10-8 [153] 

Cupric oxide nanosturucture 10 5.0-10.0 29.3 ± 0.3 1.0×10-9-1.0×10-1 5.0×10-10 [154] 

Modified p-tert butylcalix[8]arene - - - - 1.0×10-7 [155] 

Poly-o-toluidine Sn(IV) tungstate 20 4.0-8.0 27.4 1.0×10-8-1.0×10-1 - [156] 

p-Tert-butylcalix[6]arene 35 2.8-6.2 29.0 ± 1.0 9.7×10-5-1.0×10-1 - [157] 

1,13-Bis(8-quinolyl)-1,4,7,10,13-

pentaoxatridecane 

15 1.0-6.0 29.8 ± 0.1 1.0×10-5-1.0×10-1 8.4×10-6 [158] 

Polyaniline Sn(IV) silicate 10 3.5-6.5 28.53 1.0×10-7-1.0×10-1 1.0×10-7 [159] 

5-Amino-1,3,4-thiadiazole-2-thiol 10 2.5-8.5 29.6 2.1×10-8-1.0×10-1 7.58×10-9 [160] 

1-Butyl-3-methylimidazolium 

hexafluorophosphate 

12 - 30.2± 0.5 1.0×10-5-1.0×10-1 1.0×10-7 [161] 

Single walled carbon nanotubes Ce(IV) 

phosphate 

10 - 27.4 1.0×10-7-1.0×10-1 1.0×10-7 [162] 

Lead 

N,N'-Bis(salicylidene)-2,6-pyridinediamine 10 5.0-7.0 29.4 9.0×10-3-1.0×10-3 - [163] 

Bis(thiophenol)-4,4’-methylenediamine 10-20 4.0-8.2 29.1 5.0×10-6-1.0×10-1 3.0×10-6 [164] 

Nano-sized lead oxide particles 10 2.0-8.0 29.0± 1.0 2.5×10−5-1.0×10−1 8.0×10-6 [165] 
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1-Phenyl-2-(2-quinolyl)-1,2-dioxo-2-(4-

bromo)phenylhydrazone  

14 3.0-6.0 28.7 1.0×10−6-1.0×10−1 6.0×10-7 [166] 

Polypyrrole Th(IV) phosphate 35 3.0-8.5 29.1 5.0×10-6-1.0×10-1 - [167] 

Potassium tetrakis(4-chlorophenyl-borate) <15 3.5-6.5 29.7 1.0×10-6-1.0×10-1 5.0×10-7 [168] 

5,11,17,23-Tetra-tert-butyl-25,26,27,28-

tetrakis- 

(diphenylphosphinoylmethoxy)calix[4]aren

e 

17 3.5-5.0 28.0± 0.2 1.0×10−5-1.0×10−2 1.4×10-6 [169] 

2,12-Dimethyl-7,17-diphenyltetrapyrazole ~10 1.6-6.0 30.0 2.5×10−6-5.0×10−2 - [170] 

Tetraethyl-o-silicate treated zeolite Y - - 12.5×10−3 1.0×10−6-8.0×10−3 - [133] 

N,N'-Bis-thiophen-2-ylmethylene-pyridine-

2,6-diamine 

<5 - 29.59± 0.5 9.0×10−3-1.0×10−3 -5.74 [171] 

Acrylamide Zr(IV) Arsenate 20 2.0-7.0 30.0 ± 1 1.0×10-7-1.0×10-1 5.0×10-6 [172] 

3,15,21-Triaza-4,5;13,14-dibenzo-6,9,12-

trioxabicycloheneicosa-1,17,19-triene-2,16-

dione 

~16 3.7-6.5 - 3.0×10-6-1.3×10-2 2.0×10-6 [173] 

Polyaminoanthraquinone 12 2.8-5.2 28.9 2.5×10-6-1.0×10-1 7.76×10-7 [174] 

Poly(n-butyl acrylate) - - 26.6 ± 1.6 1.0×10-9-1.0×10-2 - [175] 

5,10,15,20-Tetra-(3-bromo-4-

hydroxyphenyl)porphyrin 

240 - - 5.0×10−6-4.0×10−4 2.0×10-8 [176] 
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Tetra-(3-bromo-4-

hydroxyphenyl)porphyrin 

120 - - 5.0×10−6-3.0×10−4 4.0×10-8 [176] 

4-Hydroxy salophen 600 3.1 - 1.0×10−7-1.0×10−3 8.6×10-8 [177] 

Poly-o-anisidine Sn(IV) arsenophosphate ∼30 4.0-8.0 32.8 1.0×10-6-1.0×10-1 1.0×10-6 [178] 

Trans-1,2-diaminocyclohexaneN,N,N’,N’-

tetraacetic acid 

- 5.5-10 - 1.0×10-6-1.0×10-2 8.93×10-5 [179] 

1,3-Bis(N′-benzoylthioureido)benzene 14 2.2-6.0 31.5 ± 1.6 4.0×10-6-1.0×10-2 - [180] 

1,3-Bis(N′-furoylthioureido)benzene 14 2.2-6.0 30.0 ± 1.3 5.0×10-6-1.0×10-2 - [180] 

3,7,11-Tris (2-pyridylmethyl)-3,7,11,17-

tetraazabicyclo [11.3.1] heptadeca-

1(17),13,15-triene (I) 

20 5.0-8.0 28.5± 0.2 1.0×10−6-1.0×10−1 - [181] 

5,8-Bis((5-chloro-8-hydroxy-7- 

quinolinyl)methyl)-2,11-dithia-5,8-diaza-

2,6-pyridinophane 

< 300 5.5 - 3.0×10−7-2.5×10−2 - [182] 

18-Crown-6 6 4.3-5.3 30.0 1.0×10-6-1.0×10-3 5.6×10-7 [183] 

Dicyclohexyl18-crown-6 <12 4.6-5.2 30.0 1.0×10-5-1.0×10-2 6.3×10-6 [183] 

Dibenzo18-crown-6 6 3.1-4.9 28.0 1.0×10-5-1.0×10-2 7.1×10-6 [183] 

Poly(2-methoxy-5-(2’-ethylhexyloxy)-p-

phenylene vinylene) 

10-15 - 29.1± 0.8 2.0×10-9-1.0×10-3 1.0×10−9.2 [184] 

Functionalized multi walled carbon 25 2.5-6.5 29.5± 0.3 5.9×10-10-1.0×10-2 3.2×10-10 [185] 
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nanotubes 

Poly(m-phenylenediamine) 14 3.0-5.0 29.8 3.1×10-6-0.31×10-

1 

6.3×10-7 [186] 

2-Carboxaldehydefuran benzoylhydrazone 8-10 6.2-7.8 - 9.1×10−7-1.0×10−2 7.9×10-7 [187] 

Polyvinylchloride membrane based on 

ionic liquid 

5-7 3.5-7.3 29.8 1.0×10−8-1.0×10−1 4.3×10-9 [187] 

1,1′-Thiobis(naphthalene-2,1-diyl)bis(2-

aminobenzoate)  

8 3.5-7.0 29.0± 0.2 8.0×10−8-1.0×10−2 5.0×10-8 [188] 

Triazolo-thiadiazin derivative 180 5.0-6.0 - 5.0×10−8-3.8×10−4 2.2×10-8 [189] 

Schiff base complex 

[Co(L)2](ClO4)·(C3H6O)·(H2O)] 

10 4.0-13.0 23.9 1.0×10-5-1.0×10-2 4.6×10-6 [190] 

2-Carboxaldehydethiophene 

benzoylhydrazone 

8-10 6.2-7.8 - 5.9×10−7 -

1.0×10−2 

3.9×10-7 [191] 

Poly(vinyl chloride) membrane coated 

electrode 

- 3.5-7.5 29.1 1.5×10−6-1.3×10−1 9.0×10-7 [192] 

Polyaniline Ti(IV)phosphate 10 2.5–6.5 29.48 1.0×10-8-1.0×10-1  1.0×10-9 [193] 

Polyaniline Ti(IV) arsenophosphate 20 3.0-6.0 29.3 1.0×10-6-1.0×10-1 1.0×10-6 [194] 

Poly(methyl 

methacrylate)-Cerium Molybdate 

8 2.5-6.0 29.48 1.0×10-9-1.0×10-1 5.0×10-9 [195] 

Polyaniline tungstophosphate ~35 4.0-7.0 29.6 1.0×10-7-1.0×10-1 1.0×10-7 [196] 
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Diethylsulfide-1,5-bis(2’-hydroxy-4’-

nitrophenoxy)-3-thiapentane/diethylsulfide-

1,5- Bis(8’-oxybenzopyridine)-3-thia 

pentane  

5 1.6-7.0 31.57± 0.3 2.0×10−9-1.0×10−1 1.0×10-9 [197] 

Nitrobenzo 18-crown-6 6 2.2-4.1 30.5± 0.5 1.0×10−5-1.0×10−1 8.9×10-6 [198] 

Zr(IV) phosphosulphosalicylate 15 4.0–6.5 43.8 1.0×10-5-1.0×10-1 4.78×10-6 [199] 

N,N,N’,N’-Tetrabutyl-3,6-

dioxaoctanedi(thiomide)  

- - - 3.0×10−9-1.0×10−7 6.6×10-10 [149] 

Poly-o-toluidine/multi walled carbon 

nanotubes/Sn(IV) tungstate  

50 - - 1.0×10-9-1.0×10-1 - [200] 

4-(Vinylamino)pyridine-2,6-

dicarboxylicacid coated on Fe3O4 nano-

particles 

- - - - 0.9×10-9 [201] 

Carboxymethyl cellulose Sn(IV) 

Phosphate 

10 2.0-4.0 28.1 1.0×10-6-.01×10-1 1.0×10-6 [202] 

25,26,27,28-

Tetrakis(piperidinylthiocarbonylmethylene)

-p-tert-butylcalix[4] arene 

- - - 1.0×10-6-1.0×10-4 - [203] 

Dithiozone - 5.2 - 1.1×10-8-2.4×10-6 4.0×10-9 [204] 

Poly(3,4-ethylenedioxythiophene)- 11 3.0-6.5 27.4 1.0×10-7-1.0×10-1 1.0×10-7 [205] 
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poly(styrenesulfonate) Zr(IV) 

monothiophosphate 

Zr(IV) phosphosulfosalicylate 15 4.0-6.5 43.8 1.0×10−5-1.0×10−1 4.78×10-6 [206] 

 

Table 5: Some important lead and cadmium selective composite ion-exchangers  
S. No. Organic-Inorganic Composite Material Application References 

1 Polypyrrole Th(IV) phosphate Pb(II) selective [167] 

2 Poly-o-toluidine Ce(IV) phosphate Cd(II) selective [146] 

3 Polyaniline Sn(IV) phosphate Pb(II) selective [207] 

4 Poly(methylmethacrylate) Zr(IV) phosphate Pb(II) selective [208] 

5 Polyacrylamide Th(IV) phosphate Pb(II) selective [209] 

6 Acrylamide aluminumtungstate Pb(II) selective [210] 

7 Poly-o-anisidine Sn(IV) arsenophosphate Pb(II) selective [211] 

8 Acrylonitrile Sn(IV) tungstate Pb(II) selective [212] 

9 Polyacrylamide apatite Pb(II) selective [213] 

10 Macrocyclic diamide sulphur Cd(II) selective [214] 

11 B2O3/TiO2 nano-composite Cd(II) selective [215] 

12 Ethylenediamine tetra acetic acid Sn(IV) iodate Pb(II) selective [216] 

13 Acrylamide Zr(IV) arsenate Pb(II) selectve [217] 
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14 Acrylamide stannic silicomolybdate Pb(II) selective [218] 

15 Poly(methylmethacrylate) Ce(IV) molybdate Pb(II) selective [194] 

16 Polyaniline Ce(IV) molybdate Cd(II) selective [219] 

17 Poly-o-methoxyaniline Zr(IV) molybdate Cd(II) selective [220] 

18 Poly-o-toluidine stannic molybdate Pb(II) selective [221] 

19 Poly-o-anisidine Sn(IV) phosphate Cd(II) selective [141] 

20 Polyaniline Sn(IV) molybdate Pb(II) selective [222] 

21 Polyaniline Sn(IV) silicomolybdate Pb(II) selective [223] 

22 Polyaniline zirconium titanium phosphate Pb(II) selective [224] 

23 Acrylamide Sn(IV)molybdate Cd(II) selective [225] 

24 Polyaniline Zr(IV) arsenate Pb(II) selective [226] 

25 Poly-o-toluidine Zr(IV) tungstate Pb(II) selective [227] 

26 Polyaniline Ti(IV) arsenate Pb(II) selective [228] 

27 Polyaniline Ti(IV) phosphate Pb(II) selective [193] 

28 Polyaniline Sn(IV) tungstoarsenate Cd(II) selective [229] 

29 Polyaniline Sn(IV) silicate Cd(II) selective [230] 

30 Polyvinyl alcohol zinc oxide 
Cd(II) & Pb(II) 

selective 
[231] 

31 Poly-o-toluidine Sn(IV) tungstate Pb(II) selective [156] 

32 Polyaniline Sn(IV) tungstomolybdate Pb(II) selective [232] 

Materials Research Foundations Vol. 16



123 

33 Polyaniline Ti(IV) arsenophosphate Cd(II) selective [233] 

34 Polyaniline Sn(IV) silicophosphate Pb(II) selective [234] 

35 
Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate)Zr(IV) phosphate 
Cd(II) selective [235] 

36 Polyaniline tungstophosphate Pb(II) selective [196] 

38 Carboxymethyl cellulose Sn(IV) phosphate Pb(II) selective [202] 

39 Polyaniline Zr(IV) sulfosalicylate Pb(II) selective [236] 

40 
Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate)Zr(IV) monothiophosphate 
Pb(II) selective [237] 

41 Cellulose acetate Zr(IV) molybdophosphate 
Cd(II) & Pb(II) 

selective 
[238] 

42 Single walled carbon nanotubes Ce(IV) phosphate Cd(II) selective [162] 
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Conclusion 

The water bodies are depleting rapidly owing to several factors. Only advanced 
purification technologies can relieve pressure of water scarcity, health and climate change 
by purifying and reuse of wastewater, which in effect involves the development of 
efficient, novel, reliable and cost effective materials and methods. The organic-inorganic 
nano-composites are prepared by embedding organic materials into the inorganic matrix 
material. Electrochemical sensors are a rapidly progressing section of analytical 
chemistry. These have attained a great significance because of their on-site monitoring of 
various environmentally hazardous substances. The ion-exchange membranes find wide 
spread application as food, drug, biological, waste material treatment and environmental 
monitoring due to their better selectivity, low electrical resistance, improved thermal and 
mechanical properties in ion-exchange membranes. These ISME provide low cost, non-
destructive, robust, portable, higher sensitive and selective procedure for the 
determination of heavy toxic metal ions. The ion-exchangers and ISME listed here have 
been found to be selective for heavy metal ions viz, Pb (II) and Cd(II). 
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Abstract 

Rice husk is one of the by-products of rice production, left after the burning of rice husk.  
It can cause environmental pollution, as its disposal is difficult. Hence its proper reuse is 
necessary, and because it is mainly composed of carbon and silica, it could be used in 
adsorption processes for removal of toxic heavy metals from water and wastewaters. Rice 
husk is available in ample amount. Because of its high specific surface area, it has proven 
to be a potential low-cost material in the applications of water treatment and building 
materials. This literature reviews the properties, uses, and the importance of rice husk and 
provides an effective collection of studies to utilize rice husk derivatives. This 
economically valuable agriculture waste product is a great source of silica and has many 
comprehensive applications. 
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1. Introduction 

Natural water, which has miscellaneous uses, is one of the most precious gift for the 
living beings to survive on earth. Any human or industrial activity that negatively affects 
water quality is called water pollution. Water pollution is a critical global problem, which 
needs to be evaluated constantly, and for this reason, it is important to revise water 
resource policies regularly at all levels. Water resources are becoming highly polluted 
mainly because of the worldwide expansion of industrialization, which has created huge 
environmental problems and spreading toxicity in living beings. Highly saline wastewater 
is very common nowadays because of the rapid growth of various industries like textile, 
coal mining, leather, chemical, pharmaceutical, petroleum, coal, machine and steel 
building, food processing etc. Clean freshwater is increasingly difficult to obtain and thus 
recycling of the wastewater is one of the treatment solutions. Many countries are 
spending billions of dollars on the treatment and desalination technologies to convert 
wastewater into drinking water.  

There are many hazardous pollutants and materials, which get mixed in the water and 
create water problems. It is assumed that water pollution is the main cause of worldwide 
diseases. The presence of heavy metal ions in both surface and groundwater is a major 
concern because they are not easily decomposable and due to their non-biodegradable 
nature, these are considered as main environmental hazards. Excessive amounts of many 
heavy metals may cause severe toxic effects on human health. When these metal ions 
enter into the water bodies, they become harmful to the living organisms present in water. 
Heavy metals may also accumulate throughout the food chain and their specific chemical 
form is potentially toxic to affect the human health. The problem is the unregulated 
discharge of many organic and inorganic ions in municipal and industrial wastewater. 
Due to their severe toxicity, Environmental Protection Agency (EPA) the USA and, 
World Health Organisation (WHO) have set the tolerance limits of various heavy metal 
ions into the water as listed in Table 1 [1].  
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Table 1 Permissible limits of various toxic heavy metals in drinking water according to 
various standards. 
 

                           
 
Metal   

     Permissible limit for drinking water (mg/L)   
      
IS 10500                     WHO                     USEPA                

Nickel  0.020                   0.020                 0.100             
Lead  0.010                   0.010                 0.015             
Zinc  5.000                   3.000                 5.000 
Copper  0.050                   2.000                 1.300             
Cadmium  0.003                   0.003                 0.005             
Mercury  0.001                   0.001                 0.002 
Arsenic  0.010                   0.010                 0.010 
Chromium  0.050                   0.050                 0.100 
Manganese  0.100                   0.500                 0.050 
Iron  0.300                   0.200                 0.300 

 

From many years up to now, the removal of various heavy metals from contaminated 
wastewater has been one of the most important research topics. Many effective 
conventional separation technologies methods including precipitation, separation, 
chemical oxidation, reverse osmosis, electrochemical treatment, emulsion, ultrafiltration, 
photocatalysis, ion exchange, preconcentration, evaporation, sedimentation, adsorption 
etc. [2] have been developed to remove heavy metals from aqueous solution .Out of 
these, adsorption has been widely used and is a most efficient method to eliminate heavy 
metals from contaminated water. This technique is superior because of its low cost, ease 
of operation, efficiency in treatment, high capacity, reliability, less energy consumption, 
and simplicity [3,4,5]. Therefore, there is an increasing interest among researchers to 
prepare, search and utilize an inexpensive, efficient, easily available, environmentally 
friendly material to serve as an adsorbent for the treatment of wastewater. The removal of 
heavy metals using agricultural waste materials has been extensively explored during the 
last decade. Natural substances, such as agricultural waste [3], pottery glaze [4], leechi 
fruit peel waste [8], rice straw [5], rice husk ash [6], rice hulls [7], alfalfa plants [8], green 
adsorbent [9], coriander seed powder [10], seeds of artimisia absinthium [11], 
onosmabracteatum [12], spent coffee grounds [13], P. eldarica leaves [14], activated 
alumina, fly ash, saw dust [15], peanut shell [16], spent mushroom [17], rice wine 
processing waste sludge [18], pyrolyzed olive pomace [19], coal fly ash [20], modified 
corn stalk [21], phoenix tree [22], defatted papaya seed [23], tea-industry waste activated 
carbon [24], sawdust of Jackwood [25], natural limestones [26], coconut coir and derived 
chars [27], Pleurotusostreatus [28], modified walnut shells [29], peat [30], have been 
reported to be useful in the removal of heavy metal ions from aqueous system.  
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This article compiles information on rice husk and highlights its potential as an effective 
adsorbent to remove various heavy metals, by collecting the literary research works 
carried out during the last 10 years (2006-2016). It is aimed to provide the knowledge of 
the excellent adsorptive potential of rice husk derivatives, which can be an economic 
utilization and superior recycle of agriculture waste to replace expensive commercial 
materials.  

2. Rice husk and its derivatives 

Rice, is a major source of food in the various countries of the world. Rice husk is the hard 
outer coating on grains of rice which protects the seed during the growing period. Around 
20% of the total paddy weight is a husk, which is made of opaline silica and lignin [35]. 

The worldwide annual rice husk output is about 80 million tons and over 97% of the husk 
is generated in the developing countries [36,37]. Rice husk is an abundant agricultural 
waste that is generated at 545 million tons annually, which accounts about one-fifth of 
the annual gross rice production of the world [2,38].  

Rice Husk, can be recycled to produce high value eco-materials, such as silicon (Si) [39], 
silica (SiO2) [40-41], silicon carbide (SiC) [42], silicon nitride (Si3N4) and graphene (G) 
[43]. The chemical composition of raw rice husk has been reported to contain both 
organic (74%) and inorganic constituents (26%) [44]. The organic constituents include 
cellulose, hemicellulose, lignin, L-arabinose, methylglucuronic acid, D-galactose, 
proteins, and vitamins that can be removed from rich husk during the burning process 
[45]. The major inorganic component is SiO2 (80%), and the minor inorganic constituents 
include alumina (3.93%), sulfur trioxide (0.78%), iron oxide (0.41%), calcium oxide 
(3.84%), magnesium oxide (0.25%), sodium oxide (0.67%) and, potassium oxide (1.45%) 
[44]. 

Rice husk ash (RHA) is formed by the burning or combustion process of Rice hull (RH). 
Rice husk ash is the by-product, which also contains some amount of carbon. Rice husk 
ash can be used as a soil amendment, and as an additive in cement and steel [46]. Biochar 
can also be produced by thermal decomposition of the rice husk, under a limited supply 
of oxygen (O2) and at relatively low temperatures (less than 700°C). The carbonized rice 
husk is formed by incomplete burning and can be used as a soil amendment and, 
activated carbon [46] etc. However, it may cause a serious environmental and human 
health related problems, due to its high disposal in landfills. This problem is even worse 
due to its low bulk density. The typical chemical composition and physical properties 
of RHA are listed in Table 2. It can be observed from the Table that silica (SiO2) is the 
major component of RHA [47-62]. 
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Table 2 Chemical and physical properties of rice husk ash. 
 

SiO2 
(%) 

Al2O3   
(%)    

Fe2O3 
(%) 

CaO     
(%) 

MgO    
(%)           

K2O 
(%) 

Na2O 
(%) 

LOI         
(%)     

Specific gravity 
(g/cm3) 

References 

0.10-1.23 - - - 0.01-1.96 0.10-2.54 0.01-1.58 5.90 - [47] 
87.86                0.68                 0.93               1.30             0.35                 2.37               0.12                  - - [48] 
92.40                0.30                 0.40               0.70             0.30                 2.54               0.07                 2.31                2.10                                [49] 
94.60                0.30                 0.30               0.40             0.30                 1.30               0.20                 1.80                2.05                                [50] 
91.71                0.36                 0.90               0.86             0.31                 1.67               0.12                 3.13                  - [51] 
86.98                         0.84                 0.73               1.40             0.57                   - 2.46                 5.14                2.10 [52] 
87.30                0.15    0.16               0.55             0.35                 3.68               1.12                 8.55                2.06 [53] 
90.70                0.40                 0.40               0.40             0.50                 2.20               0.10                 4.80                2.05 [54] 
94.50                0.21                 0.62               0.48             0.23                   - - - - [55] 
87.40                0.40                 0.30               0.90             0.60                 3.39               0.04 - - [56] 
90.00                0.28                 0.14               0.45             0.28                 1.55               0.08 - - [57] 
95.79                0.11                 0.12               1.06             0.33                 2.17               0.30 - - [58] 
94.95               0.39                  0.15                0.43              0.70                   0.72           0.50               24.30                - [59] 
89.91               0.13                  0.95                0.76              0.30                   2.75           0.01               2.99                 2.27 [60] 
98.61               0.10                  0.21                0.21              0.10                   0.16            - - - [61] 
89.00               0.21                   - 0.68             0.86                   2.60             - 4.20                  - [62] 

 

Rice husk also contains black particles, which represent carbon with incomplete 
combustion [63]. Liu [64] had concluded that RHA had three layered structures: inner, 
outer, and interface with interstitial and honeycombed pores, which were, in fact, the 
major cause for the high chemical activity and large specific surface area of RHA, which 
meant that RHA had a certain reaction activity.  

3. Characteristics and uses of rice husk ash  

RHA can be obtained from burning of rice husk in concrete and uncontrolled combustion. 
It is also clear from the Table 2, that RHA contains the highest content of silica, and is 
commonly regarded as a pozzolanic material. Pozzolans are those silica and aluminous 
based materials which can finely disperse, and react with calcium hydroxide when 
coming in contact with water to form hydrated cement [65]. RHA is a cheap alternative 
which is used to improve the property of cementitious products [66-68]. A lot of research 
work has been conducted on the use of RHA as cementitious material [69-81]. From 
recent publications, it can be concluded that rice husk ash has been used to reduce the 
cost of expensive construction materials. However continuous research to further 
improve the pozzolanic activity of RHA is still needed [64]. 
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High-value applications of RHA include manufacturing of silica gels, silicon chip, 
synthesis of activated carbon and silica, production of lightweight construction materials 
and insulation, catalysts, zeolites, ingredients for lithium ion batteries, graphene, energy 
storage/capacitor, carbon capture, and in drug delivery vehicles were also conducted. 
Husk has a high calorific value and therefore can also be used as a renewable fuel [82]. 

On the other hand, rice husk is used as a raw material for the production of organic 
substances, such as xylitol, furfural, ethanol and acetic acid, and used as a cleaning or 
polishing agent in the metal/machine industry [83-84]. 

RHA is also been mixed in cement as stabilizer to improve the properties of residual soil 
[85]. RHA has also been used in controlling insect pests in soya beans [86]. 

4. Rice husk and rice husk ash as potential adsorbent  

Advantages of using rice husk derivatives as biosorbent/ adsorbent/ sorbent are their 
biodegradability and good adsorption properties, which can be due to their morphology 
and surface functional groups. Their application has received much attention in sorption 
of various pollutants from aqueous media [87-92]. Table 3 summarizes the maximum 
adsorption capacities of rice husk derivatives towards different metal ions on the basis of 
various factors such as pH, contact times, temperature, dose, and initial concentration 
[93]. In one of the reported research works, activated carbon rice husk was used for 
Pb(II) metal adsorption. This study was aimed to determine the influence of changing 
factors like contact time, pH, and concentration on the adsorption of Pb(II)by using 
activated rice husk. Adsorption capacity, kinetic parameters, and thermodynamic 
parameters (Ea, ΔG, ΔH, ΔS) for Pb(II) adsorption were determined. The optimum 
conditions for Pb(II) adsorption were at a contact time of 50 minutes, pH 5, temperature 
40°C, and concentration of 300 ppm [94]. 

The rice husk also proved to be useful in the treatment of wastewater containing zinc and 
lead. A study showed that the percent adsorption of Zn2+ and Pb2+ ions increased with 
increase in dosage and contact time of rice husk. The binding process was strongly 
affected by pH and the optimum pH values for Zn2+ and Pb2+ ions were 7.0 and 9.0, 
respectively [95]. 

Zhang et al. concluded that RHA was an effective and alternative material for the 
removal of Fe(II) and Mn(II) ions from wastewater, because of its high biosorption 
capacity, cost effectiveness, and abundant availability. The correlation coefficients (R2) 
of Langmuir and Freundlich isotherm models were 0.995 and 0.901 for Fe(II), 0.9862 
and 0.8924 for Mn(II), respectively. These results concluded that Langmuir model fitted 
the equilibrium data better than the Freundlich isotherm model. The mean free energy 
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(Ea) values evaluated in this study from D-R model, which indicated that the biosorption 
of Fe(II) and Mn(II) onto RHA was physical in nature. Experimental data showed that the 
biosorption processes of both metal ions complied with the pseudo-second-order kinetics 
[93]. 

Novel Fe–loaded chitosan carbonized rice husk beads (Fe–CCRB) were prepared by 
blending Fe (metal)–loaded chitosan (organic compound) and carbonized rice husk. This 
prepared Fe–CCRB was then used and proved to be an effective adsorbent for the 
removal of toxic chromium from aqueous solution [50]. Adsorption of Cr (VI) ions was 
highly pH dependent and the results showed that the optimum pH for the removal of Cr 
(VI) ions was 2.0. Equilibrium adsorption data for chromium removal were best 
represented by Freundlich isotherm, which further confirmed by intra particle and mass 
transfer diffusion studies [96]. 

RHA from northern Brazil was used as a bio-adsorbent for the removal of Pb(II) and 
Cu(II) ions from metal-containing effluents [97]. The maximum adsorption capacities 
obtained for lead and copper ions in the fixed bed were 0.0561 and 0.0682 mmol/g (at 
20°C), respectively. The thermodynamic studies indicated that the lead adsorption 
process was exothermic and spontaneous, while the copper adsorption process was 
endothermic and spontaneous. The physical characterization of rice husks in nature (raw 
rice husk), rice husk ash before and after adsorption of metal ions indicated the presence 
of functional groups properties (carboxyl, silanol, hydroxyl, etc.), of amorphous silica 
and also the fibrous and longitudinal structure of the material [97]. 

Rice husk (a residue of the agricultural activity) was used to prepare activated carbon 
with high surface area for the adsorption of Pb(II) from aqueous solution. The adsorption 
capacity of the carbon sample was related to the porosity and the surface chemistry. Lead 
adsorption was dramatically enhanced after the carbon was oxidized, which indicated that 
adsorption was mainly dependent on coordination with surface functional groups. It was 
found that solution pH exhibited remarkable impact on the adsorption process and the 
maximum amount adsorbed was obtained at pH 5 [98]. 

Microwave incinerated rice husk ash (MIRHA), produced from the rice husk has been 
used as an adsorbent for heavy metals in used engine oil [99]. In another conducted study 
using rice husk as an adsorbent by batch adsorption experiments, the maximum 
percentage removal (99%) of Cr(VI) was observed under optimum operating conditions. 
A hybrid mathematical model was proposed to simulate the dynamic behavior in this 
study, which could also be potentially applicable to any similar other solid–liquid 
adsorption–diffusion system [100]. 
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During the removal of multi-metal ions, Pb(II) showed a higher affinity for rice husk 
compared to Cu(II) and Cd(II) under the same conditions. The kinetic studies of sorption 
were well obeyed to a pseudo-second-order equation for all metals. The studies on the 
metal uptake as a function of pH also demonstrated that the mechanism was not limited 
to ion exchange, and an equation was proposed to evaluate the affinity of sorption by 
means of the overall exchange coefficients [5]. 

The adsorption behavior of rice husk ash with respect to manganese and iron has been 
studied by batch methods, to consider its application for water and wastewater treatment. 
Adsorption equilibrium time in this reported study was 120 min. The results revealed that 
manganese and iron were considerably adsorbed on the adsorbent. The rice husk can be 
an economic alternative for the removal of these metals from aqueous solutions [101]. 

The carbonaceous sorbent was produced from rice husk via sulphuric acid treatment, to 
remove Cr(VI) from aqueous solutions. The study revealed that the removal rate of 
Cr(VI) reduction at pH 2 followed a pseudo first-order model while the rate of sorption of 
total chromium followed pseudo-second-order model. The maximum sorption appeared 
due to Cr(VI) reduction with a rise in the solution pH, which allowed most of Cr (III) to 
be sorbed. Thus, sorption maxima for Cr(VI) onto a sorbent can be considered as an 
indication of reduction–sorption processes [37]. 

Ethylamine-modified biopolymer (chitosan) and carbon from biowaste (rice husk) 
composite beads (EAM-CCRCB) were prepared for the adsorption of hexavalent 
chromium ions from aqueous solution. Regeneration studies were also conducted to 
check the stability and activity of the adsorbent. Percentage removal increased with 
increased adsorbent dosage, and adsorption capacity increased with decreased dosage 
[102]. 

Novel biosorbent materials (RH-2 and RH-3) obtained from agricultural waste materials 
rice husks (RH-1) were successfully developed through fast and facile esterification 
reactions with hydroxylethylidenediphosphonic acid and nitrilotrimethylenetriphosphonic 
acid, respectively. The study results suggested that organomultiphosphonated rice husks 
could be recommended as potentially low-cost biosorbents with high efficiency for water 
purification and metals uptake [2]. 

The adsorption performances of NaOH-treated rice straw and rice husk for Cu(II) and 
Cd(II)were examined in a study [90]. The authors found that the percentage removal of 
Cu(II) by rice husk reached 97 % at pH 9 and 95 % by rice straw at pH 6. Kinetic studies 
for both metals revealed that the biosorption of Cu(II) and Cd(II) onto rice straw and rice 
husk followed pseudo-second-order kinetics. The salinity studies showed that the 
presence of NaCl discouraged the biosorption, as the performance of metal uptake 
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increased in the absence of NaCl. Furthermore, the rapid uptake of heavy metal ions by 
rice residues was observed during the first 20 min and reached equilibrium after 30 min 
[90]. Another study also qualified rice straw to be an extraordinary agent for aquatic 
Cd(II) adsorption over wide pH range, short biosorption equilibrium time and high 
biosorption capacity. The adsorbed rice straw confirmed to be a high-quality bio-ore with 
a high Cd content, physical softness and easy metal extractability [103]. The study 
indicated the excellent potential of a raw rice straw in the adsorption of Cd(II), without 
any costly modification or pre-treatment.  

Rice husk biochar is a new soil amendment, which has a potential of controlling the fate 
of trace elements in a soil system. The batch experiment was employed to determine the 
adsorption capacity of these biochars for As(V) and Cd(II). The porous structure with 
high alkaline and adsorption sites of these biochars can influence As and Cd mobilization 
by sorption and complexation mechanisms. Both biochars are alkaline in nature (>pH 9) 
and contain substantial amounts of N, P, K, Ca and Mg. The results of this study showed 
that RH biochar has the potential for use as a good sorbent for As and Cd [104]. Different 
materials containing carbon and silica were obtained by pyrolysis of rice husks and 
characterized to evaluate their adsorption properties towards some metal ions [92]. It was 
found that the pyrolysis temperature influenced the phase composition and the structural 
characteristics, nature, and the amount of finely dispersed fluids on their surfaces. It was 
concluded that the prepared four composite materials could be used for the individual and 
simultaneous removal of Fe(III), Pb(II), Cu(II), and Cr(III) ions from contaminated 
aqueous solutions.  

The preparation of nanoparticles based on treated low-value agricultural by-product rice 
husk (TARH) and their use as an adsorbent for the removal of Pb(II) ion have been 
reported. Kinetic data following the pseudo-second-order kinetic model which suggested 
that the rate-limiting step might be chemical sorption rather than diffusion [105]. The 
modified rice husks were characterized in terms of morphology (scanning electron 
microscopy), functional groups (Fourier transform infrared spectroscopy), surface charge 
(pHpzc), and elemental composition to indicate the importance of treatments that led to 
significant changes to their surface chemistry. The potential application of these rice husk 
based adsorbents towards Hg(II) containing wastewaters was demonstrated [106]. A 
study was conducted to analyze the biosorption of manganese(II) from aqueous solutions 
by RHA in a continuously packed column reactor. The results showed that the 
equilibrium adsorption (mgg−1) has increased after increasing the influent Mn(II) 
concentration, but decreased when increasing the flow rate and the bed height [107]. 

The technical feasibility of rice husk ash for adsorptive removal of Cr(VI) and Cu(II) 
from aqueous solutions was examined in a packed bed. The capacity of the bed to adsorb 

Inorganic Pollutants in Wastewater



158 

metal ions was found to increase with an increase in bed height, and decrease in flow 
rate, as well as metal ion concentration [108]. The results of another study indicated that 
the maximum removal of Cr(III) and Cu(II) by rice husk occurred at pH 5–6 and removal 
rate increased with increasing pH from 1 to 6. It was concluded, that the removal 
efficiency was enhanced by increasing wastewater initial concentration in the first 
percentage of adsorption and then decreased due to saturation of rice husk particles. The 
rate of reaction was fast and metal ions were removed with 15–20 min of the reaction 
[109]. 

The efficiency of rice husk to remove Hg(II) from river waters spiked with realistic 
environmental concentrations was evaluated. The remediation process with rice husk 
biowaste was extremely efficient in river waters spiked with lower levels of Hg(II). It 
was also able to eliminate the toxicity to the exposed organism’s algae 
(Pseudokirchneriella subcapitata and Brachionus calyciflorus) and ensured the total 
survival of Daphnia magna species [110]. 

The rice hull ash, composed SiO2(94%),could be recovered and purified by 
depolymerization reaction yielding an organo-silicic gel. A reported paper showed that 
this silica can be used to fix Cd2+ from aqueous solution. The competition with Ca2+ ions 
in the solutions was also studied in order to evaluate the selectivity of the Cd2+ fixation. It 
was found that the rice hull ash has a higher capacity to fix Cd2+ than the rice hull 
derivatives [111]. 

Characterization of the fresh rice waste adsorbents as well as of Cr(VI) loaded adsorbents 
was carried out by FTIR studies. Results showed that the different functional groups 
(surface hydroxyl, alkene, aromatic nitro, carboxylate anion and silicon oxide etc.) were 
responsible for the adsorption process. The developed adsorption method using rice husk 
silica powder was highly effective for removing Cr(VI) in the tannery industrial 
wastewater, which proved the applicability of adsorbent as an economical and 
worthwhile alternative to other conventional methods [112]. 

The adsorption of As(III) onto RH was favourable and influenced by temperature. The 
thermodynamic study showed the spontaneous nature of the sorption of As(III) onto RH 
[113]. A study was conducted to determine the selected physicochemical properties of 
two biochars, one commercially produced from rice husks and the other from oil palm 
empty fruit bunches. The adsorption capacities were also evaluated for Zn, Cu, and Pb by 
a batch equilibrium method. There was no significant difference between the carbon 
contents of biochars formed from empty fruit bunches (EFBB) and rice husks (RHB) 
[114]. 
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A simple one-step synthetic approach using rice husk has been developed to prepare 
magnetic Fe3O4 loaded porous carbons composite (MRH) for removal of As(V). In view 
of the combined advantages of rice husk carbons and Fe3O4 nanoparticles, the synthesized 
MRH composites showed excellent adsorption efficiency for aqueous As(V) [115]. 

A commercial resin (Lewatit TP 214), and rice husk (agricultural waste) were prepared 
from synthetic dilute gold chloride solutions with 100-ppm gold (Au3+) and then used to 
investigate gold uptake. The study also provided a comparison between these two 
sorbents. It was found that before the rice husks were activated, the gold uptake (%) was 
poor in comparison with Lewatit TP 214, but when the husk became activated at 1000°C 
under an argon atmosphere, the gold uptake (%) increased four times. The study 
concluded that the gold uptake (%) increased with increasing sorbent dosage, contact 
time, and temperature [116]. 

The synchronous removal of Pb2+ and Cd2+ ions from aqueous solutions by colloidal 
particles made from RHA in aqueous sodium dodecyl sulfate (SDS) solution was 
investigated. The RHA-SDS combination showed higher adsorption capacity for Cd2+ ion 
compared to Pb2+ ion under the experimental conditions [117]. 

RHA was chemically modified using acetic acid to increase the level of –COOH 
functional groups on the surface. Adsorption studies using Cu2+ ions as the target 
pollutant showed 99% removal efficiency after modification, as compared to 95% 
removal efficiency before modification in 3 hour reaction period. The increment in 
sorption efficiency might be attributed to the changes in the specific surface area, –
COOH groups and pHzpc [118]. Both unmodified and modified forms of RHA were 
found effective for the removal of Cu2+ from aqueous solution. 

The adsorption capability and adsorption rate of rice husk ash were considerably higher 
and faster for Zn(II) ions than for Se(IV) ions. Zn(II) adsorption was found faster in 
reaching equilibrium within ≃1 h while Se(IV) adsorption was slower in reaching 
equilibrium within ≃100 h [119]. The kinetics and thermodynamics of water adsorption 
onto rice husks ash filled polypropene composites during soaking were studied at 
different temperatures, quantities, and nature of fillers. The equilibrium uptake values of 
water adsorption were found to increase with respect to the amounts of the fillers in the 
composites [120]. 

Rice hulls have been used as an adsorbent to remove copper ions. The functional groups 
such as hydroxyl, carboxyl, and amino groups play an important role in the removal of 
copper ions. The optimal pH for copper ion uptake was found to be 4 [121]. Shells of 
lentil (LS), wheat (WS) and rice (RS) have appeared to be promising adsorbents for the 
removal of Cu(II) from aqueous solution. The process using LS, WS, and RS for the 
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removal and recovery of heavy metal was potentially more economical than current 
process technology [122]. 

Removal of some heavy metal ions from wastewater was conducted by preparing a 
copolymer of iron and aluminum after impregnated with active silica derived from rice 
husk ash. This study highlighted the sodium silicate (activated silica) as one of coagulant 
modifiers which had many features like very fast hydrolysis, promoted rapid settling 
rates, extremely efficient in cold water, gave low soluble residual aluminum, consumed 
less alkalinity, very little effect on pH, increased the stability of coagulant and led to a 
denser compacted sludge [123]. The increase in the mass of adsorbent (rice husk ash) led 
to increasing in lead(II)ion adsorption due to increase in a number of adsorption sites. 
Maximum uptake was obtained at an adsorbent dose of 5 g/L, which was considered as 
optimum adsorbent dosage level under specified conditions [124]. Adsorption 
experiments were carried out using waste rice straw of several kinds as a biosorbent to 
adsorb Cu(II), Zn(II), Cd(II) and Hg(II) ions from aqueous solutions at room temperature. 
Based on the experimental data and the Freundlich model, the adsorption order on the 
rice straw was Cd(II) > Cu(II) > Zn(II) > Hg(II). This adsorption process reached the 
equilibrium before 1.5 h, with maximum adsorptions at pH 5.0 [125]. 

A study suggested that polymer grafted rice husk/sawdust could be effectively used as 
adsorbents for removal of Cd2+ ions from an aqueous medium. The values of RL, which is 
a dimensionless constant referred to as separation factor or equilibrium, have been found 
to be between 0 and 1, suggested the favorable adsorption [126]. The results of another 
study revealed that the hexavalent chromium was considerably adsorbed on rice husk and 
it could be an economical method for the removal of hexavalent chromium from an 
aqueous system. The removal of chromium was dependent on the physicochemical 
characteristics of the adsorbent, adsorbate concentration and other studied process 
parameters [127]. 

The adsorption characteristics of Cu2+ on raw rice husk (RRH) and expanding rice husk 
(ERH) were studied in a fixed bed column with varying parameters of inlet concentration, 
flow rate, and bed depth. The adsorption of Cu2+ in different column design parameters 
was found depended strongly on bed depth, flow rate, and initial concentration. ERH 
showed significantly higher adsorption capacity of high efficiency towards Cu (II). Ion 
exchange and hydrogen bonding were the major mechanisms of copper retention by ERH 
[128]. 

The chemical improvement by partial alkali digestion in the autoclave has enhanced the 
surface area and facilitated the transport of metal ions to the binding sites onto biomatrix. 
The newly developed biomatrix obtained by partial alkali digestion of rice husk could be 
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used to remove as many as eight different metal ions (Ni, Zn, Cd, Mn, Co, Cu, Hg and 
Pb) in single and mixed metal solutions effectively [129]. It was found that the adsorption 
capacity and adsorption rate constant were increased and the minimum column bed depth 
required was reduced when the rice husk was treated with phosphate when compared 
with that of raw rice husk. From the column studies for individual metal ions, it was 
observed that the increase in the metal uptake capacity with the increase of bed height 
was due to the increase in the contact time [130]. 

The removal of Cr(VI) ions from aqueous solutions via adsorption onto black rice husk 
ash was studied from kinetics point of view under different conditions. The most 
favorable conditions for removing Cr(VI) from aqueous solutions via adsorption onto 
black rice husk ash (BRHA) were found to be pH 2, adsorbent dosage level of 15 gL−1 in 
the concentration range 25–200 mg L−1, temperature interval 10–30°C and contact time 
30–120min [131]. 

White rice husk ash (WRHA) was obtained via thermal degradation of rice husks in air, 
which was used to remove Mn(II) ions from aqueous solutions. The obtained results 
showed that the removal of Mn(II) ions from aqueous solutions using WRHA was via 
chemisorption process, where the OH-groups of SiO2were mainly responsible for 
effective removal of Mn(II) ions from water solutions [132]. 

Polyaniline/rice husk composites were prepared by coating the rice husk substrate with 
aniline in 1M HCl solution using the chemical oxidative polymerization method. The 
adsorption of arsenic ions from aqueous solution on polyaniline/rice husk (PAn/RH) 
nanocomposite was investigated. The experimental data were better described by pseudo-
second- order model as evident from the correlation coefficient (R2) [133]. 

A novel magnetic porous sorbent from agricultural waste rice husk was successfully 
synthesized through a simple carbon-thermal method. The results illustrated that rice 
husk-derived magnetic carbonaceous materials were potential adsorbents for Cr(VI) 
pollution treatment. Fan et al. in the same study also provided a suitable method for the 
effective conversion of biomass waste, which might solve the problem of waste disposal 
and widen the applications of the materials [134]. 

The adsorption of Ni(II) on a new porous carbonaceous adsorbent, pre-treated rice husk 
particles, was investigated in both batch and column experiments. The maximum 
adsorption capacity (7.6 mg/g) estimated by the mass transport model was better in 
accordance with the results of batch experiments. The work indicated the ability of the 
proposed model to predict column behavior using batch results [135]. 

A work was conducted to describe the sorption of metal ions using montmorillonite-rice 
husk composite as a novel adsorbent. The adsorption capacity of the new adsorbent was 

Inorganic Pollutants in Wastewater



162 

compared with the unmodified, alkaline and acid treated montmorillonite adsorbents. 
This study showed that the addition of rice husk to a montmorillonite as a cheaper 
adsorbent recorded a higher adsorption for metal ions as compared to the more expensive 
acid, alkaline and unmodified forms. This new adsorbent favorably recorded an increase 
in surface area and porosity [136]. 

Composites based on polyaniline (PANi) and rice husk (RH) were prepared by different 
methods [137]. PANi–RH composites proved to be useful adsorbents for removing 
lead(II) and cadmium(II) ions from solution by adsorption following Langmuir isotherm 
model. However, the Freundlich and Temkin isotherm models could be used only for 
lead(II), not for cadmium ion adsorption. The PANi–RH composite prepared by soaking 
method was better to remove lead(II) ion, but not for cadmium(II) ion in comparison with 
that prepared by the chemical method. 

Adsorbents carbonized rice husk (CRH) and activated rice husk (ARH) prepared from 
rice husks were investigated as viable materials for treatment of Pb, Cd, Cu, and Zn-
containing industrial wastewater at controlled pH. The results obtained from the batch 
experiments revealed a relative ability of the rice husk in removing some heavy metals at 
pH 7. The CRH adsorption capacity decreased in the order of Cu>Pb>Zn>Cd in batch 
adsorption whereas the adsorption capacity in case of small-scale column tests was in the 
order of Zn>Cu>Pb>Cd. However, ARH adsorption capacity performance was similar to 
CRH [138]. 

Simple thermal treatment was applied on rice husk to investigate its effect on sorption 
potential towards removal of Zn(II) ions from aqueous solution. The mechanisms of 
Zn(II) ions sorption were proposed based on equilibrium data obtained from the study. 
The sorption process was favorable as indicated by the separation factor (RL) value 
between 0 and 1 [139]. 

Rice husk (RH), rice husk carbon (RHC), and peat were used to adsorb Cr, Fe, Mn, Ni, 
Zn, and Pb from aqueous solutions. The results suggested that all three low-cost 
adsorbents could be used to remove Cr(III), Mn(II), Fe(II), Ni(II), Zn(II), and Pb(II) from 
aqueous solutions, with limitations inherent to each material. The used adsorbents 
(excluding peat) were advantageous for this application because they were by products of 
agricultural activity and, unlike peat and mineral carbon, they did not need to be extracted 
by mining [34]. 

Kinetic and isotherm studies revealed that MIRH (microwave irradiated rice husk), an 
inexpensive material, could be used as a potential adsorbent for the removal of Ni(II) ions 
from aqueous solutions. The adsorption data fitted the Freundlich isotherm model 
reasonably well and the maximum adsorption capacity obtained using the Langmuir 
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model was comparable with both the experimental data and the qe values obtained from 
the pseudo-second-order kinetic model [140]. 

The fixed-bed column treatment system developed by Z. Asifet al. was a most suitable 
domestic approach to remove arsenic from local areas, because of its simplicity, easy 
operation, and handling. The proposed method was effective for a wide range of arsenic 
concentrations (i.e., 15–70 ppb), usually observed in contaminated groundwater of Asian 
countries. The study also highlighted the recycling potential of RHA that can be used as 
cement/insulation panels and roof sheets [141]. 

Three kinds of agricultural by-products, wheat stem, corncob, and rice husk, were tested 
as biosorbents for cadmium removal from aqueous solution. The initial sorption rate, as 
well as the maximum sorption capacity (qmax) calculated from the Langmuir isotherm 
equation, showed the following tendency: rice husk>wheat stem>corncob [142]. Here, 
rice husk was again proved to be the best natural adsorbent for the removal of heavy 
metals from aqueous solutions. In yet another study, the technical feasibility of rice husk 
ash for adsorptive removal of Cr (VI) and Cu(II) was examined in packed bed from 
aqueous solutions. The capacity of the bed to adsorb metal ions was found to increase 
with an increase in bed height and a decrease in flow rate, as well as metal ion 
concentration. The Yoon–Nelson model and Thomas model were applicable for Cr(VI) 
removal, and for Cu(II)Thomas model was suited [108]. 

Studies on sorption of Fe(III), Cu(II), Cd(II), and Pb(II) ions sorption from individual 
solutions by rice husk-based sorbents indicated that the sorption capacity of the sorbents 
depended on their preparation procedure. The highest sorption capacity with respect to 
Cu(II), Cd(II), and Pb(II) ions was exhibited by the sorbent prepared via alkaline 
hydrolysis of the rice husk, and with respect to Fe(III) ions, that prepared via heat 
treatment of the residue from acid hydrolysis of the husk, which was essentially 
amorphous silicon dioxide. The sorbent prepared by alkaline hydrolysis of the rice husk 
could be recommended for separation of lead and copper ions from cadmium ions in 
mixed solutions [143]. 

In a recent report by Saadat et al. suggests that rice husk could be used effectively as an 
adsorbent for pre-treatment for tannery wastewater [135]. They found that rice husk 
could be employed as a better adsorbent for preliminary treatment of tannery wastewater. 
The pollutant parameters of tannery wastewater like turbidity, BOD, COD were reduced 
to the satisfactory level. 

Sugashini and Begum investigated the removal of heavy metal ions using Fe-loaded 
chitosan carbonized rice husk beads (Fe-CCRB) from synthetic and industrial effluents 
using fixed bed column. The Fe-CCRB adsorbent was used to treat the electroplating 
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effluent and it was found to be more efficient in adsorption of anionic pollutant e.g. 
Cr(VI) ions when compared to cationic pollutants Ni(II) and Zn(II). Fe-CCRB adsorbent 
was used to treat chrome plating effluent for adsorption of Cr(VI) ions [96]. 

The magnetic mesoporous silica of magMCM-41 with large surface area (695 m2 g−1) and 
high magnetization (10.79 emu g−1) was synthesized using extracted amorphous silica 
from rice husk. The synthesized materials were applied for adsorption of Cd(II) ions from 
aqueous solution in batch operation systems. A highly selective adsorbent was obtained 
by grafting 3- aminopropyltrimethoxysilane on the pores of the magMCM-41, in which 
the adsorption capacity of Cd(II) ions increased from 41.8 to 86 mg g−1, under the same 
conditions. The best responses for Cd(II) adsorption capacity and removal efficiency 
were 493.21 mg g−1 and 60.25%, respectively, which were achieved at pH of 5.05, 
sorbent dosage of 0.1 g L−1 and Cd(II) concentration of 150 mg L−1 [144]. 

The elemental mercury (Hg0) capture of potassium permanganate (KMnO4)-modified 
calcium-based with rice husk ash sorbent (CaO/RHA) was tested to evaluate the 
effectiveness of Hg0 adsorption. The sorbent physical properties (total surface area and 
pore size distribution) were noted to affect mercury sorptive efficiency [145]. The dilute 
(0.013 M) solutions of NaOH, KOH, and Ca(OH)2 in the mercerization of rice husk 
resulted in the increase of the removal of Cd(II) ions in aqueous solutions as compared to 
that by unmodified RH. Thus, this study revealed that after mercerization using dilute 
alkaline solution or by using the 2-batch treatment approach, RH could be better utilized 
as an efficient, low-cost biosorbent for the removal of Cd(II) ions from aqueous solutions 
[146]. 

A new approach adopted for the removal of Mo(VI) (approximately 99.50 %) from Mo-
containing surface water by using the modified rice husk and corn straw [147]. 
Reutilization of both CS and RH gels was possible up to six adsorption-elution cycles in 
column mode operation with no damage of gels, packed in the column. 

A laboratory-scale study has explored the use of RHA as an admixture to stabilize and 
solidify the waste sludge from a chrome tanning process [148]. The small amount of rice 
husk (0.25 and 0.50 g L−1) was able to reduce the Hg(II) levels by about 80% for an 
initial concentration of 0.05 mgL−1and 90% for 0.50 mgL−1. The biosorbent was reused 
further for cleaning treatments, maintaining the efficiency and high performance [149]. 
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Table 3 Maximum adsorption capacities of rice husk derivatives towards various metal ions. 
 
Rice husk 
derivatives as an 
adsorbent 

Targeted 
Metal 
ion 

Experimental conditions Adsorption capacity, 
qm (mg/g) 

 

References 

Rice husk ash Fe(II) Contact time: 60 min, Concentration: 2-40 mg/L, 
pH: 5, Temperature: 30°C, Dose: 0.6 g 

6.21 [93] 

Rice husk ash Mn(II) Contact time: 60 min, Concentration: 2-40 mg/L, 
pH: 6, Temperature: 30°C, Dose: 0.6 g 

3.02 [93] 

Activated carbon 
developed from rice 
husk 

Pb(II) Contact time: 0-300 min, Concentration: 50-500 
mg/L, pH: 5, Temperature: 30°C 

263.00 [98] 

Rice husk ash Mn(II) Contact time: 300 min, Concentration: 10-50 
mg/L, pH: 3-6, Temperature: 30°C, Dose: 0.1 g 

3.17 [93] 

Rice husk ash Fe(II) Contact time: 300 min, Concentration: 10-50 
mg/L, pH: 3-6, Temperature: 30°C, Dose: 0.5 g 

66.66 [93] 

Dry carbonaceous 
sorbent produced 
from rice husk 

Cr(VI) Concentration: 100-500 mg/L, pH: 5-6, 
Temperature: 25°C, Dose: 0.1 g 

278.00 [37] 

Ethylamine-
modified chitosan 
carbonized rice husk 
composite beads 

Cr(VI) Contact time: 150 min, Concentration: 100-500 
mg/L, pH: 2, Temperature: 70°C, Dose: 0.1 g 

88.40 [102] 

Rice straw Cu (II) Contact time: 1440 min, Concentration: 5-60 
mg/L, pH: 3, Dose: 0.2 g 

9.94 [90] 

Rice husk Cu (II) Contact time: 1440 min, Concentration: 5-60 
mg/L, pH: 3, Dose: 0.2 g 

5.92 [90] 

Rice straw Cd (II) Contact time: 1440 min, Concentration: 0.5-8.0 
mg/L, pH: 3, Dose: 0.2 g 

1.23 [90] 
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Rice husk Cd (II) Contact time: 1440 min, Concentration: 0.5-8.0 
mg/L, pH: 3, Dose: 0.2 g 

0.80 [90] 

Unmodified rice 
straw 

Cd (II) Contact time: 180 min, Concentration: 50 mg/L, 
pH: 2-6, Temperature: 25°C, Dose: 1.0 g  

13.90 [103] 

Rice husk biochar As(V) Contact time: 960 min, Concentration: 0-200 
mg/L, pH: 2-8, Temperature: 25°C, Dose: 2.0 g 

0.35 [104] 

Rice husk biochar Cd(II) Contact time: 960 min, Concentration: 0-200 
mg/L, pH: 2-8, Temperature: 25°C, Dose: 2.0 g 

3.19 [104] 

Pyrolyzed rice husk Fe(III) Contact time: 300 min, Concentration: 50  mg/L, 
pH: 2.3, Dose: 0.2 g 

21.73 [92] 

Pyrolyzed rice husk Pb(II) Contact time: 300 min, Concentration: 50 mg/L, 
pH: 3.6, Dose: 0.2 g 

10.41 [92] 

Pyrolyzed rice husk Cu(II) Contact time: 300 min, Concentration: 50 mg/L, 
pH: 3.6, Dose: 0.2 g 

4.60 [92] 

Pyrolyzed rice husk Cr(III) Contact time: 300 min, Concentration: 50 mg/L, 
pH: 3.6, Dose: 0.2 g 

3.47 [92] 

Rice husk ash Cr(VI) Contact time: 240 min, Concentration: 10-300 
mg/L, pH: 3, Temperature: 30°C, Dose: 10 g 

25.64 [19] 

Low-cost 
nanoparticles sorbent 
from modified rice 
husk (CNR@TARH) 

Pb(II) Contact time: 90 min, Concentration: 300 mg/L, 
pH: 5, Temperature: 30°C, Dose: 0.1 g 

93.45 [105] 

Cross linked 
chitosan carbonized 
rice husk (CCACR) 

Cr(VI) Contact time: 120 min, Concentration: 255 mg/L, 
pH: 2, Temperature: 30°C, Dose: 0.44 g 

55.40 [102] 

Sulfur-
functionalized rice 
husk  

Hg(II) Contact time: 2880 min, Concentration: 25-200 
mg/L, pH: 5, Temperature: 30°C, Dose: 0.02 g 

89.00 [106] 

Organosilane-grafted 
rice husk 

Hg(II) Contact time: 2880 min, Concentration: 25-200 
mg/L, pH: 5, Temperature: 30°C, Dose: 0.02 g 

118.00 [106] 

Rice husk ash Mn(II) Concentration: 5-20 mg/L, pH: 6, Temperature: 
30°C 

7.57 [107] 
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Rice husk Cr(III) Contact time: 30 min, Concentration: 100-800 
mg/L, pH: 5-6, Temperature: 25°C, Dose: 5.00 g 

30.00 [109] 

Rice husk Cu(II) Contact time: 30 min, Concentration: 100-800 
mg/L, pH: 5-6, Temperature: 25°C, Dose: 4.00 g 

22.50 [109] 

Rice straw Cu(II) Contact time: 30 min, Concentration: 5-60 mg/L, 
pH: 3, Temperature: 25°C, Dose: 0.2 g 

9.94 [90] 

Rice straw Cd(II) Contact time: 30 min, Concentration: 5-60 mg/L, 
pH: 3, Temperature: 25°C, Dose: 0.2 g 

1.23 [90] 

Rice husk Cu(II) Contact time: 30 min, Concentration: 5-60 mg/L, 
pH: 3, Temperature: 25°C, Dose: 0.2 g 

5.92 [90] 

Rice husk Cd(II) Contact time: 30 min, Concentration: 5-60 mg/L, 
pH: 3, Temperature: 25°C, Dose: 0.2 g 

1.35 [90] 

Rice husk ash Cr(VI) Contact time: 180 min, Concentration: 10 mg/L, 
pH: 2, Temperature: 25°C, Dose: 40 g 

0.49 [150] 

Modified rice husk 
ash 

Cr(VI) Contact time: 180 min, Concentration: 10 mg/L, 
pH: 2, Temperature: 25°C, Dose: 40 g 

0.84 [150] 

Rice husk silica Cr(VI) Contact time: 150 min, Concentration: 292 mg/L, 
pH: 4, Dose: 15 g 

78.12 [151] 

Rice husk As(III) Contact time: 5 min, Concentration: 20-1000 
mg/L, pH: 6, Temperature: 10-45°C, Dose: 6 g 

171.10 [113] 

Rice husk Zn(II) Contact time: 1440 min, Concentration: 4-400 
mg/L, pH: 6, Temperature: 25°C, Dose: 0.2 g 

34.30 [114] 

Rice husk Cu(II) Contact time: 1440 min, Concentration: 4-400 
mg/L, pH: 6, Temperature: 25°C, Dose: 0.2 g 

37.50 [114] 

Rice husk Pb(II) Contact time: 1440 min, Concentration: 4-400 
mg/L, pH: 6, Temperature: 25°C, Dose: 0.2 g 

43.90 [114] 

Carbons developed 
from rice husk 

As(V) Contact time: 60 min, Concentration: 1-10 mg/L, 
pH: 7, Temperature: 25°C, Dose: 2 g 

4.33 [115] 

Activated rice husk Au(III) Contact time: 240 min, Concentration: 1-10 mg/L, 
pH: 2, Temperature: 60°C, Dose: 0.005 g 

93.30 [116] 

Rice husk Pb(II) Contact time: 1440 min, Concentration: 10-100 
mg/L, pH: 5.5, Temperature: 25°C, Dose: 0.005 g 

101.10 [152] 

  

Inorganic Pollutants in Wastewater



168 

Rice husk Cd(II) Contact time: 1440 min, Concentration: 10-100 
mg/L, pH: 5.5, Temperature: 25°C, Dose: 0.005 g 

103.10 [152] 

Rice husk ash Cu(II) Contact time: 180 min, Concentration: 100 mg/L, 
pH: 6.3, Temperature: 25°C, Dose: 0.25 g 

1.22 [118] 

Modified rice husk 
ash 

Cu(II) Contact time: 180 min, Concentration: 100 mg/L, 
pH: 6.3, Temperature: 25°C, Dose: 0.25 g 

3.83 [118] 

Rice husk ash Zn(II) Contact time: 5-180 min, Concentration: 10-100 
mg/L, pH: 6, Temperature: 25°C, Dose: 0.25 g 

9.58 [119] 

Rice husk ash Se(IV) Contact time: 4.8-15000 min, Concentration: 10-
100 mg/L, pH: 2, Temperature: 25°C, Dose: 0.25 g 

2.00 [119] 

Tartaric acid 
modified rice husk 

Ni(II) Contact time: 45 min, Concentration: 60 mg/L, pH: 
4, Temperature: 25°C, Dose: 0.3 g 

55.50 [153] 

Tartaric acid 
modified rice husk 

Cd(II) Contact time: 45 min, Concentration: 60 mg/L, pH: 
6, Temperature: 25°C, Dose: 0.3 g 

45.50 [153] 

Rice husk Cu(II) Contact time: 180 min, Concentration: 25-500 
mg/L, pH: 6, Temperature: 40°C, Dose: 1.0 g 

16.07 [122] 

Copolymer derived 
from rice husk ash 

Pb(II) Contact time: 5 min, Concentration: 70 mg/L, pH: 
7-8.5, Temperature: 27°C, Dose: 0.07 g 

416.00 [123] 

Copolymer derived 
from rice husk ash 

Fe(II) Contact time: 5 min, Concentration: 28 mg/L, pH: 
7-8.5, Temperature: 27°C, Dose: 0.02 g 

222.00 [123] 

Copolymer derived 
from rice husk ash 

Mn(II) Contact time: 5 min, Concentration: 28 mg/L, pH: 
7-8.5, Temperature: 27°C, Dose: 0.02 g 

158.00 [123] 

Copolymer derived 
from rice husk ash 

As(V) Contact time: 5 min, Concentration: 14 mg/L, pH: 
7-8.5, Temperature: 27°C, Dose: 0.01 g 

146.00 [123] 

Rice husk ash Pb(II) Contact time: 60 min, Concentration: 10 mg/L, pH: 
5, Temperature: 30-50°C, Dose: 5 g 

91.74 [124] 

Grafted rice husk Cd(II) Contact time: 180 min, Concentration: 30-300 
mg/L, pH: 9, Temperature: 30°C, Dose: 2.5 g 

0.889 [126] 

Pre-boiled rice husk 
(BRH) 

Cr(VI) Contact time: 180 min, Concentration: 100 mg/L, 
pH: 2, Temperature: 25°C, Dose: 20 g 

8.50 [127] 

Formaldehyde 
treated rice husk 
(FRH) 

Cr(VI) Contact time: 180 min, Concentration: 100 mg/L, 
pH: 2, Temperature: 27°C, Dose: 20 g 

10.40 [127] 
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Polyaniline/rice husk 
nanocomposite 

As(V) Contact time: 5-60 min, Concentration: 100 mg/L, 
pH: 10, Temperature: 30°C, Dose: 0.12-1.00 g 

34.48 [133] 

Rice husk derived 
magnetic sorbents 

Cr(VI) Contact time: 90 min, Concentration: 50-300 
mg/L, pH: 2, Temperature: 30-50°C, Dose: 0.02 g 

157.70 [134] 

Pre-treated rice husk Ni(II) Contact time: 1440 min, Concentration: 17-88 
mg/L, pH: 2, Temperature: 25°C, Dose: 15 g 

8.00 [135] 

Rice husk ash Cd(II) Contact time: 120 min, Concentration: 3-100 
mg/L, pH: 5, Temperature: 30°C, Dose: 7.50 g 

35.84 [154] 

Thermally treated 
rice husk 

Zn(II) Contact time: 180 min, Concentration: 30 mg/L, 
pH: 6, Temperature: 30°C, Dose: 2.00 g 

6.55 [139] 

Rice husk carbon Cr(VI) Contact time: 1-1440 min, Concentration: 24.80 
mg/L, pH: 1.70, Temperature: 25°C, Dose: 0.30 g 

37.20 [34] 

Rice husk carbon Mn(II) Contact time: 1-1440 min, Concentration: 24.80 
mg/L, pH: 1.70, Temperature: 25°C, Dose: 0.30 g 

23.90 [34] 

Rice husk carbon Fe(II) Contact time: 1-1440 min, Concentration: 24.80 
mg/L, pH: 1.70, Temperature: 25°C, Dose: 0.30 g 

29.60 [34] 

Rice husk carbon Ni(II) Contact time: 1-1440 min, Concentration: 50 
mg/L, pH: 1.70, Temperature: 25°C, Dose: 0.30 g 

9.62 [34] 

Rice husk carbon Zn(II) Contact time: 1-1440 min, Concentration: 24.80 
mg/L, pH: 1.70, Temperature: 25°C, Dose: 0.30 g 

8.21 [34] 

Rice husk carbon Pb(II) Contact time: 1-1440 min, Concentration: 24.80 
mg/L, pH: 1.70, Temperature: 25°C, Dose: 0.30 g 

7.96 [34] 

Microwave 
irradiated rice husk 

Ni(II) Contact time: 210 min, Concentration: 6 mg/L, 
Temperature: 35°C, Dose: 2.8 g 

1.17 [140] 

Untreated rice husk U(VI) Contact time: 5-720 min, Concentration: 10-100 
mg/L, Temperature: 30°C, pH: 4, Dose: 0.05 g 

45.24 [155] 

Treated rice husk U(VI) Contact time: 5-720 min, Concentration: 10-100 
mg/L, Temperature: 30°C, pH: 4, Dose: 0.05 g 

47.16 [155] 

Immobilized rice 
husk 

U(VI) Contact time: 5-720 min, Concentration: 10-100 
mg/L, Temperature: 30°C, pH: 4, Dose: 0.05 g 

40.00 [155] 

Pyrolyzed rice husk Fe(III) Contact time: 300 min, Concentration: 50-500 
mg/L, pH: 2.3, Dose: 0.2 g 

21.73 [92] 
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Pyrolyzed rice husk Pb(II) Contact time: 300 min, Concentration: 50-500 
mg/L, pH: 3.6, Dose: 0.2 g 

10.41 [92] 

Pyrolyzed rice husk Cr(III) Contact time: 300 min, Concentration: 50-200 
mg/L, pH: 3.6, Dose: 0.2 g 

4.60 [92] 

Pyrolyzed rice husk Cu(II) Contact time: 300 min, Concentration: 50-200 
mg/L, pH: 3.6, Dose: 0.2 g 

3.47 [92] 

Rice husk-based 
sorbents 

Fe(III) Contact time: 1440 min, Concentration: 5-300 
mg/L, Temperature: 30°C, pH: 3.00-4.35 

4.66 [143] 

Rice husk-based 
sorbents 

Cu(II) Contact time: 1440 min, Concentration: 50-200 
mg/L, pH: 5.55-5.73 

6.76 [143] 

Rice husk-based 
sorbents 

Cd(II) Contact time: 1440 min, Concentration: 50-200 
mg/L, pH: 5.95-6.02 

7.09 [143] 

Rice husk-based 
sorbents 

Pb(II) Contact time: 1440 min, Concentration: 50-200 
mg/L, pH: 5.65-6.10 

20.14 [143] 

Magnetic 
mesoporous silica of 
magMCM-41 with 
rice husk silica 

Cd(II) Contact time: 120 min, Concentration: 150 mg/L, 
Temperature: 25°C, pH: 5.05, Dose: 0.1 g 

493.21 [144] 

Ca(OH)2 -modified 
rice husk 

Cd(II) Contact time: 30 min, Concentration: 5 mg/L, 
Temperature: 25°C, pH: 6, Dose: 0.2 g 

10.46 [146] 
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Conclusions 

The successfully reported studies of rice husk derivatives clarify their advantages and 
applications in the development of environmental science. Both raw and modified rice 
husk forms have been highly effective in the removal of heavy metals after tested in 
batch experiments by changing the parameters such as pH, sorbent dose, temperature and 
initial concentration etc.  
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Abstract 

The naturally available materials are the sustainable choice for the adsorptive removal of 
various pollutants from wastewater. The disposal and management of agricultural wastes 
have been the concern of socio-economic and environmental importance. Hence, 
agricultural wastes especially husks (originated from rice, peanuts, coconut, black gram, 
etc.) have been frequently used as anatural source for activated carbon. Studies confirm 
that husks based adsorbents (either modified or unmodified) have reasonable adsorption 
potential for uptake of metal ions from wastewater. However, there is still a need to find 
out the practical utility of such developed adsorbents on a commercial scale, leading to 
better materials for adsorptive removal applications. In this context, this chapter is 
intended to review the role of husks as adsorbent development, particularly for heavy 
metals removal.  
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1. Introduction 

Minimization of water pollution is one of the most challenging environmental problems 
at present [1-5]. The rapid and unmanaged industrialization has resulted in the generation 
of various water and wastewater pollutants such as heavy metals, dyes, phenols 
(including other organic compounds), inorganic anions, and pesticides (which are toxic to 
many living life forms and organisms) [6-9]. Among these, incessant discharge of heavy 
metals beyond the tolerable limit attracted researchers around the world. However heavy 
metals are considered any natural occurring metallic elements with high atomic weight 
and density at least 5 times greater than water. Heavy metals are considered as trace 
elements due to their presence in trace concentrations (ppb range to less than 10ppm) in 
several environmental matrices [10, 11]. Some of the heavy metals such as arsenic (As), 
cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn) have 
been considered most hazardous because of high solubility in the water [12]. These 
metals enter into the food chain and get accumulated in the human body, resulting in 
affecting human cellular organelles and components such as cell membrane, 
mitochondria, lysosome, endoplasmic reticulum, nuclei, and some enzymes (involved in 
metabolism, detoxification, and damage repair) [13].  

Therefore, a large number of water purification and recycling technologies such as 
chemical oxidation-reduction, reverse osmosis, coagulation, flocculation, precipitation, 
adsorption, ion exchange, electrodeposition and filtration have been applied to mitigate 
this problem [14-17]. But the economic and technical limitations restrict their use for 
wider applicability [16]. However, among them, adsorption based technologies offer a 
simple, inexpensive, effective and universal alternative [18]. The adsorbent is a critical 
part of all adsorption based technologies. A lot of adsorbents such as activated carbon, 
zeolites, clay, metal oxides, and bio-adsorbents have been studied for heavy metals 
removal from water and waste water [19, 20]. Activated carbon has been the most 
preferred due to its low cost, good sorption capacity, naturally availability of raw source, 
and regenerating property [21-24]. 

Heavy metals can be defined as any metals and metalloid elements having a density 
between 3.5 to 7 g/cm3 along atomic weights in between 63.5 to 200.6 [25-27]. Some of 
the elements which are characterized under this category are mercury (Hg), cadmium 
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(Cd), arsenic (As), chromium (Cr), thallium (Tl), zinc (Zn), nickel (Ni), copper (Cu) and 
lead (Pb) etc. These are natural components of the earth's crust and can be generated as 
pollutant via, natural or anthropogenic sources. These are non-biodegradable and up to 
some extent enter our bodies via food, drinking water, and air, which results in 
bioaccumulation. As trace elements, some heavy metals such as copper and selenium are 
essential to maintaining the metabolism of the human body but at higher concentrations, 
they can lead to serious disease [28, 29]. Heavy metal poisoning could result, for 
instance, from drinking-water contamination, high ambient air concentrations near 
emission sources, or intake via the food chain. The mining wastes, landfill leaches, 
municipal wastewater, urban runoff and industrial wastewaters are the major sources of 
heavy metals in the environment. Till date, about 10% of discharged waste water from 
industries is treated and residual wastewater is released into water sources such as rivers, 
seas, and diffused into groundwater [30]. The presence of heavy metals in water and 
wastewater is a global issue although their concentration varies from place to place. 
These metals have been extensively studied for their effects on human health, and the 
reports are regularly reviewed by several national and international organizations such as 
the World Health Organisation (WHO), Central Pollution Control Board (CPCB) and 
others. Table 1 lists sources and toxicological effects of some of the heavy metals. Both 
acute and chronic heavy metal exposure directly or indirectly may damage human’s 
central nervous function, the cardiovascular and gastrointestinal (GI) systems, lungs, 
kidneys, liver, endocrine glands, and bones [29, 31]. Most industrial processes pose less 
demanding requirements on the quality of freshwater and therefore criteria are usually 
developed for raw water in relation to its use as a source of water for drinking-water 
supply, agriculture, and recreation, or as a habitat for biological communities. Standards 
may also be developed, in relation to the functioning of aquatic ecosystems in general. 
The protection and maintenance of these usually impose different requirements on water 
quality and, therefore, the associated water quality criteria are often different for each 
use. 
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Table 1: Standards for heavy metals from wastewater by central pollution control board 
(CPCB), India. 

S .
No. 

Heavy 
metal  Industrial sources Health Effects 

Industrial Effluent 
discharge (ppm) 

Surface 
water 

Public 
sewers 

Marine 
coastal 

1 Arsenic Wood processing 
industry 

Skin 
manifestations, 

visceral 
cancers, 
vascular 
disease 

0.2 0.2 0.2 

2 Chromium Electroplating and 
metal surface 

treatment processes, 
wood processing 

industry, petroleum 
refining 

A headache, 
diarrhea, 
nausea, 

vomiting, 
carcinogenic 

2 2 2 

3 Copper Wood processing 
industry 

Liver damage, 
Wilson 
disease, 

insomnia 

3 3 3 

4 Cadmium Electroplating and 
metal surface 

treatment processes 

Kidney 
damage, renal 

disorder, 
human 

carcinogen 

2 1 2 

5 Nickel Printed circuit board 
(PCB)manufacturing, 

petroleum refining 

Dermatitis, 
nausea, chronic 

asthma, 
coughing, 

human 
carcinogen 

3 3 5 

6 Zinc Electroplating and 
metal surface 

treatment processes 

Depression, 
lethargy, 

neurological 
signs and 

increased thirst 

5 15 15 
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7 Lead Printed circuit board 
(PCB)manufacturing 

Damage the 
fetal brain, 

diseases of the 
kidneys, 

circulatory 
system, and 

nervous system 

0.1 1 2 

8 Mercury Coal combustion, 
smelting, 

incineration, 
cremation 

Rheumatoid 
arthritis, and 

diseases of the 
kidneys, 

circulatory 
system, and 

nervous system 

0.01 0.01 0.01 

9 Vanadium Synthesis of 
sulphuric acid used as 

steel additive 

Increased level 
may cause 
paralysis 

0.2 0.2 0.2 

10 Iron Alloy making 
industries, fungicides, 

dye industries 

Increased pulse 
rate, 

congestion, of 
blood vessels, 
hypertension 

3 3 3 

 

For the development of environmental sustainable adsorption processes, the researchers 
are focusing on locally available, inexpensive and sustainable adsorbents as agricultural 
wastes, industrial by-products, and natural raw materials etc. The natural products used as 
adsorbents have been crab shell, egg shell, husks, bark etc. [32-37]. These materials are 
not only considered, as low cost but also require little processing, besides being abundant 
in nature. Husk is particularly important due to its abundant availability as agricultural 
waste and favourable physiochemical properties [38]. Husks are the outer covering or 
membrane of some fruits or seeds and are usually considered worthless, which make 
them a good source of activated carbon. For example, world harvest about 500 million 
ton of rice per year and its husk remains as an unused waste material. Besides, dumping it 
some small-scale industries uses it as burning material. In India, its annual generation is 
about 18-22 million tons [16]. Hence, such agricultural waste or by-products can be a 
good source of raw materials for water and wastewater treatment processes. Fig. 1 hereby 
shows thedevelopment of adsorbents from natural agricultural wastes for removal of 
heavy metals. 
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Fig. 1: Development of activated carbon from husks for heavy metals removal. 

2. Mechanism of adsorption for heavy metals on husks 

For adsorption of metal ions, it is very important to understand the underlying mechanism 
of interaction between adsorbent and adsorbate for the selection of proper adsorbent. 
Adsorption is the phenomenon that involves two phases one is a solid phase (adsorbent) 
and another one is a liquid phase (solvent) containing dissolved species to be adsorbed 
(hereby-heavy metals). The presence of functional groups on the surfaces of adsorbent 
and pores facilitate suitable conditions for the adsorbent to attract metal ions and bound 
by are latively complex process which is affected by several mechanisms involving 
physical adsorption, chemisorption, complexation, ion exchange and chelation etc. [39, 
40]. Lignin and cellulose are the major constituents of husks whereas; hemicellulose, 
lipids, proteins, simple sugars, starch, water, hydrocarbons, and ash are minor 
components. Husks also constitute of some more compounds containing a variety of 
functional groups (carboxyl, hydroxyl, sulphydryl, amideand amine etc.) which operate in 
the binding process [11, 41]. Cellulose is acrystalline-homopolymer of glucose with  
β1 → 4 glycosidic linkage and intra-molecular and intermolecular hydrogen bonds [42]. 
Hemicellulose is a heteropolymer of main xylose with β1 → 4 glycosidic linkages with 
other substances of acetyl feruloyl and glycouronyl groups [43]. Lignins are three-
dimensional polymer of aromatic compounds covalently linked with xylans in hardwoods 
and galactoglucomannans in softwoods [44]. Several functional groups are present in 
husks including acetamido, carbonyl, phenolic, amido, amino, sulphydryl, and carboxyl 
etc. [45, 46]. All these groups show an affinity towards metal complexation. Some of the 
adsorbents from husks are non-selective and bind to a wide range of heavy metals with no 
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specific priority, whereas others are specific for certain types of metals depending upon 
their chemical composition [47] and the charge on heavy metal. 

3. Application of various husks for heavy metal adsorption 

3.1 Rice husks 

India produces 104,800 million tons rice per year, which is about 20% of the total world 
rice production. At milling of paddy, about 78 % of its total weight is received as rice, 
broken rice, bran and rest 22% as husk [48]. Hence, large production of husks causes 
serious disposal problem even if it is biodegradable in nature. Therefore, attention has 
been focused on utilization of husks (waste material) that could solve both disposal 
problem and utilization as less-expensive material in waste-water treatment. From last 
three decades researchers intensively focused on preparation of effective adsorbents from 
rice husks for removal of heavy metals like arsenic (As), gold (Au), cadmium (Cd), cobalt 
(Co), chromium (Cr), copper(Cu), mercury (Hg), nickel (Ni), lead (Pb) and zinc (Zn). This 
effort has been possible due to useful physio-chemical properties of rice husks that fulfil 
the criteria to bind metal ions. Rice husks constitutes organic matter (24.3%, cellulose 
34.4% and lignin 19.2%) and inorganic substances (carbon 37.05 wt.%, hydrogen 8.80 
wt.%, nitrogen 11.06 wt.%, silicon 9.01 wt.% and oxygen 35.03 wt.%) and ash 18.85% 
[49-51]. The surface of husk contains silanol groups in form of silicon dioxide structure 
(Si-O-Si-OH) that are similar to silanol group of silicic acid. The presence of polar groups 
on the surface provides considerable cation exchange capacity to the adsorbent. Their 
functional groups along with other components facilitate rice husks to adsorb pollutants 
like metal ions [16]. The FTIR spectra of rice husks having several absorption peaks 
illustrate the complex nature as an adsorbent. The absorption peak around 3660.6 cm−1 
indicates the existence of free and intermolecular bonded hydroxyl groups. The peak 
observed at 3076.2 cm−1 can be assigned to stretching vibration of the C-H group. The 
peak around 1664.4 cm−1 corresponds to the C=O stretching that may be attributed to the 
lignin aromatic groups [52]. The additional peaks at 848.6 and 750.2 cm−1 can be 
assigned for bending modes of aromatic compounds [53]. Roy et al., [54], used rice husks 
for the removal of As, Cd, Cr, Pb, and Sr. The rice husks showed a greater affinity 
towards Pb than Sr. It was reported that at lower pH of the medium, cationic metals can 
be desorbed from the adsorbent. Unmodified rice husks showed a low affinity towards 
metal ions. Thus, surface modification fulfils all the criteria for adsorption of heavy 
metals [54]. Munaf and Zein [55] used, modified the rice husk modified with 1% HCl as 
an adsorbent for the removal of Cr, Zn, Cu, and Cd ions. Under optimised experimental 
conditions, Cr showed a maximum affinity for an adsorbent [55]. Wong et al., [56], used 
tartaric acid to modify rice husk for removal of Cu and Pb from waste water. The 
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presence of carboxylic group on the surface of adsorbent enhances their affinity for these 
ions and shows maximum adsorption capacity of 29 and 108 mg/g for Cu and Pb 
respectively [56]. Many studies have also been performed to compare the adsorption 
efficiencies between unmodified and modified rice husks. Tarley et al., [57], used 
unmodified and NaOH modified adsorbents for on-line preconcentration of Cd (II) and 
Pb(II) [57]. Mohan and Shrilakshami, [58], compared the performance of raw rice husk 
and phosphate treated rice husk in the removal of lead, copper, zinc and manganese 
through fixed bed column study. They observed that adsorption capacity increases with 
the increase of contact time as well as bed height. For removal of all metal ions, 
minimum column height reduced three times for phosphate treated rice husks as 
compared to raw one [58]. Bansal et al., [59], used pre-boiled and formaldehyde treated 
rice husks for Cr (VI) removal from aqueous solution. Formaldehyde-treated rice husk 
showed more affinity towards Cr (VI) than boiled rice husk [59]. M. G. A.Vieira et al., 
[60], used natural rice husks and calcined rice husks at 500°C for 1 h for Ni (II), Cd (II), 
Zn (II), Pb (II) and Cu (II) removal. Calcination of results in the increase of surface area 
and promotes the adsorption of lead and copper metal ions [60]. Table 2 lists some 
adsorbents derived from rice husks for heavy metals removal from wastewater. 

Table 2: Maximum adsorption capacities of some adsorbent derived from rice husks. 
S. No. Rice husk  Heavy metal Adsorption 

capacity (mg/g) 
Reference 

1 Pulverized rice husk As (IV) 615.1 [54] 
2 HCl modified rice husk Cr 

Zn 
Cu 
Cd 

0.27 
0.17 
0.20 
0.16 

[55] 

3 Tartaric acid modified rice 
husks 

Cu 
Pb 

29.0 
108.0 [56] 

4a rice husk Cd 
Pb 

4.0 
9.45 [57] 4b NaOH modified rice husk Cd 

Pb 
7.40 
21.55 

5 Rice husk based carbon Cr (VI) 48.31 [59] 
6a rice husk Ni 

Cd 
Zn 
Pb 
Cu 

0.0 
1.98 
0.91 
6.41 
2.38 

[60] 

6b calcined rice husk(500°C) Ni 
Cd 

0.0 
0.45 
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Zn 
Pb 
Cu 

1.10 
6.69 
3.25 

7 Iron oxide coated rice 
husks 

As (V) 2.5 [61] 

8 Iron and Al copolymer 
impregnated with silica 

(PAlFeClSi) 

Pb 
Fe 
Mn 
As 

416 
222 
158 
146 

[62] 

9 Fe-coated rice husk  As (III) 
As (V) 

30.7 
16.0 [63] 

10 Hexadecylpyridinium 
bromide modified rice husk 

Cr (VI) 1.40 [64] 

 

3.2 Peanut husks 

Global peanut (groundnut) production is about 29 million metric tons per year. India 
producing about 5-8 million tons peanuts every year, is the second largest producer of 
peanut after China. Peanuts or groundnut kernels are approximately 70% of weight in 
shells. The rest 30% of total production is peanut hulls, which is an agricultural waste 
[65]. The vast quantity of waste is generally dumped in landfills. Therefore, its utilization 
as a source of activated carbons provides not only a good solution to its disposal problem 
but also an application in wastewater treatment process. Its macro porous nature, 
resistance to temperature, pH, mechanical stress and prolonged submersion in water 
proves it an effective alternative to binding metal ions. It constitutes primarily of 
cellulose (35.7%), hemicelluloses (18.7%) and lignin (30.2%). Lignin is a polymer of 
phenyl propene-like structures and the functional groups include methoxyl(−OCH3), 
hydroxyl (−OH), and aldehydes [11, 66]. The binding of metal ions in lignin is due to the 
interaction between these groups on the lignin molecules and the charged metal ions in 
aqueous solution. Reports showed, that in an aqueous solution of pH > 3.5, the functional 
groups of peanut husk acquire a negative charge and are able to adsorb cationic species 
through electrostatic attraction [67]. The presence of functional groups has been assessed 
by IR absorption bands. The band in the region 1000–1250 cm−1 occur with the broadest, 
the strongest overlapping bands involving the stretching vibrations of the C-O bonds in 
peanut husks carbon after adsorption of heavy metals. The 1360–1380 cm−1 bands may be 
attributed to the aromatic CH and carboxyl- carbonate structures. The 1700–1760 cm−1 
regions together with that at about 2400– 2450 cm−1 are characteristic of the carboxylic 
acid groups [66]. 
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According to Husaini, et al., [68], the peanut husk releases hydrogen ions in solution as it 
binds metal ions and acts as an acidic ion exchanger, causing a net decrease in the pH of 
the solution [68]. Periasamy and Namasivayam prepared activated carbon from peanut 
hulls, by treating them with bicarbonates and used them to adsorb Ni (II) from aqueous 
solution. Their comparative study with granular activated carbon showed that the 
prepared adsorbent from peanut husks had 36 times higher adsorption capacity. The 
adsorbent from peanut husks showed 53.6 mg/g adsorption capacity at pH 6.5 and with 
the optimum dosage of 100 mg/100 mL for Ni (II) ions [69]. Qin Li et al., [67], used 
modified the peanut husk for the removal of Pb(II), Cr(III) and Cu(II) ions. They used the 
sulphuric acid for surface modification and to reduce the organic pigments in order to 
increase the affinity towards Pb(II) (29.14 mg/g), Cr (III) (7.67 mg/g), Cu(II) (10.15 
mg/g). To explain the adsorption mechanism, they used three different kinds of kinetic 
models (intraarticular diffusion model, Lagergren-first-order, and second-order equations) 
[67]. Salam et al., [70], prepared modified peanut husks using 0.1 N HCl to study the 
adsorption behaviors for Cu2+ and Zn2+ ions [70]. Ugwekar and Lakhawat, [71], treated 
the peanut husks with 1 N phosphoric acid and used it to adsorb Cu ions from aqueous 
solution [71].Witek-Krowiak et al.,[72], showed the adsorption of Cu (II) and Cr(III) ions 
from aqueous solutions by peanut husks (raw sample only washed with water) with 
adsorption capacities of 25.39 mg/g for Cu2+ and 27.86 mg/g for Cr3+ [72]. Al-Othman et 
al., [73], prepared activated carbon from peanut shell by chemical activation with 20% 
KOH at 1:1 ratio. The two samples (oxidized and unoxidized) were prepared. The 
unoxidized sample was prepared in the presence of nitrogen atmosphere which was then 
heated in air at a desired temperature to get oxidized activated carbon and then both the 
samples were tested for the adsorption of Cr (VI). The oxidized carbon with the higher 
surface area, better pore volume showed higher adsorption capacity than the unoxidized 
carbon [73]. Table 3 summarizessome of theadsorbents derived from peanut husks and 
hulls. 

Table 3: Maximum adsorbent capacities of some adsorbents derived from peanut husks. 
S. No. Husks Heavy 

metal 
Adsorption 

capacity 
(mg/g) 

Reference 

1 Peanut husk carbon 
(PHC) 

Pb 
Zn 
Ni 
Cu 

31.05 
8.50 
7.33 
12.36 

[66] 

2 Formalin and H2SO4 
treated peanut husk 

Pb 
Cr 
Cu 

29.14 
7.67 
10.15 

[67] 
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3 Peanut husk carbon 
(PHC) 

Ni 53.6 [69] 

4 HCl treated peanut 
husk(charcoal) 

Cu 
Zn 

0.35 
0.37 [70] 

5 Peanut husk Cu 
Cr 

25.39 
27.86 [72] 

6a Peanut Husk Carbon 
(unoxidized) 

Cr 14.31 

[73] 6b Peanut husk carbon 
(oxidized) 

Cr 16.26 

7 Peanut husks Ni 53.6 [74] 
8 Activated carbon from 

peanut husks 
Cu 65.6  [75] 

9 Sulphuric acid modified 
peanut husk 

Pb 
Cr 
Cu 

29.14 
7.67 
10.15 

[76] 

10 Peanut hulls Cu 21.25 [77] 
 

3.3 Coconut husks 

India is the third largest producer of coconut, cultivating about 10.9 million tons of 
coconut every year from its vast area of 2 million hectares. The coconut fruit yields 40 % 
coconut husks (Coconut mesocarp) containing 30% fiber, with dust making up the rest, 
which is agricultural waste from the local coconut industry and often causes serious 
disposal problems for local environment [78]. Chemically the coconut husks consist of 
cellulose, lignin, pyroligneous acid, gas, charcoal, tar, tannin, and potassium. Coconut 
husk and shells are an attractive source of activated carbon. The major advantage of using 
coconut biomass is that coconut is a permanent crop and available round the year so there 
is a constant supply. In this context, coconut husk may be one of the low-cost adsorbents 
that can serve intensively for the removal of various heavy metals and metalloids such as 
Pb, Cd, Zn, Ni, Cu, Cr, Hg and As. In coconut husk several functional groups such as 
aromatic groups, carbonyl and phenolic groups are present and all may be involved in 
metal binding [79]. The unprocessed husks exhibit lower adsorption or affinity towards 
heavy metals, therefore several treatments and modification methods have been 
developed to overcome this drawback. The adsorption through coconut husks for Cr (III) 
ions has been studied using radiotracer and batch techniques by Ahmad et al., [80]. In 
their study maximum adsorption was achieved within 30 min with the maximum 
Langmuir sorption capacity of 18.25 μmol/g [80]. Manju et al., [81] prepared an 
adsorbent with copper impregnation onto coconut husk which was employed for As (III) 
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removal. The maximum adsorption capacity was observed at pH 12.0. The adsorption 
capacity increases with temperature from 30 to 60 °C, which was found to be 146.30 to 
158.65 mg/g respectively. The experimental adsorption data fitted reasonably well to the 
Langmuir isotherm. Desorption studies revealed that spent adsorbent could be 
regenerated and reused by 30% H2O2 in 0.5 M HNO3 [81]. 

Hasany and Ahmed, 2006 [80], explored the coconut husk’s applicability for the removal 
of Cd(II), Cr(III) and Hg(II) ions from aqueous solutions. The adsorption data were 
analyzed using different sorption isotherms. The values of the Freundlich constants, 1/n 
and Cm, were 0.92 and 52.6 mmol/g; 0.85 and 56.0 mmol/g; and 0.88 and 6.84 mmol/g 
for Cd(II) Cr(III) and Hg(II) ions, respectively. The sorption process was found to be 
endothermic and spontaneous in nature with weak bond formation between the metal ions 
and coconut husk. Among various ions tested, the only borate was found to reduce Cr 
(III) whereas Hg(II) and Cd(II) sorption decreased in the presence of thiosulfate and 
ascorbate ions, respectively. A combination of ion exchange and surface complexation of 
metal ions was proposed as the possible mechanism for the sorption of Hg(II), Cd(II) and 
Cr(III) onto coconut husk[82]. Apaolaza and Guerrero [83, used coconut husks and mixed 
with composted sewage sludge containing Cd, Pb, Zn and nitrate. Their approach was to 
minimize the environmental risks of using sewage sludges [83]. Sreedhar et al.,[84], 
modified the coconut husk using polysulphide for Hg (II) removal from the aqueous 
phase. The parameters such as its concentration, agitation time, pH, sorbent dose, ionic 
strength and temperature affecting Hg (II) adsorption were studied to estimate optimum 
conditions. Maximum adsorption capacity was observed in the pH range 5.5-10.0. The 
adsorption isotherm was also affected by temperature since the adsorption capacity was 
increased by raising the temperature from 30 to 60°C. Lagergren equation and Langmuir 
and Freundlich isotherm models have been used to determine rate constants of adsorption 
and capacity of treated coconut husk [84]. Agbozu and Emoruwa [85], prepared 
adsorbent from coconut husks by treating with 0.1 MHCl and investigated their affinity to 
adsorb Cu, Pb, Fe, Cr and Cd from aqueous solution. They observed that the percentage 
removal of metals increases with increasing in adsorbent dose (Cr>Cu>Pb>Fe>Cd). The 
initial concentration of metal ions and pH showed significant effect on adsorption 
capacity [85].  Malik et al., [86], investigated the adsorption capacity of unmodified 
coconut husks for the removal of heavy metal ions (Pb2+, Cu2+, Ni2+ and Zn2+) from 
industrial wastewater. Their results showed that maximum uptake occur at 443.0 mg/g 
(88.6%) for Cu, 404.5 mg/g (80.9%), for Ni 362.2 mg/g (72.4%) for Pb2+ and 338.0 mg/g 
(67.6%) for Zn2+. These adsorption capacities were found to be sensitive to the amount of 
adsorbent, heavy metal ion concentration, pH, temperature and contact time. The 
theoretical studies using quantum provide the rich electron donation sites of coconut 
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Husk [86]. Table 4 summarizes the adsorbents obtained from coconut husks for heavy 
metals removal fromwastewater. 

Table 4: Maximum adsorbent capacities of some adsorbents derived from coconut husks. 
 

S .
No. Coconut husks Heavy 

metal 
Adsorption 

capacity[mg/g] References 

1 Carbonized coir pith Cu 39.70 [78] 
2 Coconut husk Cr 0.35 [80] 

3  Coconut husk carbon impregnated 
with Cu2+ As 158.65 [81] 

4 Coconut Husk 
Cd 
Cr 
Hg 

5912.2 
2912.2 
1374.8 

[82] 

5 Polysulphide treated coconut husk Hg 53.74 [84] 

6 HCl treated coconut husk 

Cu 
Cd 
Fe 
Cr 
Pb 

1.0×10-4 
1.0×10-4 
0.9×10-4 
3.1×10-4 
3.9×10-4 

[85] 

7 Unmodified coconut husks 

Cu 
Ni 
Pb 
Zn 

443.0 
404.5 
362.2 
338.0 

[86] 

 

3.4 Black gram husks 

The husk of black gram, which is also called Bengal gram or common gram, is another 
agricultural waste. The husks of a black gram are generated as a waste of no utility during 
the seed-splitting milling process. The percentage proximate composition of husk on dry 
weight basis revealed moisture (15.5%), protein (3.32%), fat (0.7%), crude fiber (51.9%), 
andash (4.93%). It's crude fibre constitutes about 69% cellulose, 11.98% hemicellulose, 
and 19.14% lignin [87]. Saeed and Iqbal used this husk for the removal of cadmium at 10 
ppm concentration level. They used several desorbing agents for adsorbent recovery and 
HCl was found most appropriate with 99.89% of desorption. During desorption study, 
adsorption–desorption cycles in batch operations showed declining trend.The decline was 
only 9.71% when compensated for husk loss, which is comparable to 10.45% decline 
during six cycles in fixed bed column bioreactor in which sample (husk) loss was only 
5.98% [87]. In 2005, Saeed and co-workers [88] again used this husk as an adsorbent for 
Pb, Zn, Cu, and Ni removal. The maximum amount of heavy metals adsorbed at 
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equilibrium was 49.97, 33.81, 25.73 and 19.56 mg/g for Pb, Zn, Cu, and Ni, respectively 
[88]. Ramachandra et al., [89], investigated the adsorption of Cr (VI) using Bengal gram 
husks and the maximum adsorption capacity was found as 91.64 mg/g [89]. Ahalya et 
al.,[90], shows their applicability for the adsorption of Fe (III) with adsorption capacity 
of 72.16 mg/g. They also carried out desorption studies at different concentrations of 
hydrochloric acid showing the quantitative recovery of the metal ion from black gram 
husks [90]. Table 5 concluded the adsorbents from black gram husks for removal of 
heavy metals from wastewater. 

Table 5: Maximum adsorbent capacities of some adsorbents derived from black gram 
husks. 

S .No. Black gram 
husks 

Heavy 
metal 

Adsorption 
capacity (mg/g) 

Reference 

1 Black gram husk Cd 38.76 [87] 

2 Black gram husk 

Pb 
Cd 
Zn 
Cu 
Ni 

49.97 
39.99 
33.81 
25.73 
19.56 

[88] 

3 Black gram husk Cr 91.64 [89] 
4 Black gram husk Fe 72.16 [90] 
5 Black gram husk Zn 33.81 [91] 

4. Conclusion 

Adsorption with husks showed significant contribution for the removal of heavy metals 
from wastewater. The results of the studies carried out for heavy metal ion adsorption 
onto agricultural waste husks indicated the potential of adsorbents for wastewater 
treatment applications. Natural husks have been investigated as a replacement strategy for 
existing conventional systems. The applicability of these low-cost adsorbents is 
recommended since they are relatively cheap, easily and naturally available, and 
renewable and show high affinity for heavy metals. The process and mechanism of 
interaction require further investigation in the direction of modeling, regeneration of 
adsorbent and recovery of metal ions and immobilization of the waste material for 
enhanced efficiency and recovery. The applications of husk at commercial level are 
limited to selected husk (for instance coconut husk). More studies are required to improve 
the adsorption capacity as well as selectivity of these materials for heavy metal ions. 
Further, all the studies are limited to the powdered form of adsorbent, which is difficult to 
work with due to its handling and associated health risks. Therefore, developments of 
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structured adsorbents out of natural husks are needed to increase their industrial 
usefulness. 
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Abstract 

The presence of heavy metal ions in water is a serious risk to the human health and other 
living forms on earth because the indiscriminate disposal of these non-biodegradable 
pollutants worldwide. Nanotechnology-based developed current nano-adsorbent are the 
demand of the current research for the effective removal of highly toxic heavy metal ions 
from the wastewaters. Graphene and graphene oxide based nano-adsorbent play a major 
role in the effective removal of heavy metal ions because the unique nature of graphene 
such as extremely high electronic mobility, large surface area to volume ratio, weight, 
and preponderance of exposed edge planes to enhance charge storage which are 
responsible for their higher absorption capacity when compared with other materials. 
Hence, the applicability of graphene and its composites as an adsorbent for the removal 
of heavy metal ions is summarized in this chapter. 
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1. Introduction 

Water is the most important natural occurring resource in the world which is essential for 
all types of living forms. The water crisis is a most serious problem globally due to 
current issues such as increasing population, pollution and global warming. Wastewaters 
from developing industries such as metallurgical, chemical manufacturing, papermaking, 
battery manufacturing and mining industries create a huge amount of environmental 
pollutants in the form of many kinds of toxic or poisonous heavy metals such as 
chromium (Cr), cobalt (Co),nickel (Ni), copper (Cu), zinc (Zn), thallium (Tl), arsenic 
(As), cadmium (Cd), mercury (Hg), lead (Pb) etc. These metals tend to accumulate in a 
living organism. Most of the heavy metals are common pollutants for potable and 
wastewaters. These heavy metals pose a toxicity threat to human health and other animals 
even at low concentration. For example, lead is extremely toxic to human health and 
causes toxicity to the nervous system, kidneys and reproductive system and excess 
exposure may lead to irreversible brain damage and encephalopathy disease symptoms. 
Some important severe toxic effects of the heavy metals present in potable water are 
summarized in Table 1. Water containing excess heavy metal ion concentration is a 
serious risk to the public health and as well as other living systems on earth. The presence 
of heavy metal ions in drinking water is a serious threat to the human health, owing to 
their high non-biodegradability, accrual in living organisms which cause various diseases, 
genetic disorders, and lethal ecological effects. Other harmful effects of heavy metals 
include several serious and long-lasting disorders, such as renal damage, emphysema, 
hypertension, testicular atrophy, and skeletal abnormality in fetuses [1]. Removal of 
heavy metals has become an especially challenging issue due to their high toxicity and 
potential carcinogenicity. The permissible values of these heavy metals in potable water 
are supposed to be near or less than 50ppb for Cr(VI) and 10 ppb for Pb(II) according to 
WHO [2]. 
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Table 1.Standard heavy metal concentration in potable water and their toxic effects on 
the human health [2]. 

Metal Name Standards Concentration 
of Heavy Metals in 
Potable Water 

Some Toxic Effects of Excess’s 
Concentration on Human Health 

Lead(Pb) 0.10 mg/ L Metabolic Poison, Aquatic Fauna and 
Livestock, Hypertension, Tiredness, 
Brain Damage, Irritation 

Mercury(Hg) 0.001 mg/ L Mutagenic Effects, Disturbs the 
Cholesterol, Deformed Babies Birth 

Arsenic(As) 10.00 mg/L Melanosis, Keratosis, 
Hyperpigmentation in Humans, 
Genotoxicity, Immunotoxic, Modulation 
of Co-Receptor Expression 

Cadmium(Cd) 0.005 mg/ L Kidneys Damage, Bronchitis, 
Emphysema, Anemia, Acute Effects in 
Children 

Copper(Cu) 0.010 mg/ L 

 

Kidney Damage, Aquatic Fauna, 
Phytotoxic, Mucosal Irritation, Diarrhea, 
Central Nervous System Damage, 
Causes Nose, Eyes, and Mouth Irritation 

Chromium(Cr) 0.05mg/L Carcinogenic, Lever Damage, Lung 
Carcinoma, Pulmonary Congestion, Skin 
Irritation, Vomiting 

Zinc(Zn) 0.10 mg/ L Health Damaging, Phytotoxic, Anemia, 
Lack of Muscular Coordination, 
Abdominal Pain, Vomiting in Children, 
Stomach Cramps, Skin Irritations 

Nickel(Ni) 0.10 mg/ L DNA Damage, Eczema of Hands, High 
Phytotoxicity, Damaging Fauna 

 

Because of the tight regulatory systems, nowadays removal of the environmental 
pollutants is the prime concern. Therefore, it is necessary to remove all toxic heavy 
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metals from wastewater before releasing it into the environment and hence the 
development of efficient and economical materials and technologies for the effective 
removal of water pollutants is necessary. There are several traditional techniques for the 
removal of heavy metals from water including precipitation, reverse osmosis, 
electrochemical, ion exchange, membrane filtration, coagulation, irradiation, and 
adsorption etc. [3]. Due to the simple operation, low cost and high efficiency, adsorption 
technology is regarded as one of the most promising technology for the effective removal 
of the heavy metal pollutants from wastewaters. However, adsorption technology is still 
having several challenges, such as selective recovery and reuse of valuable pollutants and 
adsorbents. The development of nanoscience and nanotechnology has drawn much 
attention due to their remarkable potential for the effective removal of wastewater 
pollutants when compared with traditional materials. Nanotechnology is the engineering 
tool of the functional system at the molecular scale which offers the developments of new 
products and processes for the heavy metal removal from wastewaters. Carbon based 
materials are being extensively used for the removal of heavy metals due to their 
favorable properties such as the large surface area to volume ratio and light weight which 
are responsible for their higher absorption capacity when compared with other materials. 
Carbon nanotube [4], activated carbon, graphene, graphene oxide (GO) etc. have drawn 
much attention for the removal of heavy metals as adsorbents. Functionalized carbon 
nanotubes represented better adsorption for the heavy metal removal when compared to 
non-functionalized and activated carbon materials. All the carbon-based nanomaterial’s 
including carbon nanotubes, fullerene, graphene and graphene derivatives have shown 
remarkable adsorbent capacities. 

Earlier research showed that carbon nanotubes could be promising adsorbent materials 
for environmental protection regardless of their high cost and limited availability at 
present and hence large-scale applications of carbon nanotubes are limited. Therefore, 
low cost, readily available and effective adsorbents are demandable for the removal of 
heavy metals from wastewater. Graphene and its derivatives may be ideal substitute 
materials for wastewater treatment. 

Graphene is the other type of non-classical carbon material adsorbent, which is a flat, 
single-atom-thick sheet of sp2-hybridized carbon atoms densely packed into a honeycomb 
two-dimensional lattice arrangement. It has been considered for a wide variety of 
realizing real time applications. Graphene is considered the mother of all the carbon 
allotropes due to its extraordinarily excellent mechanical, thermal, and electrical 
properties [5] which are key factors for its use in various applications, including the 
electronic devices [6] photonics devices [7] biomedicine [8] and contamination 
purification [9, 10]. Graphene has been considered a promising material for the 
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absorption of vide variety of pollutants in aqueous system due to its large specific surface 
area. Wet chemical oxidation is one of the most effective method for the production of 
graphene from graphite where graphene oxide (GO) is intermediate with highly negative 
charge density and possesses various reactive functional groups such as hydroxyl, 
carboxyl, and epoxy groups. Hence GO can be used as a great potential scavenger for the 
effective removal of pollutants, such as cationic pollutants, through electro static 
interactions. GO is soluble in polar as well as non-polar solvents due to the presence of 
oxygen functionality which makes GO hydrophilic and graphene domains which make 
GO hydrophobic. Relative high surface area, hydroxyl, carboxyl, and epoxy functional 
groups present on the surface of graphene and better conductivity are essential for a better 
adsorption of several heavy metals through aqueous solution [1]. Nair et al. observed that 
a few layered thick GO membrane can completely block the passage of pollutants in the 
form of liquids and gasses under a dry state while facilitating the permeation of water 
vapor [11]. On the other hand, disadvantages of graphene layers aggregation can be 
partially prevented through composites formation. Additionally, the composites 
formation may impart enhanced removal of heavy metals from the wastewaters due to the 
synergistic effect of the materials used. Hence removal of heavy metals through graphene 
and its composites is summarized in this chapter which may be helpful for the 
purification of potable and safe drinking water as well as removal of heavy metals from 
wastewaters and cleanup the environmental problems. 

Generally, graphene and graphene oxide have proved to be promising adsorbent 
candidates for wastewater treatment or water purification. Filtration has been considered 
as a promising separation and purification technology due to its easy operation, energy 
saving property, and high efficiency. Historically, water purification technologies have 
utilized high surface area carbon materials in the form of activated carbon for 
decolorization and heavy metal ion retention. Compared to these materials, GO is 
produced by room-temperature soft chemistry principles and is likely to be cost-efficient. 
A report on magnetite-graphene hybrid materials for magnetically controlled separation 
of As from water published recently [12]. The possibility of harnessing this readily 
available and inexpensive material has been relatively unexplored. In this chapter, we 
wish to report the surface modification approaches and post-synthesis assembly steps, 
which will enable exploitation of GO as a novel material for low-cost water purification 
processes 

2. Removal of lead 

Lead is one of the most useful heavy metals with the worldwide applications spectrum. 
However, lead present in potable and wastewater is a big threat for human beings as well 
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as the ecosystem. Toxic effect of lead may lead to anemia, coma, renal failure, insomnia, 
headache, dizziness, irritability, cancer, weakness of muscles, hallucination, renal 
damages and subtle effects on metabolism and intelligence to the human health. 
Therefore, it becomes essential to remove lead from portable and wastewaters.  

Ethylenediaminetetraacetic acid (EDTA) and GO adduct as shown in Fig. 1 was prepared 
by the reaction of N-(trimethoxysilylpropyl) ethylenediaminetetraacetic acid (EDTA-
silane) with the hydroxyl functionality present on the surface of the graphene layers [13]. 
It was observed that the EDTA-GO shows enhanced adsorption for Pb(II) from the 
solution when compared with the EDTA-RGO and GO samples as shown in Fig. 1. The 
superior performance of the EDTA-GO was correlated with the chelating character of the 
EDTA and higher functionality. 

 

Fig. 1. Adsorption of heavy metal ions by EDTA-GO adsorbent [13]. 

 

Fig. 2. Adsorption isotherms of Pb(II) for EDTA-GO, EDTA-RGO and GO at pH 6.8 
[13]. 
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The maximum adsorption capacities of EDTA-GO and GO for Pb(II) were found to be 
479±46 and 328±39 mg/g, respectively shown in Fig. 2 which are greater than that of 
oxidized carbon nanotube and activated carbon [13]. It was suggested that two adsorption 
processes were mainly responsible for the enhanced removal of Pb(II) with EDTA-GO 
viz. ion-exchange reaction process between Pb(II) and carboxylic and hydroxyl 
functional groups and the chelate formation between Pb(II) and EDTA formation on the 
surface of GO.  

Facile magnetic ternary composites of Fe3O4, GO and chitosan was prepared for the 
effective removal of metal ions as shown in scheme 1 [14]. Magnetic fluid was coated on 
the chitosan to improve the separation speed through improved surface area and reduce 
the required dosage for the better adsorption of heavy metals. 

 

Scheme 1.  Schematic representation of magnetic chitosan/graphene oxide (MC-GO) 
formation 39.57  emu/g  with saturation  magnetization value[14]. 

 

The adsorption amount and rate were calculated based on the concentration difference 
solution before and after adsorption process using the following equation. 

 
Q = (𝑪𝑶− 𝑪𝒆)𝑽

𝑾
 ,   E  = (𝑪𝑶− 𝑪𝒆)

𝑪𝑶
 x 100 % 

Materials Research Foundations Vol. 16



217 

Where, C0 and Ce are the initial and equilibrium concentrations of the metal ion in 
milligrams per liter, respectively, Vis the volume of metal ion solution in liters, and W is 
the amount of the adsorbent used, in grams. 

The adsorption capacity of the prepared MC-GO was determined at different range pH 
from 1.0  to  7.0 values (Fig. 3) as it is sensitive to pH and usually do not occur at low 
pH. 

 

Fig. 3. Absorption capacity measurement of MC-GO at different pH for Pb(II) 
adsorption[14]. 

 

The maximum adsorption capacity of the prepared MC-GO was found to be 50.23 mg/g  
at pH 5 which decreases at higher pH because, at a lower pH,  the amino functional 
groups on the surface of  MC-GO  could be easily protonated. In acidic media, the slight 
uptake decrease was attributed due to the protonation of the lone pair of the nitrogen 
atom of an amino group that may hinder the complex formation as shown below by the 
following reaction. 

 
R−NH2  +  H+   R−NH3

+ 

Inorganic Pollutants in Wastewater



218 

R−NH3
+  +  Pb2+   R−NH3

+····Pb2+ 

 

Fig. 4 represents the effect of time on the absorption capacity of MCGO for Pb(II). 

 

Maximum absorption was obtained within the first 40 minutes and no significant charge 
was observed after one hour. The initial sorption of 60 minutes time could be attributed 
with the large surface area, the sufficient active sites exposure and the high surface 
reactivity of the MCGO which found to be decreasing later due to decrease of the 
bonding sites on the surface of an absorbent and the aggregation between particulates 
maters.  

 

Fig. 4. Effects of contact time on adsorption of Pb(II) on removal efficiency by MCGO 
[14]. 

 

The maximum absorption capacity of MC-GO was further determined from the Langmuir 
isotherm and found to be 82.10 mg/ g which was quite in order with the calculated value 
for the monolayer adsorption. For the possibility of regeneration and reusability of MC-
GO as an adsorbent, desorption experiments were performed at different pH and found 
that the solutions with pH 1 and 2 could efficiently remove the adsorbed metal ions and 
the desorption efficiency was 90.3 and 90.1%, respectively. Poly3-
aminopropyltriethoxysilane (PAS) oligomers were three-dimensionally cross-linked with 
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GO nanosheets to get high-performance adsorbent. The three-dimensional  cross linking 
prevents nanosheets aggregation provides easy accessibility for foreign molecules and 
introduces a lot of amino functional groups [15]. The adsorption performance of PAS-
GO, 3-aminopropyltriethoxysilane functionalized GO and GO was investigated by 
removing Pb(II) ions from aqueous solution.   

 

Fig. 5. Langmuir isotherms for Pb(II) adsorption in aqueous solution for PAS-GO, AS-
GO, and GO at 303 K [15]. 

 

Langmuir adsorption isotherms represent the maximum adsorption capacities for PAS-
GO in comparison with 3-aminopropyltriethoxysilane functionalized GO and pure GO 
samples.  

The highest adsorption (312.5 mg/g) capacity of PAS-GO has been attributed to the 
following factors: 

(1) PAS chains in PAS-GO adsorbent provided more functionality/ binding sites for 
binding metal ions. 

(2) Multi-arm oligomer three-dimensional functionality prevented GO nanosheets from 
aggregation which may provide easier access to binding sites for foreigner molecules. 
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Fig. 6. PAS-GO adsorption capacity at different pH for Pb(II) using 1g/L adsorbent at 
303 K for 7h[15]. 

 

It was observe that at pH 4.0, the effect of protonation became weak and the adsorption 
efficiency of PAS-GO reached to 100% than the values obtained at lower pH values of  
2.0  and 3.0. When pH was allowed to further increasing to near 6.0, the adsorption 
performance of PAS-GO still remains at nearly 100%. Concluding that PAS-GO may be 
the best adsorbent for Pb(II) ions removals in an acidic medium from pH 4.0–7.0 because 
in basic medium these ions are precipitated. One step synthesis of polyacrylamide grafted 
graphene (PAM-g-graphene) composites has been reported by Xe et al. [16]. X-ray 
irradiation with acrylamidemonomers in aqueous at room temperature through in situ 
radical polymerization as shown in scheme 2. Which led to the individual sheets GO 
layers exfoliation into polyacrylamide. The resulted PAM-g-graphene show 24.2% 
degree of grafting of PAM on the surface of graphene with the thickness of 2.59 nm and 
exhibits superior adsorption capacity for Pb(II) ions. 

Materials Research Foundations Vol. 16



221 

 

Scheme 2. PAM-Graphene composites preparation through in-situ free radical 
polymerization by γ-ray irradiation[16]. 

 

 

Fig. 7.  (a) Adsorption efficiency of PAM-GO with time for Pb(II) removal and (b) 
pseudo-second-order  kinetics[16]. 

 

Fig. 7(a) represents the adsorption efficiency of PAM-GO with contact time for Pb(II) 
concentration of 45 mg L−1at pH 6. PAM-GO adsorption capacity sharply increases 
within the first 20 minutes and reaches equilibrium within 30 minutes. The short period 
of time adsorption capacity suggests that PAM-GO has higher adsorption efficiency for 
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industrial applications. Fig. 7(b) represents the pseudo-second-order kinetic model 
parameters for the adsorption process of Pb(II) on PAM-GO. The experimental value 
(440.4 mg/ g) was found similar as the value obtained calculated (458.7 mg/ g) from the 
pseudo-second-order kinetic model. The correlation coefficient value  (R2= 0.999) 
obtained from the pseudo-second-order kinetic model for PAM-GO adsorbent of Pb(II) 
removal suggests that the adsorption process may be controlled by chemical adsorption 
involving valence forces through sharing or exchange of electrons between sorbent and 
sorbate. Comparative Langmuir and Freundlich isotherm models for GO and PAM-GO, 
to explore the adsorption mechanism have been represented in Fig. 8.The adsorption of 
Pb(II) for GO and PAM-graphene is well fitted to the Langmuir isotherm model with the 
higher R2 value indicating the specific homogeneous adsorption within GO and 
monolayer adsorption for PAM-GO. The theoretical adsorption capacity, determined 
from the Langmuir isotherm PAM-GO for Pb(II) was found to be 819.67 mg/g, which is 
20 times higher than that of graphene nanosheets. 

 

Fig. 8. (a) The Langmuir isotherm; (b) The Freundlich isotherm for Go and PAM-GO 
[16]. 

 

Hydrated manganese oxide and GO (HMO@GO) sorbents with excellent settling ability 
(<2  min)were fabricated through in-situ growing nanosized hydrated manganese oxide 
(HMO) on GO nanosheets surface [17]. Fig. 9 represents adsorption behavior of HMO-
Go composites and GO over pH range 2.5-6.7. It was observed that as the pH increases, 
sorption capacity of HMO-GO and GO also increases because deprotonation increases 
with the increase in pH. The leaching of Mn was found to be negligible from HMO@GO 
during the experiment over the pH effect. 
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Fig. 9.  pH effect on adsorption of HMO@GO and GO for Pb(II) [17]. 
 

 

Fig. 10. Comparative synergistic adsorption capacities of  HMO@GO  and  GO  with 
bulky  HMO  in the presence of  Ca(II) and Pb(II) [17]. 

 

Fig. 10 represents the absorption behavior and capacities of nanosize HMO@GO and GO 
with bulky HMO. The adsorption capacity of nanosize HMO@GO was found to be four 
times better than the GO with bulky HMO due to the synergistic effect of nanosize HMO 
deposition onto the surface of GO layers having large surface area. 
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Fig. 11. Sorption isotherms of Pb(II) onto HMO@GO and  GO  surfaces in the absence 
and presence of  Ca(II) [17]. 

 

Sorption isotherms of Pb(II) onto HMO@GO and GO at pH 5 were investigated which is 
based on the Freundlich and the Langmuir model as shown in Fig.11. The higher related 
coefficients of the Freundlich models than the Langmuir model for HMO@GO suggests 
a heterogeneous chemisorption process through inner-sphere  complexation, whereas the 
opposite results were obtained for GO which suggests a monolayer adsorption on the 
surface through simple ion  exchange. Experimentally obtained sorption capacity of 
Pb(II) For HMO@GO was found to be 553.6 mg/g which was higher than any other Mn-
based adsorbents. 

3. Removal of cadmium 

Cadmium is found in ores with other elements and it is highly carcinogenic (U.S. 
Environmental Protection Agency) when exposed to human health. Cd is widely used in 
industrial processes (electroplating, metal finishing in nickel-cadmium batteries 
fabrication, television sets, ceramics, photography etc.). It is also used as an anticorrosive 
agent, stabilizer in PVC, color pigment, and a neutron absorber. Chronic exposure to 
cadmium results in kidney dysfunction, liver and blood damage, bone degeneration and 
high levels of exposure will result in carcinogenicity or even death. 
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Iron oxide and GO magnetic composites prepared and were used as an adsorbent for the 
effective removal of Cd(II) ions [18]. Magnetic GO adsorbent was prepared by dispersing 
GO in water followed by the addition of ferrous ammonium sulfate, ammonium ferric 
sulfate, and ammonia under oxygen-free condition. Two different sorption isotherms i.e. 
Langmuir isotherm for monolayer and Freundlich isotherms for multilayer sorption have 
been shown in Fig. 12. 

 

Fig. 12. M-GO Sorption isotherms for Cd(II) at pH = 6, time 24h, temperature 25°C 
[18]. 

 

Fig. 12 shows that the sorption isotherms data of Cd(II) are better fitted with Langmuir 
model in the mono-component system. The sorption capacity of adsorbate on M-GO was 
91.29 mg/g. Desorption and reusability behavior were studied using HCl solution and 
ethylene glycol as eluants for Cd(II) and results showed that adsorption capacities of 
Cd(II) decreased with increasing regeneration cycle numbers. After the first and fourth 
regeneration cycle, the removal efficiencies of M-GO were found to be 67.55 and 
33.78%, respectively indicating the good reusability of M-GO. 

Using FeCl3 and GO as precursors, magnetic graphene composites were synthesized by 
one-step method and grafted thiol groups using (3-mercaptopropyl)trimethoxysilane 
(MPTES) [19, 20]. Resulted thiol-functionalized magnetic graphene composite (M-
Fe3O4-GO) was used as an adsorbent for the removal of Cd(II) from aqueous solution and 
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effect of pH, contact time and initial solution concentration of adsorption were studied. 
The amount of adsorbed Cd(II) by M-Fe3O4-GO adsorbent was calculated using the 
following equation: 

qe = (𝑪𝑶− 𝑪𝒆)   𝑿   𝑽
𝒎

 

Where, C0 and Ce are the initial and equilibrium concentrations of Cd(II) ions (mg/ L), 
respectively, V is the volume of the solution(mL), and mis the mass of M-Fe3O4-GO 
(mg). Fig. 13 represents the adsorption effect with the increasing concentration of Cd(II) 
which showed that with the increase of concentration, the adsorption of metal ion 
increases and the double adsorption (5 mg/ L) was obtained at 25  mg/ L. Results were 
found to be similar with previous studies which indicated that as the concentration of the 
solution increase, driving forces becomes dominant for or the mass transfer and 
subsequent for better adsorption on the nanostructures. 

 

Fig. 13.The adsorption capacity of M-Fe3O4-GO for Cd(II) in aqueous solution [19]. 

 

The maximum adsorption capacity of M-Fe3O4-GO for Cd(II) ions obtained from the 
Langmuir isotherm was found 125 mg/g which was almost much higher than the value 
reported for magnetic adsorbents except the value reported by Wang et al. [21]. Reported 
single-step synthetic method was found to be more feasible in terms of economical and 
large-scale production. The high efficiency of the thiol-functionalized adsorbent for the 
removal of Cd(II) may be attributed to the synergistic effects of all the three components 
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viz. thiol groups, Fe3O4 nanoparticles and high surface area graphene nano layers 
(scheme 3). This functional groups were assumed to be ion exchanged with proton, and 
combine Cd(II) ions on the surface of the nanoparticles. 

 

Scheme 3.  Adsorption of Cd(II) on M-Fe3O4-GO [19]. 

4. Removal of mercury 

The natural major sources of Hg may be a volcanic eruption, weathering of rocks and 
soils, whereas anthropogenic Hg comes from its extensive use in industrial applications, 
mining processing batteries, and mercury vapor lamps. The toxicity of Hg has been 
recognized worldwide, such as in Minamata Bay of Japan. Mentally disturbed and 
physically deformed babies were born to mothers who were exposed to toxic Hg due to 
consumption of contaminated fish. Mercury is a neurotoxin that can cause damage to the 
central nervous system of the living organisms. High concentrations of Hg may cause 
impairment of pulmonary and kidney function, chest pain, and dyspnea. Methyl mercury 
(CH3Hg)+ is more toxic than any other compound of Hg. 

Single-step, eco-friendly strategic preparation of sulfur nanoparticle/reduced graphene 
oxide nanohybrid (SRGO) was carried out for the fast and efficient Hg(II) removal by 
Thakur et al. [22]. Hg(II) removal efficiency of the prepared SRGO was studied with the 
effect of exposure time at neutral pH under ambient conditions, at different pH. 
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Fig. 14. Hg(II) removal efficiency of SRGO adsorbent (a) with a variation of time and (b) 
at different pH [22]. 

 

Rapid adsorption of Hg(II) ions (15 minutes) and equilibrium time (30 minutes) (Fig. 14 
a) might be attributed due to the strong interactions between Hg(II) ions and the sulfur 
nanoparticle present at the surface of graphene nanosheets. Maximum adsorption 
efficiency of SRGO for the Hg(II) removal was at pH less than 6 pH (Fig. 14 b) because 
Hg exist in Hg(OH)2 and Hg(OH)+ as Hg(II) between 3 to 6 pH. The small decrease of 
Hg(II) ions adsorption observed in the acidic medium may be correlated with the low 
mobility higher hydrated species and protonation of the surface functional groups of 
SRGO adsorbent. Coulombic repulsions between Hg(II) (aq) species and H+ or H3O+ions 
may be the other factor of hindered adsorption of the SRGO. At more than 6 pH, 
availability of the more functional may result in high adsorption due to deprotonation of 
the surface functionality and consequently the maximum adsorption of Hg(II) at higher 
pH values. Selective adsorption for Hg(II) was also performed by studying the mixed 
adsorbent of Hg(II), Cd(II), Zn(II), and Cu(II) aqueous solution. Nano-adsorbent, SRGO 
showed almost identical Hg(II) ions while other ions showed only slight/negligible 
adsorption. Selective adsorption may be correlated due to the presence of sulfur 
nanoparticles on the surface of SRGO which was suitable for Hg(II) ions than other ions. 

A three-dimensional, self-assembled, graphene-diatom silica composite aerogel was 
prepared through simple synthetic approach as shown in Fig. 15 and adsorption 
performance for the removal of Hg(II) from water was studied as a function of time, pH, 
and solute concentration under optimized conditions [23]. 
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Fig. 15. Systematic representation of three-dimensional, self-assembled, graphene-
diatom silica composites aerogel preparation [24]. 
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Fig. 16.Graphene-diatom silica composites aerogel adsorption capacity for Hg(II) in the 
pH range of 2−10 [24]. 

 

Fig. 16 represents the effect of pH on the adsorption capacity of adsorbent using 200 
mg/L Hg(II) ions concentration. Increased adsorption capacity was observed from 2 to 
6.5 pH which was then slightly decreased above 6.5 pH which may be due to physical 
trapping and binding with available amino and oxygen functional groups on the adsorbent 
surface. In addition, zeta potential below 6 pH, show that adsorbent is positively charged 
which results in lower adsorption of positively charge Hg(II) ions. As the pH increases, 
the surface of the adsorbent becomes more negative and consequently higher adsorption 
of Hg(II) ion on the surface. 
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5. Removal of chromium 

Cr exists in several oxidation states but only two trivalent and hexavalent forms are stable 
enough to occur in the environment. Cr(III) exists in natural waters in hydrolyzed 
Cr(H2O)4OH2

+ form and is an essential micronutrient in the human body and combines 
with enzymes to form sugar, protein, and fat. Cr(III), is an essential element for the 
functioning of living organisms, a high concentration of it can be dangerous to living 
organisms as it can co-ordinate with organic compounds which in turn leads to the 
inhibition of some metallo enzyme systems. Cr(VI), found as CrO4

2-, HCrO4
-, or Cr2O7

2-

 depending on the pH of the medium, is more toxic than Cr(III), and is known to be 
carcinogenic and mutagenic and induced dermatitis. Cr is widely used in a number of 
commercial products, including dyes, paints pigments and salts for leather tanning, 
electroplating, water cooling and textile [24]. Cr(VI) is one of the most toxic pollutants 
worldwide as a carcinogenic and mutagenic agent present in wastewater and needs 
complete removal from wastewater before disposal. Cr(VI) affects human physiology, 
accumulates in the food chain and causes severe health problems ranging from simple 
skin irritation to lung carcinoma, pulmonary congestion, vomiting and liver damage etc. 

Polypyrrole GO nanocomposites (PPy-GO NC) were prepared for the effective removal 
of Cr(VI) ions from the aqueous solution using batch and packed-bed column modes 
[25]. Zeta potential of the prepared PPy-GO NC was observed 6.2 indicating that at 
higher than 6.2 pH the surface of the adsorbent is positively charged which is suitable for 
anion adsorption while at lower pH the surface charge is negative, which may be 
beneficial for cationic adsorption. In addition, the increased surface area of the PPy-GO 
NC compared to PPyhomopolymer, suggests its enhanced performance in removing 
Cr(VI) from aqueous solutions. 
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Fig. 17. Effect of pH on Cr(VI) adsorption [26]. 

 

Fig. 17 reveals the adsorption behavior of Cr(VI) onto GO, PPyhomopolymer and PPy–
GO. Results show 99.98 percent Cr(VI) removal by PPy–GO NC which decreases with 
an increase in pH from 2 to 9. In comparison to the GO and PPyhomopolymer, the 
enhanced adsorption capacity of PPy–GO NC may be attributed to increased surface area 
and the presence of highly reactive exposed surface sites. Higher efficiency for Cr(VI) 
removal at lower pH can be attributed to the fact that below pH 6.2, the surface of PPy–
GO NC is positively charged due to the dissociation of doped Cl+ ions with simultaneous 
protonation of the nitrogen atom of the PPy matrix in the presence of H+ ions [26]. 
Therefore, at pH less than 6, the HCrO4-ions (major Cr(VI) ion), are replaced by the 
doped Cl+ ions as well as attracted electrostatically by the protonated surface sites of the 
PPy–GO NC adsorbent. Moreover, at lower pH, the removal of Cr(VI) was associated 
with the reduction-oxidation reactions of Cr(VI) via electrons of the PPypolymer while a 

Materials Research Foundations Vol. 16



233 

decrease in Cr(VI) ions removal efficiency at higher pH values may be due to the 
deprotonation of the nitrogen atoms of the PPy and competitive interactions between 
hydroxyl ions and CrO42- ions present in the reaction solution.  

 

Fig. 18. Specific PPy–GO NC adsorption study for Cr(VI) in presence of Ni2+, Co2+, 
Zn2+, Cu2+, NO3

- , and Cl- ions. Temp: 25 C, pH: 2.0 [25]. 

 

Removal of the particular heavy metal ions become important when more than a single 
ion are present in a solution. Most of the discharges from the industries contain a mixture 
of ions which adversely affect the water quality and environment. Therefore a 
comparative behavior of PPy-GO-NC for Cr(VI) in present of other metal ions was 
studied as shown in Fig. 18. At equilibrium, the concentrations of coexisting ions 
remained unchanged which indicates the selective adsorption of PPy-GO-NC.  

A novel green synthetic approach was developed by Dubey et al. [27] for the preparation 
of graphene sand composite (GSC) as a novel adsorbent for the removal of Cr(VI) ions 
from aqueous solutions as shown in Fig. 19. GSC, as prepared, was used as an adsorbent 
for the removal of Cr(VI) by batch adsorption technique for different contact times, pH 
and adsorbent doses etc. 
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Fig. 19. Schematic presentation of the GSC preparation [28]. 

 

Cr occurs in different oxidation states depending on the pH of the medium. The following 
equilibria can exist in an aqueous solution and hence removal efficiencies of GSC for 
Cr(VI) were studied in the 1.5 to 11 pH range.  

 
H2CrO4  ↔ H+  +  HCrO4

−    

 HCrO4  ↔ H+  +  CrO4
2−    

 2HCrO4
−  ↔ Cr2O7

2−  +  H2O    

Adsorption efficiency of the GSC for the removal of Cr(VI) at 1.5 pH was 93 % 
indicating the maximum adsorption in acidic medium because several forms of chromium 
ions are found in an acidic medium such as chromate (CrO4

2-), dichromate (Cr2O7
2-) and 

hydrogen chromate (HCrO4
-). As per the literature, it has been suggested that when pH is 

lower than 6.8, the dominant species are HCrO4- ions while above 6.8, only CrO4
2- ions 
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are stable [28]. The strong adsorption in the acidic medium may be attributed to increased 
H+ ions concentration on the surface of GSC which offers strong electrostatic attraction 
between H+ and HCrO4

- ions. Whereas at the increased pH, the Cr(VI) adsorption showed 
exponential decrease which may be attributed to positively charged surface in a basic 
medium as well as to the dual competition of both the anions chromate (CrO4

2-) and 
hydroxide (OH-) ions for adsorption on the surface of the GSC adsorbent. Further, zeta 
potentials of GSC at pH 2.2 and 10.1 was found to be 244 and 225 mV respectively 
which support the logic that more positive the zeta potential is, the greater will be the 
removal of chromium.  

 

 

Fig. 19. Cr(III) and Cr(VI) adsorption mechanism on GSC adsorbent surface [27]. 

 

Based on the XPS, EDX and FT-IR studies, two adsorption mechanism were suggested 
for the removal of Cr(III) and Cr(VI) by GSC adsorbent as shown in Fig. 19. Binding 
energy obtained from the XPS results suggests that both Cr(III) and Cr(VI) co-exist on 
the surface of adsorbent surface and highly toxic Cr(VI) ions adsorbed onto the GSC get 
partially reduced to relatively less toxic Cr(III). The EDX results also confirmed the 
majority of Cr(III) adsorbed onto the GSC and small amount of Cr(VI). Based on the 
above results, two adsorption mechanisms were proposed as shown in Fig. 19. 
Mechanism I (direct reduction) suggests that the partial reduction of Cr(VI) to Cr(III) due 
to the presence of lower oxidation potential groups(electron donating groups such as -
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OH, C=O, O-CH3) present on the surface of GSC adsorbent in an acidic medium from 0.5 
to 1.5 pH because reduction of Cr(VI) to Cr(III) requires a lot of protons and electrons. 
Whereas mechanism II (indirect reduction) involves the following three steps; 

1. Binding of anionic Cr(VI) species to the positively-charged groups present on the 
GSC adsorbent surface. 

2. The reduction of Cr(VI) to Cr(III) by the adjacent electron donor groups (as -OH, 
C=O, O-CH3) present on the surface of GSC adsorbent. 

3. Strong coordinate-covalent bond formation of the reduced Cr(III) with the GSC 
surface functional groups such as carbonyl (C=O) and methoxy groups (O-CH3). 

In-situ synthesis of sulfuric acid doped diaminopyrimidine polymers onto the surface of 
GO via mutual oxidation-reduction technique has been reported by Dinda et al. [29] for 
the removal of toxic Cr(VI) from aqueous solution as shown in Fig. 20. 

 

Fig. 20. In-situ oxidative polymerization of 2, 6-diaminopyridine on GO surface [29]. 

 

Total Cr ions removal efficiency of G-PDAP composite as an adsorbent has been 
presented in Fig. 21 which indicates that the adsorption efficiency decreases moderately 
with increase in pH from 1 to 9. Better adsorption efficiency of an adsorbent was 
observed in an acidic medium i.e. ∼71, 59 and 46% at pH 5, 7 and 9, respectively. At 
lower pH values, Cr(VI) mainly exists as HCrO4

- which efficiently adsorbed by the 
adsorbent surface having protonated amine and imine functional groups of polymer chain 
on GO surface which is in turn then reduced to Cr(III) via redox reaction as shown 

Materials Research Foundations Vol. 16



237 

below. The faint greenish color solution, as shown in Fig. 22 is obtained due to the 
dissolution of a trace amount of Cr(III) which turn the solution greenish and the 
remaining part get adsorbed by the adsorbent and is removed from the solution. 
Decreasing efficiency at higher pH may be correlated with the decreasing interactions 
between HCrO4

- and protonated G-PDAP as OH- competes with HCrO4
- ions. 

 

Cr2O7
2−+ H+   2HCrO4

−  +  H2O 

HCrO4
− +  7H+  +  3e−  Cr(III)  +  4H2O, (E0 = +1.35V) 

 

Fig. 21. Total Cr, Cr(III) and Cr(VI) removal efficiency of G-PDAP composite at 1-9 pH 
[29]. 
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Fig. 22. The green color of the solution due to a trace amount of Cr(III) [29]. 

 

6. Removal of arsenic 

Arsenic(As) is a naturally occurring element in the deposits of earth’s crust worldwide 
and its higher concentration in groundwater is found in countries such as India, 
Bangladesh, Taiwan, Brazil, and Chile etc. In most of the groundwater, arsenic exists as 
arsenate, As(V), and arsenite, As(III) viz. monomethyl arsenic acid (MMA), dimethyl 
arsenic acid (DMA)etc. Among all the arsenic species, As(III) is about 60 times more 
toxic than arsenate [30]. It enters the environment as a pollutant through natural 
weathering of rocks and anthropogenic activities, mining and smelting processes, 
pesticide uses and coal combustion. Arsenic exists in powdery amorphous and crystalline 
forms in the ore. Higher concentration of arsenic creates severe health hazards to human 
beings and animals.  

Magnetite-reduced GO (M-RGO) superparamagnetic composites with a magnetite 
particle size of ~10 nm were prepared by Chandra et al. which could be separated by 
applying external magnetic field [31]. Due to the presence of RGO, the magnetic 
intensities were lower than the bulk Fe3O4 and the small size of Fe3O4 nanoparticles. At 
room temperature, M-RGO composites exhibited a superparamagnetic state with small 
remnant magnetization and coercivity which are desirable to get strong magnetic signals 
at small applied magnetic fields. As shown in Scheme 4, prepared M-RGO has been used 
for the removal of arsenic species from the solution at different pH and temperature. 
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Scheme 4. Fe3O4-RGO superparamagnetic composites preparation for As removal [31]. 

 

Fig. 23 exhibits the maximum adsorption capacity M-RGO adsorbent for As(III) and 
As(V). Removal of As(III) with M-RGO was found higher than As(V) which increased 
with the content of nano Fe3O4in accordance with the previously reported results [32]. 
The removal of As(III) and As(V) ions from the wastewaters is affected by the 
electrostatic attractions of the ions with the adsorbent surface. Hence the removal of 
As(III) and As(V) was carried out at different pH levels because electrostatic attractions 
are pH dependable. As(V) is found in the form of negative ionic species as H2AsO3

-, 
under wide pH range, whereas, As(III) is in a non-ionic form (H3AsO4) [33]. Adsorptions 
of As(III) and As(V) were correlated with the point of zero charges (pHPZC) of the 
adsorbent (M-RGO) at different pH. It was observed that when pHPZC of an adsorbent 
was higher than the pH of the case study, the surface of the adsorbent was positively 
charged and responsible for adsorption of As(V) anions on the surface. At the higher pH 
than pHPZC of an adsorbent, the surface was negatively charged which results in low 
adsorption of the pollutants on the adsorbent surface. 
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Fig. 23. The maximum adsorption capacity of Fe3O4-RGO (M-RGO) composites for 
arsenic removal from water [32]. 

 

 

Scheme 5. Systematic representation of M-GO and M-rGO adsorbents for arsenic 
removal [12]. 
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Systematic representation for the preparation of GO and reduced GO with magnetite 
(Fe3O4) viz. M-GO and M-rGO adsorbent for arsenic removal were reported by Yoon et 
al. [12] as shown in Scheme 5.  

 

Fig. 24. Freundlich and Langmuir adsorption isotherms of As(III) and As(V) onto (a) M-
GO and (b) M-rGO adsorbents at pH 7 [12]. 

 

Fig. 24 demonstrates the Freundlich and Langmuir adsorption (monolayer) isotherms for 
the adsorption of As(III) and As(V) on the surface of M-GO and M-rGO adsorbents. The 
content of magnetite nanoparticles loaded was found more on the surface of M-GO (630 
mg/g) when compared with the (457 mg/g) because more functional groups of M-GO 
were able to retain the higher content of nanomagnetites. It was observed that the content 
of nanomagnetites was the significant factor for the effective removal of As(III) and 
As(V) with nano adsorbent and extra energy used in the reduction process could be 
saved. 

The adsorption capacity of M-GO adsorbent was found to be 85 and 38 mg/g for As(III) 
and As(V), respectively whereas adsorption capacity of M-rGO adsorbent was found to 
be 57 and12mg/g for As(III) and As(V), respectively. Freundlich adsorption isotherms 
were found to be more linear with good correlation coefficients in comparison to the 
Langmuir isotherms suggesting that arsenic is adsorbed in the form of heterogeneity on 
the surface of adsorbents. The reason for higher adsorption capacity of an M-GO 
adsorbent was the higher functionality present on the oxidized form of graphite viz. GO 
including carboxylic, hydroxyl and other oxygen functionalities. 
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Scheme 6. Possible As(III) and As(V) adsorption mechanism on Fe3O4 magnetite (a)  
bidentate binuclear–bridging complex formation with  As(V),  (b)  monodentate complex 
formation with As(III),  (c)  outer-sphere complex formation with  As(III) [12]. 

 

Scheme 6 represent that As(III) and As(V) were adsorbed onto the iron oxide containing 
adsorbent by an inner-sphere ligand-exchange mechanism, in which the arsenic oxyanion 
exchange takes place with surface-OH or -OH2 functional groups that are directly 
coordinated with Fe3+at the surface of their oxide. Scheme 6 (a) shows that As(V) anion 
was absorbed with the two adjacent Fe3+cations and the complex formed, is called 
bidentate binuclear–bridging complex while As(III) was adsorbed by iron oxide, forming 
both bidentate binuclear–bridging complexes and monodentate complexes as shown in 
scheme 6 (b). Additionally As(III) might be adsorbed due to monodentate complexes or 
an outer-sphere complex formation in which the ligand is not coordinated directly to the 
structural cation but instead is bound to the surface-OH or -OH2, probably by means of a 
hydrogen bond as shown in scheme 6(c). Hence, the adsorption of As(III) was found 
more on the surface Fe3O4 loaded graphene adsorbent. Results obtained from pH study 
also confirmed that the adsorption of As(III) was favorably affected by the complex 
formation on the surface of an adsorbent, while As(V) was adsorbed by electrostatic 
interactions between the adsorbent and adsorbate. 

Conclusions  

Nanoadsorbents based on nanomaterials such as graphene which is considered the mother 
of all forms of carbon allotropes because of its unique nature play a major role in the 
adsorption and consequently separation of heavy metal ions from the wastewaters. 
Graphene has extremely high electronic mobility, high surface area to volume ratio, 
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weight, and the preponderance of exposed edge planes to enhance charge storage which 
is responsible for their higher absorption capacity when compared with other materials. 
Hence this chapter includes the detailed study of the recently developed novel nano-
adsorbent based on the graphene, graphene oxide and its composites for the effective 
removal of heavy metal ions (Pb, Cd, Hg, Cr and As) from the wastewaters. 

References 

[1] G. Zhao, J. Li, X. Ren, C. Chen, X. Wang, Few-layered graphene oxide 
nanosheets as superior sorbents for heavy metal ion pollution management, 
Environ. Sci. Technol., 45(2011) 10454-10462. https://doi.org/10.1021/es203439v 

[2] G. Gollavelli, C.-C. Chang, Y.-C. Ling, Facile synthesis of smart magnetic 
graphene for safe drinking water: heavy metal removal and disinfection control, 
ACS Sust. Chem. & Eng., 1(2013) 462-472. https://doi.org/10.1021/sc300112z 

[3] X. Wang, Y. Guo, L. Yang, M. Han, J. Zhao, X. Cheng, Nanomaterials as sorbents 
to remove heavy metal ions in wastewater treatment, Environ. & Anal. Toxicol., 
2(2012) 1-5. https://doi.org/10.4172/2161-0525.1000154 

[4] C. Chen, X. Wang, Adsorption of Ni(II) from Aqueous solution using oxidized 
multiwall carbon nanotubes, Ind. Eng. Chem. Res., 45(2006) 9144-9149. 
https://doi.org/10.1021/ie060791z 

[5] Y. Y. Liang, D. Q. Wu, X. L. Feng, K. M€ullen, Dispersion of graphene sheets in 
organic solvent supported by ionic interactions, Adv. Mater., 21(2009) 1679-1683. 
https://doi.org/10.1002/adma.200803160 

[6] X. Li, X. Wang, L. Zhang, S. Lee, H. Dai, Chemically derived, ultrasmooth 
graphene nanoribbon semiconductors, Science, 319(2008) 1229-1232. 
https://doi.org/10.1126/science.1150878 

[7] T. Mueller, F. N. Xia, P. Avouris, Graphene photodetectors for high-speed optical 
communications, Nat. Photonics, 4(2010) 297−301. 
https://doi.org/10.1038/nphoton.2010.40 

[8] L. Zhang, J. Xia, Q. Zhao, L. Liu, Z. Zhang, Functional graphene oxide as a 
nanocarrier for controlled loading and targeted delivery of mixed anticancer drugs, 
Small, 6(2010) 537−544. https://doi.org/10.1002/smll.200901680 

[9] K. C. Kemp, H. Seema, M. Saleh, N. H. Le, K. Mahesh, V. Chandra, K. S. Kim, 
Environmental applications using graphene composites: Water remediation and 

Inorganic Pollutants in Wastewater



244 

gas adsorption, Nanoscale, 5(2013) 3149−3171. 
https://doi.org/10.1039/c3nr33708a 

[10] G. Zhao, J. Li, X. Ren, C. Chen, X. Wang, Few-layered graphene oxide 
nanosheets as superior sorbents for heavy metal ion pollution management, 
Environ. Sci. Technol., 45(2011) 10454−10462. 
https://doi.org/10.1021/es203439v 

[11] R. R. Nair, H. A. Wu, P. N. Jayaram, I. V. Grigorieva, A. K. Geim, Unimpeded 
permeation of water through helium-leak-tight graphene-based membranes, 
Science, 335(2012) 442−444. https://doi.org/10.1126/science.1211694 

[12] Y. Yoon, W. K. Park, T.-M. Hwang, D. H. Yoon, W. S. Yang, J.-W. Kang, 
Comparative evaluation of magnetite–graphene oxide and magnetite-reduced 
graphene oxide composite for As(III) and As(V) removal, J. Hazard. Mater., 
304(2016) 196-204. https://doi.org/10.1016/j.jhazmat.2015.10.053 

[13] C. J. Madadrang, H. Y. Kim, G. Gao, N. Wang, J. Zhu, H. Feng, M. Gorring, M. 
L. Kasner, S. Hou, Adsorption Behavior of EDTA-Graphene Oxide for Pb(II) 
Removal, ACS Appl. Mater. & Interf., 4(2012) 1186-1193. 
https://doi.org/10.1021/am201645g 

[14] L. Fan, C. Luo, M. Sun, X. Li, H. Qiu, Highly selective adsorption of lead ions by 
water-dispersible magnetic chitosan/graphene oxide composites, Coll. and Surfac. 
B: Biointerf., 103(2013) 523-529. https://doi.org/10.1016/j.colsurfb.2012.11.006 

[15] S. Luo, X. Xu, G. Zhou, C. Liu, Y. Tang, Y. Liu, Amino siloxane oligomer-linked 
graphene oxide as an efficient adsorbent for removal of Pb(II) from wastewater, J. 
Hazard. Mater., 274(2014) 145-155. https://doi.org/10.1016/j.jhazmat.2014.03.062 

[16] Z. Xu, Y. Zhang, X. Qian, J. Shi, L. Chen, B. Li, J. Niu, L. Liu, One step synthesis 
of polyacrylamide functionalized graphene and its application in Pb(II) removal, 
Appl.  Surf. Sci., 316(2014) 308-314. https://doi.org/10.1016/j.apsusc.2014.07.155 

[17] S. Wan, F. He, J. Wu, W. Wan, Y. Gu, B. Gao, Rapid and highly selective removal 
of lead from water using graphene oxide-hydrated manganese oxide 
nanocomposites, J. Hazard.  Mater., 314(2016) 32-40. 
https://doi.org/10.1016/j.jhazmat.2016.04.014 

[18] J.-H. Deng, X.-R. Zhang, G.-M. Zeng, J.-L. Gong, Q.-Y. Niu, J. Liang, 
Simultaneous removal of Cd(II) and ionic dyes from aqueous solution using 
magnetic graphene oxide nanocomposite as an adsorbent, Chem. Eng. J., 
226(2013) 189-200. https://doi.org/10.1016/j.cej.2013.04.045 

Materials Research Foundations Vol. 16



245 

[19] J. Liu, H. Du, S. Yuan, W. He, Z. Liu, Synthesis of thiol-functionalized magnetic 
graphene as adsorbent for Cd(II) removal from aqueous systems, J. Environ. 
Chem. Eng., 3(2015) 617-621. https://doi.org/10.1016/j.jece.2015.01.016 

[20] H. He, C. Gao, Supraparamagnetic,  conductive,  and  processable  multifunctional  
graphene  nanosheets  coated  with  high-density  Fe3O4 nanoparticles ACS  Appl.  
Mater.  Interfaces, 2(2010) 3201-3210. https://doi.org/10.1021/am100673g 

[21] Y. Wang, S. Liang, B. Chen, F. Guo, S. Yu, Y. Tang, Synergistic removal of 
pb(ii), cd(ii) and humic acid by fe3o4@mesoporous silica-graphene oxide 
composites, PLOS  One, 8(2013) e65634. 
https://doi.org/10.1371/journal.pone.0065634 

[22] S. Thakur, G. Das, P. K. Raul, N. Karak, Green one-step approach to prepare 
sulfur/reduced graphene oxide nanohybrid for effective mercury ions removal, J. 
Phys. Chem. C, 117(2013) 7636-7642. https://doi.org/10.1021/jp400221k 

[23] S. Kabiri, D. N. H. Tran, S. Azari, D. Losic, Graphene-diatom silica aerogels for 
efficient removal of mercury ions from water, ACS Appl. Mat. & Interf., 7(2015) 
11815-11823. https://doi.org/10.1021/acsami.5b01159 

[24] S. A. Katz, H. Salem, The Biological and environmental chemistry of chromium, 
VCH, New York, . (1994)  

[25] K. Z. Setshedi, M. Bhaumik, M. S. Onyango, A. Maity, High-performance 
towards Cr(VI) removal using multi-active sites of polypyrrole–graphene oxide 
nanocomposites: Batch and column studies, Chem. Eng. J., 262(2015) 921-931. 
https://doi.org/10.1016/j.cej.2014.10.034 

[26] X. Zhang, R. Bai, Surface electric properties of polypyrrole in aqueous solutions, 
Langmuir, 19(2003) 10703-10709. https://doi.org/10.1021/la034893v 

[27] R. Dubey, J. Bajpai, A. K. Bajpai, Green synthesis of graphene sand composite 
(GSC) as novel adsorbent for efficient removal of Cr (VI) ions from aqueous 
solution, J. Wat. Proc. Eng., 5(2015) 83-94. 
https://doi.org/10.1016/j.jwpe.2015.01.004 

[28] J. Zhu, S. Wei, H. Gu, B. Rapole, Q. Wang, Z. Luo, N. Haloolaarachchige, D. P. 
Young, Z. Guo, One-pot synthesis of magnetic graphene nanocomposites 
decorated with core@double-shell nanoparticles for fast chromium removal, 
Environ. Sci. Technol. , 46(2012) 977-985. https://doi.org/10.1021/es2014133 

Inorganic Pollutants in Wastewater



246 

[29] D. Dinda, S. Kumar Saha, Sulfuric acid doped poly diaminopyridine/graphene 
composite to remove high concentration of toxic Cr(VI), J. Hazard. Mater., 
291(2015) 93-101. https://doi.org/10.1016/j.jhazmat.2015.02.065 

[30] J. F. Ferguson, J. Gavis, A review of the arsenic cycle in natural waters, Water 
Res., 6(1972) 1259-1274. https://doi.org/10.1016/0043-1354(72)90052-8 

[31] V. Chandra, J. Park, Y. Chun, J. W. Lee, I.-C. Hwang, K. S. Kim, Water-
dispersible magnetite-reduced graphene oxide composites for arsenic removal, 
ACS Nano, 4(2010) 3979-3986. https://doi.org/10.1021/nn1008897 

[32] Q. Zhang, B. Pan, W. Zhang, B. Pan, Q. Zhang, H. Ren, Arsenate removal from 
aqueous media by nanosized hydrated ferric oxide (HFO)-loaded polymeric 
sorbents: Effect of HFO loadings, Ind. Eng. Chem. Res., 47(2008) 3957-396. 
https://doi.org/10.1021/ie800275k 

[33] T.-F. Lin, J.-K. Wu, Adsorption of arsenite and arsenate within activated alumina 
grains: Equilibrium and Kinetics, Water Res., 35(2001) 2049-2057. 
https://doi.org/10.1016/S0043-1354(00)00467-X 

 

Materials Research Foundations Vol. 16



247 

Chapter 7 
 

Magnetic mollusk shell-Fe3O4 composite powder used 
as seeding adsorbent to purify Zn(II) and Pb(II) 

contaminated wastewater 
Mokgadi BOPAPE1*, Jianwei REN2, Myalowenkosi SABELA3, Anthony MULIWA1, Maurice 

Stephen ONYANGO1 
1Department of Chemical, Metallurgical and Materials Engineering, Tshwane University of 

Technology, Private Bag X680, Pretoria, 0001, South Africa 
2Material Science and Manufacturing, Council for Scientific and Industrial Research, Pretoria 

0001, South Africa 
3Department of Chemistry, Durban University of Technology, P.O Box 1334, Durban 4000, 

South Africa 
*bopapemf@tut.co.za 

 

Abstract 

Biosorption of toxic heavy metal ions using inexpensive non-living biomass from 
aqueous solutions has been recognized as a promising technique for the decontamination 
of industrial effluents containing heavy metals. This chapter reports on the preparation 
and characterization of partially converted mollusk shell-Fe3O4 powder with sufficient 
magnetic saturation values. At first stage, biosorption kinetics, equilibrium and 
thermodynamics of Zn(II) and Pb(II) as typical aqueous heavy metal ions, onto mollusk 
shell-Fe3O4 composite powder were investigated in batch mode. Thereafter, the mollusk 
shell-Fe3O4 composite powder was explored as a seeding adsorbent to treat Zn(II) 
contaminated wastewater, and a lab-scale magnetically assisted water treatment system 
applying magnetic trap was evaluated to recover the mollusk shell-Fe3O4 powder from 
fluid state. In the adsorption and magnetic separation systems, Zn(II) removal and 
magnetic separation efficiency were used as key performance indicators. Overall 
equilibrium uptake capacity was 312.5 mg g-1 at 298 K and 400 mg g-1 at 318 K while 
∆Hᴼads and ∆Sᴼads were determined to be -24.46 kJ mol-1 and 103.33 J mol-1 K 
respectively. 
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Mollusk Shell-Fe3O4 Powder, Wastewater, Adsorption Kinetics, Equilibrium, 
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1 Introduction 

One of the important applications of adsorption processes is the decontamination of toxic 
heavy metals from industrial effluents, using abundant, low-cost natural materials, and  
industrial waste [1]. Biosorption of toxic heavy metal ions from aqueous solution using 
inexpensive non-living biomass has emerged strongly as a promising technique for the 
decontamination of such industrial effluents. This is because it is simple, analogous 
operation to conventional ion exchange technology, efficient and makes use of cheap 
materials like biomass and waste bio-products [2-7]. Literature reports indicate that the 
total cost of treating electroplating wastewater using partially converted mollusk shells 
waste would be less than half the cost of conventional precipitation treatment [8]. In 
South Africa, for instance, tons of mollusk shells wastes are piled along the long 
coastline. The shells contain chitosan which is known to have a variety of functional 
groups such as large numbers of amino (-NH2), carboxyl (-COOH) and hydroxyl (-OH) 
groups which make it an effective ion-exchanger [7, 9]. Among the various biosorbents 
found in literature, chitosan has been reported to have  high affinity for metal ions,  such 
as arsenic [10], lead, cadmium, copper [11], chromium [12], cobalt [13], manganese, zinc 
[14], and nickel [15] in aqueous solutions. The nitrogen in the amino group of the 
chitosan molecule acts as an electron donor and is presumably responsible for selective 
chelation with transition metal ions [16-19]. Moreover, it facilitates modifications of the 
polymer, thus enhancing adsorption properties. 

Nanostructured adsorbents especially those containing nanosized Fe3O4 particles are 
considered as potential sorbents for remediation of heavy metal polluted waters. The 
incorporation of Fe3O4 particles not only improves the surface area of the resultant 
adsorbent, but also facilitates easy separation under external magnetic fields [20-22]. The 
adsorption characteristics of magnetic particles can also be improved by surface 
modifications such as physical coating and covalent binding to enable specific metal 
complexation [23-26]. For example, amino-functionalized Fe3O4@SiO2 core-shell 
magnetic nano-materials were achieved by surface functionalization of Fe3O4@SiO2 
nano-particles using (3-aminopropyl) trimethoxysilane (APTMS) as the silylation agent, 
and the resulting material exhibited high adsorption affinity for Cu(II), Pb(II) and Cd(II) 
ions in aqueous solutions [23]. Mono-disperse Fe3O4@silica core-shell microspheres 
were prepared by a two-step method, and used for removal of heavy metal ions such as 
Hg(II), Pb(II) from industrial wastewater [24]. Similarly, Liu et al., 2008 prepared humic 
-acid-coated Fe3O4 nano-particles by co-precipitation method and found the sorbent to 

Inorganic Pollutants in Wastewater



250 

effectively remove Hg(II), Pb(II), Cd(II), and Cu(II) from water [25]. Recently, magnetic 
chitosan/magnetite nano-composite powder was proposed for the removal of Pb(II) and 
Ni(II) at pH 4-6 [26]. 

In view of the aforementioned reasons, the present study examined the adsorption and 
separation behaviour of partially converted mollusk shell-Fe3O4 powder towards Zn(II) 
and Pb(II) ions in aqueous solutions. The physicochemical properties of the sorbent were 
determined by SEM, FT-IR, and VSM characterisation techniques. At the first instance, 
biosorption kinetics, equilibrium and thermodynamics of Zn(II) and Pb(II) ions onto 
mollusk shell-Fe3O4 composite powder were investigated in batch mode.  

2. Materials and methods 

2.1 Materials  

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O) and lead nitrate Pb(NO3)2) were purchased 
from Saarchem (Pty) Ltd., South Africa for use as sources of Zn(II) and Pb(II) ions 
solutions. All glasswares were cleaned using nitric acid solution and rinsed thoroughly 
with deionised water prior to use. Stock solutions of both metal ions were prepared. The 
pH adjustments were done using 0.1 M NaOH and 0.1 M HNO3 solutions. All other 
chemicals including NaOH, FeCl3.6H2O, FeCl2.4H2O, HCl and KCl that were used in the 
experiment were of analytical reagent grade (AR) and were used as received from Sigma 
Aldrich suppliers in South Africa.   

2.2 Methods  

2.2.1 Preparation of partially converted mollusk shell@Fe3O4 powder 

The mollusk shells were collected from the west coast of Cape Town in South Africa. 
The shells were first rinsed with water to remove excess dirt and sand. Once the shells 
had dried at 120 oC overnight, they were manually crushed in a plastic bag and screened 
through a set of sieves to get the geometrical size of 75-150 μm. Demineralization was 
achieved by soaking the shell particles in 5 wt% NaOH and 5 wt% HCl solution at room 
temperature for 6h, respectively. The demineralized shells were subsequently soaked in 
50 wt% NaOH for 6 hrs at 90 oC to induce deacetylation. After this, the solution mixture 
was vacuum filtered and rinsed thoroughly with deionised water until pH of the filtrate 
was neutral and a white powder was obtained and then air-dried.  

The mollusk shell@Fe3O4 powder was synthesised by a co-precipitation method. A 
solution containing 0.8 M FeCl3.6H2O and 0.4 M FeCl2.4H2O was poured in 150 mL of 
0.5 M HCl solution under nitrogen gas bubbling. After attaining homogeneity, the 
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resultant mixture was added drop-wise into a 250 mL mixture containing 10 M NaOH 
solution and 20 g of mollusk shell particles (75-150 μm) in a three-necked flask while 
bubbling nitrogen gas. A black colour change was observed as the temperature of the 
reaction mixture reached to about 65 oC and by further heating the temperature was 
maintained at 95 ᵒC for 1hr. Afterwards, the black mixture was cooled to room 
temperature, and repeatedly washed with deionized water until neutral pH was achieved. 
The solids were then separated magnetically by an external hand-held magnet. Finally, 
the solid was vacuum-dried for 12 hrs and the dry material was named as magnetic 
mollusk shell-Fe3O4 powder for further use.  

2.2.2 Adsorbent characterization 

The X-ray diffraction (XRD) patterns of mollusk shell, magnetite (Fe3O4) and mollusk 
shell@Fe3O4 particles were obtained at room temperature by PANalytical X’Pert Pro 
powder diffractometer with Pixcel detector using Ni-filtered Cu K-alpha radiation (0.154 
nm) in the range of 2θ = 1–90o, and a scanning rate of 0.02 s-1. The morphology and 
composition of adsorbent media were characterized by SEM/EDX using a JEOL JSM-
7600F Field Emission Scanning Emission Microscope (FeSEM), running at 2 kV 
accelerating voltage. The micrograph was scanned in different magnifications for clearer 
morphology. Fourier transform infrared spectroscopy (FT-IR) spectra were recorded with 
Perkin Elmer FTIR spectrometer, using NUJOL CP as a background, in the region of 
400–4000 cm-1 and with a resolution of 4 cm-1. Magnetic measurement was performed 
using a SQUIT Magnetometer-VSM, Model 7 TeslaXL (Quantum Design, San Diego). 
The sample material was pressed into pellets for containment into the magnetometer 
sample environment. Magnetization was recorded as a function of field (-2.0 to +2.0 T) at 
300 K temperature. The specific surface area of the particles was determined with 
nitrogen adsorption BET (Brunauer-Emmett-Teller) measurements performed with a 
Micromeritics instrument Tristar II 3020 V1.02. To determine the point-zero of charge 
(pHpzc) of mollusk shell@Fe3O4 powder, 0.1 M KCl solutions were used with an initial 
pH adjusted between 2.0 - 12.0 using either 0.1M NaOH or HCl solutions. Then 0.05 g of 
mollusk shell@Fe3O4 powder was added into each solution and samples were placed in a 
thermostatic shaker for a period of 24 h to equilibrate. Thereafter, the mixtures were 
filtered and the final pH of each filtrate was measured and recorded [27, 28]. Elemental 
analysis for both ions was performed by inductively coupled plasma-atomic emission 
spectroscopy (ICP-AES) using a Jobin-Yvon JY70 Plus Spectrometer at a plasma power 
of 1400 W. 
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2.3 Zn(II) and Pb(II) batch biosorption experiments 

2.3.1 Effect of initial solution pH on metal removal 

The interaction between Zn(II) and Pb(II) with functional groups present in the sorbent 
was studied by varying the initial solution pH between pH 2–8, by 1 M NaOH or HCl. 
Accordingly, bio-sorption was conducted by adding 0.05 g of the mollusk shell@Fe3O4 
composite powder to 50 mL of 200 mg/L Zn(II) and Pb(II) solutions in plastic sampling 
bottles respectively. The sample bottles were contacted for 24 h in a thermostatic shaker. 
After this period, the suspensions were filtered and the residual Zn(II) and Pb(II) 
concentrations were measured by inductively coupled plasma (ICP-AES) at a plasma 
power of 1400 W, coolant and nebulizer flow of 12 and 1 L min-1 respectively. 

2.3.2 Effect of contact time 

Batch bio-sorption experiments were conducted by contacting 1.0 g of biosorbent in a 1.0 
L batch reactor with initial Zn(II) concentrations of 51.55 ppm  and 95.53 ppm and Pb(II) 
concentrations of 63.25 ppm and 102.66 ppm respectively at pH 5.5. The reactor was 
stirred with an overhead stirrer at a speed of 250 rpm at room temperature. At different 
time intervals, 10 mL of samples were collected and the residual concentration of Zn(II) 
and Pb(II) ion solutions were analysed by ICP-AES. The equilibrium bio-sorption 
capacities of the mollusk shell@Fe3O4 composite powder for Zn(II) and Pb(II) were 
calculated using  Eq. (1)  as follows: 

 

m
xVCCq to

t
)( −

=                                                     (1) 

where Co (mg/L) is the initial concentration, Ct (mg/L) the concentration at any time, qt 
(mg/g) the amount of Zn(II) and Pb(II) adsorbed at any time, m (g) the bio-sorbent mass 
and V (L), the solution volume. 
 

2.3.3 Effect of initial metal concentration and temperature 

The sorption equilibrium data using partially converted mollusk shell@Fe3O4 composite 
powder (PCMS-Fe3O4) were determined by varying the initial metal solutions 
concentrations (100-500 mg/L) and temperature (298, 308 and 318 K). The bio-sorbent 
mass, pH and solution volume were fixed at 0.05 g, 5.5 and 50 mL, respectively. The 
sample bottles were contacted for 24 h in a thermostatic shaker. After this period, the 
suspensions were filtered and the concentrations of Zn(II) and Pb(II) left in the 
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supernatant solution were determined by ICP-OES. The equilibrium sorption capacity 
was determined by Eq. (2) as: 
 

m
xVCCq eo

e
)( −

=                                                             (2) 

where qe and Ce are the amounts of Zn(II) and Pb(II) adsorbed (mg/g) and the equilibrium 
concentration (mg/L), respectively, while  V is the solution volume (L). 

3. Results and discussion 

3.1 Bio-sorbent characterization 

3.1.1 X-ray diffraction (XRD) analysis 

The XRD patterns of partially converted mollusk shell (spectra a), partially converted 
mollusk shell@Fe3O4 composite powder (spectra b) and Fe3O4 (spectra c) obtained from 
the experiment are shown in Fig. 1. In spectra a and b, the diffraction peak at 2θ=18.14o-
20.14o is the typical fingerprint of semi-crystalline chitosan [29]. All the diffraction peaks 
and relative intensities in spectra c match well with those for spinel Fe3O4 structure in 
JCPDS file (PDF No. 65-3107) [25]. The XRD pattern further shows new peaks on the 
partially converted mollusk shell@Fe3O4 which corresponds to intensities of the partially 
converted mollusk shell (specta b). By comparing patterns of spectra (b) and (c), it is 
evident that Fe3O4 was successfully coated onto the composite and the interaction of iron 
(Fe) with the mollusk shell. The average Fe3O4 particle size was approximately 10 nm 
calculated by the Debye-Scherrer equation ( d / coskλ β θ= ), where d  is the average 
particle size (nm) of the sample, λ  is the X-ray wavelength (nm), k  is the constant, θ  
and β  are the Bragg angle (in radians) and the excess line broadening (in radians), 
respectively. The average Fe3O4 particle size was calculated using the most intense peak 
(311) with its full width at half maximum. 
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Fig. 1. XRD patterns for Fe3O4, PCMS@Fe3O4 composite powder and PCMS. 
 

3.1.2 Scanning electron microscopy (SEM) analysis and BET 

The morphological characteristics of partially converted mollusk shell@Fe3O4 composite 
powder were determined using a scanning electron microscopy (SEM). As observed in 
SEM images of Fig. 2, two distinct differences are clear; the surface of the bio-sorbent in 
Fig. 2(a) appears to be smooth and non-porous while that of Fig. 2(b) appears to be 
irregular and porous. This can be attributed to the coating of iron (Fe) on the surface of 
the sorbent, thus increasing the contact area and facilitating pore diffusion during 
sorption. The average size of mollusk particles was 75-150 μm. After coating Fe3O4 
nano-particles onto the surface of the composite, the specific surface area of the sorbent 
measured by BET method increased from 2.95 to 36.33 m2/g. Hence it can be concluded 
that the mollusk shell-Fe3O4 composite powder has ample morphology for ion sorption. 
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Fig. 2. SEM micrograph of (a) pure PCMS and (b) PCMS@Fe3O4 composite. 

 

3.1.3 Fourier transform infrared (FTIR) 

Fig. 3 shows the FTIR spectra of raw mollusk shell (curve a), deacetylated mollusk shell 
(curve b), partially converted mollusk shell@Fe3O4 (curve c), and partially converted 
mollusk shell@Fe3O4 after Zn(II) bio-sorption (curve d) while (curve e) shows the 
composite powder after Pb(II) bio-sorption. The peaks around wavenumbers 712, (2875-
2920), (1680-1480), (1400-1660) and (3750-3000) cm-1 can be attributed to the Fe-O 
group, C-H bending, CO bending, NH2 bending vibration and OH stretching group 
respectively [30-33]. The -NH2 group of the composite powder has a main characteristic 
peak in the region of 3750-3000 cm-1, which appears to be masked by a peak due to the 
OH group and also a characteristic bio-sorption peak at 1640.15 cm-1 due to its amide 
group. The presence of magnetite is indicated in the region of 750-500 cm-1. The FTIR 
spectra indicated that both chitosan and Fe3O4 phases are present in magnetic chitosan 
nanoparticles and the Fe3O4 magnetic nanoparticles were coated on the chitosan [34]. 
After adsorption/bio-sorption, the main characteristic peak for both metals increased in 
intensity. This can be accredited to the interaction of the NH2 group with Zn(II) and 
Pb(II) metal ions and further depicts the mechanism of bio-sorption onto the mollusk 
shell. 
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Fig. 3. FTIR spectra of raw mollusk shell, deacetylated mollusk shell, PCMS@Fe3O4 
composite, Zn(II) and Pb(II) after adsorption. 

 

3.1.3 Magnetic properties measurements 

Magnetic measurements were conducted on a VSM to verify whether the synthesized 
composite powder could be recovered from the aqueous phase by magnetic separation 
processes. As can be seen in Fig. 4a, the composite did not exhibit hysteresis loop and 
remanence magnetization. Further, the saturation magnetization (Ms) of the composite 
was 25.3 emug-1. These observations suggested that partially converted mollusk shell 
powder was super-paramagnetic [34] and had sufficient magnetism to facilitate its 
separation with a conventional magnet separation device. The minimum acceptable 
literature value for magnetic separation is 16.3 emug-1 [19, 35]. Similar findings were 
reported by Tran et al. for the application of chitosan/magnetite beads onto aqueous 
Pb(II) and Ni(II) ions. Fig. 4b demonstrates the mollusk shell-Fe3O4 powder attracted by 
an external magnet. 
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Fig. 4. (a) Magnetization curve for PCMS-Fe3O4 composite and (b) External attraction of 
PCMS@Fe3O4 by a hand-held magnet. 

 

3.1.4 Point zero of charge 

The pH value of an adsorbent in solution when the net surface charge is zero is defined as 
the point zero of charge (pHPZC). It has a huge impact in adsorption processes because 
multivalent cation adsorption occurs effectively at pH below pHPZC [28]. The variation of 
the zeta potential of partially converted mollusk shell-Fe3O4 composite with respect to pH 
was studied to determine the surface charge on the composite. Fig. 5 shows the pHPZC 

results obtained for the partially converted mollusk shell- Fe3O4 composite powder. The 
point zero of charge was around 7.1 and over a wide range of pH, the composite powder 
exhibits a net positive zeta potential which might be due to the addition of the acetamido 
and amino groups protons onto partially converted mollusk shell@Fe3O4 powder. Above 
the pHPZC, the composite powder demonstrated a net negative zeta potential due to 
protonation and attachment of OH- ions. 
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Fig. 5. Determination of pHpzc on PCMS-Fe3O4 composite powder. 

 

3.2 Bio-sorption studies 

3.2.1 Effect of solution pH on metal removal 

Fig. 6. shows the effect of solution pH on the removal of Zn(II) and Pb(II). It was 
observed that when pH was increasing, the sorption capacity also increased, and the 
maximum bio-sorption efficiency attained was 90% at pH 3-6. This can be attributed to 
the metal chemistry in solution where the available free lone pairs of electrons onto 
nitrogen atoms are suitable for coordination with Pb(II) ions [39]. At pH 2, a slight 
decrease in the adsorption capacity might be due to the excess addition of hydrogen (H+) 
that limits complex formation. When the initial pH of the solution was higher than 5.5, 
precipitation of Pb(II) ions resulted due to high concentration of hydroxyl anions in the 
solution. Further observations showed that adsorption of Zn(II) was mainly dependent on 
the proton concentration. The higher the proton concentration, the lower is the removal 
efficiency [36]. Further, the dependence of metal adsorption capacity on pH is related not 
only to the density of functional surface groups of the bio-sorbent and the chemistry of 
metal ions in solution [37, 38] but also on the degree of ionization. Therefore, all 
subsequent experiments were carried out at pH 5.5. Furthermore, it was observed that 
from pH 1.6 to 5, amine groups are mostly protonated and thus available for anion 
sorption, although the degree of protonation decreases as pH increases. At pH 6, the 
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percentage of protonated amine groups decreases to 76% whereas at pH 8 the composite 
is almost completely de-protonated and thus unable to sorb metal anions [39]. 
 

 

Fig. 6. Effect of initial solution pH on Pb(II) and Zn(II) adsorption. (Adsorbent dosage: 
0.05 g; initial concentration: 200 mg/L; T: 25 ᵒC). 

 

3.2.2 Adsorption kinetics and modelling 

Bio-sorption kinetics plays an important role in selection and designing of reactor 
systems, as well as operations. Heavy metal bio-sorption is metabolism-independent and 
thus, typically occurs rapidly, in particular for uptake of cationic metal ions [7]. Kinetics 
experiments were performed using mollusk shell@Fe3O4 powder concentration of 1.0 
g/L, solution pH at 5.5 and initial Zn(II) concentration of 51.55 and 95.53 mg/L 
respectively at 25 oC. As shown in Fig. 7, Zn(II) adsorption occurred in two steps, the 
first step involving rapid metal adsorption within the first 20 min and afterwards, 
adsorption continuing for a longer time period until equilibrium was reached. Equilibrium 
was reached between 2-3 h. In the succeeding experiments, a contact time of 2 hrs was 
chosen to ensure equilibrium was attained. Further, the experimental data were modelled 
onto two kinetic models; pseudo-first order and pseudo-second order models [40, 41]. 
The adsorption of Pb(II) metal ion onto partially converted mollusk@Fe3O4 composite as 
a function of contact time was determined and results are presented in Fig. 7. The 
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experiment was carried out at initial concentrations of 63.25 mg/L and 102.66 mg/L at 25 
ᵒC. Bio-sorption was rapid in the first stages (10-30 min) and then slowed down 
considerably as the reaction approached equilibrium. Specifically, up to 25.44 mg/g and 
63.46 mg/g for Pb(II) uptake was recorded in 10 minutes contact time for the 63.25 mg/L  
and 102.66 mg/L  initial concentrations, respectively. Such a rapid uptake shows that the 
active sites on the partially converted mollusk-Fe3O4 composite were readily accessible 
for Pb(II) adsorption. The absence of the internal diffusion resistance and high surface 
area of the partially converted mollusk@Fe3O4 composite further explains the rapid 
uptake as observed. As time elapsed, evidently after the first hour to the second hour, 
uptake of Pb(II) increased from 27.80 to 27.81 mg/g and 66.83 to 67.03 mg/g for 63.26 
and 102.77 mg/L initial concentrations, respectively.  

 

 

Fig. 7. Adsorption kinetics of Zn(II) and Pb(II) ions onto mollusk shell-Fe3O4 powder. 
Adsorbent dosage: 1.0 g L-1; stirring rate: 250 rpm; pH: 5.5; T: 25 ᵒC. 

 

The pseudo-first order rate equation (Lagergren equation) is described by the following 
expression [42]. 

)(1 te
t

q qqk
d
d

−=
 (3) 
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where (qe) is the quantity of the metal ions adsorbed at equilibrium/g (mg/g); (q) amount 
of metal ions adsorbed any time (mg/g) and (k1) is the rate constant (min-1). Eq (3) 
induces to Eq. 4 after integrating and applying boundary conditions, t = 0 and qt = 0 to t 
= t and qt = qt : 

303.2
log)log( 1tkqqq ete −=−

 (4) 

The pseudo second order rate equation is described as follows:  

2
2

1
.t e e

t t
q k q q
= +  (5) 

and the initial sorption rate, h0 (mg/g. min) can be defined as: 

2
0 2. ( 0)eh k q t= →

 (6) 

For the model to be valid and satisfied, a linear plot of t/q against t in Eq. 5 should give a 
linear relationship and thereafter, qe and ke constants determined. 

 

 

Fig. 8. Pseudo second order plots of Zn(II) ions onto mollusk shell-Fe3O4 powder;  
Adsorbent dosage: 1.0 g L-1; stirring rate: 250 rpm; pH: 5.5; T: 25 ᵒC. 
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Fig. 9. Pseudo second order plots on Pb(II) ions onto mollusk shell @Fe3O4 powder. 
Adsorbent dosage: 1.0 g L-1; stirring rate: 250 rpm; pH: 5.5; T: 25 ᵒC 

 

The plot fitted very well to the experimental data and thus sorption was described as a 
pseudo-second order rate equation for both metal ions. Additional data are presented in 
Table 1. The R2 values are the same for all initial concentrations of Zn(II) ions with a 
value of 0.99. A linear plot of the model is presented in Fig.8 and thereafter rate constants 
qe and k2 are determined from the slope of Eq 5. Nonetheless, the reaction is not likely to 
be expressed as a first order process if the equilibrium uptake of metal ions doesn't equal 
the intercept, even if the plot has a high correlation coefficient with the experimental data 
[42]. From our study, the intercept was found to be 80.1 and this was not equal to the 
equilibrium uptake therefore confirming that the process did not follow the first order 
mechanism. The R2 values were 0.95 and 0.99 respectively. Table 1 shows the data 
obtained with the rate constants calculated from the slope of Eq. 5. The experimental data 
in Fig. 9 matched well the model data as reflected by the extremely high correlation 
coefficients at both concentrations (R2=0.99). The findings indicate that the rate limiting 
step might be due to chemical sorption which involved exchange of electrons between 
Pb(II) molecules and partially converted shell-Fe3O4 composite. Moreover, from the 
experimental results reported in Table 1, the adsorption capacity qe depended on the 
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initial concentration. The pseudo-first order model was also modelled but did not give 
good correlation coefficients. Thus the latter is not discussed. 

Table 1. Summary of kinetic parameters on Zn(II) and Pb(II) adsorption. 
      

Pseudo-1st order Pseudo-2nd order       

Metal 

Conc 

(ppm) 

qe 

(exp) R 2 

k1 

(min-1) 

qe 

(mg/g) R 2 

k2 

(g/mg.min) 

qe 

(mg/g) 

Zn(II) 
50 51.55 0.89 0.013 20.07 0.999 0.00214 38.02 

100 95.53 0.95 0.022 80.11 0.999 0.0004 93.46 

Pb(II) 
50 63.26 0.05 0.005 2.29 0.999 0.05 27.86 

100 102.77 0.05 0.003 1.5 0.999 0.0002 67.15 

3.2.3 Sorption isotherms 

The correct relationship needs to be established for batch equilibrium experiments as 
such results help in modelling and designing adsorption systems [26]. Adsorption 
isotherms provide necessary data for understanding the mechanism of adsorption 
processes, surface properties and the interaction between the sorbate and sorbent. The 
Langmuir and Freundlich [43] isotherm linear equations were applied to depict the 
equilibrium sorption relationship of Zn(II) and Pb(II), and are presented by the  following 
expressions: 

1
.

e e

e m L m

c c
q q k q

= +   (7) 

F
1log log loge eq K c
n

= +
   (8) 

where qm (mg/g) is the maximum adsorption capacity, kL (L/mg) is the adsorption 
equilibrium constant. A plot of Ce/qe vs. Ce should yield a straight line if Langmuir 
isotherm is obeyed; qm and kL are calculated from the slope and intercept, respectively. 
KF is Freundlich parameter relating adsorption capacity and 1/n, a parameter related to 
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adsorption intensity. The slope ranges between 0 and 1, however the process becomes 
more heterogeneous as the slope approaches a value close to zero [44]. 

Furthermore, the essential characteristics of the Langmuir isotherm can further described 
by a separation factor, which is defined as: 

)1(
1

e
L bC

R
+

=  (9) 

The value of RL shows the nature of adsorption and shape of the isotherm. When the 
value of RL is within a range of 0-1, adsorption is favourable. 

 

 

Fig. 10. Adsorption isotherms for Zn(II) adsorption onto partially converted mollusk 
shell-Fe3O4 composite. 

 

Fig. 10 presents the adsorption isotherms of Zn(II) at different temperatures. As 
observed, the adsorption curves indicated a slight increase in the adsorption capacity of 
Zn(II) metal uptake as temperature increased. The Langmuir sorption model was chosen 
to estimate the maximum uptake capacity and affinity for Zinc ions. From the Langmuir 
fit summarized in Table 2, correlation coefficients (R2) obtained were 0.99 at 298K and 
308K respectively, where at 318K, R2 was 0.98, thus showing a better fit as compared to 
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the Freundlich model (not shown). This indicated that adsorption occurred at specific 
homogeneous sites within the adsorbent and formed a monolayer cover of Zn(II) at the 
surface of the sorbent. The sorption parameters are presented in Table 2. The maximum 
adsorption capacity (qm) seemed to increase with an increase in temperature. Specifically, 
the maximum uptake capacity was 312.5 mg/g at 298 K and 400 mg/g at 318 K.  
 

Table 2. Langmuir and Freundlich isotherms parameters for Zn(II) and Pb (II) 
adsorption. 

Analyte  Langmuir Freundlich 

 T 

(K) 

R2 b 

(L/mg) 

qm 

(mg/g) 

R2 Kf 1/n 

 298 0.99 0.071 312.5 0.89 57.91 0.34 

Zn 308 0.99 0.054 357.1 0.87 45.72 0.42 

 318 0.98 0.038 400 0.83 44.17 0.47 

 298 0.99 0.109 769.23 0.66 210 0.255 

Pb 308 0.99 0.10 769.23 0.59 214 0.239 

 318 0.99 0.076 909.09 0.99 100 0.457 

 

The interactions between partially converted mollusk shell-Fe3O4 composite and Pb(II) 
ions at 298, 308 and 318 K resulted in Pb(II) removal from aqueous solution as shown in 
Fig 11. The sorption experimental data were modelled onto Langmuir and Freundlich 
isotherm models. The obtained constants and regression coefficients of Langmuir 
isotherm are summarised in Table 2. From the data obtained, the Langmuir model gave a 
better fit than the Freundlich model and the data strongly suggest that the experimental 
adsorption of Pb(II) onto partially converted mollusk shell-Fe3O4 composite fit well with 
the Langmuir isotherm. For this study, the value of RL calculated for the initial 
concentrations of Pb(II) is 0.11 which is within the range of 0-1, thus indicating that 
sorption of Pb(II) onto partially converted mollusk shell-Fe3O4 composite is favourable. 
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Fig. 11. Adsorption isotherm of Pb(II) onto partially converted mollusk shell-Fe3O4 
composite at different temperatures. 

Table 3. Maximum Langmuir adsorption capacities of Zn(II) ions onto different 
adsorbents. 

Adsorbent qe Reference 

MMCS 32.16 mg g-1 [38] 

MHNPs  2.151 mmol g-1 [45] 

MZ  114 mg g-1 [20] 

NCT 133.86 mg g-1 [46] 

PCMS@Fe3O4 312.5 mg g-1 This study 

Magnetic Modified Chitosan (MMCS); Magnetic zeolite (MZ); Magnetic hydroxyapatite 
nanoparticles (MHNPs); Nanometer calcium titanate (NCT) 
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Table 3 & 4 demonstrates the comparison of sorption capacities of Zn(II) and Pb(II) ion 
to some nano-materials reported in literature. The maximum adsorption capacities 
obtained in this study are fairly attractive. It however should be stressed that the values 
presented in Table 3 and 4 have been taken from different studies in which the 
experimental conditions are not the same as compared to those applied in the current 
study and, thus, the comparison made here aims at showing the high uptake potential of 
partially converted mollusk shell@Fe3O4 composite rather than establishing a 
quantitative scale of effectiveness among different sorbents. 

 

Table 4. Comparison of Langmuir adsorption capacities for Pb(II) onto various 
adsorbents. 

Adsorbent pH T(K) qe (mg/g) Reference 

CS/MCB 5 298 54.8 [26] 

6 298 63.33  

GB/MNPs ? 298 260.13 [47] 

CNTs ? ? 17.44  [43] 

PCMS@Fe3O4  5.5 298 769.23 This study 

Chitosan (CS); magnetite composite beads (MCB); Gellan beads (GB); magnetic 
nanoparticles (MNPs); Carbon nanotubes(CNTs) ; Partially converted mollusk shell 
(PCMS) 
 

3.2.4 Thermodynamic parameters  

When adsorption equilibrium state reached, Zn(II) metal ions adsorbed onto mollusk 
shell@Fe3O4 powder remain in equilibrium with the residual Zn(II) concentration in the 
liquid phase. Thermodynamic factors such as change in free energy adsG°∆ , change in 
enthalpy of adsorption adsH °∆  and change in entropy adsS°∆  provide an insight about the 
nature and mechanism of adsorption process [48]: 

bRTG ads ln−=°∆  (10) 

Inorganic Pollutants in Wastewater



268 

RT
H

R
Sb adsads °∆
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°∆

=ln  (11) 

where R is the universal gas constant (8.314 J mol-1 K-1) and T is the adsorption 
temperature (K). From the slopes and intercepts of Van’t Hoff plot of lnb versus 1/T was 
linear with y = 294.2x – 12.501 and R2 = 0.9911. Based on Eq.11, adsS°∆  and adsH °∆  
were calculated as given in Table 5.  

 

Table 5. ∆Gᴼ values for adsorption of Pb(II) and Zn(II) on PCMS@Fe3O4 at different 
temperatures. 

 Temperature  

(K) 

∆G˚ 

(kJ mol-1) 

∆Ho ads 

(kJ mol-1) 

∆So ads 

(J mol-1K-1) 

 

Pb(II) 

298 4.44   

308 3.27 38.88 115.57 

318 2.13   

 

Zn(II) 

298 -6.55   

308 -7.46 -24.46 103.33 

318 -8.63   

 

The equilibrium constants obtained from the Langmuir model at 298, 308 and 318 K 
respectively were used to determine the Gibbs free energy changes. A negative change in 
adsorption standard free energy reveals a spontaneous adsorption process where a 
positive change reveals a non-spontaneous process. The ∆Hᴼads and ∆Sᴼads were 
determined as 38.88 kJ mol-1 and 115.57 J mol-1 K-1, respectively, from Fig. 12 (a & b). A 
positive standard enthalpy change indicates that adsorption of Pb(II) by the partially 
mollusk shell-Fe3O4 composite adsorbent is endothermic. The positive standard entropy 
change may be caused by an increase in the release of water molecules in the ion 
exchange reaction between the adsorbate and the functional groups on the surfaces of the 
PCMS-Fe3O4 composite. As seen from Table 6, adsG°∆  at all temperatures was negative 
for Zn(II) ions and increased with an increase in temperature, demonstrating the 
feasibility and spontaneity of adsorption of Zn(II) onto mollusk shell@Fe3O4 powder. 
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The negative value of adsH °∆  confirmed the exothermic nature of the process, while the 
positive value of adsS°∆ revealed the increase in randomness at the solid/solution 
interface during the adsorption process. From the adsG°∆  values obtained in this study, it 
can be concluded that adsorption onto mollusk shell@Fe3O4 powder is dominated by 
physisorption. 
 

 

Fig. 12. Plot of lnb vs 1/T for (a) Zn (II) and (b) Pb(II) adsorption. 

Conclusion 

Partially converted mollusk shell@Fe3O4 powder was successfully obtained by co-
precipitation method. FTIR analysis confirmed the successful binding of Fe3O4 onto 
partially converted mollusk shell@Fe3O4 composite. The magnetic analysis indicated that 
PCMS@Fe3O4 composite was super-paramagnetic because of the absence of coercivity 
and remanence and with a saturation magnetization value of 25.03 emu g-1. The point 
zero charge of PCMS@Fe3O4 was around 7.1. The removal of Zn(II) and Pb(II) by 
adsorption onto mollusk shell@Fe3O4 powder achieved rapid equilibrium and showed 
enhanced adsorption capacity. Thermodynamically, Zn(II) adsorption onto the mollusk 
shell@Fe3O4 powder confirmed the exothermic nature of the process and spontaneous 
nature of the process. Pb(II) sorption was pH dependent where optimum removal 
obtained was at pH 5.5. Equilibrium data at different temperatures were well fitted with 
Langmuir isotherms, indicating a monolayer sorption process. Thermodynamically, 
∆Gᴼads for Pb(II) is positive for all temperatures, showing the feasibility and non-
spontaneously nature of the process, ∆Hᴼads was found to be 38.88 kJ mol-1 confirming an 
endothermic process. A positive ∆Sᴼads was also obtained showing that there was 
increased randomness at the solid solution interface. Overall, it is recommended that (i) 
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leaching test be performed before adsorption to determine the toxicity of the material; (ii) 
regeneration studies be performed in order to recover metals and the adsorbent to 
improve the economic capability of the system; (iii) seeding time for magnetic separation 
be shortened for practical reasons such as feasibility of the process. 
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Abstract 

There has been an alarming increase in the levels of heavy metals (Pb+2, As+2, Hg+2, 
Mn+2, Cr+2, Zn+2, Cu+2 and Cd+2), organic dyes (from textiles, food and beverages 
industries) and surfactants (linear alkyl benzene sulfonate: LABS, alkyl sulphate: AS, 
alkyl ethoxylate: AE, sodium dodecyl sulphate: SDS) due to their increased usage in 
industries.  

For the abolition of heavy metal ions, organic dyes and surfactants from polluted areas, 
cost effective and proficient substitutes to target these impurities is biosorption technique 
which exploits various fruit cortexes. This chapter briefly deals with a toxicological 
indication of metal ions, organic dyes, and surfactants in addition to the comprehensive 
explanation of biosorption techniques using fruit cortexes (which is otherwise waste for 
us) for the elimination of the impurities. Additionally, the chapter apprises readers about 
a recent innovation in biosorption protocols such as the use of modified agricultural 
waste materials in the form of nanoparticles or mesoporous substances. 
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1. Introduction 

Heavy metals, organic compounds (including dyes), pharmaceuticals, etc. are responsible 
pollutants for causing damage to the environment and are also a major culprit for its 
degradation and induced foremost global concern. All types of water pollution triggered 
through massive urbanization and industrial activities have been proved to be a major 
threat to the ecosystem [1]. According to the United Nations organization reports world’s 
many developing countries do not have ample supply of clean and drinking water and 
face significant health hazards (around 80 % of diseases) due to water pollution [2-9]. 
Owing to the small size, stability and non-biodegradable nature of organic pollutants, it is 
a challenging task to remove them from polluted water [10]. Also, the high solubility of 
heavy metals in the aquatic environments permits them to be absorbed by the living 
organisms. Once they enter into the food chain, large concentrations of heavy metals may 
accumulate in the human body. If the metals are ingested beyond the permitted 
concentration, they can cause serious health disorders [11]. Therefore, it is necessary to 
treat metal contaminated wastewater prior to its discharge to the environment. 

Some of the heavy metals having relevance in the environmental context are listed in 
Table 1. Heavy metals cause severe health hazards, including reduced growth and 
development, nervous system damage, cancer, organ damage, and in extreme cases, 
death. Arsenic is a hazardous heavy metal that causes vascular and nervous system 
diseases. Individual’s immune system outbreaks its own cells due to the contact with 
toxic metals, such as mercury and lead. Consequently, this leads to joint diseases like 
rheumatoid arthritis, in addition to numerous kidney, circulatory and nervous system 
complications. Heavy metals can cause irreversible brain damage at higher doses. Also, 
children are more prone to higher doses of metals, as they require more food for their 
body development in comparison to adults. Therefore, in order to minimize human and 
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ecological exposure to hazardous substances, wastewater protocols were established. This 
consists of limits on the variation and concentration of heavy metals that may be present 
in the discharged wastewater. The toxic effects and maximum contaminant level (MCL) 
standards for heavy metals, established by USEPA [12] are summarized in Table 1. 

2.1 Source of heavy metals in water deposits 

In the time of industrialization, urbanization and other activities it is not possible to 
escape from the exposure of heavy metals (Table 1), which in turn are released into the 
environment through: 

1. Mining activities (metal industries, mine spoils, and tailings, river dredging, 
smelting, etc.). 

2. Industries (microelectronics, plastic, refineries, textiles, wood preservatives, etc.). 

3. Atmospheric degradation (automobile exhausts, fossil fuel combustion, 
pyrometallurgical industries, urban refuse disposal, etc.). 

4. Excessive agrochemicals (fertilizers and pesticides) use and waste disposal 
(sewage sludge, etc.). 

5. Chemical laboratories. 

 

In ancient times, fabrics have been dyed with natural color extracts obtained from plants, 
animals, and minerals. Now a day, things began to change with the synthesis of cheaper, 
easy to put onto the fabrics, brighter, and color fastening synthetic dyes. Human beings 
are becoming more and more dependent on these dyes for their simple household chores 
as well as other purposes. Although, these dyes are synthesized using the chemicals 
which are often carcinogenic, highly toxic, or even explosive. for example, the chemical 
aniline, used as a reactant to synthesis azo dyes is highly flammable, dangerous to deal 
and is considered poisonous (gives off carcinogenic amines). Practically every 
commercial dye process includes a solution of a dye in water, in which the fabrics are 
dipped or washed. After dying the fabric, it’s convenient to dump the used water that is 
dye effluent, than to recycle that water in the factory. So dye industries across the world 
are discharging millions of tons of dye effluent into rivers and water sources. 
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Table 1. Sources, toxic effect and MCL values of different heavy metals [12]. 
Heavy 
metal 

Source  Toxicities MCL 
(mg/L) 

 
Antimony 

industries as ammunition, bearing and power 
transmission equipment, casting, ceramics, 
enamels, and paints, flame retardants, lead 
storage batteries and soldering etc. 

 
Increase in blood cholesterol and decrease in sugar level [13] 

 
2×10-4 

 
Arsenic 

Smelting, mining, rock sediment’s, energy 
creation from fossil fuels. 

Skin manifestations, visceral cancers, vascular disease, bone 
marrow depression, hemolysis, liver tumors, gastrointestinal 
symptoms, cardiovascular and nervous system functions 
disturbances [14]. 

 
5×10-2 

 
Cadmium 

Electroplating, pigments, smelting, plastic and 
mining, alloy manufacturing. 

Itai–Itai disease, Kidney damage, renal disturbances, lung 
insufficiency, bone lesions, cancers, hypertension, weight loss 
[14,15].  

 
1×10-2 

 
Chromiu
m 

Canning industry, electroplating, metal 
processing, paints and pigments, and steel 
fabrication.  

Diarrhea, epigastric pain, headache, mutagenic, nausea, lung 
tumors, teratogenic, vomiting [16]. 

 
5×10-2 

 
Copper  

Electronics plating, paint manufacturing, wire 
drawing, copper polishing, and printing 
operations. 

Liver damage, Wilson disease, insomnia, Reproductive and 
developmental toxicity, neurotoxicity, and acute toxicity, dizziness, 
diarrhea [16, 17]. 

 
2.5×10-2 

Lead Manufacturing of batteries, pigments 
electroplating. 

Kidney diseases, damage to the nervous and circulatory system,  
anemia, brain damage, anorexia, malaise, loss of appetite [18]. 

 
6×10-3 

 
Mercury 

 
Volcanic eruptions, forest fires, battery. 

Rheumatoid arthritis, renal disturbances; kidney, circulatory 
system, and nervous system diseases, destructive to skin, eyes, 
muscles [19]. 

 
3×10-5 

 
Selenium 

 
industrial activities such as coal mining 

Circulatory problems, hair or fingernail loss; numbness in fingers 
or toes [20]. 

 
5×10-5 

 
Nickel 

Manufacture of copper sulfate, electroplating, 
and mineral processing. 

Dermatitis, nausea, chronic asthma, coughing, reduced lung 
function, lung cancer, chronic bronchitis [21]. 

 
2×10-1 

 
Zinc  

Mining and manufacturing processes, alloys and 
battery manufacturing, thermoplastics, pigment 
formation, galvanizing plants. 

Gastrointestinal pain, depression, diarrhea, lethargy, neurological 
disorders, increased thirst, cause short term ‘‘metal fume fever” 
[19]. 

 
8×10-1 
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One of the extensively used cationic dyes in various industries is crystal violet (CV), 
which can easily enter and accumulate into living beings [22]. Therefore, it is today’s 
need to explore eco-friendly, cost effective process for removing heavy metal ions and 
organic dyes from industrial sewages. Heavy metal ions and organic dyes can easily be 
removed from waste water through alterable polymeric materials having surface active 
functional groups [23-25]. Methylene blue (MB) with the molecular formula: 
C16H18ClN3S3H2O is a toxic heterocyclic aromatic molecule, may produce problems if 
inhaled, swallowed or made in contact with skin or eye. MB is used in various studies; 
hence during its use, a substantial amount of dye swamped with wastewater into the 
oceans and became hazardous for the aquatic lives. Therefore, decolorization and 
quenching of dyes are important aspects of wastewater remediation before discharge. 

We use laundry detergents in our routine life which includes impurities such as 
surfactants, brighteners, and fragrances. These are suspected toxins, which ran in the 
sewage system. Hence, there is an urgent requisite to treat the impure water. 

2.2 Different techniques to treat the waste water 

Now a day, different methodologies have been extensively looking forward to exploring 
cheaper and more efficient technologies, which can reduce the amount of wastewater 
produced and to improvise the standard of the treated effluent. In the recent years, the 
search for low-cost adsorbents with metal-binding capacities has intensified, therefore, 
adsorption arises as an unconventional method of waste water treatment [26]. The 
adsorbents may possibly be agricultural wastes, biomass, industrial by-products, 
minerals, organic or biological substances, polymeric materials, zeolites, etc. [27]. 
presently, membrane separation technique has been increasingly used for the treatment of 
inorganic effluent due to its convenient operation. Different membrane filtration 
techniques such as nanofiltration (NF), reverse osmosis (RO), ultrafiltration (UF) [28] 
and electro treatments such as electrodialysis [29] have been contributed widely to 
environmental safety. The photocatalytic process is similarly an innovative and 
promising technique for effective destruction of toxins in water [30]. Different water 
cleansing techniques namely flocculation, activated sludge, chemical coagulation, ion 
exchange processes, photodegradation, and precipitation have been tested for removing 
the impurities [31-34]. Although countless approaches are available for the remediation 
of inorganic pollutants (heavy metal ions), but to meet the mentioned conventional MCL 
standards, an appropriate treatment should be applicable to the local conditions in a 
global manner. The advantages and disadvantages of different purification methods have 
been examined thoroughly and showcased alongside with their removal tendency, 
operating criteria i.e pH and treatment capability (Table 2). 
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Even though a large number of methods have been reported in the literature, yet, it is a 
tedious  job to search a single ideal method which can remediate all hazardous toxins 
from contaminated water. Comparative to conservative water remediation strategies, 
usage of bio-adsorbents could be beneficial due to their high efficiency, low cost, easy 
accessibility, and their sustainability [35]. Bio-adsorption could be exploited as a reliable 
biotechnology due to its operational simplicity [36].Bio-sorption can be defined as the 
removal of contaminants from solution employing biological substances [37]. Various 
waste parts of fruits such as peels of banana [38], orange [31,38,39], pine bark [40], rice 
husk [41], sugarcane bagasse, [42], tea waste [43,44], and others [45-52] have been tested 
as bioadsorbents for the abolition of hazardous heavy metals as well as organic 
compounds from effluents (Fig. 1). 

Table 2. Demonstrate the merits and demerits of different traditional methods to treat 
toxic heavy metal. 

Method Merits Demerits 
Adsorption using 

activated carbon 

High efficiency, most of the 

metals can be removed. 

The cost of activated carbon, no 

regeneration, performance depends upon 

adsorbent [2].  

Chemical coagulation Dewatering, Sludge settling depletion of chemicals, high cost [2] 

Chemical precipitation  The simple and inexpensive 

technique, the maximum number 

of the metal ions can be removed. 

Production of large amounts of sludge, 

disposal problems [2]. 

Electrochemical 

methods 

Pure metals can be achieved, 

metal selective, non-consumption 

of chemicals. 

High running and capital cost, initial 

solution pH and current density [53]. 

Ion-Exchange Metal selective, high regeneration 

of materials. 

Fewer numbers of metal ions removed, 

high cost [53]. 

Membrane process 

and ultrafiltration 

High efficiency, less chemical 

consumption, less solid waste 

produced, 

Other metals presence decreases removal 

percentage, expensive methodology, slow 

flow kinetics [54]. 

Zeolites Relatively inexpensive materials, 

almost all metals can be removed. 

Low efficiency [54]. 
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Fig. 1. Various fruit peels/cortex used as bioadsorbents for polluted water. 

 

2.3 Fruit cortex and waste water treatment 

Fruit cortex in layman language may be defined as fruit’s outer layer (or fruit peel). 
Generally, all fruit cortexes have polar functionality like hydroxy (−OH), amino (−NH2) 
and carboxyl (−COOH) on their surface. [55,56]. Literature survey confirms several fruit 
cortexes like banana peel; kiwi, tangerine [57]; lemon, orange, [58]; dragon fruit, 
avocado, and hamimelon [59] peels could be employed as a support for the biosorption of 
heavy metals for the treatment of wastewater (Fig. 2). These materials are widely used as 
biosorbants due to their easy availability, low cost and to the fact that neither culture nor 
synthesis is needed for their production. 

Polluted 
water

Powdered 
fruit cortex

Treated 
clean water
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Fig. 2. Bioadsorption of different metal ions and dyes using fruit cortexes. 

 

2.4 Method for the preparation of biocortex adsorbent 

According to literature survey different papers, [58,59] described that  various fruit peels 
were taken, washed thoroughly with water, and cut into small pieces (~ 0.04 cm2 in 
dimension). Different peels were saponified (saponification term came from soap 
making; this is a technique through which oils can be converted into soap by the 
hydrolysis of ester bonds into salts of acids i.e soap and alcohol) using base (such as 
sodium hydroxide) to break ester bonds(-COOR) present on the peel’s surface for the  
generation of more hydroxyl groups (-OH) which are required for better adsorption. Then 
excess washing was done with deionized water to get rid of the surplus base. At the end, 
treated peels were ultrasonicated in an organic solvent like isopropanol to separate 
organic solubles which were then filtered using Buckner funnel, and dried. 

2.5 Characterization of bioadsorbents using FT-IR Spectroscopy 

The presence of different functional groups on the treated cortex was confirmed by FT-IR 
spectrophotometric technique in the range between 4000 - 400 cm−1 (Fig. 3). The broad 
band shown around ~392 cm−1 for various bio-peels matched to the O-H stretching 
frequency. In the spectra the peaks at ~2926, and ~2856 cm−1 match with stretching of C-
H bonds [60]. The sharp absorption peaks visible at ~1754 cm−1 and ~1736 cm−1, 
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having functional groups 
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on their surfaces
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respectively correspond to the stretching of C-O bonds of carboxylic acids and esters. 
The peaks observed in the region 1680−1610 cm−1 look like C-C bond stretching of 
aromatic moieties. The peaks witnessed in the range of 1312 to 1000 cm−1 account for the 
angular deformation of the C-H bonds of aromatic rings. To determine the nature of the 
adsorption and the functionalities responsible for the biosorption of contaminants, the FT-
IR spectra of some of the peels were measured after adsorption. As predicted, no 
considerable alterations in the spectra were noticed before and after biosorption. It 
confirms that the surface active functional groups of bioadsorbents remained unaltered 
were recorded upon the adsorption of pollutants. 

 

Fig. 3. FT-IR data of treated fruit cortex. 

 

2.6 Procedure for the removal of various impurities in water 

Use of glass column packed with treated powdered biocortex: In order to remove 
scums from waste water, the bioadsorbent was powdered in a mortar and packed to an 
appropriate height in the glass column. Impure water was passed through column and 
treated clean water was collected as effluent (Fig. 4). 
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Fig. 4. Removal of various impurities using glass column packed with treated powdered 
biocortex. 

 

Using batch process: In order to remove contaminants from waste water, an appropriate 
amount of powdered biocortex was taken in a beaker then impure water was added into it. 
Solution was kept at 30 °C using an orbital shaker operating at 200 rpm (Fig. 5). 

 

Fig. 5. Removal of various impurities with treated powdered biocortex using batch 
process 
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2.6.1 Batch adsorption studies 

Variation of Concentration of Pollutants with Contact Time: Various bio-peels were 
tested for their adsorption capacity to various pollutants. A known weight of adsorbent 
was added to 10 mL solution of pollutants by varying their concentrations. All adsorption 
experimentations were carried out at room temperature using a magnetic stirrer with 
vigorous stirring. 

To estimate the biosorption abilities of the tested samples, different heavy metals were 
passed through the appropriate height columns and the elution filtrate refilled numerous 
times to intensify the retention of metal ions, dyes and surfactants. The residual 
concentrations of toxins were analyzed after scheduled intervals of time prior to 
equilibrium. The concentration of the adsorbed toxins at equilibrium qe (mg/g) was 
estimated using eqn. 1: 

MV/)C( Cq eqiqe −=  (Eq. 1) 

where Ci and Ceq (mg/L) are pollutants concentrations at initial and equilibrium 
conditions, respectively. V (in L) is volume of solution of the pollutant and M (g) is mass 
of the peel used. The Ci values of tested polluted solution were in range of 5-200 mg/L, 
and the investigations were performed at room temperature for ~1 day. 

The adsorption capacities of the toxins enhanced with increasing contact time and 
reached to equilibrium stage within 1 hour. It was found that the adsorption was  initially 
fast, progressively decreases with time progresses and at the end attains saturation at 
equilibrium stage. High adsorption values were observed for the adsorption of cationic 
dyes and all cortexes bind cationic dyes more strongly relative to neutral / anionic dyes. 
This may be attributed to the availability of amino (−NH2), carboxylate (−COO−), and 
phenoxide (−O−Ph) groups on the surface of the peels, which prompts the extraction of 
cationic dyes. [61] 

Effect of pH value on the adsorption of various contaminants- removal of dyes and 
metal ions 

The pH effect on pollutant extraction was studied by changing pH from 2 to 12, where 
the pH was adjusted by adding either 0.01 N HCl or 0.01 N NaOH solutions. Conversely, 
other parameters such as adsorbent concentration, agitation speed, and solution 
temperature were kept constant. The percentage removal of contaminant was calculated 
as:  

100












 −
=

iC
fCiC

removalofPercentage  (Eq. 2) 
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Where Ci and Cf (mg/L) are initial and final pollutant concentrations in water, 
respectively. 

The percentage removal of toxins increased with increasing pH, as a consequence of the 
effective replacement of cations with proton (H+) of carboxyl and hydroxyl functional 
groups. With decrease in pH values (acidic medium), the protons and protonate 
functional groups compete with the adsorption of other cationic contaminants [62]. 
However, with increase in pH values (basic medium), withdrawal of cations by the 
negatively charged adsorption sites increased appreciably [63]. Moreover, for high 
concentrations of H+ at lower pH values, the positively charged adsorbent surface 
eliminates negatively charged pollutants. 

3. Conclusions 

Recently, various investigations have been performed and several researchers are still 
carrying rigorous works to find cost-effective, environmental friendly techniques in 
addition to natural materials to be explored for elimination of heavy metals and organic 
dyes so that contaminated water can be treated before disposing into the ecosystem. Bio-
adsorption is one of the extensively researched methods. Some of the widely used natural 
adsorbents are activated carbon, clays, agricultural wastes, industrial wastes, etc. One of 
recent approaches is the use of agricultural wastes, specifically fruit waste peels or 
cortexes (orange, lemon, banana, kiwi, dragon fruit etc.) to eradicate heavy metals in 
polluted effluents. 

All these peels  are low cost, easily accessible, renewable, nontoxic, competent and 
effective bio-adsorbents for water cleansing. It was found that as such only treatment 
with base is required for exposing its active group so that efficient adsorption can occur. 
The results revealed that recovering of these cortexes is proficient and could be employed 
in successive contaminant adsorption studies with no evident hampering in their 
adsorption tendencies. 
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Abstract 

This chapter briefly summarizes the main concepts of conventional and novel/emerging 
desalination technologies. It also emphasizes the principal process engineering outlays 
for dual desalination systems, covering simultaneous water/power production and 
heterogeneous desalination. In addition to schemes that comprises both of the membrane 
and thermal processes, this chapter distinctively covers the typically overlooked medium 
and long term environmental impacts on soil and marine environment. Finally, the 
challenges in this field will be outlined targeting acceptable process economy and triple 
production of energy, water, and salt. 
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1. Introduction  

The increasing need for desalted water to cope with population growth, development, and 
industrial applications is highly recognized. Desalination process produces fresh water 
with competitive cost in comparison to alternative processes. Desalination can be 
accomplished by various techniques that can be categorized broadly into two main 
classes: thermal and membrane processes. Thermal processes mainly include multistage 
flash evaporation (MSF), multiple effect distillation (MED), and vapor compression 
(VC). Membrane processes commonly used are reverse osmosis (RO), electro-dialysis 
(ED), and nanofiltration (NF) [1-2]. 

The number and capacity of large RO plants have increased extensively during the last 
years due to technological developments in RO desalination. Owing to development in 
membranes, technological advancement and drastic increase in capacity, systems with 
product water capacity up to 300,000 m3/day are currently being constructed. Desalted 
water operating cost has recently decreased from about $ 2.0/ m3 to $ 0.5/ m3 [3, 4]. The 
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global installed desalination capacity is increasing. As recent figures have indicated that 
the production capacity of all desalination plants is projected to be around 44.1 million 
m3/d in 2006, representing  all facilities listed in the inventory that treat seawater, 
brackish water, river water, wastewater, and pure water, which were either in 
construction or online [5].  

Desalination plant size distribution within the brackish water and wastewater sectors is 
about 24% for brackish water and 27% for wastewater of the total water produced in very 
large-sized plants (capacity > 50,000 m3/day), while in large plants 34%  accounts for 
brackish water and 36% wastewater of the production medium plants for 33% brackish 
water and 32% wastewater of the production, and almost small plants for 9% brackish 
water and 5% wastewater, respectively [6].  

Shortage of natural fresh water resources and the increasing demand of water forced to 
consider reusing of wastewater as an alternative water resource. In some cases, 
conventional water treatment technologies demonstrate their inability to remove all 
organic pollutants to a level within that permitted by regulations. Development of new 
water supplies through water reuse and desalination are increasingly considered key 
components of solutions to urban water supply challenges [7,8]. The sources for 
desalination and water reuse plants cannot be used as potable water supply without 
additional purification. Reverse osmosis (RO) treatment is one of the most widely applied 
processes for these new water supplies. Half of the world’s desalination capacity is 
currently produced through reverse osmosis, with the proportion reaching 70% in the 
United States [2]. Reverse osmosis technology is even more prevalent in potable water 
reuse projects [9].  

 Municipal wastewater often includes different chemical compounds, many of which are 
toxic to aquatic life and health. Micropollutants removal by traditional treatment methods 
indicate to be ineffective [10, 11], and accordingly, new technologies are developed. 
Membrane processes employing nanofiltration (NF) and ultrafiltration (UF) are 
increasingly used in wastewater reclamation and drinking water to remove 
micropollutants as well as natural organic matter [12, 13]. 

Tertiary or advanced treatment is the next treatment step to remove contaminants after 
using the secondary treatment (nitrogen, phosphorous, heavy metals, bacteria and 
viruses).  Cleaner effluent is produced through this advanced treatment step which 
includes chemical coagulation, flocculation and sedimentation followed by filtration and 
adsorption processes. Membrane separation techniques are also used for the treatment 
and filtration step as well as ion exchange process in case of ion removal technologies 
[14,  15]. 
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Treatments planned to improve water quality; where reverse osmosis (RO) or 
nanofiltrations (NF) are always recommended [12]. Recently developed NF membranes 
provide lower feed pressures and reduced operating costs compaired to RO treatment, for 
comparable product water quality, resulting in potential savings of $ 0.03–0.08 m3 of 
domestic water treated [16]. 

Recent advances in membrane technology led to significant cost reduction for membrane 
elements. The cost breakdown of RO plants indicates that a membrane contribution in 
cost is $ 1.5-3 per 1000 gallons. Numerous publications on membrane pretreatment 
systems for RO desalination plants confirmed the technical and economic feasibility of 
dual membrane systems [3, 17]. 

Extensive developments on the application of nanofiltration (NF) technology have 
revealed the technical and economic feasibility of introducing NF in combination with 
reverse osmosis (RO) desalination [5]. The recently developed nanofiltration (NF) 
membrane for pretreatment step in combination with conventional filtration systems was 
effectively employed in a pilot plant and in an operating plant with excellent results. This 
process prevented reverse osmosis (RO) membrane fouling through turbidity and bacteria 
removal, as well as about 40% increase in production capacity in the operating plant. The 
use of NF is justified by the softening ability via reducing calcium and magnesium ions 
[18].  

Different studies on NF confirm the utility of NF as an encouraging treatment alternative 
for groundwater. NF can reject larger organic contaminants up to the level more than 
90% [16]. Ernst and Jekel studied tertiary effluent treatment with DOW NF200, the 
results showed a reduction in dissolved organic carbon (DOC) and the adsorbable organic 
halogens concentration to the values less than 2–3 mg /L and 2 mg/L, respectively [19]. 
Some studies show that DOC values reduced to the level of 0.5 mg/L by integrating NF 
process with powdered activated carbon (PAC) [20].  

One of the options of NF application is to combine with ozonation and slow sand 
filtration (SSF) to offer a complementary process in dissolved organic matter (DOM) 
removal, and trihalomethane formation potential (THMFP) can be reduced from 6.5 ± 1.1 
to 0.7 ± 0.3 mg/L and from 267 ± 24 to 52 ± 6 mg/L, respectively [21]. 

Membrane materials for (MF, UF, NF and RO) can be prepared organically using organic 
polymers (hydrophilic as cellulosic esters, poly sulphone, polyamide and polyimide or 
hydrophobic as polyether, polypropylene and polyvinylidene fluoride) or inorganically 
using inorganic membranes which are prepared using alumina, zirconia, titania orsilicium 
carbide.  

The main advantages of membrane technology are as follows: 
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♦ Separation can be implemented continuously. 

♦ Generally, low energy consumption. 

♦ Easy combined membrane processes with hybrid processing. 

♦ Separation can be implemented under mild conditions. 

♦ Membrane properties are variable and can be modified. 

♦ Not needed additives. 

However, the main disadvantages of membrane technology include; short life time, 
concentration polarization/membrane fouling and scale formation, and up-scaling factor 
is more or less linear. 

2. Desalination technologies  

Numerous methods have been recommended for seawater desalination, but only a few 
mentioned below has been commercially used. These include:  

• Thermal processes.  

- “Multistage-Flash distillation” (MSF),  “multi effect distillation” (MED), and “vapor 
compression distillation” (VC)  

• Membrane processes  

- “Reverse osmosis” (RO),  “nanofiltration” (NF), and “electro dialysis” (ED)  

• Others  

- Freezing, membrane distillation (MD), capacitive deionization (CDI), and forward 
osmosis (FO) 

2.1 Thermal processes  

Thermal processes are the oldest among all desalting processes. Thermal processes 
represent the prime choice for dual-purpose (electric power and potable water 
production) and for concentrations that cannot be performed by RO or EDR treatment 
(TDS: greater than 50,000 mg/l) or where the feed water characteristics may damage the 
membrane structure. Recent developments in material of construction for MED and VC 
technologies led to lower capital costs and reduced power consumption, leading to 
economical process affordability [22, 23].  
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2.1.1 Multistage flash distillation  

MSF units are widely used in the Middle East (particularly in Saudi Arabia, the United 
Arab Emirates, and Kuwait) and account for over than 40% of the world’s desalination 
capacity. In the Middle East, MSF plants account for 68% of desalination capacity, while 
in North Africa, MSF and RO plants acquire about 40% each of the desalination market 
[23].  

MSF process involves evaporation and condensation of water, these steps are coupled so 
that the latent heat of evaporation is recovered for reuse. The term “performance ratio” is 
often applied to thermal desalination processes representing the gained output ratio, 
which is defined as the mass of water product per mass of heating steam. A typical 
gained output ratio for MSF units is 8. A 20 stage plant has a typical heat requirement of 
290 kJ/kg of product [24, 25]. 

Top brine temperature (TBT) plays a vital role in determining the performance of the 
MSF systems. It can be increased to 120 °C using additives. However, it is desirable to 
maintain the TBT at 110° C. One of the most important parameters that affect the 
performance of MSF is the recirculation brine flow rate. Two important parameters are of 
concern in MSF operation; the circulating brine flow rate determines the brine flow 
velocity inside the condenser tubes and the cooling seawater inlet and outlet temperatures 
affect the efficiency of MSF plant.  
 

 

Fig. 1. Schematic diagram of a basic multi-stage flash desalination process. [26]. 

 

Scaling is the most significant concern in thermal desalination. There are three main 
compounds forming scales in distillation plants: calcium sulfate, CaSO4; magnesium 
hydroxide, Mg(OH)2; and calcium carbonate, CaCO3. Scale is particularly undesirable 
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when it forms on the heat transfer surface, thus it can greatly reduce the overall heat 
transfer. Corrosion and erosion in distillation processes are influenced by: pH, 
temperature, chloride concentration and dissolved oxygen [22].  

2.1.2 Multi-effect distillation  

Multi-effect distillation (MED) is a distillation process related to MSF. In MED, vapor 
from each stage is condensed in the next successive stage thereby giving up its heat to 
drive more evaporation. To increase the performance of MED, each stage is run at a 
successively lower pressure. MED, is similar to MSF, where it takes place in a series of 
effects and uses the principle of reducing the ambient pressure in the various effects.  

This permits the sea water feed to undergo multiple boiling without supplying additional 
heat after the first effect. Hybrid system comprising of multi-effect distillation and 
thermal vapor compression (MED-TVC) may require thermal performance ratios (similar 
to the gain ratio), energy used to evaporate water in all the stages/ first stage energy 
input) approaching 17, whereas the combination of MED with a lithium bromide/water 
absorption heat pump granted a thermal performance ratio of 21 [26]. 
 

 

Fig. 2. Schematic diagram of a basic multi-effect evaporation desalination process. [26]. 

 

Al-Rawajfeh [27] studied hybrid salts precipitation-nanofiltration (SP-NF) process on the 
scale deposits in thermal and membrane desalination processes. The analysis was carried 
out to study the scale formation from the Arabian Gulf seawater in MSF and RO 
reference processes by changing the percentage of pretreatment from 0 to 100%. Four 
different SP-NF configurations were suggested. A targeted top brine temperature (TBT) 
of 130oC may be achieved if 30% portion is pretreated by SP and/or NF processes. As a 
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rule of thumb, each 1% pretreatment portion increases the reference TBT of 115oC by 
0.6oC. For both MSF and RO, parallel pretreatment of certain percentage of the feed by 
SP and the rest by NF, showed the lowest scale values. The case showed the best values 
for sulfate scale prevention and the highest values of increasing the monovalent ions 
relative to the divalent scale forming ions.  

Sulfate scale is significant in MSF process while carbonate scale is significant in RO. Salt 
precipitation was suggested because it is less costly than nanofiltration, but nanofiltration 
was used because it is efficient in sulfate ions removal. 

MSF units operation could have some adverse environmental implications. Al-Rawajfeh 
[28] studied the CO2 release and scaling in MSF distillers was investigated for different 
feed water composition in different intakes from the Arabian Gulf for once-through (OT) 
and brine recycle (BR) MSF distillers. The results were calculated from a previously 
developed model. The model was applied to two 20-stage reference MSF once-through 
and recycles distillers. The CO2 release rates decreased exponentially from the first stage 
to the last stage. The CO2 release rates increased with increasing top brine temperature 
(TBT) and so CaCO3 deposition rates did. It also increases with HCO3

- content and 
salinity while it decreases with increasing the seawater pH value. The sulfate scale 
potential increases with increasing top brine temperature. It increases with Ca2+, SO4

2- 
and salinity as well. 

2.1.3 Vapor compression  

Vapor compression (VC) distillation is used for small- and medium-scale seawater 
desalting units. VC units are usually built for tourist resorts, small industries, and remote 
sites. Mechanical vapor compression MVC systems generally have only a single stage, 
while thermal vapor compression TVC systems have several stages. This difference 
results from the fact that MVC systems have the same specific power consumption 
(power/unit water produced) despite the number of stages, while the thermal efficiency of 
TVC systems is improved by adding extra stages. 
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Fig 3. Schematic diagram of a single stage mechanical vapor compression desalination 
process [26]. 
 

2.2 Membrane processes  

There are many types of membrane processes used in desalination; the most popular 
methods are reverse osmosis, nanofiltration and electrodialysis, and more recently 
membrane distillation/evaporation. Membrane separation technology offers a promising 
technique to provide suitable water supply of appropriate quality to meet human needs in 
addition to environmental and industrial applications. It was considered as a principal 
separation process in desalination and water treatment since about 35 years ago [29]. 
Membrane technology plays a key role in advanced wastewater treatment systems 
because of its potential in reuse and recovery. 

2.2.1 Reverse osmosis  

RO is a pressure-driven non-thermal membrane separation process that recovers water 
from a pressurized saline solution. The significant feature of the process is that no phase 
change occurs and it relatively involves low-energy compared to MSF and MED 
desalination techniques. RO is often the method of choice for brackish water, where only 
low to intermediate pressures are required.  
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The operating pressure for brackish water systems ranges from 15 – 25 bar while for 
seawater systems from 54 to 80 bar (the osmotic pressure of seawater is about 25 bar). 
Large scale RO systems are equipped with energy recovery systems. Feed pressure of the 
saline water accounts for the majority of the energy consumed by RO systems, since the 
pressure needed for separation is directly related to the salt concentration. RO membranes 
are sensitive to pH, oxidizers, a wide range of organics, algae, bacteria, and any other 
foulants. Therefore, pretreatment of the feed water is an important consideration that has 
a significant impact on the cost of RO [25]. Different treatment issues are attained for the 
product water treatment for example, “post-treatment”, includes removing dissolved 
gasses (CO2), and stabilizing the pH via the addition of Ca or Na salts [30, 31]. 
 

 

Fig. 4. Block diagram of reverse osmosis desalination system [26]. 
 

Importantly, on the other hand, membrane characteristics which affect the rejection are; 
membrane porosity, the surface charge, and membrane polymer composition. While feed 
water characteristics influence the physicochemical interactions with membrane surfaces 
include molecular weight, molecular size, acid disassociation constant, and polarity. The 
rejection of organic contaminants may alter the interaction between solutes and 
membrane surfaces.  

For instance, the presence of fulvic acid in wastewater or organic matter in feed water 
will decrease the membrane rejection of estrogenic hormones that would adsorb more 
easily onto membrane surface [30].  

2.2.2 Nanofiltration 

Nanofiltration (NF) membrane is an emerging type of pressure-driven membranes with 
properties in-between reverse osmosis (RO) and ultrafiltration (UF) membranes. NF 
membranes are still sometimes denoted as ‘‘softening’ ’membranes [32] though they are 
capable of removing hardness and a wide range of other components [33].  

NF has recently gained wide interest in R&D of other applications. NF membranes offer 
several advantages such as low operating pressure, high flux, and elevated retention of 
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multivalent anion salts and organic molecular size above 300 Da, in addition to relatively 
low operation and maintenance costs [35]. NF membranes are widely used in industry; 
this includes treatment of pulp-bleaching effluents from the textile industry [35; 36], 
separation/demineralization in the dairy industry [37, 38], virus removal and treatment of 
pharmaceuticals [39], and wastewater treatment [40].  

NF membranes being charged partially reject multivalent ions [41, 16]. Different types of 
integrated membranes were used in the pretreatment of seawater prior to desalination [42, 
43] which enhanced the recovery of RO. Using the newly integrated MF/UF+RO+MD, 
the preliminary experimental results confirmed the possibility of reaching a seawater 
recovery factor of 87%. Another integrated system (NF+RO+MCr) [32] used a 
membrane crystallizer (MCr) to achieve the total recovery of desalted water.  

The main characteristics of some commercially available NF membranes regarding flux 
and rejection coefficients of Ca2+, Mg2+, and Cl- have been also reported [44, 18].  

The most important applications of nanofiltration are:  

- Removal of monovalent ions from water to certain limit.  

- Separation between ions of different valency states.  

- Separation of low- and high-molecular weight components  

Most NF membranes are thin-film composites of either polymeric or ceramic nature. 
There is a large variety of polymeric NF membranes, but mainly “cellulose esters”, 
“aromatic polyamides” (PA) and “polyether sulfones” (PES) are used. “Cellulose esters” 
as “cellulose acetate” (CA) are appropriate for desalination due to their high permeability 
[45]. However, the chemical and thermal stabilities of these membranes are quite poor 
and require frequent cleaning of the membrane modules which is difficult.  

Ceramic membranes have good mechanical strength and show thermal and chemical 
stabilities. Accordingly, they can tolerate high temperature cleaning treatments such as 
sterilization. The pH stability of alumina membranes is similar to that of polyamides and 
polyether sulfones [46].  

Tertiary treatment of treated wastewater by nanofiltration membrane showed very high 
organic components removal efficiency (96–99.5%), as indicated by COD (Biochemical 
Oxygen Demand) removal and the separation of inorganic compounds to be in the range 
of 25–90% [47]. 

Many studies conducted on NF system to treat surface water for natural organic matter 
(NOM) removal [48, 49], humic acids (Has) [50, 51], rejection of disinfection by 
products (DBPs), and for low turbidity surface water and DOC rejection [52, 53]. 
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Nanofiltration membranes have been investigated in treating brackish water in Australia 
[54], producing drinking water from brackish groundwater compared to reverse osmosis 
(RO) and electrodialysis (ED), [38, 55]. 

Different authors have reported using nanofiltration membranes in the pretreatment of 
desalination processes; where overall concentration of TDS (Total Dissolved Salts) was 
reduced by 57.7%. [56]. 

Integrated membrane systems of MF followed by NF were used to treat color and 
turbidity of surface water [57, 58, 59]. Also, the studies regarding NF treated agricultural 
drainage water for reuse purposes [60, 61], and ground water to remove microorganisms, 
color, pesticides and inorganic matters have been conducted [52, 53, 62]. 

In advanced treatment for polishing municipal wastewater, the results indicated that NF is 
appropriate to treat the tertiary effluents to reject dissolved organics. The following case 
studies for municipal wastewater treatment using NF are reported: 

• UF and NF membrane processes were successfully applied in effluent from a 
municipal wastewater treatment plants to remove micro pollutants as well as 
natural organic matter (NOM) and COD [63]. 

• NF and RO membrane systems were found effective for control of 
pharmaceuticals in secondary treated municipal wastewater, [64]. 

• Membrane bioreactor (MBR) system in combination with NF membrane for 
treating municipal wastewater was used to remove nitrogen, phosphorus, 
pharmaceuticals and personal care products (PPCPs), [65]. 

• Ultrafiltration-membrane bioreactor (MBR) system in combination with a reverse 
osmosis (RO) was used to remove COD, nitrogen, phosphorus and other heavy 
metals [66]. 

• Adsorption, flocculation and NF system were used to treat biologically treated 
sewage wastewater in Gwangju (South Korea) [67]. 

• Wastewater, quality and characteristics of four different nanofiltration (NF) 
membranes (a molecular weight cut-off (MWCO) in the range of 200- 1000 Da) 
were investigated for separation of organic constituents in the treated tertiary 
effluent in order to develop a feasible technology for a safe ground water recharge 
of the treated effluent [19]. 
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2.2.4 Electrodialysis (ED) and electrodialysis reversal (EDR) 

Electrodialysis is a voltage driven membrane process which utilizes an electric potential 
to drive salts selectively through a membrane surface, leaving fresh water behind. ED 
was originally applied for the production of potable water from brackish water.  ED/EDR 
plants are mainly used for brackish water sources, since energy consumption increases 
proportionally with salt concentration. ED can handle higher levels of particle pollution 
than RO plants. Thus, less filtration and pretreatment are needed in ED systems [26]. 
Recently, ED is used in many industrial applications; e.g. chemical process industry, food 
industry, pharmaceutical industry and in wastewater treatment.  

 

 

Fig. 5. Schematic diagram of electrodialysis process. 

 

Boron removal from water and wastewater using ED has been investigated by several 
scientists. Kabay et al. studied the removal of boron from water and the effect of water 
characteristics on separation process [68]. The treatment of boron-containing wastewater 
by ED was studied by M.Turek et al. [69], as well as by integrated membrane system 
[70]. Y. Yazicigil studied the removal of boron, by integrated electrodialysis/anion-
exchange membranes [71].  

Some interesting results were reported for the evaluation of the performance of the ion 
exchange membranes Electrodialysis of Ni(II) and Co(II) ions showed the removal 
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efficiency of Co(II) and Ni(II) to be 90 and 69%, with initial metal concentrations of 0.84 
and 11.72 mg/L, respectively [72]. Electrodialysis treatment of nickel wastewater, 
electrodialysis and water reuse have been reported and investigated by Tatiane Benvenuti 
[73]. Kurniawan studied the physico-chemical treatment methods for wastewater laden 
with heavy metals including electrodialysis process [74].  

Removing heavy metals from waste water has been widely investigated. Electrodialysis 
removal of Cd (II) from wastewater sludge was studied [75]. Modeling-based ED basic 
process on electrochemistry and copper ion separation experimental investigation  have 
been reported by Mohammadi et al. [76]. Y. Dong studied the combination between 
microbial desalination cell and electrodialysis system for copper-containing wastewater 
[77]. ED presents technological advantages for the treatment of heavy metals loaded 
wastewater, moreover, valuable metals such as Cr and Cu can be recovered [78]. Since 
ED is a membrane process, it requires clean feed, careful operation, periodic maintenance 
to prevent any stack damages. 

Al-Rawajfeh et al. [79] explored adsorption desalination using low-cost composite 
synthetic–natural Jordanian materials as a viable option to remove Cl- ions. It was found 
that the percentage removal reaches to 25% at 25 min shaking time to 55% at 120 min, in 
a single batch experiment. The values of ΔH0, ΔS0, and ΔG0 indicate the favorability of 
physisorption. Zeolite and pozzolana represent potential adsorbents of chloride. 
Furthermore, two approaches were used to reduce the chlorine corrosion in an 
electrodeionization unit by Al-Rawajfeh [80]. The first approach was the adsorption of 
chloride ions on composite materials with layered double hydroxides. A mixed 
adsorption column containing 15% feldspar, 25% tripoli, 45% pozzolana, 15% Mg–
Al  layered double hydroxide  (LDH) removed about 60% of chloride ion concentration 
and reduced the chlorine gas release from about 4.8–1.9 ppm. This column composition 
showed the best percentage removal because it contains the highest percentage of 
pozzolana. The second approach is using a 60/40 w/w tripoli/LDH filter to protect the 
positive electrode from the chloride ions. The porosity of the triploi/LDH filter increases 
with increasing the amount of ammonium carbonate reaching a porosity of about 50% at 
5 wt% ammonium carbonate. The filter prevented the chloride from reaching the positive 
electrode and kept the concentration at the negative electrode without change.  

2.2.5 Membrane distillation  

Membrane distillation (MD) is a thermally driven process, in which only vapor molecules 
are transported through hydrophobic micro-porous membranes. The driving force is the 
vapor pressure difference between the hot liquid feed side and the cold permeate side of 
the membrane [81, 82]. MD systems can be classified into four configurations according 
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to the nature of the cold side of the membrane: Direct contact (DCMD) [83], Air gap 
(AGMD), Sweeping gas (SGMD), and Vacuum (VMD). Several review papers have 
provided the fundamentals of MD. Desalination is a major application of MD and the 
configurations commonly employed are DCMD and AGMD [84, 85].  

MD presents some features that make it an attractive option in water treatment and 
wastewater treatment [86, 87, 88]. It can be used in an integrated system comprising from 
RO, NF and MD to improve the quality of produce water [89]. MD can be used for 
wastewater treatment and recovery e.g.  Pharmaceutical, textile and metal industries, as 
well as it can be used in the removal of trace volatile organic compounds from aqueous 
solutions in chemical and petrochemical applications [87, 90].  

2.2.6 Capacitive deionization  

While studies were not conducted on high-TDS RO concentrate, Capacitive Deionization 
(CDI) is an innovative technology for removing ionic species from aqueous solutions. 
This electrochemical process is conducted at ambient conditions and low voltages (1 v) 
and requires no high-pressure pumps, membranes, distillation columns, or thermal 
heaters [91]. 

Avraham used CDI processes with changes in pH near the high-surface-area activated 
carbon fiber electrodes, in order to remove boron by dissociation of boric acid into borate 
ions in the CDI cells. Fluoride and nitrate removal from ground water using CDI was 
studied by Wangwang et al.. Tang et al., use CDI for the removal of copper ions from 
aqueous solution, and he also examined the disinfection of water using CDI. [92, 93, 94]. 

2.2.7 Forward osmosis  

Forward osmosis (FO) is a membrane process used to extract high quality water from low 
quality feed water source using a high osmotic pressure solution. Forward osmosis 
process is extensively researched to apply it commercially in different fields, the main 
reason is the high permeate quality at low energy consumption. FO systems have some 
complications, when compared to RO systems. In particular, FO process does not 
produce high quality water for use in a single step as RO systems; but after the forward 
osmosis step, water is mixed with the osmotic agent [95].  

Integrated FO/MBR has been utilized in different applications. Eusebio et al. studied the 
application of FO-MBR system to utilize RO concentrate as draw solution [96]. Qiu 
Guanglei, explored hybrid MF-FOMBR configuration to control the salinity and to 
facilitate the recovery of nutrients [97]. 
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3. Recent patents on desalination in water and wastewater treatment 

In this section recent patents related to desalination in water and wastewater treatment are 
presented. We have endeavored to guarantee that all recent technologies are “represented 
adequately” in this section. Because of the extensive volume of patents issued on this 
topic, we have restricted the patent time segment to the last three years. We present 
fundamental data for each patent (such as patent number, inventor names), so it can be 
easily traced back to the original patent. 

3.1 Electrodialysis (ED) 

Efficient electrodialysis membranes are useful in the desalination of water and waste 
water. Due to technological advances, membranes are made significantly thinner than 
prior art commercial electrodialysis membranes. They are used in the desalination of 
seawater due to their low electrical resistance and high permselectivity. Below are the 
most recent patents related to technological and engineering advances in electrodialysis 
systems.  

 
Patent title:  Seawater Desalination Process 
Patent number: US9382135 B2 [98] 
Publication date: Jul 5, 2016 
Inventors: Neil Edwin Moe, John Barber 
 
Patent title:  Sea water desalination system 
Patent number: US9340436 B2 [99] 
Publication date: 17 May 2016 
Inventors: Saroj Kumar Sahu, Francisco E. Torres 
 
Patent title:  Ion exchange membranes  
Patent number: US9403127 B2 [100] 
Publication date: 2 Aug 2016 
Inventors: Juchui Ray Lin, George Y. Gu 
 
Patent title:  Electrodialysis  
Patent number: US20160152492 A1 [101] 
Publication date: 2 Jun 2016 
Inventors: Vinodnarain Bhikhi, Willem Van Baak 
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Patent title:  Anion exchange membrane for electrodialysis applications and process for 
the preparation thereof 
Patent number: US20160177043 A1 [102] 
Publication date: 23 Jun 2016 
Inventors: Uma Chatterjee, Suresh Kumar JEWRAJKA, Sreekumaran Thampy 

3.2 Capacitive Deionization (CDI) 

Capacitive deionozation is a recent technology used for desalination of seawater. Below 
are the most recent patents related to technological advances in CDI systems.  
 
Patent title:  Apparatus and method for continuous water desalination and ion separation 
by flow electrode capacitive deionization 
Patent number: EP 3 045 431 A1 [103] 
Publication date: 20.07.2016 
Inventors:  Wessling, Matthias;   Gendel, Youri; Rommerskirchen, Alexandra 
 
Patent title:  Single module, flow-electrode apparatus and method for continous water 
desalination and ion separation by capacitive deionization  
Patent number: WO2016113139 A1 [104] 
Publication date: 20.07.2016 
Inventors: Matthias Wessling, Youri Gendel, Alexandra Rommerskirchen 
 
Patent title:  Desalination and purification system  
Patent number: US8999132 B2 [105] 
Publication date: 7 Apr 2015 
Inventors: Martin Zdenek Bazant, EthelMae Victoria Dydek, Daosheng Deng, Ali Mani 

3.3 Forward Osmosis (FO) 

A forward osmosis method includes recyclable driving solutes which are easy to be used 
and recycled,  low toxicity and are cost efficient. 
 
Patent title: Forward osmosis using magnetic nanoparticle draw solutions  
Patent number: US9242213 B1 [106] 
Publication date: 26 Jan 2016 
Inventors: Terrence W. Aylesworth 
 
Patent title: Forward osmosis: recyclable driving solutes 
Patent number: US9393525 B2 [107] 
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Publication date: 19 Jul 2016 
Inventors: Charles D. Moody, Robert L. Riley, John C. Franklin 
 
Patent title: Forward osmosis membrane for seawater desalination and method for 
preparing the same 
Patent number: US20150108061 A1 [108] 
Publication date: 23 Apr 2015 
Inventors: Sung Dae Chi, Bong Jun CHA, Jong Hwa Lee, Doo Ri Kim, Su Jeong Lim 
 
Patent title: Osmotic desalination process 
Patent number: US8753514 B2 [109] 
Publication date: 17 Jun 2014 
Inventors: Robert L. McGinnis 
 
3.4 Integrated processes 
Different integrated schemes have been propsed to achieve better produced water quality 
as well as reducing the impact of wastewater disposal.  
 
Patent title: Water processing systems and methods  
Patent number: US8678080 B2 [110] 
Publication date: 25 Mar 2014 
Inventors: Michael Alvin Curole, Eugene Bruce Greene  
 
Patent title: Multi-use high water recovery process 
Patent number: US8679347 B2 [111] 
Publication date: 25 Mar 2014 
Inventors: Riad A. Al-Samadi  
 
Patent title: Desalination system and desalination method  
Patent number: US20140151283 A1  [112] 
Publication date: Jun 5, 2014 
Inventors: Yasunori Sekine, Kazuhiko Noto, Akira Sasaki, Kotaro KITAMURA 

4. Challenges 

Biofouling is a critical issue in membrane water and wastewater treatment as it greatly 
compromises the efficiency of the treatment processes. It is difficult to control, and 
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significant economic resources have been dedicated to the development of effective 
biofouling monitoring and control strategies.  

Production of fresh water using desalination technologies requires energy availability. 
However treatment process driven by renewable energy sources (RES) may be a viable 
solution at remote areas characterized by lack of potable water, lack of an electricity grid 
and availability of required energy. In recent years there has been intensified R&D effort 
in this field. Most of them are custom designed for specific locations and utilize solar, 
wind or geothermal energy to produce fresh water.  

New approaches are necessitated to better empathize the current and future value of using 
water in various ways. Recommended considerations include water reliability, the 
impacts of water quality, the minimum requirements for human health and the 
significance of various commercial uses.  
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Abstract 

In this chapter, we discuss the fundamental knowledge underlying each carbon nanotube 
(CNT) and graphene based desalting membrane systems; their methods of fabrication, 
and separation performances. Challenges of these novel membrane technologies are 
highlighted, based on which future research can be undertaken. The CNT membrane 
shows higher water permeability, but their salt retention capacity is compromised. On the 
contrary, the nanoporous graphene and graphene oxide (GO) laminate membranes are 
effective for salts retention, but they have low water permeability. Doping of 
functionalized CNT and graphene/GO into other supportive materials is important to 
increase the stability and reusability of membranes. 
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1. Introduction 

Clean and safe water facilities are inevitable for our daily activities such as domestic, 
agriculture, and industry. World population is increasing at a rate of 80 million per year, 
putting an additional demand of 64 billion cubic meters of potable water per annum [1, 
2]. Around the world, 780 million people cannot access to safe and clean drinking water 
to use [3]. By 2025 about 3 billion people will likely be forced to survive under water 
scarcity. These can affect economic growth and human health, since these jeopardize the 
industrial production and shrink the availability of hygienic foods, and drinks and cause 
various epidemic diseases such as diarrhea. Deficiency of clean and safe water presently 
counts almost 3.1% death worldwide. Further, water crisis causes poverty especially in 
developing countries, which weaken the Millennium Development Goals (MDG) 
depends on the major improvements in access to water.  

Since most of the freshwater resources are polluted at an extreme level, alternative 
sources of clean water are required to address this growing need. Abundant sea water (̴ 
98%) of the globe can be a useful stock for water desalination. Over fourteen thousand 
desalination plants were implemented in 2009 worldwide and 244 plants are under 
consideration for implementation [4]. The plants could purify 60 million cubic meter of 
water per day from which 52, 16, 12, 13, 4, 3 and 0.3% are used in the Middle East, 
North America, Asia, Europe, Africa, Central America, and  Australia, respectively. The 
implanted plants have been prepared by membrane-based reverse osmosis (RO) or 
thermal-based multi-stage flash (MSF) and multi-effect distillation (MED) processes. 
Desalination capacities of RO and MSF plants are 20000 and 76000 m3 d−1, respectively 
[5]. Electrodialysis has also contributed a small fraction (5.6%) of the desalination 
capacity. 

A major roadblock to expand the uses of current desalination technologies is high-cost 
and energy requirement.  RO, MSF and MED require energies in the scale of 3.6–5.7, 
23.9-96, and 26.4-36.7 kWh, respectively. Moreover, additional infrastructure and 
maintenance costs for these technologies are a must. It was shown that in order to 
desalinate 1 m3 of seawater and brackish water, it costs US $0.53–$1.50 and the US 
$0.10–$1.00, respectively [6]. Furthermore, pollutant precipitation reduces the lifetime 
and modules of the membranes and causes fouling and pore blocking [7]. Additionally, 
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membrane technologies are less robust and incapable of self-cleaning, necessitating the 
chemical treatments for cleaning and recycling. Since water desalination requires 
operating at a big scale, its total cost should be minimized by following any of the 
following strategies: a) decreasing energy requirement, b) minimizing membrane fouling, 
ultimately increasing membrane lifespan, c) increasing water permeability and d) 
maximizing salt-rejection efficiency of the membranes. 

Although the advent of nanotechnology has given many impressive nanomaterials (NM), 
special thanks to both carbon nanotube (CNT)- and graphene-based membrane 
technologies for their remarkable capacities in water desalination [8, 9]. This chapter 
presents a review of two emerging CNT and graphene-based membrane material 
concepts intended for use in sea and brackish water purification. We have selected these 
membrane nanotechnologies because each is touted as a possible low-energy replacement 
for conventional RO membranes. Our objective is to review the basic concepts 
underlying each technology, the respective materials and methods of fabrication, 
separation performance, and current commercialization efforts. 

2. Carbon nanotube: as a novel membrane 

CNT is one of the quintessential and fascinating NMs of the 21st century. Although it was 
a fortuitous discovery at the beginning [10], Iijima (1991) [11] first defined the material 
atomically. Three CNT synthesis methods such as chemical vapor deposition (CVD), arc 
discharge (AD) and laser ablation (LA) are popular [12]. CNT is composed of hexagonal 
arrayed of carbon atoms (graphite sheet) which rolled up in a cylindrical tube-like shape 
cum the two ends typically capped by fullerene-like tips [11]. Based on graphitic layers 
presence, one can categorize the CNT as single-walled carbon nanotube (SWCNT) which 
consists of a single graphene shell [13], whereas multi-walled carbon nanotube 
(MWCNT) which is composed of multiple graphite sheets [11]. The length of CNT is 
several hundred nanometers with the diameters of SWCNT (0.2-2.0 nm) and MWCNT 
(2-100 nm).  

3. Carbon nanotube-based membranes for water desalination 

Being hydrophobic conduit with smooth molecular surface and controlled pore geometry, 
CNTs have emerged feasible to novel membrane filtration technology. In general, CNT 
membrane shows 10 times higher water permeability than the RO membrane [14], but it 
depends on CNT diameter. Lee et al. have reported [15] that a CNT membrane with inner 
pore diameter (6 nm) had water permeability 30,000 L m-2  h-1  bar-1, which is extremely 
high than classical membranes [16]; such filtration technique is not suitable for 
desalination technologies. CNT needs to have an inner pore diameter of 0.6-1.1 nm in 
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order to pass water through it as well as to reject most of the ions from solution. High 
water flux of CNT is because of its hydrophobic inner core and smooth surface, which 
accelerate frictionless transport of water molecules (flow velocity) with little absorption 
(weak interfacial force) [17]. Recent molecular dynamics  (MD) simulation has suggested 
that the oscillation forces generated by the frictions of CNT longitudinal phonons with 
confined water molecules enhance the diffusion of water molecules >300% [18].  

   

 
  

 

 

 

 

 

 

 

Fig. 1. Some prototypes of CNT-based membranes. The figures are adapted with 
permissions from references [19] (Fig. a) and [20](Fig. c). 
 

The cross-sectional scanning electron microscope (SEM) images of a pristine CNT 
membrane (a), CNT-based water filter with cylindrical geometry (b), possible pathways 
for water transportation in a CNT/polymer blend membrane (c) and scattered NaCl 
nanocrystals on CNT membrane surface (d) are illustrated in Fig. 1.CNT membrane 
performances often rely on its processing and fabrication methods. Currently, two types 
of nanotube membranes are available: (i) vertically aligned (VA) and (ii) mixed matrix 
(MM) or thin-film composite (TFC) membranes. Differences of VACNT and CNT-based 
MM/TF composite membranes are shown in Fig. 2. The VA-CNT membranes are 
synthesized by arranging perpendicular CNTs with supportive filler contents between the 
tubes. The CVD is probably the best method to synthesize VA-CNT membranes. The use 
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of catalysts in CVD method makes uniform CNT membranes of 20–50 nm in diameter 
and 5–10 μm in length. The fabrication process of VA-CNT membrane is demonstrated 
in Fig. 3 [21]. These membranes are high molecular sieves with intercalated filler matrix 
such as polymer between them (Fig. 2 (A). The fillers may be epoxy, silicon nitride and 
others with no water permeability. The VA-CNT membrane was first introduced by 
Hinds et al. [22]  with polystyrene as filler material between CNTs. The fabrication 
procedure was simple (Fig. 3) but the pore sizes were irregular. 

 
 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic diagram of a VA-CNT (a) and MM-CNT (b) membranes. The figure is 
adapted with permission from references [16]. 

 

Holt et al. [23] introduced a micro-electromechanical method for synthesizing VA-CNT 
membranes with stimulated nanofluidic functions. They incorporated silicon nitride 
(Si3N4) fillers between the nanotube spaces to inhibit water flow between the nanotube 
gaps and create stress to stimulate water to flow through the tube. The water flux was 
increased by 3 folds and enhanced ion selectivity. The membrane allowed to transport 
Ru2 +(bipyr)3 species with sizes 1.3 nm, but blocked 2 nm Au particles, suggesting that 
their pore sizes were between 1.3 and 2 nm. Improved ions selectivity, high water flux 
and low energy consumption were advantageous features of these CNT membranes.  
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Fig. 3. Process flow chart for the fabrication of VA-CNT membrane. Redrawn with 
permission from ref. [21]. 

 

Most of the examined VA-CNT membranes share almost similar pore diameters with 
ultrafiltration (UF) and microfiltration (MF) techniques. Therefore, VA-CNT membranes 
can be used as a replacement of UF and MF because of their high water permeability and 
low fouling effects. Lee and Park [24] fabricated a VA-CNT membrane with diameter 4.1 
nm which showed 938 times high water permeability than the UF membrane. However, 
most of the fabricated VA-CNT membranes have pore diameters >2.0 nm and hence are 
not useable for desalination (hydrated radius of Na+ ion: 0.716 nm, Cl− ion: 0.664 nm) of 
water. Therefore, shrinking CNT pore size in sub-nanometer scale is important for water 
deionization. 

On the other hand, an MM-CNT membrane consists of several layers of polymers or 
other composite materials (Fig. 2 (b)). Such membrane can be easily fabricated at 
reduced cost while overcoming the drawbacks including membrane fouling and pollutant 
precipitation. Compared to MM-CNT, TFC membrane is also popular for high flux and 
sea water desalination. TFC membrane consists of a thin active layer followed by a 
porous support layer on a substrate e.g. polymers. The purpose of these CNT membranes 
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is because of keeping “trade-off” between permeability and selectivity and also to 
decrease membrane fouling, which is caused by the microbes and colloids accumulation. 
These two drawbacks are considered as major hurdles for commercial membrane 
technologies. However, this membrane has significantly strengthened the water 
purification ability of the existing membranes. Both the RO and nanofiltration (NF) based 
TFC membranes are used for the removal of dissolved organics and water softening.  

Functionalization can add positive (− NH3
+), negative (− COO–, sulfonic acids) and 

hydrophobic (aromatic rings) groups on CNT surfaces as shown in Fig. 4. These make 
CNT membranes selective for particular pollutant retention and increase water influx 
through the nanotube hole [2]. Functionalized CNT membranes show good water 
permeability, mechanical strength, thermal stability, fouling resistance, pollutant 
degradation and self-cleaning capacity. Tip functionalized CNT membranes have 
selective functional groups on the nanotube mouth [25] and the core functionalized CNT 
have functionalities at the sidewall or interior core (Fig. 4).  
 

 

 

 

 

 

 

Fig. 4. Functionalization of CNT membranes. The figure is adapted with permission from 
references [16]. 
 

Both types demonstrate increase water fluxing and selective rejection of pollutants. 
Functionalization decreases energy consumption through increased permeability and 
physical adjustability. Additionally, CNTs are capped into hemisphere like fullerene type 
curvature during synthesis and purification. These capped CNTs are unzipped into open 
tips which could be oxidized into specific functional groups to trap desired pollutants. 
Walther et al. [26] assumed that extreme pressure (>120 bar) is required to pump water at 
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hydrophobic virgin CNT mouths. Therefore, functionalization of CNT vestibules is a 
must to make the entrance hydrophilic. Fornasiero et al. [27] anchored some negatively 
charged functional groups (OH, C=O and COOH) at the CNT mouth. These create steric 
hindrance as well as electrostatic repulsion, and hence the membrane retains Cl− (45%) 
and K+ (37%) at0.69 bar, which is comparable with commercial NF membrane (Filmtec 
NF90). The salts rejection behavior is in the order: K3F3(CN)6> K2SO4> CaSO4>KCl> 
CaCl2. Similar data are comparable with other studies [28, 29] where almost 100% ion 
rejection was possible. Functionalized MWCNT TFC membrane shows 20 and 90% 
enhanced water flux in the sea and brackish water RO, respectively without 
compromising NaCl rejection (96.10%) [30]. Functionalized MWCNT increases negative 
surface charges of TFC, so that the organic foulant alginate loosely bound on the TFC 
surface, slowing down the fouling tendencies. Incorporating NPs into these CNT 
composite membranes would further help to make the membrane versatile in water 
purification. For example, doping of TiO2 and Ag NPs into the CNT membrane facilitates 
the removal of organic [31] and biological pollutants [32], respectively. 

4. Research gaps and future recommendations  

Several research gaps are identified from CNT membrane preparation to application 
processes. First, current CVD technique is not suitable to synthesize the VA-CNT with 
>1.1 nm in diameter which is required for salt rejection. Use of SWCNT having sub-
nanometer pore diameter is not practical for membrane fabrication because of its high-
cost. Although MWCNT is less expensive, it is difficult to synthesize MWCNTs with 
inner diameters close to 1.1 nm. Implementation of carbon nanorings [33] as a template 
may be useful for synthesizing the desired sub-nanometer CNT pore architectures for 
water desalination. Alternatively, CNT tip-ends could be functionalized to reject the salt 
ions; but they might create a steric-blockage or temporarily pause of water molecules. An 
unexpected pore blocking and opening phenomena have been observed for SWCNT 
(>1.0 nm in diameter) in salt solutions of Na+, Li+, K+ and Cs+ [34]. Functionalizing CNT 
tip-ends with a saturated group (e.g. –CH2-CH2-), applying electric [35] and thermal 
fields [36] could prevent ion blockage to maintain a fast flow rate with 100% ion 
rejection. Second, most of the MM-CNT membranes have been prepared by using phase 
inversion process where CNT is physically attached to polymers, and such system is not 
stable to withstand in the high-flux separation process. Such loosely bound CNT will 
leach from the WWTP during operation. Third, since sea and brackish water are mixed 
with both monovalent and multivalent ions (cations and anions), one needs to check the 
capability of prepared membrane selectivity to a particular water pollutant in a mixture 
even for the neutral molecule. Fourth, Lee et al. [15] claimed that CNT has antiadhesion 
property towards CNT surface which is against the findings of earlier reports suggesting 
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the edges of CNTs impede into the bacterial cell membrane leading to physical death [37-
39]. At last, it is worth to mention that most of the CNT membrane data for water 
desalination rely on MD simulations rather than experimental observations of the 
membrane performances. Therefore, they are not conclusive and theoretical ion rejection 
might be insufficient for commercial uses. As a corollary, more study is necessary to 
clarify these all challenges before commercializing the CNT membranes for water 
purification. 

5. Graphene family members 

Pristine graphene (PG) is single atom thick sp2 hybridized carbon in a two-dimensional 
honeycomb lattice and is the fundamental building block of graphite. Boehm et al. [40] 
first experimentally identified PG in 1962 and a complete characterization was eventually 
completed by Novoselov et al.[41] in 2004. PG is synthesized by exfoliation of graphite 
in presence of specific organic solvents under ultrasonications [42]. Based on the 
presence of a number of layers, PG classifies as single, a few (2-5), multi- (2-10) 
graphene monolayer. Graphene layers >10, but <100 nm in thickness or lateral 
dimensions constitute a graphite nanoplate/sheet. Two alternative graphene family 
members (GFM) are GO and reduced GO (rGO) synthesized by the oxidative exfoliation 
of graphite [43-46] and reduction of the GO, respectively [46-48]. After the CNT 
membrane, GFM has shown extraordinary productivity in terms of high water flux and 
salts retention. 

6. Graphene-based membrane nanotechnology 

While CNT membrane has shown high water permeability, its poor salt selection can be 
compensated by developing graphene-based membrane system. But the virgin graphene 
is not permeable to water so that introducing nanopores in single layer graphene or a neat 
stack of GO sheets (laminate) is a must to create water pathways. Fig. 5 shows the 
nanoporous graphene (a) and GO (b) membranes. The water molecules permeate through 
the deliberately created nanopores in the graphene membrane, whereas the interlayer 
space (oxidized area) and non-oxidized parts of GO laminate are the major routes for 
water flux. In both cases, hydrated salt molecules are rejected/blocked.  

Creating nanochannel in graphene membrane is important for which certain methods 
such as electron-beam bombardment, helium ion beam drilling and chemical etching 
introducing nanopores with appropriate sizes for ion sieving and water permeability have 
been reported [50]. Removing one carbon atom from a 2D compact graphene sheet has 
been assumed to create a mono-vacancy of pore diameter 0.26 nm [50]. After achieving 
this, the generic hydrophobicity of graphene generates capillary force for water transport. 
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Recent evidence suggests that the nanoporous graphene is comparable to RO in terms of 
salt rejection and water flux. Cohen-Tanugi and Grossman [9] simulated and introduced 
the nanochannel pores into a graphene monolayer for water desalination. Water flux was 
about 129 L.m-2.day-1.MPa-1, which is several order of magnitudes higher than the RO 
and NF membranes while maintaining 100% of salt rejection. Later O’Hern et al. [50] 
experimentally proved the transport system of nanoporous graphene with pore diameter 
0.40 nm fabricated by the ion bombardment followed by chemical etching. At short 
etching time, the created pores were cation selective, but for longer etching time retaining 
salts and large organic molecules were possible. It opens a window of opportunity where 
gate-keeper controlled separation is possible at the molecular level. Plasma etching was 
also found effective to generate nanopores for water desalination (water flux: 106 g/m2S) 
as proposed by Surwade et al. [51].   
 

Fig. 5. Schematic representation of nanoporous graphene (a) and stacked GO layer 
(laminate) (b) membranes.  The symbols in the figure mean: C: black, H: white, O: red, 
K+: blue, Na+: purple, Mg2+: orange, Cl−: cyan). Adapted with permission from RSC 
2016 [49]. 

 

Another nanoporous graphene-like single-atom-thick material called “Graphyne”, has 
been used for water desalination [53]. The γ-graphyne is made by reacting between 
acetylene and phenyl groups which exhibit triangular pores (Fig. 6) [52]. Compared to 
nanoporous graphene, it is possible to control pore diameter in graphyne membrane by 
changing the numbers of acetylene bonds (n) among phenyl rings (n=0, graphene). 
Different types of graphynes (graphynes 1-4) are available, among which graphyne-4 is 
good for water desalination (Fig. 6). Water molecules are capable of permeating through 
graphyne when n≥3. For example, the graphyne 4 shows high water flux 13 
L/cm2/day/MPa, which is three orders higher than the state-of-the-art RO membrane 
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(0.026 13 L/cm2/day/MPa). On the other hand, graphyne (n=3, 4) shows highest salt 
rejection efficiency (100%) (Fig. 6(c)). This suggests that carbon conjugated network is 
an excellent tuning factor through which a selected desalination membrane technology 
could be developed. Such membrane will be helpful where controlled separation is 
required.  

  

 

 

 

 

 

 

 

 

 

Fig. 6. Different graphyne types based on “n sheets” with pore sizes of n = 1-6 (a), MD 
simulation of graphyne-4 (side view) (b), here color indicates: C (grey), O (red), H 
(white), Na+ (purple), and Cl- (green); and salt rejection percentage of graphyne-4 as a 
function of applied pressure (c). Copyright Nature 2013 [52]. 

 

Nair et al. [54] were the first to demonstrate the pathway in GO film through which water 
transport was possible  (1010 times faster than helium). After that, many studies have 
recently been published on using graphene as a membrane for water desalination [9, 51, 
55].  GO acts as a freestanding membrane, MM and TFC using methods such as drop-
casting, vacuum pressure was driven, spin-coatings, self-assembly and so on [56]. 
Freestanding GO rejects 100% of salt molecules and simultaneously capable of 
maintaining high water flux, even double than the RO membrane. The strong H-bonds 
among GO sheets might endow the sufficient mechanical strength of GO films for a 
freestanding membrane, but may not be suitable under high operation pressure. 
Utilization of the interaction forces between the GO membrane functionalities and 
pollutants (organic and inorganic) is possible to develop a membrane with great 
selectivity to a particular water pollutant. Sun et al. [55] developed GO membrane, which 
was impermeable to copper sulfate and RhB because of strong interactions with GO. 
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However, the slow and high permeability of heavy metals and Na salts were possible, 
respectively. It is due to the coordination chemistry of metals/salt with GO along with the 
nanocapillary formed within the lameller structures. But, the functionalities of GO may 
cause the membrane damage in aqueous solution and also hinder the water passage due to 
hydrogen bonding. In order to overcome this drawback, some cross-linkers/intercalators 
such as dopamine [57], dicarboxylic acids [58], polyetheramine [59] have been anchored 
which help to tune water channels by changing the size, structure, hydrophilicity and 
mechanical stability of the membrane. Jia and Shi [56] functionalized the GO edges and 
basal plane by anchoring two crosslinkers such as dicarboxylic and diamine for selective 
isolation of KCl, NaCl, MgCl2 and NiCl2. It was observed that the fluxes of the single salt 
solution are governed by the swelling degrees of GO membrane, whereas radii of 
hydrated cations are the major determinant for mixed salt permeations. The fluxes of the 
salts were decreased by increasing the hydrophilicity of permeation channels. On the 
other hand, MWCNT (diameter: 50 nm) has been used as an intercalator of GO 
membrane [60]. It shows high water permeability (11.3 L/m2h bar) that is two times than 
the pristine NF membrane, and it simultaneously rejects salts (83.5% Na2SO4 and 51.4% 
NaCl) and dyes (>99% direct yellow and >96% methyl orange).  

Freestanding GO membranes are not stable and cannot withstand high pressure. They 
often broke down by gentle finger touch and released from the support upon water 
rinsing. Such membrane is not suitable for real-world operation. Therefore, reinforced 
GO with existing polymeric membranes is essential for viable applications. Apart from 
CNTs, newly emerging GO membranes have also been used to dope into other polymers 
as MM or TFC membranes for improving water permeability, antifouling, and surface 
charge properties. Zhu et al. [61] functionalized GO with zwitterion 
(phosphatidylcholine) and doped it into poly(sulfobetaine methacrylate) (PSBMA) using 
phase inversion method. GO-PSBMA enhances water permeability from 6.44 to 11.98 
L/m2h bar because of high hydrophilicity, lower compactness and more porous macro-
voids formations due to GO dispersion. More than 95% of dyes (Reactive black and red) 
rejection was possible for GO-PSBMA. Doping of negatively charged GO into neutral 
PSBMA makes the composite membrane surface negative. It increases the hydrophilicity, 
free from H-bond donors and containing H-bond receptors of composite materials. As a 
corollary, it has been shown that there is no adsorption of bovine serum albumin (BSA) 
foulant and maximum flux recovery (>94%) can be obtained from the membrane. Similar 
observations have also been realized during other studies published by Bano et al. (water 
flux: 22 L/m2h, salt rejection 80%) [62], Wang et al. (water flux: 24 L/m2h, salt rejection 
93%) [63] and Zhang et al. (water flux: 5 L/m2h, metal ions rejection >90%) [64]. In 
order to achieve the best performances of GO composite membrane, doping NPs such as 
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TiO2, ZnO, Fe2O3 and Ag have been well examined for simultaneous filtration and 
photocatalytic removal of water pollutants [65]. Fig. 7 shows the deposition of TiO2 on 
GO and polysulfone substrates using LBL approach [66]. The TiO2-GO better 
photocatalytic degradation of the methylene blue (MB) under UV radiation (about 60–
80% faster) compared with polysulfone membranes. 
 

 

 

 

 

 

 

 

 

Fig. 7. Illustration of fabrication procedures of TiO2-GO-PSf composite membrane (top) 
with their reaction scheme (down). The figure is adapted from Copyright 2014 Elsevier 
[66].  

 

Most of the synthesized GO membranes have higher negative charged potential (from -30 
to -58 mV) at pH 5-8 than the CNTs (-8.3 mV) at pH 7. Therefore, GO modified TFC 
membranes would have a trade-off between water permeability and salt rejection. The 
TFC membranes require a small amount of GO and hence are cost effective for 
commercial uses. Lai et al. [67] fabricated TFC using GO membrane, and only 0.3 wt% 
of GO was sufficient to achieve high water permeability of about 400 L/m2h bar and salt 
rejections:  95.2 (Na2SO4), 91.1 (MgSO4), 62.1 (MgCl2) and 59.5 % (NaCl). Another 
research group has deposited GO as a dual action barrier coating layer to protect the TFC 
membrane from chlorine and foulant attacks [68]. Although the TFC-GO membrane 
shows quite similar water flux 14 L/m2h and salt rejection  96% to polyamide 12 L/m2h 
and 97%, GO decreases preferential attraction between hydrophobic BSA by polyamide 
leading to improve antifouling performance. Meanwhile, polyamide membrane lost 
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around 80% of salt rejection in 4 h of chlorination treatment which is 60% for the GO 
coated polyamide membrane. Here GO acts as a barrier layer to protect underlying 
polyamide from chlorine attack, suggesting an important role in preventing the selectivity 
of deterioration.  

7. Research gaps and future recommendations  

It is believed that a lot of opportunities exist to mature the graphene-based membrane 
technology. Current MD simulation results are good to experimentally proof the 
performance of the membrane. The highly porous membrane is necessary to develop 
high-flux separation technology. But increasing pore density in nanoporous graphene and 
GO membranes results in a decrease of mechanical stabilities that make the membrane 
susceptible for destruction. Ironically, designing such a flexible membrane for large scale 
water purification is a dream. Our suggestion is to use GO membrane as a support for 
reinforced composite (strong interaction with other polymers) or as an electrode material 
in CD techniques for water desalination. This will prevent unexpected leaching from the 
membrane system and require a small amount of material to be used (cost effective). 
Conventional polymeric membranes are thick in sizes and their operation based on 
solution-diffusion mechanism. Although scientists assumed that graphene-based 
membrane follows the similar trend, but this assumption seems not valid for graphene 
membrane which is typically 250 times thinner than the commercial RO membrane [69]. 

Conclusions 

In this chapter, we have discussed two most prominent nanotechnology-based membrane 
technologies, such as CNT and GFM as low-energy replacements for classical RO 
membranes. The membranes are economically-viable and have dramatic improvement of 
water desalting abilities with improved stabilities. Functionalized CNT and graphene-
based membranes reveal an opportunity for performance enhancements in terms of high 
water flux and salt retention cum reusability. However, practical fabrications of CNT and 
graphene-based desalting membrane technologies are undocumented and need to be 
explored.  Currently, there is no evidence of CNT or graphene based desalting membrane 
commercialization. Therefore, the transformation of technology from lab-bench to field 
or pilot level needs to be done on an urgent basis which might insulate the people who 
are suffering from severe water shortage problems, especially in developing countries. 

Abbreviations 

CNT, carbon nanotube; GO, graphene oxide; MDG, millennium development goals; RO, 
reverse osmosis; MSF, multi-stage flash; MED, multi-effect distillation; NM, 
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nanomaterials; CVD, chemical vapor deposition; AD, arc discharge; LA, laser ablation; 
SWCNT, single-walled carbon nanotube; MWCNT, multi-walled carbon nanotube; MD, 
molecular dynamics; SEM, scanning electron microscope; VA, vertically aligned; MM, 
mixed matrix; TFC, thin-film composite; UF, ultrafiltration; MF, microfiltration; PG, 
pristine graphene; GFM, graphene family members; rGO, reduced GO; PSBMA, 
poly(sulfobetaine methacrylate); BSA, bovine serum albumin and MB, methylene blue. 
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Abstract 

Due to rapid industrialization, water is one of the key components for the world’s 
economic and social growth. The supply of clean water to the community is a big 
challenge. This chapter is aimed to discuss the prospects of nanotechnology in solving the 
water challenges. 

Keywords 

Desalination, Wastewater Treatment, Clean- water 

Contents 

1. Introduction ............................................................................................344 

2. Membrane technology in water quality maintenance ........................346 

2.1. The desalination process .......................................................................346 

2.1.1 Produced water from oil and gas industries .......................................347 

2.1.2 Treatment of desalinated water for agricultural purposes ...............349 

2.1.3 Treatment of desalinated water for mining purposes ........................350 

3. Reclamation and reuse of wastewater .................................................352 

3.1. Application to municipal wastewater ..................................................352 

3.2 Application to industrial wastewater ...................................................353 

Inorganic Pollutants in Wastewater



344 

4. Conclusion ..............................................................................................355 

Acknowledgements ...........................................................................................356 

References .........................................................................................................356 
 

1. Introduction 

Clean water is indispensable to living systems and is an important element in a variety of 
industries such as food, electronics, and pharmaceuticals, to name a few. The rising 
demands for clean water in the world is a difficult challenge due to (a) population growth 
(b) droughts for extended periods (c) strict health-based guidelines, and (d) challenging 
demands from various consumers. On the planet, only 3 % of available water is fresh, 
making seawater the alternative source for drinking and industrial purposes in many 
regions. This spearheaded the research in the development of novel technologies to 
desalinate the seawater for domestic, industrial and agricultural uses.  In the last decade, 
seawater reverse osmosis (SWRO) has become the most reliable technology in South 
African coastal areas for the policy makers in water security system. In South Africa, 
researchers are exploiting the feasibility of SWRO to meet the accumulative demand and 
relieve the increasing pressure on the present water supply infrastructure. Keeping this in 
mind, it is necessary for the strategic plan to highlight the advantages and limitations of 
the desalination process within the national water and energy policy framework. 
Alternatively, local authorities or organizing bodies will be encouraged to establish 
SWRO plants in the recognized regions [1]. 

Throughout the world, desalination technologies have been employed in the last few 
decades to generate fresh drinking water from the sea and brackish groundwater systems 
to enhance the quality of the water. On the other hand, these techniques have improved 
the existing water quality for drinking and industrial use and treated municipal and 
industrial wastewaters prior to discharge or reuse [2].  

A survey of the literature showed that there were nearly 225 desalination plants 
worldwide in 1950 which produced about 27 million gallons of drinking water per day. 
Recent studies revealed that about 3,500 desalination plants were established worldwide 
to produce 3,000 million gallons of drinking water per day. As the demand for freshwater 
increases and the quality of existing supplies deteriorates, the use of desalination 
technologies [2,3]. Seawater distillation plants dominated the early desalination market, 
which was primarily overseas. However, due to the cost factor, recently desalination 
process has been modified and reinvented as a reverse osmosis (RO), which appears to be 
more economical than the plants designed for desalination of seawater. For effective 
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desalination of brackish water, a new process known as electrodialysis (ED) has been 
developed. The ED and RO processes are identical in terms of their working principle, 
with ED cheaper than the RO system [3]. 

The selection and application of suitable technology are always based on the 
composition, site-specific factor and desired quality of the water system which is to be 
desalinated. On large scale (for example 1million gallons per day) brackish water can be 
desalinated using well-designed RO or ED plants at an average cost of about $1.50 to 
$2.50 per 1,000 gallons. In the case of seawater, desalination process carried out at large 
scale using both RO and ED cost about $4 to $6 per 1,000 gallons. Fig. 1 schematically 
outlines the key drivers in the development and investment for the water production in 
the forthcoming years [3]. 

Literature suggests that there are no recent developments in desalination technologies [4]. 
However, water industry experts believe that the cost of RO or ED may be decreased by 
designing the effective and selective membranes, suitable treatment equipment and 
proper operational protocols [4]. 

 

Fig 1. Key drivers in the development of water production (adapted from [4]). 
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Key issues in desalination [5]: 

1. To enhance the performance of a desalination plant, the pre-treatment of feed water is 
necessary before entering the RO system.  It is used to determine the lifetime of the 
plant and also reduces membrane replacement and chemical cleaning steps. 

2. In order to maintain international water quality standards, the RO process can be 
performed in two passes. The RO process depends on the salinity of seawater and its 
temperature. To achieve the European Union standards, one pass is sufficient. 
However, to achieve the World Health Organization Standards, the second pass is also 
required, especially to remove the boron (0.5 mg L-1, as per WHO boron guidelines) 
from the water (1 mgL-1). 

3. Energy consumption is the key operational parameters in desalination plants. 
Therefore, it is necessary to fix the energy recovery device to monitor the electrical 
cost as per the local energy and environmental policies. 

4. After the pre-treatment step, it is essential to perform the post-treatment step to 
condition the water after RO to generate suitable water for different applications. 

5. At the end, the brine obtained from the desalination plant must be disposed off in a 
proper manner to avoid an adverse effect on local bio/ecosystem. 

2. Membrane technology in water quality maintenance 

From the global water reserve, only 2.5% is fresh water and the rest is saline. From the 
2.5%, the largest part is frozen in polar region and 30% are also in remote aquifers of 
difficult access. As a result, only 0.007% of the total global water is directly accessible 
for use. Unfortunately, part of this water is polluted by industrial plants, mining, oil or 
gas exploration, fertilizer and pesticide residue used in agriculture. In addition, the 
uneven distribution of water over the globe causes even more severe water scarcity in 
some regions. Desalination and water reclamation are of paramount importance in water 
security, where desalination happens to be one of the main life supports in many arid 
regions. 

2.1. The desalination process 

Desalination plays a vital role in maintaining the water quality in many countries around 
the world. For example, in Kuwait and Qatar, 100 % domestic and industrial water 
supply is generated by desalination [6]. The total global capacity (63.7 %) of desalted 
water is obtained by a membrane process. As per literature reports, the world comprises 
of 58.9 % seawater, 21.2 % brackish ground water and remaining 19.9 % surface and 
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wastewater [7] which clearly indicates the importance of the membrane technology in 
desalination market [7]. 

2.1.1 Produced water from oil and gas industries 

Oil and gas industries generate large quantities of produced water. Globally, the amount 
of wastewater co-produced from the oil and gas industries yield about 210 million barrels 
per day, which is three times greater than the production of oil [8]. The production of 
wastewater increases in an attempt to recover the oil completely from the matured fields 
with substantial environmental concerns. One of the most stimulating issues of oil and 
gas industries is to design and implement the Produced Water Management for reuse and 
recycling rather than disposing it into the environment. This treatment is required due to 
toxic nature of the produced water to humans and the environment. The Produced Water 
contains dissolved organic matter and suspended solid substances. This physiochemical 
structure makes treating “Produced Water” very difficult. In this case, membrane 
technology shows a promising platform for the production of quality water for desirable 
applications [8].  

The application of membrane techniques depends on the purpose and reuse of “Produced 
Water”. Ultrafiltration (UF) and microfiltration (MF) or their hybrid (UF-MF) have been 
effectively adopted for the separation of suspended solid substances and macromolecules. 
With the combination of nanofiltration (NF) and reverse osmosis (RO), high standards of 
water quality have been achieved. The water produced by hybrid (NF+RO) technique can 
be used for drinking and irrigation purposes [9-21]. However, this chapter focuses on the 
modern membrane techniques for the treatment of high salinity water produced from gas 
wells which contain total dissolved solids (TSD) in the range from 8000 to 360,000 mg L-

1[22-24]. Depending on the TDS value recorded, desalination technologies can be used. 
Wastewater samples with TDS more than 35,000 mg L-1 can be treated with 
commercially available RO membrane technique. However, this membrane is not 
appropriate due to the high hydraulic pressure which is required to overcome the osmotic 
pressure of high-salinity Produced Water. The generated hydraulic pressure in this system 
may exceed the allowable pressure of the membrane and finally make the application 
unfeasible [22]. 

Forward osmosis (FO) and membrane distillation (MD) are the emerging techniques 
which can be effectively used to treat high salinity water with very low energy 
consumption. On the other hand, MD and FO have a lower tendency for fouling due to 
the absence of an applied hydraulic pressure. In desalination technology, MD is the only 
method which uses the separation process at the low-grade heat. Hydrophobic and 
microporous membranes are employed in the MD to separate the analyte and the filtrate. 

Inorganic Pollutants in Wastewater



348 

The transportation of analytes across the membrane is delayed by the hydrophobic nature 
of the membrane. The difference in vapor pressure established by the difference in 
temperature on the both sides of the membrane initiates the movement of water vapor 
through the pores to the filtrate side [24].  

Various physical parameters such as sweeping gas, direct contact, air gap, vacuum and 
direct contact will stimulate the vapor pressure gradient in MD [25-29]. This is an energy 
efficient method in which minimum auxiliary energy is used to circulate the solutions. As 
mentioned earlier, Produced Water is a complex matrix, where dissolved gases and small 
organic molecules may penetrate through the membrane. Then after this water pollute the 
filtrate stream or certain molecules such as alcohols or surfactants decrease the sample 
surface tension and promote the wetting of the membrane. As a result, the sample 
solution is allowed to pass through the pores and enhances the permeation quality. Pre- 
and post- treatment steps may be employed to remove the dissolved gases and organic 
molecules [27, 30] from Produced Water. The separation in FO process takes place due to 
the difference in osmotic pressure between the sample solution and the concentrated 
Draw Solution, which has higher osmotic pressure than the sample solution. The Draw 
Solution is diluted by the water flow across the membrane and lowers the osmotic 
pressure gradient. Thus, an additional regeneration of the Draw Solution step is required 
to recover the Draw Solute and accumulate the Produced Water [31,32]. The selection of 
Draw Solution is very important for FO, especially when dealing with high salinity water 
and its higher osmatic pressure than the sample solution [32].  

Magnetic nanoparticles [33], polyelectrolytes [34] and stimuli-responsive hydrogels [35] 
are not suitable for FO desalination of high salinity Produced Water because these 
materials generate very low osmotic pressure. Though the dissolved salts can offer high 
osmotic pressures, the regeneration step in RO makes the system unsuitable for the 
treatment of Produced Water [36-38]. The most favorable Draw Solutes are thermolytic 
salts (most popular ammonia-carbon dioxide), which undergo vaporization due to the 
change in solution temperature. In this process, distillation due to thermal energy is used 
for its regeneration [39-41]. In 1964, Neff first identified a Draw Solution for 
desalination of water [42]. This solution could generate high osmotic pressure (200 atm) 
and easily regenerated at 60 oC [41]. Trimethylamine–carbon dioxide [43] and switchable 
polarity solvents [44, 45] were reported as efficient candidates besides ammonia–carbon 
dioxide for the desalination of Produced Water in the FO process.  
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2.1.2 Treatment of desalinated water for agricultural purposes 

In the past, desalinated water was not used in the agricultural sector, because water from 
the direct sources was cheap [46]. However, desalinated water is becoming more 
competitive because its cost is decreasing, while the cost to treat surface water and 
groundwater is increasing gradually. It is now clear that the use of groundwater is not 
sustainable and new regulations are expected to mitigate their use compared to 
desalinated water. In spite of this evolution, the cost of desalinated water is still too high 
to be utilized in irrigation. However, it might be affordable for intensive horticulture 
sector with high-value crops such as vegetables and flowers are grown in greenhouse or 
coastal areas (where safe disposal of brine is easier than in inland areas) [46, 47]. 
Literature suggests that the desalinated water of high quality offers less negative effect on 
soil than the direct use of brackish water [48]. The main benefits of desalinated water for 
irrigation purpose are (a) supplementary and ecological water supply does not depend on 
the weather (b) improvement in the yield and (c) worthy agricultural harvest with 
minimum consumption of water [48, 49]. Moreover quality drinking water is not really 
necessary for the irrigation. Fractional or half-done desalination can also be used in 
several cases, particularly for salt-resistance crops [50]. 

Literature reveals that there is a growing demand for the use of desalinated water in 
agriculture globally [51]. For example, Spain is focussing on the desalination of water by 
producing 1.4 million cubic meters per day, out of which 22 % is used for agriculture. In 
this country, most of the brackish water is fed into the desalination plants to get cleaned 
and used for agricultural purpose. Interestingly, all the desalination plants in Spain are 
located in the coastal areas (60 km from the sea) to provide a safe disposal of brine 
solution.  Kuwait is also concentrating on the production of desalinated water. It is found 
that 13 % of the total desalinated water is used in agriculture sector [51]. Saudi Arabia is 
the leader in the production of desalinated water, however, only 0.5 % is used in the 
agricultural sector. Countries like Australia, Chile, and China are also assessing the 
viability of desalination tools to support water supply for agricultural purposes. Reverse 
osmosis (RO) is the perfect tool due to its recent advantageous features in terms of 
quality and cost for the agricultural use of other thermal desalination treatments methods 
[49]. The salinity levels of the sea (35,000 mg/L) and brackish water (1600mg/L) are 
equivalent to the osmotic pressure of 2800 kPa and 140 kPa respectively [49]. These data 
indicate that the higher hydraulic pressure is required when RO system is applied to the 
seawater. Therefore, there is high energy consumption in this case thus the cost of the 
process increases drastically. Literature highlighted that the RO process decreases the 
concentration of calcium and other important salts in the treated water with slightly acidic 
pH. Water with these features can damage the structure of the soil [48]. Therefore, to 
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retain the desired features, re-mineralization is necessary to adjust the ratios of the 
minerals in the treated water. The cost of the re-mineralization step is insignificant when 
compared to the cost of desalination [48]. To produce water with a high mineral content 
with lower hydraulic pressure can be achieved with nanofiltration for desalination water 
rather than using RO system. Another major concern with desalinated water is the 
presence of Boron, which is highly toxic (0.3-4 mg/L) to the various crops [52]. In the 
desalination process, Boron ions pass across NF [48]. To reduce the concentration, Boron 
selective exchange resin is used in the desalination plant. This increases the production 
cost of clean water for agriculture [48].   

2.1.3 Treatment of desalinated water for mining purposes 

In the mining, industry water plays an important role due to its wide applications such as 
flotation, gold or copper ores leaching, as a coolant and in dust suppression [53]. Mining 
water have two major concerns: (a) involves a stable supply of water to the mining 
sites[53], (b) water from mining process contains many explosive residues, acids and thus 
requires suitable treatment before recycling or disposal [54]. Ground and seawaters (high 
salinity water) are the main sources for mining industries situated in remote and unfertile 
areas [53]. The salinity of ground water in mine sites may exceed 100,000 ppm TDS or 
even higher in Western Australia [53]. These water resources alone or blended with mine 
water runoff from stockpile, waste or mine dewatering can be directly used for some 
processing steps in mining such as copper leaching, flotation or cooling [55-58]. 
However, to alleviate negative impacts on local aquifers, protect the health of miners and 
to minimize corrosion of underground equipment in underground mines, desalinated 
water produced from sea water and ground water are preferred[59, 60]. Recent 
desalination technology suggests that RO is the perfect desalination process to treat 
ground water in several mining sites to produces clean and fresh water [53].  

Generally, the water spent from the mining industry requires a specific proper 
desalination treatment prior to their disposal into the environment or recycling or reuse. 
The spent mine water is categorized into two types depending on their capacity to form 
calcium sulfate scale. Electrodialysis (EDR) and Tubular reverse osmosis (TRO) are two 
conventional membrane-based desalination methods which were used to produce non-
scaling water in early 1990’s [54, 61]. In the TRO process; the tubular membrane module 
was used, due to high suspended solid mining waters were treated effectively [61]. 
Electric current is used in the EDR to migrate the dissolved salts across the 
electrodialysis disc which is a multi-layered structure with cationic and anionic 
membranes. Electrodialysis has several advantages over RO owing that include: (i) low 
capital cost (ii) sensitive to lower effluent pH and (iii) temperature [62]. In South Africa, 
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about 80% salts and 84% recycled water were achieved by the Beatrix gold mine industry 
using an EDR pilot plant [63]. In New South Wales vacuum membrane distillation 
process was employed using a hallow-fiber membrane to separate nearly 99.5% of the 
total dissolved solids from mining water [64]. Recently, novel desalination techniques 
such as slurry precipitation recycle reverse osmosis (SPARRO) and seeded reverse 
osmosis (SRO) have been reported for the treatment of mine scaling water [54, 61, 60, 
65, 66].  Calcium sulfate was removed by the SRO process before membrane treatment to 
reduce the scaling. This removal was based on the calcium sulfate seed crystals 
suspension fed into the desalination system through recycling of waste slurry. The SRO 
has a very high rejection rate towards the salt and fair recovery of water. But this system 
consumes large amounts of high electricity with poor control over calcium sulfate seed 
formation. Based on research performed during1988-1993, the SPARRO process was 
developed based on the principle of SRO and Chamber of Mines Research Organization 
(COMRO) has patented this technique [66]. The schematic diagram of a pilot plant was 
depicted in Fig. 2. This system has a capability to generate high-quality water with a 
recovery more than 94%. But the quartzitic materials which are suspended will be prone 
to fouling and thereby decline the flux high quality.  
 

 

Fig. 2. The pilot plant of SPARRO (adapted with permission from [66]). 
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3. Reclamation and reuse of wastewater  

3.1. Application to municipal wastewater 

Sewage is a municipal waste derived from daily activities such as shower, toilet sewage, 
kitchen sink and laundry. These wastewaters contain a variety of limited chemicals and 
several biodegradable compounds, which are treated with activated carbon beds 
integrated with effluent treatment plants. On the other hand membrane bioreactor 
integrated with either ultrafiltration or microfiltration membranes are also used in routine 
activated sludge reactor to accomplish the separation of sludge from wastewaters.  

In the 1990s, membrane bioreactor process was introduced for the removal of large 
amounts of biochemical oxygen demand, total organic compounds and to remove total 
suspended solid [67]. When compared with routine activated sludge, the membrane 
bioreactor process has secondary benefits of low turbidity and less slit density index, 
which produces feed water for the RO system. Lozier and co-worker [68] have designed 
a pilot-scale plant to feed membrane bioreactor effluent water for reverse osmosis [68]. 
This method is gaining more acceptance from researchers and marketing applications all 
over the world.  

For the first time, the Public Utilities Board of Singapore commissioned a membrane 
bioreactor in December 2006. This bioreactor delivered useful information on the design 
and operational conditions of membrane bioreactor system under tropical environment. 
This is advantageous because of its low energy consumption (0.55 kwh/m3) and did not 
require any special chemical cleaning since its start-up. Globally, more than 1500 
membrane bioreactors were situated in Europe, Japan and North America [70-76].  

The waterless hygienic toilet (Nano Membrane Toilet-NMT) has been designed by the 
Cranfield University with the support of Bill and Melinda Gates Foundation for the 
Water, sanitation and hygiene program [77, 78].  In this toilet, the human waste is 
converted into pathogen free water and condensed lumps, which can be used for 
agriculture and fertilizer respectively. The NMT works without the use of energy and 
water. In NMT, a bundle of hollow fiber membranes is adapted to separate loosely 
bounded water (especially from urine) using a membrane distillation mechanism as 
shown in Fig. 3. In this process, the sweep gas is pumped from the permeate side of the 
membrane to generate the vapor pressure difference between the feed and permeate 
which allows water to penetrate through the membrane in the form of vapor [78]. These 
hallow-fibers have a good capacity to reject pathogens and nano-coated beads are 
employed as a condenser to collect 90 % of permeates. The volatile organic compounds 
present in the condensed water cannot be stored. Alternatively, this water can be used for 
domestic purposes in the homes [77].  
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Fig. 3. The schematic diagram of nanomembrane toilet (reproduced with permission 
from [78]). 

 

3.2 Application to industrial wastewater 

Industrial wastewater is generated from various industries including chemical, mining 
food, pulp and paper, iron & steel and pharmaceuticals. The membrane bioreactor is a 
perfect technique to treat most of the industrial wastewaters [76, 79-83], similar to the 
municipal wastewaters. Due to the spontaneous expansion of industrialization and 
urbanization or from specific industries, wastewater contains hazardous chemicals like 
trace organic contaminants and heavy metals.  Pharmaceutically active compounds, 
endocrine disrupting chemicals, pesticides and other persistent organic compounds fall 
under trace organic contaminants [84]. Trace organic contaminants are biologically active 
compounds. Therefore the presence of toxic molecules at low concentrations is highly 
toxic and harmful to humans. Generally, in raw wastewater, the trace organic 
contaminants range from100 μg/L to 100 ng/L. Different membrane technologies such as 
membrane bioreactor, single membrane processes (nanofiltration, reverse osmosis and 
forward osmosis), dual membrane processes (ultrafiltration-reverse osmosis, forward 
osmosis reverse osmosis) and integrated process (membrane bioreactor/bioreactor 
coupled to nanofiltration or reverse osmosis or forwarded osmosis) have been used 
effectively for the treatment of trace organic contaminants [85].The processes mentioned 
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above have characteristic merits and demerits in respect of the removal of trace organic 
contaminants, therefore researchers are focussing on developing selective and effective 
methodologies in this field. Literature suggests that the membrane bioreactor completely 
removed some of the trace organic contaminants [85]. The removal process of these 
contaminants is administrated by the adsorption on the sludge engaged by the membrane 
and thereby successive degradation in the reactor by the biomass. Their removal 
mechanism is governed by the adsorption of the trace organic contaminants on the sludge 
retained by a membrane and subsequent degradation by the biomass in the reactor. Due to 
this, removal of trace organic contaminants mainly depends on the inherent 
biodegradability and physiochemical properties such as molecular weight, 
hydrophobicity, electron donating/withdrawing groups and functional groups [86-90]. 
The parameters such as temperature [91-93], pH [94-97], hydraulic retention time [98-
105], the retention time of sludge and concentration of dissolved oxygen have various 
effects depending on the physiochemical properties of trace organic contaminants. 
Sorption diffusion mechanism [84] or charge repulsion and size exclusion are useful in 
the separation of trace organic contaminants in nanofiltration, reverse osmosis and 
forward osmosis processes [106-123]. It is observed that the trace organic contaminants 
cannot undergo degradation process instead. Thus increase the concentration and 
therefore additional treatment is necessary to recover or nullify them. Reports [125-17] 
show that the dual membrane process is used to treat trace organic contaminants, in 
which one membrane process acted as a supplement to the other membrane. For example, 
UF was used to decrease the concentration of foulant in the RO process [124] or RO is 
used to collect the water from the forwarded process [125-127]. Using the single 
membrane process, it is very difficult to remove a wide range of trace organic 
contaminants. Therefore, hybrid processes have been considered highly efficient in the 
removal of trace organic contaminants more than 90% [128-135]. For example, 
membrane bioreactor integrated with NF or RO enhanced the removal capability of trace 
organic contaminants of hydrophobic and hydrophilic nature. The adsorbed trace organic 
contaminants are successively pass through NF or RO membranes and retain into the 
membrane bioreactor. Nanofiltration or reverse osmosis can be used for the removal of 
hydrophobic trace organic contaminants efficiently due to their low interaction behavior 
with the sludge. Additionally, the membrane bioreactor may reduce the fouling 
challenging of NF and RO because of their holding capacity towards large organic or 
colloidal compounds. Nguyen and co-workers [133, 170] have designed a model that can 
be used to remove 22 different trace organic contaminants with a recovery range of 90-
100% from synthetic wastewater. Likewise, membrane bioreactor integrated with RO 
was adopted to remove 11 trace organic contaminants from wastewater [134,135]. The 
hybrid membrane bioreactor-forwarded osmosis has generated promising results [136-
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141] with a less fouling tendency. In the forwarded osmosis process, high retention time 
enhances the biodegradation due to higher holding ability by the membrane for small and 
persistent trace organic contaminants. Alturki and co-workers [141] have achieved higher 
removal percentage of 25 out of 50 trace organic contaminants using hybrid membrane 
bioreactor-forwarded osmosis. Whereas, Lay and co-workers have also achieved high 
quality water after removing pharmaceutical pollutants from the wastewater [141]. 
Recently, Phattaranawik and co-workers [142] have designed a hybrid of bioreactor and 
membrane distillation system. In this system, initially, organic matter (carbohydrates or 
proteins) undergo digestion by the bioreactor before they reach to the distillation 
membrane pores and depreciate its performance [143]. The thermophilic microorganism 
is used in the bioreactor to enhance the biodegradation of organic matter, as the 
membrane distillation system was operated in the temperature range from 30 to 80 oC 
[144]. Wijekoon and his team [145] for the first time have designed a salinity component 
in the reactor and found that the higher removal capacity (95 %) was achieved for 25 
trace organic contaminants.  

4. Conclusion 

In desalination of seawater, membranes have been proved to be a powerful tool for 
several decades to generate sustainable water quality using reverse osmosis. The 
designing of novel nanomaterials and membranes with good specificity and selectivity 
are required to achieve high flux and salt rejection capacity. On the other hand, attention 
should be focussed more on membranes which can provide functionalized transport 
channels for small molecules. The membranes with these features can achieve a water 
recovery of more than 95 % from industrial and municipal wastewaters. The partially 
desalinated water obtained from the membranes could be used for agricultural lands and 
mining industries when they are situated in isolated regions.  In future industrial effluent 
treatment can offer ample opportunities for membrane technology. Membranes with good 
thermal and chemical properties, especially those which can resist strong chemicals 
during the treatment enhance the lifetime of the membrane while separating the toxic 
organic and inorganic molecules and Produced Water. In summary, there are a large 
number of open challenges and opportunities for new materials in membrane technology. 
With the advent of better materials in this area, new sustainable technologies and 
separation processes will be implemented, a task for the current and new generation of 
material scientists. 
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Abstract 

The main recent advances in photo-Fenton oxidation treatment for recalcitrant 
wastewaters have been reviewed. Biodegradable intermediates and mineralized pollutants 
are obtained from recalcitrant compounds when this oxidation technology is employed in 
wastewater. However, the cost of the technology is one of the main limitations. Several 
strategies, such as new nanotechnologies, heterogeneous catalysts or chelating agents 
have been used to reduce the cost and enhance the efficiency of the photo-Fenton 
process. Moreover, applying solar energy cost can be reduced integrating biological 
treatments in the oxidation process. Direct UV photolysis is able to degrade pollutants 
(chemicals, pharmaceuticals, agrochemicals, endocrine-disrupting compounds, and 
herbicides) in water. In this scenery, photo-Fenton is presented as an attractive and very 
effective alternative for the removal of recalcitrant compounds and emerging 
contaminants present in wastewater. 

Keywords 

Photo-Fenton Oxidation, Emerging Pollutants, Recalcitrant Compounds, Wastewater 
Treatment; Pollutant Degradation  
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1. Introduction 

In the last years, the environment legislative regulations [1] have promoted a fast 
investigation on water protection due to the special attention paid to the elimination of 
biologically recalcitrant substances and pollutants. New technologies and the 
combination of technologies have been rapidly developed. These technologies are mainly 
phased separation processes like adsorption processes, stripping methodologies, and other 
methods (chemical oxidation and reduction). Chemical oxidation involves the 
transformation of contaminants into less toxic products, or in the total decomposition of 
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the pollutants to inorganics, water and CO2. These chemical methods afford a total 
solution to the problem of pollutants in water. However, in other cases, the use of reactive 
systems which are much more effective than conventional processes are necessary. Many 
research groups have been working during the last years to develop new oxidation 
techniques defined as advanced oxidation processes. Normally, these processes take place 
at ambient temperature and pressure [2]. The advanced oxidation processes (AOPs) are 
efficient methods to remove pollutants from wastewaters [3]. 

Generally, the in situ generation of a powerful oxidizing agent, such as hydroxyl radicals 
(•OH), is the main characteristic of the AOPs in order to remove the pollutants. Different 
types of AOPs include chemical, photochemical, sonochemical and electrochemical 
reactions. The pristine and most employed one is the Fenton reaction. During a Fenton 
process, a matrix containing H2O2 and a soluble iron (II) salt (Fenton's reagent) are used 
to degrade pollutants [4]. The oxidation efficiency of pristine Fenton can be enhanced in 
the photo-Fenton method (irradiation with ultraviolet light) or solar photo-Fenton method 
(sunlight irradiation) (Fig. 1) [5, 6]. 

 
 

Fig. 1. Solar photo-Fenton process modified by adding chelating agents at neutral pH 
(adapted from reference [6]). 
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Another important improvement combines the Fenton method with electrochemical 
reactions. Lately, an important number of electrochemical advanced oxidation processes 
have been described [7, 8]. 

The publications on Fenton oxidation in wastewater treatment confirm that it is one of the 
most effective methods for the degradation and mineralization of recalcitrant substances. 
However, some critical points with regards to pH control, the cost associated to H2O2 and 
catalyst consumption have to be considered in the Fenton process. In addition, the sludge 
disposal limits its application on full-scale [9]. Some alternatives have been proposed to 
improve the efficiency of the Fenton oxidation under reduced cost [10-13]. 

The recent review on the removal of pharmaceuticals from water published by Mirzaei et 
al. [14], studies on the advanced oxidation processes (AOPs) in the oxidation of organic 
compounds by Fenton-based processes has been documented. The impacts of some 
controlling parameters including the H2O2 and catalyst dosage, solution pH, initial 
contaminants concentrations, temperature, type of catalyst, the intensity of irradiation, 
reaction time, and feeding mode on the removal efficiencies of hetero/homogeneous 
Fenton processes have been highlighted. Moreover, the combination of Fenton-type 
processes with biological systems as the pre/post treatment stages has been analyzed. 
Other recent studies include the elimination of recalcitrant compounds in water even at 
micro quantities [15, 16]. The high chemical oxygen demand (COD) and low biological 
oxygen demand (BOD) are clear characteristics of wastewater when these types of 
compounds are present. AOPs are excellent methodologies for degradation of pollutants 
since these are capable of removing most of the organic compounds, antibiotics, dyes 
[17-21], micropollutants [22] and persistent pollutants [23].  

The photo-Fenton process has been established as an energetically improved way to treat 
wastewaters. Lately, numerous studies have been performed of photo-Fenton as 
individual technology or linked with conventional biological methods for wastewaters 
application. The objective of this chapter is to review the different photo-Fenton 
applications in order to treat a number of toxic compounds in wastewaters (Table 1). The 
evaluation of its effectiveness in the mineralization of pollutants and biodegradability 
enhancement have been considered. The influence of operational conditions on the 
efficiency of photo-Fenton oxidation has been assessed. Recent advances for degradation 
of organic contaminants and cost minimization factors are also pointed out. 

In Fenton and combined processes, the main disadvantage is the requirement of 50–80 
ppm ferrous ion. Homogeneous AOPs may produce a large amount of sludge in the final 
neutralization step due to the large quantity of treated water. These disadvantages can be 
avoided by using nano zero valent iron as an alternative route to induce Fenton oxidation. 
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Zero-valent state metals such as Fe0, Al0, Zn0 and Sn0 are very active agents in the 
processes [24, 25]. 
 

Table 1. Homogeneous and heterogeneous advanced oxidation processes (AOPs) 
employed in wastewater.   
Type of system Example  

 Fenton-based reaction 

 Fenton: H2O2 + Fe2+ 
 

Homogeneous  Fenton-like: H2O2 + Fe3+/Mn
+ 

 

 Sono-Fenton: US/H2O2 + Fe2+ 

 Photo-Fenton: UV/H2O2 + Fe2+ 

 Electro-Fenton 

 Sono-electro-Fenton 

 Photo-electro-Fenton 

 Sono-photo-Fenton 

 O3 based processes 

 O3 + UV 

 O3 +UV+H2O2 

 H2O2 + Fe2+/Fe3+/ Mn
+solid      

Heterogeneous TiO2/ZnO/CdS + UV 

 H2O2 + Fe0/Fe (nano-zero valent iron)      

 H2O2 + immobilized nano-zero valent iron 
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2. Fenton-based technologies 

The Fenton reaction was developed by H.J.H. Fenton in 1894. He reported that H2O2 
could be activated by ferrous (Fe2+) salts to oxidize tartaric acid. In the recent past, since 
the beginning, Fenton reaction was employed to remove toxic organic substances from 
wastewater [26]. Fenton reactions use iron ions and hydrogen peroxide to generate active 
oxygen species that oxidize organic or inorganic compounds.  
In the photo-Fenton processes, the simplified reaction sequence to generate the hydroxyl 
radical from H2O2 is as follows: 

Fe3+ + hυ + H2O2 → Fe2+ + HO• + H+  

Fe2+ + H2O2→ k Fe3+ + HO• + OH−  

 
During the photo-Fenton processes, pollutants are broken down by hydroxyl radicals and 
several types of contaminants, such as pharmaceuticals, pesticides, dyes, insecticides, and 
bacterias are removed. Furthermore, the use of solar energy in photo-Fenton processes 
improves the economic and environmental sustainability of the technology [27, 28]. 
However, the application of such processes implies the need to work in a narrow range of 
pH between 2.8–3.5 to ensure that Fe(II) and Fe(III) species exert their catalytic role, 
maximizing the concentration of photoactive species and avoiding the precipitation of 
inactive iron oxyhydroxides. The possibility of working at neutral or near neutral pH has 
aroused great interest, but the low efficiency of photo-Fenton processes at pH 7 is due to 
iron precipitation and can be prevented by adding iron complexing agents. 

Fenton reaction is run by an arsenal of heterogeneous catalysts, such as zeolites, alumina, 
ferrites, clays, and nanomaterials [29]. During the electro-Fenton process, the catalytic 
effect of Fe2+ is enhanced by irradiating with UV light. The use of electrochemical and 
photochemical combined process joined to the Fenton process is called photo-electro-
Fenton (PEF) process and generates a greater quantity of free radicals due to the 
combination effect as illustrated in Fig. 2 [30]. Thus, the degradation of target toxic 
substances can be accelerated when the water matrix is irradiated with UV light in 
addition to the electro-Fenton process. The photo-electro-Fenton systems are more 
efficient due to the photochemical regeneration of Fe2+ by the photo-reduction of Fe3+ 
ions and photo-activation of complexes  [31]. 
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Fig. 2. The process proposed for UV/CES/H2O2 system (adapted from reference [30]). 
 

3. Behavior in wastewater systems 

Application of photo-Fenton treatment of several industrial wastewaters containing 
recalcitrant compounds at laboratory or pilot plant scales has been extensively 
investigated. Degradation of dyes [32, 33], pesticides [34], bacterias [35] and also 
micropollutants [36] has recently been reported. The treatment of industrial wastewaters, 
such as pulp [37] or pharmaceuticals [38] has been investigated by photo-Fenton 
application exclusively or in combination with other methodologies. We will summarize 
these oxidation processes used for pharmaceuticals, pesticides, pathogens, bacteria, 
chemicals, agrochemicals, petroleum refinery plants and landfill leachates.  

3.1 Pharmaceuticals and pesticides 
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products, and industrial contaminants) are increasing in frequency and concentrations 
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[39]. To develop strategies to reduce their presence in water systems has been an active 
research area at present  

Combining of photo-Fenton method with conventional treatment technique for 
pharmaceutical wastewaters significantly enhances biodegradability of 
wastewaterTokumura et al. [40] performed a comprehensive study on effects of water 
matrices on removal of pharmaceuticals by three different kinds of advanced oxidation 
processes, the photo-Fenton process on the removal of pharmaceuticals (carbamazepine 
and diclofenac), the TiO2 photocatalytic oxidation, and the combined ozone and H2O2 
oxidation process. A comparative study of the models, using pure water and wastewater, 
was evaluated. 

Gimeno et al. [41] studied the removal of emerging contaminants from primary effluents 
of municipal wastewater by sequential biological and solar-degradation-photocatalytic 
oxidation processes. A mixture of nine pharmaceuticals model substances 
(acetaminophen, antipyrine, caffeine, ketorolac, metoprolol, sulfamethoxazole, 
carbamazepine, hydrochlorothiazide, and diclofenac) was analyzed. Only acetaminophen 
and caffeine were totally removed from municipal wastewater in aerobic biological 
experiments. Under the optimum experimental conditions, 80-100 % degradation of the 
emerging compounds was obtained in the photocatalytic ozonation. Solar light (SL) 
Fe(III) photocatalytic ozonation, SL/O3/Fe (III) during 180 min and ozonation in 45 min 
systems reduced the concentrations of the studied emerging contaminants below their 
detection limits. In this study, 41.3 % mineralization is obtained by photocatalytic 
ozonation and 34 % is achieved by single ozonation. 

In another investigation, Exposito et al. [42] developed a semi-industrial autonomous 
plant for the solar photo-Fenton degradation of pharmaceutical wastewater effluent with a 
parabolic collector. Ferrioxalate was employed in a photo-Fenton process and over 79 % 
of TOC was removed in 120 min. The extent of the photo-Fenton process was directly 
dependent on the initial conditions.  

In the work developed by Perini et al., the photo-Fenton degradation of two frequent 
antibiotic and antidepressant; ciprofloxacin and fluoxetine were analyzed in an anaerobic 
pre-treated hospital effluent [43]. Parameters such as the concentration of H2O2, iron, pH 
and the effect of the iron citrate complex were followed during the degradation of the 
pharmaceuticals. The authors concluded that it was possible to achieve over 50 % 
degradation of both substances after 90 min. 

Anjana Anand´s group employed a fluidized bed solar photo-Fenton process for the 
treatment of hospital wastewater in order to reduce the chemical oxygen demand (COD) 
of wastewater and enhance the biodegradability [44]. The ideal operational conditions 

Inorganic Pollutants in Wastewater



378 

were determined at pH 3, Fe2+ dosage of 5 mM, the H2O2 dosage of 50 mM and silica 
carrier amount of 40 g/L. The maximum COD removal was 98 % in 90 min and the 
enhancement of biodegradability (evaluated in terms of BOD5/COD ratio) increased from 
0.16 to 0.7. During the fluidized bed solar photo-Fenton process, the COD efficiency was 
92 % whereas in the solar photo-Fenton process the COD removal efficiency was 67 % 
during one hour.  

Serna-Galvis et al. [45], showed the removal of antibiotic cloxacillin in by 
electrochemical oxidation, TiO2 photocatalyst, and the photo-Fenton system. Cloxacillin 
was totally removed under these treatments, and photo-Fenton enabled 15% of 
mineralization within 240 min.  

Degradation of antibiotic norfloxacin using advanced oxidation processes has been 
investigated by Shankaraiah et al. [46]. They studied the effect of UV, initial pH of the 
recalcitrant solution, UV/H2O2, Fenton, photo-Fenton process, UV/TiO2 and UV/TiO2 
immobilization with glass beads. Photo-Fenton process was effective for removing 
around 96 % of norfloxacin. For an initial drug concentration of 150 ppm, under photo-
Fenton process, optimum conditions were pH 3, H2O2 concentration of 200 mg/L and an 
iron concentration of 30 mg/L. 

Endocrine disruptors like progesterone, among others, are present in water and 
wastewater. The mechanisms for UV photo-assisted Fenton-like degradation of 
progesterone were investigated by Ifelebuegu et al. [47]. The UV photo-assisted process 
completely degrades progesterone by 60 %.  

New nanomaterials based on Cu-doped α-FeOOH (α-(Fe, Cu)OOH) nanoflowers have 
been used in the catalytic degradation of diclofenac sodium by the photo-Fenton process 
[48]. The results demonstrated that α-(Fe, Cu)OOH nanomaterials exhibited better 
catalytic behavior than pure α-FeOOH. The sample doped with 3 % Cu (molar ratio of 
Cu to Fe) showed the optimal visible-light photocatalytic activity. Moreover, the 
degradation efficiency of diclofenac increased a number of catalysts and H2O2 dosages 
but decreased with the increasing initial pH between 5 and 8. The α-(Fe, Cu)OOH 
nanoflowers possess high degradation efficiency and excellent stability even after five 
cycles. The high catalytic activity of α-(Fe, Cu)OOH could be attributed to the synergistic 
activation effects of Fe and Cu in α-(Fe, Cu)OOH towards H2O2. 

Considering that paracetamol is a representative compound of emerging pollutants of 
pharmaceutical origin, a recent work from Villota el al.  [49], established photo-Fenton as 
an interesting technology to oxidize wastewater with this contaminant.  

In other investigation [50], the degradation of ciprofloxacin and paracetamol was 
compared. The formation of hydroquinone was detected only during paracetamol 
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degradation in absence of irradiation. The degradation rate of paracetamol increased 
drastically since hydroquinone formed was able to reduce Fe3+. When hydroquinone was 
initially added, the degradation rates ciprofloxacin and paracetamol, in the dark, were 
much higher in comparison to the rates in the absence of hydroquinone. It was due to the 
faster formation of Fe2+ at the beginning of the reaction. In the absence of hydroquinone, 
degradation of ciprofloxacin was not observed. However, after 30 min, the degradation 
rate increased drastically when hydroquinone was added. When the paracetamol 
degradation was observed in absence of hydroquinone, ten paracetamol hydroxylated 
intermediates were recognized; which have a contribution to the reduction of Fe3+ to Fe2+ 
and in a suitable way the paracetamol degradation.    

The ibuprofen also appears in the wastewater from pharmaceutical industries.  Chakma et 
al. [51], studied the degradation of ibuprofen using combined techniques of sono-
enzymatic treatments. A positive synergy between sonolysis and enzyme treatment was 
noticed due to the formation of hydrophilic intermediates during degradation. The 
degradation of ibuprofen under sono-enzymatic treatment was comparable with other 
hybrid methodologies like photo-Fenton, sono-Fenton and sono-photocatalysis. 

Removal of mefenamic acid, which is a non-steroidal anti-inflammatory drug, was 
investigated by different oxidative processes (H2O2, H2O2/UV, Fenton, and photo-
Fenton). The influence of the main variables in the process (concentration of hydrogen 
peroxide, type of catalyst, pH) was also investigated [52]. In a comparative study, it was 
found that photo-Fenton process was the best technology as it was able to remove 95 % 
of mefenamic acid. The authors concluded that this methodology could be applied in 
water quality control of municipal or industrial wastewater. 

Iovino et al. [53] studied the presence of traces of pharmaceutical substances in drinking, 
superficial and ground waters. The removal of several compounds of the type of 
ibuprofen was investigated in a lab-scale batch reactor equipped with a monochromatic 
UV lamp (Fig. 3). Two series of experiments were carried out; the first one studied the 
concentration of ibuprofen and the second one explored the pH influence on ibuprofen 
degradation. From the results, it was possible to propose a reaction mechanism.  
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Fig. 3. The system used for the degradation of Ibuprofen with UV light (adapted from 
reference [53]). 
 

Degradation of β-lactam antibiotic by TiO2 photocatalysis, sonochemistry, photo-Fenton 
process, and electrochemistry was conducted by Serna-Galvis et al. The four oxidation 
processes were able to remove the pollutant. Nevertheless, important differences with 
respect to the degree of mineralization were observed. The removal of total organic 
carbon in TiO2 photocatalysis and in the photo-Fenton system was around 90  and 35 % 
respectively, but with the electrochemical and sonochemical treatments, the antibiotic 
was not degraded [54]. 

Mineralization of metronidazole (the most important drug of the group of 5-
nitroimidazole) can be accelerated by sunlight via photo-Fenton mechanism under 
gradual incorporation of H2O2. The solar photo-Fenton system leads to 96 % of COD 
removal for 960 mg L-1 at 60 °C and pH 3 in 12 min. An increase of 16 % of 
mineralization was obtained when the sunlight was applied to the photo-Fenton reactor 
[55]. 

Moreover, a recent study on the biological hazard evaluation of pharmaceutical effluents, 
before and after a photo-Fenton treatment [56], concluded that the photo-Fenton process 
catalyzed with an iron-pillared clay decreased the oxidative stress, genotoxic damage and 
LC50 in Hyalella azteca, and the concentration of paracetamol. 

During several years, the food and cosmetic industries have employed parabens, which 
are apparently innocuous preservatives. The group of Cuerda-Correa [57], studied the 
oxidation of different parabens, such as methylparaben (MP), ethylparaben (EP), propyl 
paraben (PP), and butylparaben (BP) in water using O3. The tested processes were 
O3/Fenton, O3/H2O2, O3/UV, O3/UV/H2O2, O3/photo-Fenton, O3/UV/TiO2, and 
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O3/UV/TiO2/H2O2.  The results demonstrated that single ozonation was more effective 
than O3/H2O2 and O3/Fenton processes. It was observed that ultraviolet irradiation 
afforded faster removal of parabens, due to the effect of ozone photolysis in the radical-
mediated mechanism. From the results, it was concluded that O3/UV/TiO2/H2O2 was the 
most efficient method for the degradation of this type of emerging pollutants. 

Degradation of ethylparaben (EPB), a potential endocrine disrupting chemical was 
studied by Zuñiga-Benítez et al. The combination of the conventional Fenton process 
with visible light radiation (photo-Fenton) was used in this treatment. In this way, the 
effectiveness of the photo-Fenton process for EPB degradation was assessed using an 
experimental design. Results indicated that after 180 min of reaction almost all EPB was 
eliminated [58]. 

In a similar study, the photodegradation aspects of benzophenone and methylparaben 
have been reported by the same authors [59]. Removal of these endocrine-disrupting 
chemicals from aqueous samples using photo-Fenton technology was examined. Under 
optimal conditions, benzophenone and methylparaben were completely degraded in 2 h. 
Dissolved organic carbon studies confirmed that more than 60 % of contaminants were 
mineralized. Moreover, the biodegradability analysis suggested that this factor increased 
gradually during 300 min of photo-Fenton treatment. 

Zhang et al. investigated the photodegradation of bisphenol A (BPA) during photo-
Fenton-like reaction using α-FeOOH as a catalyst [60]. The effects of pH and the addition 
of organic acids were examined. The incorporation of several organic acids influenced 
the generation of free radicals and ferric-carboxylate complexes, causing modifications in 
the photodegradation efficacy. The results indicated that oxalic acid (OA) was the most 
effective in enhancing the photodegradation. The level of degradation strongly depends 
on the OA concentration. Interestingly, the addition of OA could extend the operational 
range of pH from acidic to neutral during the process. An interesting degradation of BPA 
was observed at pH 6.0, due to the formation of ferric oxalate complexes and OH radicals 
as a result of synergistic interactions of OA and α-FeOOH. This results pointed out that 
photo-Fenton-like process using the α-FeOOH catalyst and promoted by oxalate could be 
applied in wastewater treatment without pH adjustment. 

Another study evaluated the degradation of metoprolol (MET) by a photo-Fenton process 
using different photoreactors (Fig. 4) [61]. MET was completely eliminated and 83.7 % 
of TOC conversion was achieved. In addition, the enhancement of Fenton and photo-
Fenton processes for the degradation of MET was investigated by Romero group [62]. 
The authors added resorcinol to avoid acidification during the photo-Fenton processes, 
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and a total MET degradation was achieved within 3 min with the highest hydrogen 
peroxide and iron concentrations.  
 

 

 

Fig. 4. The process efficiency is dependent on the used light, different irradiation sources 
can be used at lab-scale (adapted from reference [61]). 
 

The elimination of radiocontrast agent has been also investigated. The radiocontrast, 
diatrizoic acid (DIA) was treated by a combination of photo-Fenton and Electro-Fenton 
processes. In an initial step of the process, it was determined the influence of the H2O2 
dosage on degradation efficiency under ultraviolet (UV) irradiation. A maximum 
mineralization degree of 60 % total organic carbon (TOC) was obtained after 4 h of 
reaction. To complete the study, the influence of different concentrations of Fenton’s 
reagents was evaluated for homogeneous Fenton process, giving rise an 80 % TOC 
removal efficiency at 4 h treatment. The heterogeneous treatment was also carried out 
using iron-activated carbon as catalyst. It was demonstrated that the selected catalyst was 
an interesting option, affording 67 % of TOC removal in 4 h without formation of iron 
leachate in the medium. To improve the efficiency, the coupling of photo-Fenton with the 
electro-Fenton process in two different ways: photoelectric-Fenton or photo-Fenton 
followed by electro-Fenton processes was proposed. In both cases the complete 
mineralization of DIA within 2 h was possible. At last, total mineralization by both 
proposed ways was obtained [63]. 

Bianco Prevot et al.  [64] studied the applicability of urban biological waste materials for 
caffeine photodegradation after aerobic aging. Caffeine photodegradation was performed 
under several test reactions. Degradation results were good when H2O2 was present 
without an additional Fe(II). A Photo-Fenton-like process was selected for this study 
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using synthetized hybrid magnetite-bio-based substance nanoparticles to improve the 
reusability of the catalysts. In the presence of such nanoparticles, H2O2 and Fe(II), 
caffeine degradation was completed in very short time. Both experiments, under 
homogeneous and heterogeneous conditions, were run at pH = 5, milder conditions 
compared to the classic photo-Fenton process. 

Another important improvement combines photo-Fenton with biological reactions. By 
applying only biological process the removal of Imazalil (IMZ, a fungicide for the post-
harvest treatment of citrus) was no satisfactory compared to coupling photo-Fenton and 
biological degradation process. Thus it requires a microbial consortium which plays an 
important role in the biological process by enhancing the capability to resist and degrade 
high concentrations of IMZ; H2O2 concentration leads to degrading IMZ by photo-Fenton 
while have been found a reduction on TOC and COD by biological treatment [65].  

Magnetically recyclable Bi/Fe-based hierarchical nanostructures (BFO-M) have been 
employed for environmental decontamination of pesticides and pharmaceutical 
substances [66]. Even at a low catalyst loading, the removal rate of organic pollutants (5-
fluorouracil and isoproturon) was around 99 % in 100 min under visible light irradiation.  

Antipyrine is an emerging contaminant present in a municipal wastewater effluents, and 
it has been removal by a homogeneous sono-photo-Fenton process 
(UV/H2O2/Fe(II)/ultrasound). An optimum value of Fe2+ plays a key role in the Fenton 
oxidation mechanism by enhancing the mineralization, whereas an excess of Fe2+ 
involves a scavenging of hydroxyl radicals which affects the degree of mineralization.  

The overall mineralization reaction was optimized and the TOC removal was 79 % in 50 
min. The radical reaction in the bulk solution was found to be the primary mineralization 
pathway (94.8 %), followed by photolysis (3.65 %), direct reaction with H2O2 (0.86 %), 
and reaction by ultrasonically generated oxidative species (0.64 %).  

In a laboratory scale study, degradation of 2,4-dichlorophenoxyacetic acid (2,4-D) in 
groundwater samples was examined under simulated solar irradiation [68]. A 75.2 % 
mineralization of 2,4-D was measured and the effects of iron concentration, hydrogen 
peroxide concentration and pH on the 2,4-D degradation in groundwater were evaluated. 
Results showed that the pH was the main parameter affecting the photo-Fenton process. 
This study demonstrated that the photo-Fenton process at circumneutral pH and in the 
presence of iron seems to be a competitive method to remove pesticides from 
groundwater. 

Conte´s group also studied the photo-Fenton degradation of 2,4-D in the aqueous medium 
near neutral pH [69]. A kinetic model was proposed employing the ferrioxalate complex 
as an iron source at pH = 5, T = 50 °C, and low level of radiation. Under experimental 
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conditions, 95.6 % conversion of 2,4-D was obtained in 3 h. The 2,4-D conversion was 
almost 100 % within 2 h when the reactor was operated under the same operating 
conditions but at higher radiation level. 

In a recent study, the photo-Fenton oxidation of tributyltin, dibutyltin, and monobutyltin 
was reported the developed was used for the treatment of sediment contaminated by 
organotin compounds following homogeneous and heterogeneous photocatalysis. Photo-
Fenton process and photocatalysis of organotins in water were carried out. Almost total 
degradation of tributyltin in water (99.8 %) was reached in 30 and 7 min for 
photocatalytic and photo-Fenton treatment, respectively. The investigation demonstrated 
that the use of UV and the generation of hydroxyl radicals were efficient routes to treat 
adsorbed organotins onto marine sediment [70]. 

Among neonicotinoid class, acetamiprid is a pesticide, which has been removed from 
wastewater by the Fenton and photo-Fenton processes using the oxidizing power of 
hydroxyl radicals. Acetamiprid removal by the Fenton process required initial 
concentrations of 190 mg/L H2O2 and 19 mg/L Fe2+, and UV enhanced the Fenton 
process reducing the requirement of time and amount of reagents. The results and 
analysis of kinetic parameters calculated from the kinetic model demonstrated that 
degradation of acetamiprid follows pseudo-first order kinetics [71]. 

Other insecticides like fipronil have been mineralized during the photo-Fenton process. 
Under the optimum experimental conditions,  57 % of DOC and 74 % of COD were 
removed only by one hour of irradiation. With these values, the integration of 
coagulation/flocculation/decantation and photo-Fenton processes was presented as an 
alternative to the pre- or complete treatment of wastewater containing fipronil and related 
compounds [72]. 

In a recent communication by Gozzi et al., on the kinetic study of the reaction of 
pesticides with hydroxyl radicals generated by laser flash photolysis, the rate constants of 
different pesticides (carbaryl, propoxur, fenoxycarb, ethoxysulfuron and chlorimuron-
ethyl) with HO• in degassed acetonitrile were reported [73]. The values were about an 
order of magnitude smaller than the diffusion controlled rate and correlated with the 
relative rates of degradation of the pesticides in the photo-Fenton reaction. This study 
allowed to establish the correlation between relative rate constants with the relative 
photo-Fenton degradation rates of pesticides (Table 2). 
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Table 2. The reaction between hydroxyl radical and the pesticides: Kinetic constants 
(adapted from reference [72]). 

Pesticide Slope, LFP kOH-LFP (M
-1

s
-1

) Kphoto-Fenton (s
-1

) 

Naphtalenea 0,0142 1,8 x 10
9
 - 

Carbaryl (CB) 0,0126 1,6 x 10
9
 12,3 x 10

-4
 

Propoxur (PP) 0,0050 0,6 x 10
9
 4,8 x 10

-4
 

Fenoxycarb (FX) 0,0095 1,2 x 10
9
 b 

Ethoxyfulfuron (ES) 0,0192 2,4 x 10
9
 15,8 x 10

-4
 

Chlorimuron-ethyl (CE) 0,0173 2,2 x 10
9
 13,8 x 10

-4
 

a Standard compound. b Too insoluble in water.LFP stands for laser flash photolysis. 

 

Recently, García-Ballesteros et al. [74] analyzed the photo-Fenton degradation of 
phenolic compounds, which are commonly appeared in food processing industries. A 
matrix with eight compounds such as 2,4-dinitrophenol, tannic, ellagic, gallic, 
protocatechuic, vanillic, syringic and sinapic acids, was treated via photo-Fenton process 
under real and simulated sunlight. Under solar irradiation, entire removal of the 
compounds was achieved in less than 3 min at pH 3.9.  

A comparative study on the degradation of diatrizoate (DTZ) using different sources such 
as solar radiation, H2O2, solar radiation/H2O2, K2S2O8, solar radiation/K2S2O8, Fenton, 
solar radiation/Fenton, Fenton-Like, and solar radiation/Fenton-Like systems has been 
conducted [75]. Direct DTZ photolysis resulted in low degradation. Interestingly, the 
degradation extension depended on irradiance level but it was independent of the pH. 
However, when radical-promoting species result in total DTZ degradation, it was shown 
that the generation of peroxo and iron hydroperoxy complexes may foster a generation of 
additional OH radicals, necessary for DTZ remediation. 

Photo-Fenton may also serve as pre-treatment method to enhance pesticide (atrazine) 
biodegradability in wastewater [76]. Optimized levels of H2O2, Fe3+ and irradiation 
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allowed the removal of 85 and 100% of atrazine within 2 h by Fenton and photo-Fenton 
processes, respectively. This work indicated that combined photo-Fenton-biological 
treatment may deliver total degradation of biorecalcitrant pollutants, such as atrazine. 

Removal of chlorophenoxypropionic and mecoprop (MCPP) herbicides from surface 
water using photo-Fenton oxidation were investigated using Photo-Fenton process [77]. 
The optimum conditioning neutral pH, 20 mg/L of H2O2 and 20 mg/L Fe2+ for effective 
degradation.  

In another study [78], calcined layered double hydroxides (cLDHs) Ti-doped and 
undoped MgFe were tested for photodegradation (photocatalytic and photo-Fenton-like) 
of herbicide 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) using visible light irradiation. 
Under the experimental conditions employed, an excellent photo-Fenton-like activity of 
the samples was observed which allowed 80-95 % degradation of 2,4,5-T at an initial 
concentration of 100 mg L-1 with 4 g L-1 calcined LDHs. The degradation was 
accomplished in 360 min.  

Natural iron oxide has been reported to remediate linuron 3-[3,4-(dichlorophenyl)-1-
methoxy-1-methylurea] herbicide in aqueous solutions via photo-Fenton–like oxidation 
[79]. Natural iron oxide contains hematite as an iron source and its dissolution provides 
Fe3+ cations for the Fenton-like reaction. An initial linuron concentration of 4.0 × 10-5 
mol L-1 was completely mineralized within 45 min.  

In an interesting study, the mineralization of sulfamethizole in photo-Fenton and photo-
Fenton-Like systems was carried out with good results [80]. Under the best experimental 
conditions and after 60 min of reaction, the SFZ mineralization percentages in UV/H2O2, 
UV/H2O2/Fe2+ and UV/H2O2/Fe3+ systems were 16, 90 and 88 %, respectively. 

Very recently, Roongkarn´s group investigated the ability of iron nanoparticles in the 
degradation of paraquat and other pesticides under heterogeneous Fenton and photo-
Fenton processes [81]. Iron nanoparticles at pH 3 showed that initial concentrations of 
paraquat (in the range of 60-100 ppm) were degraded with the removal percentages 
within the range of 43.7-75.8 %. In the same study, the photo-Fenton process at pH 3 was 
able to remove paraquat perce up to 70.9-99.1 % at initial paraquat concentration of 100-
300 ppm. Thus, the photo-Fenton method using iron nanoparticles provided higher 
efficiency in paraquat removal than the Fenton process.  

There are many other studies concerning the degradation of pharmaceutical and 
pesticides. Continuously, improved advances are appearing for the mineralization of 
pollutants to find applications in a large-scale wastewater treatment, at a lower cost. 
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3.2 Pathogens and bacterias  

A review by Giannakis et al. [82] discussed the photo-Fenton reaction at near-neutral pH, 
in respect of bacterial inactivation. The fundamental concepts controlling the near-neutral 
photo-Fenton reaction and the mechanism, besides the UVB and UVA influence on the 
bacterial cell has been analyzed. It has been found that in presence of light there is an 
indirect oxidative inactivation mechanism into the microorganisms. Thus, it is proved 
that the solar photo-Fenton reactions are an enhanced disinfection process. They focus on 
the effect of different parameters that affect the photo-catalytic process efficiency, such 
as the fundamental physical, chemical and biological.    

In a second part of the study, the authors presented the bacteria inactivation under solar-
photo-Fenton and the first application of Fe-citrate-based photo-Fenton for the 
inactivation of Escherichia coli. At neutral and alkaline pH, interesting results were 
obtained. The efficiency of the homogeneous photo-Fenton process using Fe-citrate 
complex strongly improved bacterial inactivation as compared with the heterogeneous 
photo-Fenton treatment (FeSO4 and goethite as sources of iron). The bacterial 
inactivation rate order observed: goethite<FeSO4<Fe-citrate, follows the trend for the HO 
radical formation. This treatment was applied in natural water samples from Lake Geneva 
(Switzerland) at pH 8.5. No bacterial reactivation was detected when photo-Fenton 
treatment was used [83, 84]. 

A comparative study of different AOPs (H2O2/sunlight, TiO2/sunlight, 
H2O2/TiO2/sunlight, natural photo-Fenton) for the inactivation of a series of antibiotics 
such as ampicillin, ciprofloxacin, and tetracycline was carried out by Ferro et al. [85] 
using the urban wastewater. Different concentrations of H2O2, TiO2 H2O2/TiO2 and 
Fe2+/H2O2 were evaluated in a parabolic collector reactor with real biologically treated 
wastewater at pilot-scale. All processes afforded a total inactivation of bacteria. In terms 
of time, best disinfection method was photo-Fenton at pH 4.  

A paper by Valero et al. describes how different parameters as culture media (PCA, LBA, 
T-7, T-7 + TTC, VRBA, and MAC), compositions, photo-treatments (SODIS, SODIS + 
H2O2 and photo-Fenton) affect the immediate recovery and regrowth of bacteria E. Coli. 
The addition of catalase or sodium pyruvate in plate count agar (PCA) enhanced the 
recovery of photo-treated E. Coli, whereas photo-Fenton cause cellular damages it has 
been suggested to use PCA to support the growth of injured E. coli bacteria [85]. Several 
kinetic approaches and mechanistic studies on the photocatalytic inactivation of resistant 
microorganisms (Bacillus subtilis spores) in water have been carried out in a photoreactor 
by Fenton reaction. The inactivation process was affected by the generation and a specific 
amount of hydroxyl radicals required to cause cell death. In addition, it was observed that 
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a number of hydroxyl radicals generated is correlated with radiative intensity and reagent 
concentration. The relationship between a number of hydroxyl radicals and the 
inactivation was supported by adding chloride ions as radical scavengers. Under 
experimental conditions, even the lowest chloride ion concentration was able to produce 
a significant inactivation delay [87, 88]. 

For the wastewater disinfection, the role of solar UVA irradiance and accumulated solar 
UVA energy dose per unit of volume of treated water were evaluated as two solar energy 
parameters. A systematic study on the influence of three UVA irradiance levels (10, 20 
and 30 Wm-2) and different accumulated energy doses (0.6, 1.4, 1.8, 2.5, 3.2 and 3.7 kJ L-

1) was carried out during the inactivation of E. faecalis by solar photo-Fenton at 25 ºC. It 
was observed that an increase in radiation intensity enhanced the bacterial inactivation 
rate. Under experimental conditions, E. faecalis inactivation rate by solar photo-Fenton at 
neutral pH was limited by solar UVA irradiance when using a simulated secondary 
effluent from a municipal wastewater [89]. In a parallel study, Pulgarin group studied 
Saccharomyces cerevisiae photo-Fenton inactivation at near-neutral pH. A significant 
loss of cultivability was monitored during the application of all the different photo-
Fenton systems, attributed to the oxidative stresses applied [90]. 

Nanotechnology and nanomaterials are introducing interesting innovations in the eco-
friendly approaches on the development of new materials for the water treatment. In a 
recent study, the synthesis of hierarchical CuO nanostructures was investigated. It is an 
eco-friendly hydrothermal route for the controllable synthesis of various morphologies 
CuO nanostructures. Toxic additives traditionally used were replaced by biocompatible 
4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid (HEPES). The growth rate and 
orientation of CuO nanoparticles were tuned adjusting the pH and concentration of 
HEPES. The analogous photo-Fenton assay demonstrated that the CuO nanostructures 
enhanced dye removal capability when compared with CuO synthesized in pure water. 
This nanomaterial was also investigated on S. aureus inactivation. CuO nanoparticles 
with the smallest size displayed the best antibacterial performance [91]. 

3.3 Chemicals and agrochemicals 

Chemicals and agrochemicals are important pollutants, which have to be removed from 
industries and municipal wastewaters. Pesticides, herbicides, insecticides, and fungicides 
are toxic and carcinogenic. Pesticides are typically removed from industrial wastewaters 
by physical–chemical treatments. Many reviews confirm that photo-Fenton is effective to 
degrade these agrochemicals. Recently, several approaches have appeared to optimize the 
pollutants removal by the photo-Fenton process. For example, decontamination of 
wastewater containing cyanobacterial blooms, oxidation of geosmin and 2-
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methylisoborneol by the photo-Fenton process have been studied by Park et at[92]. The 
taste and odor caused by these compounds have become a matter of great concern for 
drinking water treatment plants. 

Malato et al. [93] compared the efficiencies of titania photo-Fenton with photocatalysis 
and Fenton process for degradation of a number of pesticides (alachlor, atrazine, 
chlorfenvinphos, diuron, isoproturon, and pentachlorophenol) and combinations thereof. 
They concluded that photo-Fenton was faster to mineralize these compounds and therein 
mixtures. The photo-reactivity of the pesticides followed the order: diuron > alachlor > 
isoproturon > chlorfenvinphos > atrazine.   

In another study, degradation of phenol using graphene oxide–iron oxide (Fe3O4-GO) 
nanocomposites as catalysts was investigated. It was considered as one of the most 
promising routes to enhance the performance of nanomaterials employed in the Photo-
Fenton technology. Zero-dimensional nanoparticles with two-dimensional graphene 
oxide nanosheets were hybridized and the resulting graphene oxide–iron oxide (Fe3O4-
GO) nanocomposites were used to degrade phenol in a heterogeneous photo-Fenton 
process. Different parameters, such as the amount of catalyst, GO loading, the 
concentration of H2O2 and pH of the phenol solution were investigated. The authors 
showed that under experimental conditions with UV-light irradiation, about 98.8 % 
phenol and 81.3 % TOC of a phenol solution could be removed after 120 min photo-
Fenton degradation.  In all cases, UV-light improved the phenol removal in the photo-
Fenton process [94]. 

Magnetic materials based on mesoporous materials (Fe3O4/C/Cu) have been recently 
investigated by several groups for their high performance as Fenton-like catalysts. Li et 
al.  [95] prepared Fe-Cu composites with different compositions and carried out the 
Fenton catalytic performance of Fe3O4/C/Cu composite. They observed that only proper 
amounts of Fe and Cu exhibited a synergistic enhancement in Fenton catalytic activity. 
Cu reduced Fe3+ to Fe2+, which accelerated the Fe3+/Fe2+ cycles and favored H2O2 
decomposition to produce more hydroxyl radicals for methylene blue oxidation. The 
Fenton catalytic performance was greatly improved and methylene blue was removed in 
60 min. The catalysts showed good recyclability and could be easily separated by a 
magnetic field. This methodology is cheap and sustainable for the synthesis of 
mesoporous composites as excellent Fenton-like catalysts. Compared with conventional 
methods for mesoporous composites, it has the advantages of low cost and easy 
preparation. 

Soltani and Lee [96] improved the heterogeneous photo-Fenton catalytic degradation of 
toluene by doping Ba in BiFeO3 nanoparticles via the sol-gel procedure. They found that 
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Ba-incorporation in BiFeO3 magnetic nanoparticles (BFO MNPs) played an important 
role in the degradation of toluene. Increasing the Ba doping level up to 12 %, greatly 
affect the iron redox cycling and oxygen vacancies as compared to pure BFO MNPs. The 
iron redox cycling and existence of oxygen on the surface of Ba doped BFO had been 
affected by the photo-Fenton process. The degradation of toluene was partial in the dark 
but almost complete under visible light irradiation by the photo-Fenton catalytic 
degradation reaction. The highest photo-Fenton efficiency (toluene removal of 98 %, 
total organic carbon (TOC) reduction of 85 % and chemical oxygen demand (COD) 
reduction of 94 %) was detected after 40 min of irradiation with visible light. 

In a parallel study, the same authors [97] described the enhanced effect of Ba-doped 
BiFeO3 nanoparticles for the total degradation of benzene in wastewater. Doping of Ba2+ 
into pure BFO decreased the band-gap energy of pure BFO and increased the magnetic 
saturation. In consequence, a 97 % photocatalytic benzene removal was observed within 
60 min under visible light irradiation, with 93 % reduction in chemical oxygen demand 
(COD)  and 82 % total organic carbon (TOC). In this study, major intermediate products 
of photodegradation were predicted and enhanced photocatalytic activity of benzene 
removal was confirmed as a consequence of both photocatalytic and photo-Fenton 
catalytic degradation mechanisms. 

The catalytic behavior of a new nanoporous copper doped aluminum pillared 
montmorillonite (Cu-Alpill-MMT) was investigated in the treatment of dye-containing 
wastewater [98]. The catalysts were synthesized applying high power ultrasonic 
treatment to the suspension of Cu2+ and aluminum pillared montmorillonite and calcining 
at 500 °C to obtaining CuO. The Cu-Alpill-MMT exhibited the superior adsorption 
capacity for basic yellow 1 but it hardly adsorbed reactive orange 16. The degradation of 
reactive orange 16 was successfully achieved when the H2O2 or H2O2/UV was 
incorporated in combination with the Cu-Alpill-MMT. This nanomaterial is an interesting 
heterogeneous catalyst for both Fenton and photo-Fenton processes.  It was also observed 
that the catalyst exhibits antibacterial activity during Escherichia coli treatment. 

Other dyes like methylene blue were also decolorized using iron 
tetrasulphophthalocyanine immobilized layered double hydroxides [99] as a 
heterogeneous catalyst. The photocatalytic activity of catalysts remain unchanged for 
three cycles, and under optimum conditions, the methylene blue decolorization efficiency 
was 99.80 % and total organic carbon removal of 76.50 % was calculated. 

Soares et al. [100] reported an integrated treatment for wastewater containing polyester-
cotton dye combining biological and photochemical oxidation processes as remediation 
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strategy for synthetic textile wastewater. It was possible to achieve a 76 % dissolved 
organic carbon (DOC) removal. 

Jaramillo et al. [101] prepared mixed oxides (α-Fe2O3/Bi2WO6) to degrade a selected dye 
(methyl orange) as well as the transparent substrate Phenol at pH around 5.5. Sun-like 
illumination and UV in the absence and presence of H2O2 were selected to study the 
photocatalytic activity, of single and mixed catalysts. It was demonstrated that the use of 
a α-Fe2O3-Bi2WO6/H2O2 system possesses higher photocatalytic efficiency to degrade 
both contaminants than pristine Bi2WO6 or α-Fe2O3 single or mixed. Using the system α-
Fe2O3-Bi2WO6/H2O2, ca. 85 % of methyl orange was degraded in one hour under sun-like 
illumination whereas total degradation, at the same time was obtained under UV-
illumination. In the case of Phenol, just around 30 % was degraded in two hours under 
sun-like illumination whereas around 95 % was degraded within 90 min.  It was 
concluded that under UV-illumination, the generation of hydroxyl radicals was favorable 
but under sun-like illumination, only a small portion of UV can generate hydroxyl 
radicals. 

More recently Bi25FeO40 microcrystals as reusable heterogeneous photo-Fenton-like 
catalyst have been proposed by Ren et al. [102]. Rhodamine B (RhB) and 2,4-
dichlorophenol (2,4-DCP) were degraded in an aqueous medium by using the 
Bi25FeO40/H2O2/sunlight system. The higher degradation of RhB was observed at pH 3.0 
with the degradation rate of 95 % under 4 h simulated sunlight irradiation. Total 
photocatalytic degradation of 2,4-DCP at pH 6.0 was achieved within 90 min. 
Degradation of rhodamine B was also investigated using a novel millimetric-scale sponge 
iron (s-Fe0) particles (IV). The photo-Fenton-like system with millimetric sponge iron (s-
Fe0), H2O2, visible light (vis, λ ≥ 420 nm) and rhodamine B (RhB) was investigated. A 
new insight into the visible light photo-Fenton-like process with an optimum dosage of 
H2O2 and RhB photosensitizers was described [103]. 

Zhang et al. [104] developed a series of biopolymer complexes for the degradation of 4-
chlorophenol in the presence of H2O2. The synthesis of the complex was achieved by 
coordinating iron ions to sulfur- and amino- groups in a modified wool. The study 
demonstrated that the strong coordination between iron and hydroxamic acid in the 
modified complex, favored the least iron leaching during the runs. Hydroxyl radical 
species were confirmed to be the dominant reactive oxidant in the decontamination 
process. The use of these novel biopolymer-based photocatalysts provides a new 
alternative for efficient degradation of toxic organic pollutants. 

Other potent chemical pollutants (aniline and benzotriazole) were selected to carry out 
the catalytic degradation on mesoporous composite PAC@FeIIFe2IIIO4 under photo-
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Fenton oxidation process. The optimum conditions indicated that the simultaneous 
presence of aniline and benzotriazole had a synergistic effect on the removal efficiency, 
and the degradation performance. After 5 cycles, the removal efficiencies of 70.4 and 
99.5 % were obtained for aniline and benzotriazole. The mineralization experiments 
revealed that photo-Fenton system improved the biodegradability, and provide adequate 
conditions for the biological process. Therefore, PAC@FeIIFe2IIIO4 could be considered 
as a recyclable and low-cost catalyst for the purification of multi-pollutants contaminated 
waters [105]. 

Zhang et al. [106] described the high performance of the three-dimensionally ordered 
macroporous (3DOM) BiVO4 and its supported iron oxide (xFe2O3/3DOM BiVO4, 
x = 0.18, 0.97, and 3.40 wt%). Photocatalytic activity of these materials was evaluated for 
the degradation of 4-nitrophenol under visible light illumination. The xFe2O3/3DOM 
BiVO4 samples enhanced the performance of 3DOM BiVO4 sample, and 
0.97Fe2O3/3DOM BiVO4 showed the best photocatalytic behavior affording 98 % of 4-
nitrophenol degradation in the presence of 0.6 mL of H2O2, during 30 min of visible light 
illumination. The incorporation of increasing amounts of H2O2 to the reaction media 
promoted the photodegradation of 4-nitrophenol by providing the active hydroxyl 
radicals generated via the reaction of photoinduced electrons and H2O2. The enhanced 
photocatalytic performance of 0.97Fe2O3/3DOM BiVO4 was correlated with its porous 
architecture, high surface area, good light-harvesting ability, and high adsorbed oxygen 
species concentration. In addition, excellent photocatalytic stability was observed. 

Polyphenolic compounds in wastewaters from the industrial processing of natural 
products, such as cork are capable of forming complexes with ferric and ferrous iron 
favoring the reduction of ferric iron.  Malato et al. [107] studied the regeneration of iron 
during the Fenton and photo-Fenton processes, in order to reuse the wastewater from this 
type of industries. In the study, the degradation of imidacloprid insecticide, as well as a 
mixture of contaminants (phenol/methomyl/imidacloprid) at near-neutral pH, were 
performed and 70 % mineralization of such compounds was also achieved at pH 5. The 
observed effects of the reused cork boiling wastewater were comparable to the ones 
achieved by the addition of ethylenediamine-N, N′-disuccinic acid (EDDS), well-known 
commercial iron-chelating agents of the photo-Fenton process. 

Photo-Fenton is proving to be one of the most appropriate AOPs for chemical and 
agrochemicals remediation (> 60 %). New nanomaterials and mesoporous catalysts have 
been implemented. Alternatively, solar photo-Fenton process combined with 
nanofiltration was applied in the removal of microcontaminants in real municipal 
effluents. In this context, the results indicated is suitable to use a combination of photo-
Fenton with nanofiltration. Particular attention must be paid to use iron complexing 
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agents because are not cheap chemicals, and the operating costs will be higher than with 
classical photo-Fenton at pH 3 [108].   

3.4 Petroleum refinery plants 

In the petroleum refinery plants, crude oil is transformed into a variety of refined 
products and many effluents are formed causing water and air pollution [109]. During the 
crude oil treatment, a large amount of water is used for refining processes and this 
wastewater contains several contaminants. Petroleum Refinery Wastewaters (PRW) 
contain high concentrations of aliphatic and aromatic compounds especially polycyclic 
hydrocarbons and grease, where the aromatic part is more toxic and recalcitrant than an 
aliphatic fraction. Degradation of these compounds is very necessary due to their toxicity. 
Traditional approaches embrace the application of adsorption, coagulation, and 
flocculation, or reactive treatments, such as bioremediation, electrochemical processes, 
membrane technology or different advanced oxidation processes. In recent years, 
important advances to treat PRW have been developed [110]. Some of the most efficient 
technologies include biological, photocatalytic, electro- and photo-Fenton, etc. The use of 
microbial fuel cell is one of the newest routes to treat PRW. Bagheri-Esfe et al. [111] 
investigated the treatment of PRW using oxygen and permanganate as cathodic electron 
acceptors in a microbial fuel cell. The effects of external resistance and temperature on 
the cell performance and PRW treatment were studied and the electrochemical model was 
proposed to evaluate the activity. The authors detected  COD removal efficiency of 49.27 
% during 44 h. In order to enhance the power of the cell, they used potassium 
permanganate as a cathodic electron acceptor and observed COD removal efficiency of 
78 % during the same time, at the 33 °C. 

Aljuboury et al. studied the solar photo-Fenton to treat petroleum wastewater from Sohar 
oil refinery. They evaluated the relationship among experimental conditions such as pH, 
H2O2 dosage, Fe2+ dosage, and reaction time to determine the optimal conditions. The 
experimental results of the maximum TOC and COD removal rates were 59.3 and 
74.7 %, respectively. This method achieved well degradation of the existing pollutants 
[112, 113]. 

Only a few investigations related to PRW treatment, have been reported in literature 
during recent years. This chapter is therefore limited to specific contaminants found in 
PRW. Phenol and xylene are the main compounds present in the effluents of 
petrochemicals and petroleum refinery plants, due to their high solubility in water. 
Estrada-Arriaga et al. [114] have reported the post-treatment of real oil refinery effluents 
(200 mg phenols/L) with photo-ferrioxalate reaction and Fenton's reaction. This 
methodology was an interesting alternative to simultaneously reduce the chemical oxygen 
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demand (COD), phenols, and others pollutants such as chlorides, sulfates, and sulfides 
from petroleum refinery wastewater (Table 3). The higher removals of COD (84 %) and 
phenol (100 %) were obtained by photo-ferrioxalate reaction at pH 5 in two hours. Photo-
ferrioxalate reaction was followed by the filtration of wastewater in an ultrafiltration 
hollow fiber module, to obtain removal efficiencies of 66.3 % for COD. The total 
removal of phenol, sulfides, color, and turbidity after a photo-ferrioxalate-ultrafiltration 
membrane treatment was 94 %. 
 

Table 3. Chlorides, sulfates and sulfides removal (%) after photo-ferrioxalate y Fenton’s 
reactions (adapted from [114]). 

 Photo-ferrioxalate reaction Fenton´s reaction 

Test 1 2 3 4 1 2 3 

Substances Oxalate/Fe2+ 

ratio-H2O2
(a) 

Oxalate/Fe2+ 

ratio-H2O2
(a) 

Oxalate/Fe2+ 

ratio-H2O2
(a) 

Oxalate/Fe2+ 

ratio-H2O2
(a) 

H2O2/Fe2+ 

ratio 
H2O2/Fe2+ 

ratio 
H2O2/Fe2+ 

ratio 

 10-without 

H2O2 (pH 3) 

10-without 

H2O2 (pH 3) 

10-500 

(pH 3) 

10-500 

(pH 3) 

15 (pH 3) 15 (pH 3) 15 (pH 4) 

Chlorides 3 2 14 5 11 12 12 

Sulfates 0 0 0 0 0 0 0 

Sulphides 91 89 82 93 78 67 88 

Reaction 
time (h) 

2 2 2 2 2 2 2 

(a)H2O2 concentration (mg/L) 

 

Fenton treatment of recalcitrant wastewaters associated with the problem of sludge 
generation. Diya'uddeen et al. [115] reported a 53 % mineralization of petroleum refinery 
effluent, producing 0.16 L of wet sludge per liter of wastewater. They also addressed the 
potential reuse of sludge.  
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The efficiency of Fenton and photo-Fenton processes in treating real groundwater 
contaminated with gasoline and diesel was investigated [116]. In the study, the 
mineralization results of waters contaminated with hydrocarbons showed that photo-
Fenton was 34% more efficient than Fenton. Besides main contaminant removals as 
COD, diesel range organics, gasoline range organics, and total petroleum hydrocarbons 
were up to 95% by Fenton and photo-Fenton processes.  

Hussian et al. [117] also studied the pollution of groundwater and soil appeared due to the 
fuel leakage from underground storage tanks and spills during transferring. Huge 
quantities of benzene, toluene, xylenes and ethylbenzene (BTEX) have been detected in 
water resources and the leaching of hydrocarbons into water generates many 
environmental problems. Paraffin, olefins, aliphatic hydrocarbons, aromatic compounds 
and also molecules containing sulfur, nitrogen, and metal oxides are toxic and 
carcinogenic. Therefore, the development of efficient methods for the removal of 
pollutants from contaminated water is very important. Photo-Fenton reaction is an 
efficient environment-friendly method in which hydroxyl radicals are used to oxidize 
recalcitrant organic pollutants and convert them to harmless end-products such as H2O 
and CO2. 

More studies on simulated and real PRW with complex pollutant mixtures are required to 
develop a general methodology to clean the complex PRW. The photo-Fenton treatment 
with a series of pre and post treatment processes would be a helpful tool to achieve 
acceptable results with a low investment [118, 119]. 

3.5 Leachates from landfills 

Landfill waste disposal requires a wise management strategy to optimize costs. The 
landfill leachate formed by organic wastes decomposition is one of the most relevant 
issues on sanitary landfills. The leachate contains large amounts of organic substances, 
toxic materials, ammonia and heavy metals and its specific properties depend on many 
variables [120]. 

Hydroxyl radicals are key performers for AOPs degradation of pollutants in (solar photo) 
Fenton oxidations. Hydroxyl radicals degrade refractory organic matter into more 
biodegradable compounds that can be further treated with more economic biological-
based methods. This process is considered as one of the most promising AOPs for 
remediation of refractory organic compounds in wastewater. The high investment and 
operation costs can be reduced by the use of sunlight. Silva et al. [121] compared the 
costs of a photo-Fenton process, using solar and/or artificial radiation, for the treatment 
of 100 m3 per day of a sanitary landfill leachate that had previously been oxidized by a 
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biological system. The scale-up of the photo-oxidation system was performed and the 
optimal conditions, to achieve the target COD values were identified.  

Zha et al. [122] employed sonication in the treatment of landfill leachate in presence of 
Fe2+ (US/Fe2+) and achieved the highest total organic carbon (TOC) removal efficiency 
among the screened processes by photo-Fenton. Under the optimal conditions for the US-
photo-Fenton process at pH at 3,  68.3 % the removal efficiency of TOC and 79.6 % 
chemical oxygen demand (COD) were achieved. Using US-photo-Fenton treatment, 36 of 
a total of 56 pollutants were totally degraded. 

In a recent study, the role of the composition of sanitary landfill leachate on the removal 
of dissolved organic carbon (DOC) by the photo-Fenton process was investigated [123]. 
It was observed that the composition of the matrix did not reduce the efficiency of DOC 
removal, but significantly influenced the reaction time and H2O2 consumption. The pre-
treatment of the effluent by coagulation-flocculation before the photo-Fenton process was 
found useful. 

An innovative methodology for the treatment of landfill leachates has been recently 
proposed by Silva et al. [124]. This methodology involves: a) aerobic activated sludge 
biological pre-oxidation, b) coagulation/sedimentation step and c) photo-oxidation 
through photo-Fenton combining solar and artificial light. The biological process 
downstream from the photocatalytic system would promote the 60% mineralization. The 
cost of photo-Fenton step to treat 100 m3/day of leachate was 6.41 €/m3. 

Similarly, removal efficiencies of Fenton and photo-Fenton processes for the post-
treatment of composting leachate have been studied [125]. It is noteworthy that they used 
response surface methodology (RSM) with central composite design (CCD) to determine 
the maximum response on COD, color and turbidity removal. Furthermore, it was 
afforded efficiencies of 55.91 % and 75.53 % in Fenton process and 69.64 and 84.09 % in 
a photo-Fenton process. The results showed that photo-Fenton process had a better 
performance in COD and color removal for composting leachate than Fenton process.    

4. Influence of operational conditions 

The optimization of the reaction conditions in the photo-Fenton oxidation system is a key 
step to achieving good results in degradation processes [126]. Among the different 
factors that influence the degradation, the pH, temperature, concentration of the 
contaminant and Fenton reagents are the most relevant.  

In recent years, many contributions have been described to enhance and optimize the 
experimental conditions. In addition, many theoretical studies have been proposed in 
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order to improve the yields of degradation and to decrease the economic costs related to 
the Fenton technology. In this sense, contaminated water with anthracene was treated by 
Fenton processes [127]. The removal of the organic pollutants from the water and soil 
was afforded. In this study, the influences of different parameters on the degradation have 
been reported such as the concentration of anthracene, the amount of FeSO4, pH, 
temperature, and amount of hydrogen peroxide. The authors concluded that the best 
conditions for degradation of anthracene by Fenton process were: anthracene 
concentration 16 mg L-1, the mass of FeSO4 = 120 mg, pH 4, temperature 50 °C.  In 
another study, the impacts of pH, temperature, sulfur dioxide and caffeic acid, were 
investigated in the photoproduction of glyoxylic acid in model wine [128]. 

In the following sections, the influences of the main factors such as the concentration of 
contaminant, Fenton reagents, temperature, pH media, Ferrous ion concentration, H2O2 
concentration, the composition of reaction media and chelating agents are discussed 
separately. 

4.1 Contaminant concentration 

Contaminant concentration is a key parameter for the photo-Fenton process. As expected, 
an increase in the concentration of pollutants has negative effects on its degradation, 
mainly due to the inner filtration effect related to high concentrations of substances to be 
absorbed. The research group of Rodriguez and Casas [129] published an interesting 
review of the trends in the intensification of Fenton process (Scheme 1). Contaminant 
concentration influences are discussed in deep and several experimental advances on it 
were discussed and compared by the authors. Sharma et al. [130] recently discussed the 
catalytic performance of CoFe2O4 with yttrium (Y3+) inclusion in the spinel structure, 
analyzing the influence of the concentration of contaminants. In another investigation, the 
removal of β-lactam antibiotics from pharmaceutical wastewaters using the photo-Fenton 
process at near-neutral pH was investigated focusing the study on the effect of the 
antibiotics concentration [131]. 

In the photo-Fenton system, the H2O2, UV-light/H2O2, and Fe(II)/H2O2 systems presented 
a significant activity on antibiotic removal depending on the pollutant concentration. 
Interestingly, the existence of pharmaceutical additives (glucose, isopropanol, and oxalic 
acid) had a moderate influence on the efficiency of the pollutant removal. The authors 
also carried out the degradation of the β-lactam antibiotic, at pilot scale, in a complex 
mixture of pharmaceutical substances under solar radiation. The total degradation of the 
pollutant was attained in only 5 min. These results confirmed the applicability of photo-
Fenton process to treat wastewaters from pharmaceutical industries loaded with different 
amounts of antibiotics. Koltsakidou et al. [132] studied the photo-Fenton and Fenton-like 
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processes for the mineralization of the antineoplastic drug, 5-fluorouracil (5-FU). They 
optimized photo-Fenton treatment under simulated solar light radiation to investigate the 
effects of several parameters. Concentration effect of 5-FU on the treatment efficiency 
was assessed and the speed of degradation and mineralization percentages was correlated 
with the amount of drug present in the treated water. Generally, degradation efficiency at 
pH 7 is higher when the concentration of pollutant was less. 
 

 

Scheme 1. Strategies for the intensification of the Fenton process (adapted from 
reference [129]). 
 

4.2 Fenton reagents 

Hydrogen peroxide and iron concentrations directly affect the reaction efficiency and 
cost. The presence of both reagents in the adequate concentrations is fundamental 
because H2O2 concentration determines the quantitative degradation of pollutants and the 
doses of iron control the reaction kinetics. For example, Wei et al. [133] studied the 
performance of iron-montmorillonite (Fe-Mt) in Fenton process. The Fe-Mt was prepared 
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in delaminated structures via the introduction of iron oxides into Na-montmorillonite. Fe-
Mt showed significant increases in the available iron content. The solid was efficient for 
phenol removal under visible light irradiation. From the study, it was concluded that the 
irradiation promoted certain intermediates (1,4-benzoquinone, hydroquinone, and 
catechol) when hydroquinone or catechol was added to the Fe-Mt/H2O2 system. Phenol 
degradation was accelerated because catechol and hydroquinone were capable of 
reducing Fe(III) into Fe(II). It was also observed that the concentrations of dissolved total 
Fe were increased with the increased in concentration oxalic acid, which has a strong 
chelating tendency to Fe(III). 

In another recent report, photo-Fenton treatment of valproate was carried out using three 
different light sources UVA (black light blue lamps, BLB reactor), UVC (UVC reactor) 
and simulated sunlight in a solar box (SB). The effect of iron concentration was studied. 
Using the highest concentration of Fe2+ (10 mg L−1) and H2O2 (150 mg L−1), total 
degradation of VA was observed in BLB and UVC systems, and 89.7 % in the solar box. 
Regarding mineralization, 67.4 % and 76.4 % of TOC conversion were achieved in BLB 
and UVC, respectively. Mineralization was negligible in solar box [134]. 

Iron sources determine the relative populations of Fe2+, Fe3+, and Fe-Ox in the photo-
Fenton treatment of wastewater. The optimum ratio of Fenton reagents, rather than their 
absolute amounts, was assessed in a number of studies.These studies were aimed to 
assess the role paid by the generated hydroxyl radicals.  

4.3 Temperature and pH media 

H2O2 stability (up to 50 ºC) imposes a temperature limit on photo-Fenton tests. This 
phenomenon accelerated in alkaline media. Taking into account the Arrhenius theory of 
rate constants in relation to temperature, it could be expected that an increase of the 
temperature provokes a higher generation of hydroxyl radicals, but their stability would 
be increasingly compromised, thus requiring an accurate determination of the operation 
temperature. Fenton process is also very dependent on the pH of media due to iron and 
hydrogen peroxide speciation factors. It is considered that the optimum pH for the Fenton 
reaction is around 3. Karam et al. [135] applied Fenton, Photo-Fenton and electro-Fenton 
processes to remove several organic pollutants from the water. In this study, the influence 
of some parameters on the mineralization has been reported. The ideal temperature for 
anthracene, mineralization was 50 ºC, working at pH 4.  

In another study, the pH in raceway pond reactors (RPR) was investigated in the removal 
of microcontaminants [136]. RPR is an alternative photoreactor for solar photo-Fenton 
applications, ideal for the treatment of large volumes of water with low-cost. A mixture 
of pharmaceuticals (in carbamazepine, flumequine, ibuprofen, ofloxacin and 
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sulfamethoxazole) in a municipal wastewater effluent at circumneutral pH was analyzed; 
the micropollutant removal efficiency was higher (four times) in tubular photoreactor 
with compound parabolic collectors (CPC) than RPRs reactors [136]. It was evident the 
improvement into the removal of pharmaceuticals with CPC reactors increasing from 
0.26 mg/kJ to 1.07 mg/kJ in the 15 cm-deep RPR. 

A new catalyst based on ferrous ion onto graphene oxide composites was employed to 
study the influence of pH in Fenton process between pH 4 and 8. The composite was 
supported on Al-MCM-41, MCM-41 and γ-Al2O3 mesoporous materials [137]. The 
stability and activity for phenol degradation were studied for a wide pH range and the 
catalytic mechanism in acid and alkaline conditions was also determined. The visible 
light irradiation dramatically accelerated the rate of Fenton reactions and also extended 
the operating pH from 4.0 to 8.0. The Al-MCM-41 supported material was the highly 
energy-efficient sample with catalytic activity under wide operating pHs.  

Franzoso et al. [138] studied Fenton-like or photo-Fenton-like experiments at 
circumneutral pH in order to evaluate the photo-activity of magnet-sensitive 
nanoparticles (NPs) functionalized with bio-based substances (BBS) obtained from 
composted urban biowaste. BBS-functionalized NPs were employed as catalysts in the 
removal of caffeine as a model emerging pollutant. The effect of pH was investigated and 
the use of new magnet-sensitive nanoparticles (NPs) functionalized with bio-based 
substances (BBS) was presented as a green alternative for the preparation of smart 
materials.  

Furthermore, the photo-Fenton based processes are affected by several process 
parameters, the pH plays an important role to achieve the best degradation efficiency. A 
removal of reactive black 5 (RB5) textile dye with 100% efficiency was reached after 60 
min and at optimum pH 3 value by heterogeneous photo-Fenton. It is known the pH 
affects the long-term stability of the catalyst and the photocatalytic performance [138].   

4.4 Concentrations of ferrous ion and hydrogen peroxide  

Ferrous ion concentration usually increases the rate of degradation. However, the extent 
of increase is still not well correlated. Thus, more laboratory studies are needed to be able 
to establish the optimum loading of ferrous ions to mineralize the organic pollutants. The 
concentration of hydrogen peroxide also presents important effects on the degradation 
reactions. Generally, the proportion of mineralized pollutant increases with an increase of 
hydrogen peroxide. The presence of hydrogen peroxide affects the overall degradation. 
Hydrogen peroxide addition must be controlled in order to its complete utilization. In a 
recent study, heterogeneous Fe3O4 catalyst and homogeneous FeSO4 catalyst were 
compared for the magenta MB degradation in textile industries wastewater [140]. The 
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effects of different system variables such as H2O2 dosage, the initial concentration of the 
dye, pH, and catalyst concentration were studied. The influence of ligands in the photo-
Fenton system was examined and the stability of Fe3O4 catalyst was determined. 

5. Economic evaluation  

Irradiation and Fenton reagents are the two key cost parameters for photo-Fenton 
treatments. One of the most important factors affecting the application of advanced 
oxidation processes (AOPs) at full scale is the high operating cost, especially those 
associated with the cost of the reagents [141]. The optimization of operating parameters, 
such as a reduction in reagent consumption to achieve the partial or complete 
decontamination of waters, is crucial in AOP application. The present study is focused on 
the comparison of solar and UV photo-Fenton technologies for the removal of micro-
contaminants from water at very low concentrations. In addition, economic assessment of 
the implementation of several AOPs was also carried out. It was concluded that 
consumption of reagents and electricity costs coming from lamp operation in the UV 
process had a significant impact on the total operating cost of both technologies. New 
strategies for reducing cost by using solar photo-Fenton treatment combined with 
nanofiltration to remove microcontaminants from real municipal effluents were chalked 
out. Furthermore, it must be stressed that solar and UV processes promoted by H2O2 are 
cost-effective.  

In the photo-Fenton process, increase in the intensity of incident light contributes to 
increasing the degradation of contaminants. Because there is a direct influence on the 
removal rate of the contaminant with the configuration of the photoreactor, and the 
distribution of light inside the reactor which rises the probabilities of excitation of 
electrons as well as the re-excitation of recombined electrons. Recently, studies on light 
emitting diode (LED) has been considered as an alternative UVA of the radiation source 
in photoreactors due to low power consumption, feasibility, and sustainability. UVA-
LED was used in the photo-Fenton reaction for a water containing pesticide, acetamiprid. 
Experiments were performed in a LED reactor at pH 2.8. The relationships among energy 
supply, LED consumption, UVA irradiance and reaction rate were evaluated and 
optimum experimental conditions were found on LED radiation [142].     

Degradation of carbamazepine (CBZ) by photo-Fenton process showed low efficiencies 
(below 10%), but a combination of photo-Fenton with ultrasound radiation has a 
synergistic effect improving the removal of carbamazepine. A mineralization value of 
60% was obtained at a pilot plant level and the cost for conventional is 2.1 and 3.8 €/m3 
for thin film plant. Although, the degradation of CBZ is faster when use ultrasound 
coupled to photo-Fenton due to more hydroxyl radical are available, thus makes the 

Inorganic Pollutants in Wastewater



402 

process more expensive. In the solar process, electric consumption accounts for a 
maximum of 33 % of total costs. Thus, for a TOC removal of 80 %, the cost of this 
treatment is about 1.36 €/m3 [143].   

6. Conclusions and future perspectives 

During the past decades, many investigations have been carried out on the wastewater 
purification by advanced oxidation processes (AOPs). Latest studies regarding photo-
Fenton technology revealed the influence of many factors in the degradation of 
pollutants. The treatment of wastewaters from pharmaceutical, agrochemical, petroleum 
refinery plants and landfill leachate is challenging to conventional approaches due to their 
recalcitrant nature. Different AOPs have been developed to select the most appropriate 
technique for treatment of wastewaters of different composition. Photo-Fenton oxidation 
is a useful technique for treating wastewaters, albeit its cost may be a hurdle. The 
reduction of the cost may come from the use of solar energy, heterogeneous catalysts, 
chelating agents, and by coupling with biological treatments.  

Future studies will be focussed on wastewaters from industries and petroleum refinery 
plants, where the only little application of photo-Fenton technology has been reported. 
Moreover, the studies on the degradation of emerging compounds and endocrine 
disruptors are hoped to be undertaken in, pH and temperature dependence of the reactions 
has to be minimized. 
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Abstract 

Produced water is the byproduct generated by the oil and gas industries, and it is 
becoming a global concern, due to its complex composition and extreme salinity. On the 
other hand, such large volumes of water can be treated and utilized to replenish the 
freshwater supply that is becoming increasingly scarce, making the potential reuse of 
treated produced water an attractive opportunity. This chapter provides a detailed 
characterization of produced water from different sources as well as a comprehensive 
overview of the well-established and emerging electrochemical technologies of produced 
water treatment. The electrochemical technologies covered in this chapter include anodic 
oxidation, electrodialysis, and electrodialysis reversal, electro-deionization, capacitive- 
deionization, electro-coagulation, and electrodeposition, Finally, opportunities of reusing 
treated produced water are discussed. 
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1. Introduction 

Many countries depend on oil and gas industries as a major source of revenue and their 
economy is greatly affected by the ups and downs in this industry. To maximize the 
production of oil and gas wells, large volumes of water is injected at high pressure to help 
the oil/ gas production process. When such injected water is extracted along with the oil 
and gas, it is usually highly contaminated with hydrocarbons, solids, gases and other 
impurities. Besides injected water; the water, which occurs naturally in the reservoir 
formation within the pores of the rocks (formation water), is also extracted. Formation 
water together with injection water is known as produced water, a term that gained 
considerable attention recently as will be discussed next.  
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Almeida et al. reported that by 2030, oil will account for 32% of the global energy supply 
with the oil demand rising to 107 mbpd compared to 85 mbpd back in 2006 [2]. This 
means that oil related effluents, specifically produced water which accounts for more 
than 80% of liquid waste, will be generated at larger volumes. According to Duraisamy et 
al., the volume of produced water extracted along with oil and gas exceeds 77 billion bbl 
globally [3]. Oilfields alone account for more than 60% of the total volume of produced 
water globally [4].  

1.1 Overview of produced water composition 

Produced water is characterized by a very complex composition that varies depending on 
the reservoir type, the geographical location, reservoir depth, the geological formation 
and even the lifetime of a specific well. Therefore, samples of produced waters don’t 
have identical composition. However, the typical constituents of produced water can be 
categorized into seven groups as described in the following sections [3, 5-10]. 

1.1.1 Total dissolved solids (TDS) 

Dissolved solids or dissolved inorganic minerals are classified as anions and cations; the 
most abundant inorganic ions in produced water are sodium, chloride, calcium, 
magnesium, potassium, sulfate, bromide, and bicarbonate. Depending on the location and 
nature of the reservoir, other minerals including iodide, boron, lithium and strontium salts 
may exist as well [6]. Sodium and chloride ions are responsible for the extreme salinity of 
produced water, which exceeds seawater salinity. Typically, produced water salinity 
ranges from few parts per thousand to as much as 300 part per thousand, which is similar 
to concentrated brine. Sulfate ions usually exist in small concentrations in produced water 
compared to seawater. The presence of sulfate ions affects the solubility of other 
inorganic ions such as barium and calcium; an elevated concentration of sulfates may 
lead to scale formation due to the precipitation of calcium and barium sulfates [10]. Table 
1 represents the typical range of the most common inorganic ions in oil and gas produced 
waters compared to seawater.  
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Table 1. Inorganic constituents in mg/l of oil & gas produced waters (PW) compared to 
seawater. 

Constituent Oil field PW [11] Gas field PW [11] Seawater [10] 
TDS/ salinity - 139,000- 360,000 35,000 
Sodium 132-97,000 37,500- 120,000 10,760 
Chloride 80- 200,000 81,500- 167,448 19,353 
Sulfate 1,650 ND- 19 2,712 
Potassium 24- 4,300 149- 3,8750 387 
Calcium 13- 25,800 9,400- 51,300 416 
Barium 1.3- 650 9.65- 1,740 - 
Magnesium 8- 6000 1,300- 3,900 1,294 

ND (not detected) 

1.1.2 Total petroleum hydrocarbons  

Total petroleum hydrocarbons (TPHs) are defined as all organic compounds consisting of 
hydrogen and carbon atoms. TPH could be classified as shown in Fig. 1 according to the 
type of bond (single, double or triple) or the shape of the compound (cyclic or straight). 
The solubility of petroleum hydrocarbons in water depends on their polarity and 
molecular weight. Polar compounds tend to dissolve in water and lower molecular weight 
compounds dissolve better than heavier compounds. In general, aromatic hydrocarbons 
tend to dissolve more in water compared to aliphatic compounds of the same molecular 
weight. Polyaromatic hydrocarbons PAHs (hydrocarbons with more than one benzene 
ring), phenols, organic acids and BTEX (benzene, toluene, ethylbenzene, xylene) are 
examples of soluble hydrocarbons. Other hydrocarbons which are not soluble in water are 
found in the form of dispersed oil such as high molecular weight PAHs and alkyl phenols 
[6, 10, 11].  Existing produced water treatment technologies can separate dispersed oils 
efficiently but not the dissolved hydrocarbons. Hence, dissolved hydrocarbons are 
discharged into the environment. TPHs can cause serious environmental concerns, as 
they contribute to the biological oxygen demand (BOD) which affects aquatic life besides 
being a toxic and persistent contaminant. In Qatar for instance, TPHs are the only 
regulated parameter in case of produced water discharge [6, 10, 11].  
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Fig. 1 Classification of hydrocarbons. 
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1.1.3 Dissolved & dispersed gasses 

Dissolved gases occur in produced water due to bacterial activities and chemical 
reactions. The most abundant dissolved gases in produced water are carbon dioxide, 
oxygen, and hydrogen sulfide [6, 12]. The solubility of gases in produced water is 
governed by Henry’s law, which relates solubility to the temperature and partial pressure 
of the gas over the liquid (produced water). The pressure increases along the depth of the 
reservoir and so does the amount of dissolved gasses [6].  

1.1.4 Production chemicals 

Production chemicals are those compounds that are added to produced water for several 
purposes, such as scale & corrosion inhibition, wax deposition, gas dehydration, breaking 
emulsions, prevention of bacterial growth and for other means [6, 12]. Depending on 
nature, chemical additives can, be more soluble in the oil phase than produced water and 
therefore will remain dissolved in oil and those more soluble in produced water are 
discharged with it. Due to the toxicity of some of the production chemicals and the 
environmental threats associated with their discharge, they should only be used if 
required and should not exceed the required optimum amount[10]. Table 2 illustrates the 
typical concentrations of various production chemicals in oil and gas produced waters.  

Table 2. Concentrations of typical production chemicals in oil and gas produced waters, 
adapted from [4]. 

Chemical Concentration in oil field 
PW [mg/L] 

Concentration in gas field 
PW [mg/L] 

Corrosion inhibitor 2-10 2-10 
Demulsifier 1-2 N.A 

Scale inhibitor 4-30 N.A 
Polyelectrolyte 0-10 N.A 

Methanol N.A 1000-15000 
Di-ethylene glycol 

(DEG) N.A 500-2000 

N.A (Not Applicable) 
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1.1.5 Produced solids 

Produced water is extracted along with various types of production solids represented as 
clay, sand, silt, scale and corrosion products, wax and suspended solids. The removal of 
these solids is crucial to prevent clogging of pipes, the formation of oily sludge and other 
operational problems [3, 10, 12].  

Table 3. Concertation of heavy metals in oil and gas produced waters, adapted from 
[11]. 

Heavy metal Concertation in oil 
field PW [mg/L] 

Concertation in gas 
field PW [mg/L] 

Concentration in 
seawater [mg/L] 

Arsenic 0.005- 0.3 0.005-151 1-3 
Lead 0.002- 8.8 0.2- 10.2 0.001-0.1 

Mercury 0.001-0.002 - 0.00007-0.006 
Cadmium 0.005-0.2 0.02-1.21 3-34 
Chromium 0.02-1.1 0.03 0.1-0.55 

Iron 0.1-100 39-860 0.008-2 
Zinc 0.01-35 0.02-5 0.006-0.12 

Silver 0.001-0.15 0.047-7 - 
Copper 0.002-1.5 0.02-5 0.03-0.35 

 

1.1.6 Heavy metals 

Produced water may contain a wide range of heavy metals depending on the source 
(oil/gas fields), geological formation, the age of the well, geographic location and other 
parameters. Typically, the following heavy metals are usually found in produced waters: 
cadmium, chromium, mercury, lead, arsenic, iron, zinc, manganese, silver, and copper [3, 
6, 11]. The presence of heavy metals in produced water and discharging of such metals 
into the environment can have detrimental effects on aquatic life. Table 3 summarizes the 
concentration of heavy metals in oil and gas produced waters compared to seawater. 

1.1.7 Naturally occurring radioactive materials (NORM) 

Naturally occurring radioactive materials (NORM) are usually present in produced water 
as a result of the decay of certain rocks and clays in the hydrocarbon reservoir which 
contains uranium- 238 and thorium-232. The decay of these two radioactive elements 
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results in the presence of radium-236 & radium-238 in produced water which are the 
most abundant types of NORM nucleoids. The rate of radioactive decay of these elements 
is measured in picocuries/L (pCi/L); one pCi is equivalent to 2.22 disintegrations per 
minute (dpm). Table 4 lists the typical activity of Ra-226 and Ra-228 in produced water 
compared to seawater [10].  

Table 4. Typical activities of radium isotopes in produced water and sea water [10]. 

Radionuclide Produced water Sea water 
Ra-226 0.054 – 32,400 0.027-0.04 
Ra-228 8.1 - 4860 0.005-0.03 

1.2 Environmental regulations for produced water discharge 

The overview of produced water composition discussed in the previous section illustrates 
that produced water discharge must be strictly regulated, as it is generated in huge 
quantities in addition to being heavily polluted.  In courtiers/ regions with water scarcity 
issues, the problem is even more critical due to the limited available water resources[2]. 
For these countries, discharging of PW without proper treatment will not only pollute the 
available water resources, but will also waste the large amounts of PW that could be 
reused for irrigation, landscaping, and other beneficial uses after proper treatment. The 
most common approach used for PW treatment prior to discharge is oil/water separation, 
which is an efficient technique for removing suspended oils as mentioned previously. 
However, the dissolved contaminants including oils, heavy metals and the production 
chemicals when discharged along with PW into surface water, pose toxic effect to aquatic 
life. These contaminants can also contaminate soil and underground water [12]. 

Although it is agreed worldwide that PW discharge can cause serious environmental 
concerns, the standards/ regulations of PW discharge vary from one country to another. 
On the international level, the United States Environmental Protection Agency (USEPA) 
is the most recognized regulatory institution that regulates and enforces laws for 
produced water extraction and discharge. On the national level, each country should have 
an institution that regulates and enforces laws related to PW discharge for the country and 
must be followed by all operating companies [6]. According to EPA, the pollutants are 
divided into three major groups: “conventional pollutants (five-day biochemical oxygen 
demand, total suspended solids, pH, fecal coliform, and oil and grease), toxic or priority 
pollutants (including metals and man-made organic compounds), and nonconventional 
(including ammonia, nitrogen, phosphorus, chemical oxygen demand, and whole effluent 
toxicity)” [13]. EPA has developed effluent limitation guidelines (ELGs) tailored to each 
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industry and represent the maximum pollutant reductions based on the best available 
technology. For oil and gas industry, ELGs are available for onshore, offshore, and 
coastal operations as well. For PW generated onshore, the maximum allowable oil & 
grease content is 35 mg/L prior to discharge; moreover, the quality of PW must be 
reasonably good to be used for irrigation or for livestock. In cases where the PW 
generated from onshore facilities will not be used for livestock or agriculture, thenPW 
discharge from such facilities is prohibited by EPA and a “zero-discharge” is 
implemented.  For PW generated from offshore, the EPA has set a maximum daily oil & 
grease limit of 42 mg/L and a monthly average limit of29 mg/L [13].  For PW reinjection 
in reservoirs or aquifer, EPA limits the oil & grease content to 30 mg/L.  It could be 
noticed that the only regulated parameter when it comes to PW reinjection or discharge is 
oil & grease, where it is considered as a representative of other pollutants. When oil and 
grease are controlled, other pollutants will also be controlled [14].  On the regional level, 
several conventions/ treaties were held with the aim of limiting the discharge of 
pollutants into the environment. The major conventions such as the Oslo and Paris 
Commission for the North-East Atlantic (OSPAR), the Barcelona Convention for 
Mediterranean countries, the Kuwait Convention and the Helsinki Convention 
(HELCOM Convention) for the Baltic are listed in Table 5 [15].  

Table 5. Maximum allowable oil and grease limit for PW discharge according to 
regional conventions. 

 
  

Legal Basis Oil and grease limit for PW 
discharge 

OSPAR Convention(North Sea countries) 
[16] 30 [mg/L] 

Baltic Sea Convention and HELCOM 
standards [17] 

15 [mg/L] max; 40 mg/l if BAT 
cannot achieve 15 [mg/L] 

KUWAIT Convention and Protocols (Red 
Sea region) [15] 40 [mg/l], 100 [mg/L] max 

Barcelona Convention and Protocols 
(Mediterranean countries) [15] 40 [mg/l], 100 [mg/L] max 
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1.3 Conventional produced water treatment options 

Produced water technologies could be categorized into three major groups: physical, 
chemical, and biological processes. A typical produced water treatment process consists 
of a combination of physical, chemical, and biological unit operations to target the 
removal of different constituents/ pollutants. Physical unit operations depend purely on 
the physical separation of pollutants from wastewater without causing a significant 
change in the chemical or biological characteristics of the treated water [18].Chemical 
processes are referred to as additive processes since they combine the addition of 
chemicals to react with the desired contaminants and remove their removal. The additive 
nature of chemical processes makes them less favorable compared to other processes. 
Biological unit processes utilize microorganisms for the biodegradation of contaminants 
in wastewater, and the main aim of these processes is to reduce the organic content and 
nutrients in wastewater. Biological units are generally classified into aerobic, anaerobic 
or facultative depending on the availability of dissolved oxygen in wastewater [19]. 

As mentioned earlier, the existing technologies have limited efficiencies to deal with 
small droplets of suspended oils and/ or dissolved contaminants. Moreover, each of the 
above- mentioned processes has their own limitations; physical process normally requires 
large surface area, huge capital cost and in the case of an adsorptive physical process, the 
regeneration of adsorbent is quite expensive. Chemical additives, on the other hand, 
require the addition of chemicals which generate hazardous sludge and could have high 
operational cost. Biological treatment is considered efficient for the degradation of 
organic matter but it is very sensitive to the inlet feed concentration and salinity, a major 
problem in produced water [12].  

There is a wide variation in the produced water composition, quality, and throughout the 
lifetime of the oil/gas well; therefore, a robust technology that could adapt to the varying 
operating conditions in produced water is required. Other than the above-mentioned 
processes, promising, relatively new technologies that utilize the concepts of 
electrochemistry are also available. A review of the current state of electrochemical 
technologies for the treatment of produced water is presented in the following sections of 
this chapter. 

2. Electrochemical technologies for produced water treatment 

Recently there has been growing interest towards electrochemical techniques for the 
treatment of produced water. The extreme salinity of produced water favors the 
electrochemical reaction as the conductivity is high. A detailed review of the existing and 
emerging electrochemical technologies is presented below. 
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2.1 Anodic oxidation/ Electro-oxidation 

Electro-oxidation or anodic oxidation technology employs the in-situ generation of 
oxidants, which are responsible for oxidizing organic contaminants. Among the various 
electrochemical techniques available, the anodic oxidation is widely used to achieve 
complete mineralization of organic pollutants. Pollutants are completely mineralized into 
CO2 and H2O as a result of the reaction with hydroxyl radical (OH-) formed from water 
oxidation (Eq 1-3).  

H2O → OHads + H+ + e- (1) 

mOHads+organic pollutants→intermediates (2) 

nOHads+intermediates→xH2O+yCO2n (3) 

2OHads→1/2 O2+H2O (4) 

Anodic oxidation has several advantages over conventional wastewater treatment 
technologies as the electrogenerated hydroxyl radical is the second strongest oxidant after 
fluorine and capable to oxidize almost all organic contaminants including persistent 
species. Moreover, the lifetime of hydroxyl radicals in water is in the range of few 
nanoseconds, therefore they are self-eliminated from the water environment unlike other 
additive chemical oxidants [20]. Along with the main and desirable reaction of complete 
mineralization of organic contaminants into CO2 and H2O, side competing reactions such 
as oxygen evolution reactions could occur at higher potentials (Eq.4) which can decrease 
the efficiency of the process by consuming the hydroxyl radicals.  

Anodic oxidation of organic pollutants can be classified as direct & indirect oxidation 
processes (Fig. 2). In the case of direct oxidation, organics are oxidized at the anodic 
surface through the physically adsorbed hydroxyl radicals or the chemisorbed oxygen on 
the metal oxide lattice. Indirect oxidation (mediated oxidation), on the other hand, occurs 
in the bulk solution away from the anodic surface due to the presence of other strong 
oxidants such as active chlorine species, hydrogen peroxide, ozone, and peroxidisulfate 
[2, 9, 21-33]. 
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Due to the possibility of oxygen evolution reactions, anodic oxidation normally requires 
special electrode materials with high oxygen overpotential. Anodic oxidation has been 
tested for several applications using a wide range of electrodes, such as dimensionally 
stable anodes, noble metals, and carbon-based anodes. The electrode materials could be 
generally grouped into two categories: active (a corrosion resistant metal base coated 
with metal oxide) & non-active anodes; active anodes such as IrO2, which are 
characterized by a strong interaction of hydroxyl radicals with the electrode surface and 
low oxygen overpotential. Therefore, they are mainly used in the presence of chloride 
ions to facilitate indirect oxidation with mediated species. Non-active anodes such as 
boron doped diamond (BDD) are mainly used for direct oxidation due to the weak 
interaction between the electrode surface and hydroxyl radical and the high oxygen over 
potential[30, 34]. BDD is an excellent anode material for achieving promising results and 
high removal efficiencies. However, the cost of manufacturing of BDD anode is more 
than 10 times higher than metal oxide anodes. BDD is also not practical for scale up 
applications as it becomes brittle [23, 25, 35, 36]. 

2.2 Electrocoagulation 

Electrocoagulation has gained an increasing attention over the past years as it proved to 
be efficient for the removal of a wide range of contaminants. It is a unique technology 
that combines the principles of coagulation, flotation, and electrochemistry, each of 
which has been extensively studied in a separate manner [18]. Electrocoagulation is 
favored over chemical coagulation, as coagulants are generated in-situ eliminating the 
addition of chemicals that generates high sludge volumes and add to the cost of the 
treatment [37-41]. A basic electrocoagulation cell normally consists of two metal 
electrodes connected to an external power supply and immersed in the wastewater to be 
treated (Fig. 3). Once power is supplied, the anode starts dissociating into the wastewater 

Fig. 2. Direct and indirect anodic oxidation schematic diagram [1]. 
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in the form of metal ion which reacts with water to form a metal hydroxide. Metal 
hydroxides are good coagulants as they trap colloidal particles by sweep coagulation/ 
precipitation; the formed sludge can then be removed leaving the clean water. Hydrogen 
generated at the cathode also acts through floatation mechanism to bring lighter 
contaminants to the water surface for easier separation. Several authors have examined 
the theory of electrocoagulation in detail[18, 42-44]. Although electrocoagulation has 
been applied to treat a wide range of wastewaters, it was seldom examined for produced 
water treatment[45-48]. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. A schematic diagram of an Electrocoagulation cell [18]. 

2.3 Electrodeposition 

The concept of electrodeposition aims at recovering metals from produced water rather 
than removing it through a cathodic reaction that converts metal ions into metal after 
gaining electrons. Electrodeposition is a well-established technology but has only been 
reported for produced water metal recovery in a couple of studies. Igunnu and Chen 
reported that they were able to recover copper, lead, nickel and iron from synthetic 
produced water either separately or as a mixture of metals deposited on an inert electrode 
[12, 49]. Two sets of experiments were conducted; first synthetic wastewater with one 
metal contaminant at a time was studied then synthetic produced water with a mixture of 
metals was examined. Experiments revealed that several factors affect metal recovery/ 
deposition such as metal reactivity, surface area of the cathode, applied potential, pH, and 
the metal ions concentration. Metal reactivity and cathode surface area were found to be 
directly proportional to the rate of metal deposition, meaning that as the surface area 
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increases, better deposition is achieved. Platinum, titanium and glassy carbon electrodes 
were tested as the inert electrodes for metal deposition, where platinum exhibited the best 
performance for individual metal deposition excluding Ni, which was better recovered on 
titanium electrode. Glassy carbon and platinum electrodes were also found to be effective 
for simultaneous recovery of multiple metals. Moreover, it was found that metals were 
recovered from synthetic produced water as a mixture of metals rather than an alloy. [12, 
49] 

2.4 Electrodialysis and electrodialysis reversal 

Electrodialysis is basically a desalination technology that combines electrochemistry with 
membrane technology and utilizes the electrophoresis of dissolved inorganic ions in the 
solution and the selective permeability of ion exchange membranes to desalinate the 
solution. An electrodialysis cell consists of alternative anion and cation exchange 
membranes stacked between an anode and a cathode; electric current facilitates the 
movement of ions in the solution towards the electrodes of opposite charge. Positive ions 
will move towards the anode and will only pass through the selective cation exchange 
membrane. Negative ions, on the other hand, will try to reach the cathode and will 
selectively pass through the anion exchange membranes, which will result in two product 
streams: the concentrated brine and the desalinated water (Fig. 4) [50]. Electrodialysis 
reversal is the same as electrodialysis; however, the polarity is periodically reversed to 
prevent membrane fouling [8, 50-52]. It should be noted that electrodialysis is the most 
well-established electrochemical technology for produced water treatment and also 
available in commercial scale units. 

 

 

 

 

 

 
Fig. 4. Electro-dialysis cell [2]. 
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2.5 Electro-deionization 

One of the problems of electrodialysis is that the efficiency of treatment decreases as the 
water becomes more diluted. Therefore, electro-deionization is more powerful as it 
combines the electrochemical cell, ion exchange membranes, and ion exchange resins all 
in one cell. Anion and cation exchange resins are packed between alternative ion 
exchange membranes where they act as a bridge to facilitate the movement of ions 
through the selective membranes. Electro-deionization technology is, therefore, effective 
in treating wastewaters with low TDS content. When the water is diluted to an extent that 
the applied current is used to oxidize water into hydrogen and hydroxyl radicals. The 
generated hydrogen and hydroxyl radicals become useful to regenerate the ion exchange 
resins in-situ without additive chemicals (Fig. 5)[8, 50]. Electro deionization has been 
applied for produced water treatment in laboratory scale experiments and proved to be 
cost effective for TDS concentration less than 8000 mg/L. The energy consumption is 
found to be in the range of 0.14 -0.2 kWh/Ib NaCl removed and the water recovery can 
exceed 90% [50] 

 

 

 

 

 

 

 

2.6 Capacitive deionization 

Capacitive deionization (CDI) is an emerging produced water desalination technology 
that uses porous electrode material connected to positive and negative terminals instead 
of the regular metal electrodes. Porous electrodes allow the adsorption of salts onto the 
surface where the ions are mobilized as a result of the applied electric potential. Porous 

Fig. 5. Electro-deionization cell [8]. 
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electrodes are easily regenerated by simply reversing the polarity or switching off the 
power supply, hence, no chemical regeneration is required (Fig. 6).  

Carbon aerogel proved to be an optimum electrode material due to the high electrical 
conductivity, controllable pore size and high specific surface area [53-55]. Since CDI is 
an emerging PW technology, it was seldom reported in the literature for the treatment of 
PW.  CDI was tested on both continuous lab scale and pilot scale experiments for PW 
treatment using 24 carbon aerogel electrodes (12 anodes, 12 cathodes) [56]. The results 
revealed that electrode deterioration was not observed and the process is cost effective at 
low TDS concertation (<3000 mg/L) [8, 50].  
 

 

 

 

 

 

 

 

 

 

3. Opportunities for produced water reuse 

More than 1.2 billion people all over the world lack access to clean and safe water for 
domestic use according to world health organization report (WHO) [5]. According to the 
world business council for sustainable development report, fresh water accounts for less 
than 3% of the world’s water; the remaining is seawater.  About 2.5% of the 3% fresh 

Fig. 6. Capacitive deionization cell [8]. 
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water is frozen in the north and south poles and thus it is unavailable for a human being; 
therefore, the whole world’s population is depending on 0.5% of the world’s water [57]. 
Tremendous amounts of water are consumed every day all over the globe for daily life 
activities and in almost all industrial processes. Worldwide water consumption is split 
into 70% agricultural, 22% industrial and 8% domestic. Fig. 7 illustrates the water stress 
level in different parts of the world. It could be seen that the Gulf/ Middle East are the 
regions with critical water scarcity problems. These regions are also known to be major 
oil & gas producers, and hence are producers of large volumes of produced water. It is 
also worth mentioning that these areas have no natural fresh water resources other than 
ground water, which is becoming increasingly saline due to sea water intrusions. 
Therefore, Gulf area relies heavily on water desalination for their domestic/drinking 
water supply. This necessitates the concept of recycling and reusing produced water to 
cut down the fresh water consumption. Treated produced water could be used in various 
applications such as irrigation for landscaping or food crops, fire control, cooling water 
for chemical processes, wildlife-livestock, dust control and vehicle/ equipment washing 
[58-64].  

4. Summary and potential for future research 

The extraction of produced water as a byproduct of the oil and gas production operation 
is a challenge that cannot be eliminated but could be minimized to a certain extent. 

Fig. 7. Water stress map in 2013 [57]. 
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Produced water is characterized by a complex composition that renders it toxic to surface 
water, soil, and groundwater. Treatment of produced water is becoming increasingly vital 
step not just due to environmental regulations, but also due to the water scarcity problem 
in many parts of the world. Proper treatment of produced water will not only help sustain 
resources and environment but will also limit the dependence on the rather limited fresh 
water resources. Currently, the only treatment of produced water before disposal is 
simple oil/ water separation, since oil content is the only regulated contaminant. Although 
a wide range of robust, well-established technologies are available for the treatment of 
produced water, these either fail to meet the PW reuse limits, or require hazardous 
chemical additives, generate toxic sludge, can’t tolerate the salinity of produced water, or 
may require a large footprint, capital, or operating cost. These limitations lead to an 
increased interest in relatively new technologies known as electrochemical technologies, 
which are often referred to as green technologies due to the fact that they have a 
minimum or no impact on the environment.   The status of electrochemical technologies 
for produced water treatment is not mature enough to be used as a centralized water 
treatment technologies. However, they proved to be effective for laboratory scale 
applications. Therefore, future research should focus on optimizing these technologies 
through studying the scale up, cost and kinetics. Moreover, several authors reported 
excellent results of integrating electrochemical technologies as pretreatment or post 
treatment of existing technologies to enhance the treatment efficiency, protect the 
existing equipment and achieving the PW reuse specifications. The feasibility of 
integrating electrochemical technologies with existing technologies is an important aspect 
that must be taken into consideration in future work [9, 56, 65-69].  
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