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Preface

Water is an essential component for living organisms on planet earth and 
its pollution is one of the critical global environmental issues today. The 
influx of significant quantities of organic and inorganic waste, sediments, 
surfactants, synthetic dyes, sewage, and heavy metals into all types of water 
bodies has been increasing substantially over the past century due to rapid 
industrialization, population growth, agricultural activities, and other geo-
logical and environmental changes. These pollutants are very dangerous 
and are posing serious threat to us all.

Currently, a number of methods including ion exchange, membrane 
filtration, advanced oxidation, biological degradation, photocatalytic 
degradation, electro-coagulation, and adsorption are in operation for 
removing or minimizing these wastes. This book on Advanced Materials 
for Wastewater Treatment brings together innovative methodologies and 
research strategies that remove toxic effluents from wastewaters through 
fourteen important chapters written by leading scientists working in 
this field. I have no doubt that  readers of this book will benefit from its 
comprehensive coverage of the current literature, up-to-date overviews 
of all aspects of toxic chemical remediation, including the role of nano-
composites. Together they showcase in a very lucid manner an array of 
technologies that complement the traditional as well as advanced treat-
ment practices of textile effluents. I would also like to thank all the authors 
who contributed chapters to this book and provided their valuable ideas 
and knowledge. I am also very thankful to the publishers and, in particu-
lar, Martin Scrivener, for their generous cooperation at every stage of the 
book’s compilation and production.

Shahid-ul-Islam
Indian Institute of Technology Delhi (IITD),  

Hauz Khas, New Delhi, India
August 2017
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Arsenic: Toxic Effects and Remediation

Sharf Ilahi Siddiqui and Saif Ali Chaudhry*

Environmental Chemistry Research Laboratory, Department 

of Chemistry, Jamia Millia Islamia, New Delhi, India

Abstract
Arsenic is associated with cancerous and non-cancerous human diseases. Arsenic 

from drinking water is the most common source of human exposure and it has 

becomes major calamity for the world. Pentavalent arsenic, As(V), can be reduced 

to trivalent arsenic, As(III), in the blood, which is transferred to the liver and 

metabolized. Arsenic produces various toxic intermediates during the metabo-

lism, and is generally excreted from lever via urine. But on the high exposure, it 

retains in body and binds to soft or hard tissue. Arsenic replaces the phosphate 

group, which is involved in various biological pathways, inhibits glucose trans-

porters, alters expression of genes, and can stimulate oxidative stress. This chapter 

enlighten the toxicity of arsenic toward living cell. Previous literatures evaluated the 

toxicity profiles of inorganic arsenate, arsenite and methylated metabolites, pen-

tavalent monomethylarsonic acid (MMAV), and dimethylarsinic acid (DMAV). 

This chapter discusses the recently identified toxic trivalent forms of methylated 

metabolites. Several detoxifying nutritional supplements are also highlighted. The 

remediation of arsenic from drinking water is also depicted.

Keywords: Arsenic exposure, metabolism and excretion, toxicity, 

de-toxification, adsorption

1.1  Introduction

Industrial wastewater released in freshwater without proper treatment 
causes the contamination in freshwater which responds to various aquatic 
problems. Pesticides, fertilizers, suspended solids, color stuffs, and toxic 

*Corresponding author: saifchaudhry09@gmail.com
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metals, etc., are well-known water pollutants that change the quality 
of freshwater [1]. Natural activities are also involved in the water con-
tamination. Heavy metals, particularly arsenic in water, is creating more 
 serious environmental problems for various continents, particularly Asia. 
Millions of people from Asian countries are living in the zone of arsenic 
poisoning [2].

The regular exposure to arsenic containing water is associated with tox-
icity and harzardous effects toward human health. It is a major calamity for 
various countries viz Bangladesh, India, Nepal, China, Taiwan, Thailand, 
Mexico, Japan, and Argentina [3]. In Bangladesh alone, millions of people 
have died due to arsenic poisoning and are living under the same threat. 
Over all, more than 140 million people from 70 countries are living in 
these conditions. [4].

Poisoning and toxicity of arsenic is the resulting effect of regular and 
high exposure of arsenic contaminated water. When arsenic becomes 
 concentrated in human body, it accumulates in the tissues, binds to sulf-
hydryl sites, changes their functioning, and causes various damages. These 
damages have been discussed in literature [5].

To overcome these major environmental problems, concerning agencies 
from various countries are spending large amounts of money to control 
the arsenic discharge in freshwater and are collecting data of arsenic con-
centration in their aquatic environment. This step provides the proper way 
of controlling the high concentration of arsenic in water and to save the 
water from arsenic contamination. Various environmental agencies gave 
the maximum limit of arsenic 0.01 mg/L in water for safe drinking [3].

1.2  Arsenic Concentration in Water

Human activities such as mining, smelting, fossil fuel combustion, pes-
ticides, and fertilizers are the major cause of high arsenic concentration 
in water [6]. Tailing is a waste that comes from mining which responds 
to 200 mg/L concentration of arsenic in water, whereas the pesticides 
and fertilizers formulated with arsenic responds to 612 108 g/year and 
2380 108 g/year of arsenic discharge in water through soil erosion and 
leaching, respectively [7, 8]. Moreover, more than 200 arsenic contain-
ing minerals, particularly sulfide minerals contribute to direct or indirect 
releasing of arsenic in water [9]. Therefore, nearby areas of mining and 
mineralizing are under arsenic threat, where the concentration of arsenic 
rises up to 100–5000 mg/L in water [10]. Generally, natural water acquires 
arsenic in the range 1 and 2 mg/L, although it may be high up to 12 mg/L 
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in areas containing natural sources [10]. Therefore, the concentration of 
arsenic in water becomes much higher than the maximum limit of arsenic 
in water fixed by WHO. More than 100 million of people are drinking arse-
nious water with a concentration of more than 0.01 mg/L.

High concentration of arsenic beyond WHO guidelines maximum 
permissible value (0.01 mg/L) has been reported from number of coun-
tries such as Indo-Bangladesh region (0.8 mg/L), Argentina (0.2 mg/L), 
Mexico (0.4 mg/L), and Taiwan (0.05–2.0 mg/L) [11]. 3, 0, 3, and 5 
are the major oxidation states of arsenic. Last two oxidation states of arse-
nic named arsenite (As(III)) and arsenate (As(V)) are generally isolated 
from the water, which are stable in reducing and oxidizing environments, 
respectively [12].

Previous reports show that As(III) strongly binds to sulfhydryl sites of 
proteins and is considered to be the most toxic. As(V) also causes the large 
poisoning in body. As(III) and As(V) are the arsenic species found in water 
in the form of either oxy ions or organic and inorganic molecules [13]. 
Inorganic forms of arsenic are 100 times more toxic than organic forms. 
Inorganic and organic forms of arsenic in water are the result of pH and 
redox potential of water [14].

Reports from various regions suggest that the high level exposure of 
arsenic is associated with various adverse health effects such as cancer, 
diabetes, hypertension, neurological arteriosclerosis, and cardiovascular 
diseases [15, 16] (Figure 1.1). Arsenic induces the alteration in the cell 
calcium signalling, oxidative stress, impairment of cell mitochondrial 
function, and cell cycle progression where these effects ultimately lead to 
cancer [17].

1.3  Exposure of Arsenic in Human Body

Arsenic can enter into the human body via ingestion, inhalation, and skin 
absorption [18]. The ingestion of arsenic through drinking water is consid-
ered as a major source of arsenic concentration into body and their toxic-
ity [19]. Aresnic has normal behavior toward body and is easily absorbed 
by the blood stream from gastrointestinal tract or lungs on ingestion into 
the body [20]. As(V) molecules are less reactive with membranes of the 
 gastrointestinal tract than As(III), hence, As(V) completely absorbed by 
blood stream from gastrointestinal tract. In blood stream (erythrocytes), 
arsenic bounds to the globin, and circulates in various parts of human 
body viz bones, muscles, lungs, kidneys, across the placenta, and keratin-
rich tissues such as skin nails and hair [21].
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1.4  Metabolism and Excretion of Arsenious 
Compounds

The liver is the major part of the body where arsenic metabolism occurs. 
Primarily, metabolism of arsenic is to be considered as normal way of arsenic 
detoxification but recent studies suggest that intermediates of metabolism 
induce the toxicity [22]. Briefly, in the arsenic metabolism, ingested As(III) 
or As(V) molecules convert into the methylated metabolite and inorganic 
arsenicals [23]. Arsenic metabolism is an enzyme-induced biochemical 
reaction, where As(V) first reduced to As(III) by glutathione enzyme then 
methylation of arsenic takes place, and S-adenosylmethionine (SAM) works 
as methyl donor and glutathione sulfhydryl works as a vital co-factor [24].

The monomethylarsenic acid (MMA) and dimethylarsenic acid (DMA) 
are the resulting products of methylation of As(III) formed through the 

Arsenic

damages

Neurological

[116]

Renal [117]

Cardiovascular

[118]

Respiratory

[119]

Gastrointestinal

[120]

Hematological

[121]
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[122]

Mutagenic

[123]  

Developmental

[124]

Diabetes

[125]

Carcinogens

[126]

Figure 1.1 Effects of arsenic.
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enzymatic transfer of the methyl group from SAM to methyl arsenate 
and dimethyl arsenate [20] (Figure 1.2). MMA is more toxic intermedi-
ate than DMA [25]. MMA and DMA are more toxic than other inorganic 
or organic arsenic molecules [26] (Figure 1.3). Dimethylmonothioarsenic 
acid (DMMTAV), Dimethyldithioarsenic acid (DMDTAV), arsenosugars, 
and arsenobetaines are other reported intermediate metabolites of arse-
nic [26]. The distribution and metabolism of DMMTAV and DMDTAV are 
similar to DMAIII and DMAV, respectively [27]. DMMTAV is reported as 
more toxic than DMDTAV [28]. Arsenosugars and arsenobetaines are the 
products of inorganic arsenic consumed by marine organism [29].

Generally, the ingested arsenic molecules excrete from liver through 
urine either as as-ingested form or as methylated intermediate [30]. Skin 
arsenic excretes in lower rate than other organs. Blood arsenic excretes 
most rapidly from the human body, where 50–90% of arsenic excretes 
within 2–4 days, while remainder excretes slowly [20]. The excess level of 

As (V)

(a)

As(III)

(b)

MMA(V)

(c)

MMA(III)

(d)

DMA(V)

Excretion

Figure 1.2 Arsenic methylation pathway in the human body (a): Arsenate reductase 

or purine nucleoside phosphorylase (PNP), (b): Arsenite methyl transferase (As3MT), 

(c): Glutathione S-transferase omega 1 or 2 (GSTO1, GSTO2), and (d): Arsenite 

methyl transferase (As3MT), MMA(V): Monomethylarsenic acid, MMA(III): 

Monomethylarsonous acid, DMA(V): Dimethylarsenic acid.
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arsenic in the blood stream is associated with the retention of arsenic in 
tissues and its toxicity [13]. 

1.S Arsenic Toxicity and Mechanism 

Arsenic induces various types of target-based toxicity such as arsenic
induced cardiovascular dysfunction, diabetes mellitus, neurotoxicity, 
nephrotoxicity, hepatotoxicity, and carcinogenicity [31]. The mechanism 
of arsenic toxicity is discussed below. 

1.5.1 Oxidative Stress 

Arsenic causes various adverse health effects by inducing high oxidative 
stress which affect the antioxidant enzymes found in the body. Arsenic 
stimulates the production of reactive oxygen species (ROS) and induces 
the toxicity [32]. The abnormal electron transfer through respiratory 
organ to mitochondrion of cell is responsible for generating the ROS in 
mitochondrion followed by the production of hydrogen peroxide (HP), 
super oxide anion (02-), and hydroxyl radicals (0 H -) [33]. 

The electrons passed through the respiratory organ to mitochondrion 
of cell trigger the molecular oxygen (0) to form superoxide anion (02-) 
and then dismutate to HP2. HP2 is the result of production of methylated 
metabolites such as dimethylarsinic radicals [( CH) 2As-] and dimethyl
arsinic peroxyl [(CH)2AsOO-J, during the oxidation of As(III) to As(V) 
[34]. Therefore, the free radicals generation during inorganic arsenic 
metabolism is responsible for oxidative stress. 

The oxidative stress directly depend on the ingestion level of arsenic in 
the body, the excess level of arsenic in the cell, consumed oxygen by the cell, 
resulting the increased ROS production and oxidative stress [32]. Excess 
level of ROS is responsible for the oxidative damages in cellular and metab
olism system which causes the physiological abnormalities and deleterious 
chronic disorders. Hemeoxygenase-l (HO-l) is also responsible for the ROS 
generation which produces the free iron. The resulting free iron takes part 
in the Fenton reaction and forms the hydroxyl free radical ('OH) [35]. This 
free radical may attack DNA and impart the adverse effect to health [36]. 

Recently, Zhao et al. [37] investigated the effect of arsenic exposure on 
the nervous system of Gallus Gallus in response to oxidative stress and heat 
shock proteins (Hsps). Histological changes in the antioxidant enzyme 
activity, and the expressions of Hsps on arsenic exposure were observed. 
The malondialdehyde (MDA) content was increased on increasing arsenic 
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dose while the activities of Glutathione peroxidase (GSH-Px) and catalase 
(CAT) were decreased. Moreover, the change in the expression of Hsps and 
Hsp60 and Hsp70 were also observed. Therefore, they suggested that sub-
chronic exposure to arsenic-induced neurotoxicity in chickens was due to 
the disturbance in oxidative stress.

The human endothelial cell apoptosis, inflammation, oxidative stress, and 
nitric oxide (NO) production were also affected by the excessive amount of 
arsenic (5  M of As

2
O

3
) [38]. Result showed that arsenic induced the sig-

nificant enhancement in endothelial cell apoptosis and inflammation as 
indicated by the increase of mRNA and protein expression of vascular cell 
adhesion molecule-1, intercellular adhesion molecule-1, and pentraxin 3. 
Moreover, the exposure of arsenic also increased the intracellular ROS. The 
change in the activity of NADPH oxidase (NOX) and up-regulated mRNA 
expression of NOX subunits p22phox were also investigated. Oxidative 
stress and impaired NO production are involved in their pro-inflamma-
tory and pro-apoptotic effects. Similarly, arsenic-induced oxidative stress 
was also observed in human embryonic kidney (HEK) cells and HaCaT 
cells [39]. ROS can alter the expression of atherosclerosis-related genes and 
stimulate the various cell signals by the oxidation of sulfhydryl groups and 
by changing the intracellular redox status [40–43].

1.5.2  Binding to Sulfhydryl Group

Arsenic shows the high binding affinity for vicinal thiol sites of enzyme, which 
inhibits their catalytic activities and induce the toxicity (Figure 1.4). The com-
plexes between arsenic and vicinal thiol are generally stable [44]. Generally, 
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Figure 1.4 Representation of sulfhydryl-arsenic bonding.
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arsenic decreases the cellular-reduced glutathione (GSH) level through the 
reduction of As(V) to As(III), where GSH functions as an electron donor or 
through arsenic-induced free radical oxidize GSH. Arsenic also decreases the 
cellular GSH level through binding to their sulfhydryl sites. In comparison 
to As(V), As(III) easily and strongly bind to sulfhydryl sites of reduced glu-
tathione (GSH) [45]. Monomethylarsonous acid, MMA(III) also affect the 
functioning of GSH and thioredoxin reductase on thiol binding [46].

The arsenic exposure also reduces the generation of ATP in Kreb’s cycle 
due to their high binding affinity for vicinal thiols sites of enzymes such 
as GSH resulting the cell damage and death [46]. Moreover, arsenic may 
bind to the thiol sites of pyruvate dehydrogenase and ketoglutarate dehy-
drogenase enzyme. The presence of arsenic also disturbs the cellular redox 
condition which leads to cytotoxicity, synthetic peptides based on the Zn 
finger region, and the estrogen binding region of the human estrogen 
receptor-  which contributes to carcinogenicity, tubulin, poly(ADP-ribose)
polymerase (PARP-1), thioredoxin reductase, estrogen receptor-alpha, 
arsenic(+3)methyltransferase, and Keap-1 which leads to the several 
genetic effects and human breast cancer cell line MCF-7 [47–50].

1.5.3  Replacement of Phosphate Group

Structure and the properties of As(V) resembles to the phosphate anion 
thus the presence of As(V) disturb the various biochemical reactions viz 
glycolysis, glycogenesis, gluconeogenesis and glycogenolysis, and pentose 
phosphate pathway (PPP), which involves the glucose-6-phosphate and 
6-phosphogluconate as essential mediator [51]. In vitro, As(V) replaces the 
phosphate group of glucose-6-phosphate and 6-phosphogluconate during 
the biochemical reactions and form glucose-6-arsenate and 6-arsenogluco-
nate. Simply, arsenic competes with the phosphate binding sites [52]. The 
phosphate group involved in the sodium pump and anion exchange trans-
port system of human erythrocytes is also replaced by arsenate [53]. Studies 
reported that the production of adenosine-tri-phosphate (ATP) during the 
glycolysis is stopped due to the production of adenosine-tri-arsenate on 
the replacement of phosphate by As(V) [20]. Generally, 1,3-diphospho-
d-glycerate is formed during the glycolysis process by enzymatical addi-
tion of phosphate anion to d-gylceraldehyde-3-phosphate. However, in 
the presence of As(V), one of the phosphate group of 1,3-diphospho-d-
glycerate is replaced by the As(V) and form the unstable anhydride named 
1-arsenato-3-phospho-d-glycerate, which later easily hydrolyze into As(V) 
and 3-phosphoglycerate due to the longer As-O bond length [51]. The 
replacement of phosphate group by As(V) is known to be as arsenolyis.
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Decrease in the ATP generation on As(V) exposure was also observed 
from human and rabbit erythrocytes [54, 55]. Similarly, in mitochondrion 
of cell, during the oxidative phosphorylation, adenosine-5 -diphosphate 
(ADP-phosphate) is replaced by ADP-arsenate in the presence of succinate 
[52, 54]. Moreover, the production of nicotinamide adenine dinucleotide 
phosphate (NADPH) and glucose-6-phosphate dehydrogenase (G6PDH), 
an enzyme of pentose phosphate pathway (PPP), are also reduced on expo-
sure to arsenic [20].

1.5.4  Alternation in the Gene Expression

It has been investigated that arsenic can induce the alteration in gene 
expression [55]. The ingestion of 5 mol/L of As(III) in rat pancreatic cells 
decreased the mRNA expression. 6 mol/L of As(III) exposed in mouse 
adipocytes cell altered the gene expression of peroxisome proliferative-
activated receptor (PPAR), and high level exposure of As(III) in human 
adipocyte cells, decreased the expression of AKT genes [56–58]. AKT gene 
expression is also altered on the ingestion of As(III) into 3T3-L1 adipocytes 
cell [59]. It also has been reported that As(III) can inhibit the activation of 
AKT gene. Similarly, exposure of 0.1 and 5mol/L As(III) in human GM847 
fibroblast cells caused the alteration of expression of c-fos and c-jun genes, 
respectively [60].

Moreover, increased expression was also observed in phosphoenol 
pyruvate carboxykinase (PEPCK) gene on the As(III) ingestion in chick 
embryos [61, 62]. The immunomodulatory effect of arsenic on cytokine 
and HSP gene expression in Labeo rohita fingerlings were also investigated 
[63]. Furthermore, down regulates in the gene expression at the postsyn-
aptic density in mouse cerebellum on arsenic exposure were also observed 
[64]. Arsenic ingestion is also associated with decreased gene expression 
and increased DNA methylation in peripheral blood cells in women [65]. 
Moreover, the low dose of inorganic arsenic, 50 μg/L arsenic trioxide for 
90 days, changed the antioxidant genes expression and also triggered the 
oxidative stress in Zebrafish brain [66].

1.5.5  Arsenic Impairs Glucose Catabolism

It has been reported that arsenic may disturb the glucose metabolism 
pathway and insulin signalling [67]. Numerous enzyme complexes such as 
succinyl Co-A synthase, ketoglutarate dehydrogenase, and pyruvate dehy-
drogenase (PDH) are involved in the glucose metabolism [68]. As(III) may 
inhibit their function on binding [22].
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Generally, PDH enzyme complex viz dihydrolipoyl transacetylase, dihy-
drolipoyl dehydrogenase, pyruvate decarboxylase, thiamine pyrophos-
phate, lipoic acid, CoASH, FAD, and NAD+ are most sensitive to As(III) 
[69]. PDH inhibition in the presence of As(III) was reported on the result 
of binding between As(III) and lipoic acid moiety [70]. However, MMAIII 
were reported as stronger inhibitor of PDH than As(III) [69]. Moreover, 
phenylarsine oxide (PAO), an organic arsenic species, inhibits the basal or 
insulin stimulated glucose uptake by canine kidney cells, adipocytes and 
intact skeletal muscle [71–73].

1.6  Detoxification of Arsenic

To control the arsenic effect, detoxification of arsenic through the nutrients 
and chelation therapy has become meaningful.

1.6.1  Antioxidants Agents

The generation of ROS, on arsenic exposure, reduces the cellular antioxi-
dant which increases the oxidative stress in human body. To prevent the 
ROS generation or decrease the oxidative stress, numerous endogenous 
antioxidants such as superoxide dismutase (SOD), glutathione reductase 
(GR), catalase, glutathione peroxidase (GPx), and reduced glutathione 
(GSH) are naturally generated in the human body which trigger the anti-
oxidant system [74]. However, the high exposure of arsenic decreases the 
generation of these antioxidants thus external antioxidants such as vitamin 
C and E, quercetin, N-acetylcysteine (NAC), lipoic acid, and thiol-based 
antioxidant are injected in body to scavenge the ROS [75].

Vitamins A, C, and E work as antioxidant and decrease the oxidative 
stress on resulting arsenic exposure through scavenging of ROS [76]. It has 
been reported that vitamin C may trap the arsenic and alleviate the arsenic-
induced oxidative stress. It may scavenge the ROS by electron transfer to 
prevent the lipid pre-oxidation. Furthermore, it binds to free radicals to pro-
tect the membrane from oxidative damages [77]. Similarly, vitamin E also 
has ability to trap the free radicals, to protect the membrane from arsenic 
toxicity and oxidative damages [78]. It has been reported that administration 
of vitamin C and E could effectively reduce the fragmentation of DNA in the 
presence of arsenic [79]. Moreover, vitamin A, B, B

12
, and folic acid may also 

reduce the arsenic toxicity to reduce the oxidative damages [80].
Quercetin is a bioflavonoid, has also been reported as antioxidant, 

which protect the cell from oxidative damage through trapping the ROS. 
Quercetin inhibit the cytotoxicity due to low-density lipoprotein [81].
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The N-acetylcysteine (NAC) also shows protective effect against arsenic 
toxicity. It may also trap arsenic on chelation and recovered the hepatic 
malondialdehyde level [82]. It may reduce the arsenic-induced hepatic, 
however, showed renal toxicity on co-administration with zinc [83]. Lipoic 
acid has also the free radical scavenging properties, which leads to reduc-
tion in arsenic toxicity and oxidative damage [84] (Figure 1.5).

These are the some reported antioxidants that are externally injected in 
the body and showed efficient result against the arsenic toxicity due to their 
free radical scavenging and chelation properties. Most of the antioxidants 
may be obtained from naturals sources. Antioxidants agents obtained from 
naturals sources can be better antioxidants than synthetic agents due to 
easily available, low cost, eco-friendly nature, and no further toxicity. Plant 
and plant extracts have strong antioxidant activity [85]. Hippophae rham-
noides [86], Moringa oleifera [87], Spirulina [88], Centella asiatica [89], 
Curcumin [90], Mentha piperita [91], and Aloe vera barbadensis [92] have 
strong antioxidant properties to protect the cell from arsenic-induced oxi-
dative stress.

1.6.2  Chelating Agents

The complexation between the metal ions and multi-dentate ligand is 
known as chelation, and the multi-dentate ligand referred to as chelating 
agent. Chelating agents are organic compounds that are able to donate 
their electron to metal ions and form the chelate complex. Similarly, to 
trap and detoxify the arsenic, chelation therapy is being used to gener-
ate the chemically inert arsenic-ligand complex [93]. This chemically inert 
arsenic-ligand complex is further excreted from body without any interac-
tion within body (Figure 1.6).
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Figure 1.5 Detoxification of arsenite oxy anions by lipoic acid.
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Meso-2,3-dimercaptosuccinic acid (DMSA) and 2,3-dimercapto-
1-propanesulphonic acid (DMPS) are the most commonly used chelat-
ing agents which could detoxify the arsenic through complex formation 
[94, 95]. Moreover, numerous derivatives of DMSA viz mono isoamyl 
DMSA (MiADMSA), mono n-amyl DMSA (MnDMSA), mono n-butyl 
DMSA (MnBDMSA), mono i-butyl DMSA (MiBDMSA), dimethyl DMSA 
(DMDMSA), diethyl DMSA (DEDMSA), diisoamyl DMSA, and diisopro-
pyl DMSA (DiPDMSA) have also been reported that could also be effective 
chelating agents to reduce the arsenic concentration from different parts of 
body [96]. However, there are large drawbacks of chelating agents such as 
non-specificity, low therapeutic index, and failure to permeate the plasma 
membrane. Despite of this, metal redeployment and binding of chelat-
ing agents to other sites can also induce the side effects and toxicity [97]. 
Moreover, the use of antioxidants and chelating agents is not mass effective 
and limited to the particular body systems, therefore, making arsenic free 
water for human consumption is the only solution.

1.7  Arsenic Remediation Technologies

The concentration of arsenic in water can be maintained at WHO recom-
mended maximum limits through various treatment processes such as 
oxidation-coagulation [98], electro-coagulation and co-precipitation [99, 
100], oxidation-precipitation [101], reverse osmosis [102], electro dialy-
sis [103], and ion exchange technology [104] (Table 1.1). However, these 
technologies are hardly handling and are very costly. Besides, adsorption 
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Figure 1.6 Excreted arsenite chelate complex.
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technology is inexpensive; does not involve sophisticated instrumentation 
and do not require long procedure. The process is simple, safe to handle, 
and effectively work at low and high arsenic concentration in water [105, 
106]. Therefore, adsorption of arsenic can be the better option for cleaning 
the arsenic contaminated water at different scales ranging from household 
module to community plants.

1.8  Adsorption and Recent Advancement

Being surface phenomena, adsorption process is based on interaction 
between the solute (adsorbate) and solid surface (adsorbent). Low parti-
cle diameter, high surface area, high active sites, and magnetic character 
of adsorbent are responsible for the higher removal capacity for arsenic 
[107]. Numerous adsorbents with above characteristics have been utilized. 
Sometimes, pre-oxidation step is preferred to remove As(III), which makes 
the process costly [108]. Moreover, these steps enhance the chance of for-
mation of un-healthy by-products [109]. Numerous adsorbents having oxi-
dative properties have been utilized for simultaneous oxidation of As(III) 
to As(V) and adsorption of As(V) [110].

Recently, metal-based adsorbents, metal oxides and nanocomposites 
are utilized for arsenic cleanup from pollutant sites, followed by easily oxi-
dation of As(III) to As(V) [111].

Nanosized metal oxides and nanocomposites cleanup water under the 
various water quality constraints such as pH and competing ions [112]. 
In addition, generation and regeneration of adsorbent make the process 
significant in respect to cost and removal capacity. Activated carbon (AC) 
is one of the most utilized highly amorphous and porous adsorbent, how-
ever, the generation and regeneration of AC activated carbon is very dif-
ficult [113].

These drawbacks of AC generate the large sludge in cleaning sites and 
made the process costly. This drawback of AC could be avoided in the 
era of magnetic adsorbent. Metals like iron, titanium, and cobalt-based 
adsorbent respond to magnet. Moreover, nanosized magnetic adsorbent 
respond to low gradient magnet [114]. The impregnation or doping of 
magnetic NPs into AC or organic framework imparts their magnetic char-
acteristics to the AC or organic framework, which makes adsorbent suit-
able for magnetic separation from water [115]. Recently, various magnetic 
organic–inorganic hybrid adsorbents have been successfully utilized in the 
field of water cleaning. This recent development in adsorbents provide a 
variety of eco-friendly and cost effective adsorbents, having remarkable 
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potential for arsenic remediation from water and wastewater [13]. Various 
adsorbents utilized for arsenic remediation has been depicted in Table 1.2.

1.9  Conclusion

This chapter shows that arsenic can cause a major calamity as well as be 
a threat for water dependent bodies. Arsenic shows toxicity and carci-
nogenicity towards human body on bonding with binding sites available 

Table 1.2 Adsorbents utilized for arsenic removal.

Adsorbent

Removal capacity (mg/g)

Ref.As(III) As(V)

IHB 51.9 59.6 [127]

Fe (III)-BSX 54.35 – [128]

IOCSp 4.2 4.6 [129]

CCB – 96.46 [130]

GO–ZrO(OH)
2 
nanocomposite – 84.89 [131]

-Fe
2
O

3
95.0 47.0 [132]

-Fe
2
O

3 
NPs 74.83 105.25 [133]

AAC- Fe
3
O

4
46.06 16.56 [134]

Fe-Cu BO 122.3 82.7 [135]

Fe-Ce MO 86.29 55.51 [136]

MIO-GO 54.18 27.76 [137]

GO-MnFe
2
O

4 
MNH 97.0 136.0

[138]
MnFe

2
O

4
146.0 207.0

Fe
3
O

4
-RGO-MnO

2
 Ns 14.0 12.0 [139]

Fe-MnO
x
/RGO 47.0 49.0 [140]

-FeOOH-GONs 77.50 45.70 [141]

Diatom-FeO
x
 composite 10.0 12.5 [142]

HCO NPs 170.0 107.0 [143]
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on various working enzyme. This chapter is associated with the brief bio-
chemical metabolic pathway mechanism of arsenic ingestion and risk of 
toxicity. Further, this study attracted the attention of scientists to search 
ways of detoxifying the arsenic. Although, various therapeutic and nutri-
tional strategies have been incorporated to discard the arsenic toxicity. 
This study reveals that the adsorptive remediation of arsenic from water 
is better option instead of detoxification of arsenic. In general, improved 
adsorption capacity of adsorbents probably is due to higher number of 
active binding sites on their surface, therefore more number of adsorbents 
with new functional groups are required to search out. This chapter will 
help the young scientist to quick understand the toxicity, detoxification, 
and remediation of arsenic from water.
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Abstract
The proper use of dyes, auxiliaries, energy, and water is requisite in order to attain 

the preferred color, handle, wearing comfort, and design for textiles. For many 

years, achieving the ultimate result was the chief concern, but recently, owing to 

the change in the values in our society, security of the environment has turn out to 

be the central community concern. The significance and the requirement to boost 

the competence of cleaning procedure of the residual water from textile industry 

are the main thrust of this chapter. In order to discover the best condition and 

parameters for textile effluent treatment, different methods of treatment of the 

residual wastewaters are discussed. At the present time, domestic, farming waste 

and industrial processes pollute water resources. Due to toxic, carcinogenic, and 

mutagenic by-products, community apprehension more than the ecological shock 

of wastewater contamination has amplified. A number of conventional techniques 

are in use to remove these pollutants but the advanced techniques have proven 

more eco-friendly, rapid, cost, and time effective in nature. This chapter focuses 

on the use of such novel technologies to remove contaminants from effluent load.
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2.1  Introduction

Many man-made dyes are used every day depending on the demand 
of customer. About 30 million tons is the annual world production of 
textiles and they need 700,000 tons of dyes per year [1]. It is used for 
different purposes such as fabric sprinting, leather coloring, farming 
investigate, photo electrochemical cells, and hair complexion. The use of 
such huge amount of dyes produces considerable environmental pollu-
tion through the release of their effluent load usage. Dyes possess diverse 
chemical chromophoric groups, and amongst the majority normally used 
structural groups are the subsequent: azo, anthraquinone, triarylmeth-
ane, and phthalocyanine [2].

Most of the textile dyes possess azo group in its own structural for-
mula which plays a significant role in dyestuffs chemistry. During textile 
processing, the textile dyeing production utilizes huge amounts of hose 
down and releases heavy load of waste matter [3, 4]. Most of the indus-
tries dispose of the waste material such as colors, chemicals derivative and 
products into the river. The category of dye being used, nature of cloth 
being processed and the strength of the dyeing material greatly influence 
the uniqueness of wastewater releasing from dyeing factory (e.g., textile 
industry) that vary from day-to-day [5–7]. Primarily, the dyes present in 
industrial wastewaters are matter of great concern because of having toxic 
and potentially hazardous moeties as well as being the source of aesthetic 
problems [8]. The problems offered by such effluent are the hot issue for 
the most of developing countries including Pakistan. These effluents cause 
various problems and generating environmental issues such as it destroy 
the food chain, food web, health risk, etc. Furthermore, presence of insig-
nificant concentration of the dyes is lethal to some microorganisms as well 
as to aquatic life and possibly will grounds straight destruction or inhibi-
tion of their catalytic actions. It is common observation that the most of 
dyes are not easily degradable [9–11]. Generally, it was observed that many 
dyes are not only carcinogenic and mutagenic but also cause the skin irrita-
tion. The above mentioned problem is the serious issue in Pakistan as well 
as others foreign countries.

A large numbers of researches have been conducted for wastewater treat-
ment because a large section of industrial dyes are left over in wastewater 
due to low removal efficiency of the conventional wastewater treatment 
plants [12]. Therefore, treating effluent that is contaminated with synthetic 
dyes is deemed necessary before it is discharged into wastewater bodies. 
Hence there is a need to treat wastewater to make it viable for agriculture, 
domestic usage, and other purposes[13].
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2.2  Industrial Dyes, Dying Practices, 
and Associated Problems

There is a variety of synthetic dyes which are in common use. It was seen 
that reactive dyes have extraordinary properties (viz., they chemically 
bind textile fibers, which significantly improves product color stability and 
washability). The dyeing procedure used is reliant on the chemical con-
figuration and properties of the specific dye; water is used as a medium to 
smooth the progress of the dyeing procedure for all dyes [14].

There are three common dying processes:

1. In exhaust dyeing, the fabric stuff comes in contact with dye 
fluid and it picks the dyes. Consequently, the amount of dye 
in the container steadily decreases [15].

2. In constant dyeing, in which the dye is set against the yarn 
by means of warmth or chemicals, subsequent to which sur-
plus dye is waste out. Continuous dyeing is mainly appropri-
ate for use with natural fibers [16].

3. Bunch dyeing is the mainly accepted and frequent way used 
for dyeing fabric supplies that slowly transferred the dye from 
a relatively huge quantity dyeing container to the substrate.

By comparison to the exhaust method, the constant and bunch dyeing 
approaches usually use much lower quantities of chemicals and aqueous 
media [17]. Waste effluent load from the continuous dyeing process needs 
such methodology which are cost, time and energy effective. To formulate 
waste matter troubles extra comprehensible being faced by the cloth manu-
facturing, it seems to believe essential to have apparent figure of processes 
carried out in textile industry (Figure 2.1) which result in effluent produc-
tion. A description of individual operations that are performed on cotton 
textiles and the main pollutants that result from each operation has been 
shown in Figure 2.2.

Although there are a lot of dyes being used to color the textiles, here are 
some dyes which are regularly used in textile sector [18].

2.3  Wastewater Remediation

During synthesis and dyeing processes about 10–15% of the whole manu-
factured colorants is vanished [19]. Moreover, the color imparted to waste-
water from the dyes must be removed before being discharged to water 
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bodies, because it affects water transparency and is regarded to be a pol-
lutant. Removing color from wastewater during dye processing represents 
a challenge and major concern for industry researchers [20]. It is deemed 
necessary to minimize the quantity of dyes or their alteration into a lesser 
amount of poisonous or yet less risk-free products in effluent because dis-
charge standards are becoming more rigorous [21]. Comparative expendi-
ture, levels of handling requisite, or location limitations are the important 
factors that influence the wastewater treatment methods.

Generally, following methods are in use for the removal of color from 
wastewaters.
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Figure 2.1 Flow chart showing the process carried in textile industry.
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2.4  Physical Methods

Physical methods for effluent management consist of exclusion of sub-
stances by means of logically happening forces, such as gravity, electrical 
attraction, van der Waal forces, and substantial barriers. Usually, substantial 

Sizing

De-sizing

Scouring/washing

Bleaching

Mercerizing

Dyeing

Rinsing

Finishing

Size agents, enzymes,

starch, waxes and
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Disinfectants and
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NaOH, surfactants,

soaps, fats, waxes,

pectin, oils, size and

anti-static agents

and solvents

NaOH and other salts

Figure 2.2 A description of the individual operations that are performed on cotton textile 

and the main pollutants that result from each operation.
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treatments do not change the chemical constitution of the required materi-
als. Although in the case of vaporization, physical state changes and fre-
quently detached substances are caused to agglomerate [22]. So for initial 
treatment physical methods are used which include:

2.4.1  Adsorption

Amongst physical methods, adsorption process is extremely efficient for 
treating industrial wastewater. Diverse types of adsorbents are commonly 
used. These include synthetic and natural adsorbents, for example, ferrier-
ite, laumontite, silica, alumina. Activated carbon is proved to be an efficient 
adsorbent for exclusion of organic compounds from the industrial effluent 
[24] that must be regenerated or disposed-off after use. Some precaution-
ary measures for disposing of organics as they can trickle away more the 
time and may originate contamination at a later stage. Some additional 
adsorbents include silica gel, zeolites, and a variety of clays. Polymeric 
adsorbents are eco-friendly, occur in nature, and act as ion-exchangers 
or contain structures that permit adsorption of substances inside them 
[25]. Cellulose bio-adsorbents also been developed synthetically and show 
promising results in removal of reactive dyes.

2.4.2  Coagulation and Flocculation

Coagulation and flocculation are different ways for water purification as 
compared to adsorption process. To treat dye wastewater for color removal, 
Inorganic (alum, lime and iron salts) and organic (polymers) coagulants are 
used, either unaided or in mixture with one another [26]. Alum is the valu-
able inorganic salt for dye removal from textile effluents [27]. Coagulation 
process combined with filtration is most commonly used to remove dis-
solved organic carbon, iron (Fe), manganese (Mn), additives causing tur-
bidity and color, and it can also remove heavy metals [28].

2.4.3  Membrane Processes

Membrane technologies are used to remove the dyestuff or have potential 
to reuse the materials used for dyeing. Membrane pressure is the driving 
force for treatment of dyeing wastewater. This technique is helpful in eluci-
dation, concentration and most important separation of dyes from waste-
water [29]. However, this methodology is still not widely encouraged due 
to some limitation as it requires special equipment, high investment, and 
membrane fouling, etc. [30].
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2.4.4  Ultra Filtration

Ultra filtration is the unique process that permits the recovery of dyes from 
water. It excludes macromolecules and particles from wastewater but the 
elimination of color is not comprehensive (between 31 and 76%) [31]. 
Membrane transport properties depend upon membrane thickness. Rate 
of solvent evaporation gradually increases which favors to increase the 
dyes separation process [32]. This work is used as pretreatment for reverse 
osmosis or in conjunction with a biological one [33].

2.4.5 Micellar-Enhanced Ultrafiltration (MEUF)

Although ultrafiltration has been recognized as the best technique avail-
able for removal of impurities but problem arises due to low permeability  
and high pressure requirement. Many industries have been used ultrafiltra-
tion but it is not extensively accepted because it needs further filtration and 
does not have direct reuse [34]. Micellar-enhanced ultrafiltration (MEUF) 
is modified version of ultrafiltration which is used to remove dyes as well as 
multivalent metal ions from water stream effectively [35]. It needs a lesser 
amount of power owing to little operating pressures. It is the uniqueness of 
this process [36]. Contaminants are incorporated into micelles [37] which 
are larger in size and difficult to pass through pores of membrane and, 
thus, are rejected by the membrane during ultrafiltration [38].

Positive charge at the surface of cationic micelles, for example, 
Cetylpyridinium chloride (CPC), Octadecyltrimethyl ammonium bro-
mide (OTAB), Cetyltrimethyl ammonium bromide (CTAB), binds anionic 
impurities [39, 40] while anionic micelles can attract metal ions as well as 
cationic dyes. The use of sodium dodecyl sulfate (SDS) and linear alkyl-
benzenesulfonate (LAS) is among the least expensive and mostly easily 
available anionic surfactant for elimination of heavy metal ion from indus-
trial waste such Pb2+, Cd2+, Cu2+,Ni2+, and Zn2+ [36]. Nonionic surfactants, 
although more expensive than anionics, but more effective as they are 
more tolerant to water hardness [40]. They, however, suffer from big draw-
back because of being not suitable for removal of ionic impurities [41, 42]. 
Mixed micellar solution of anionic, cationic, and nonionic surfactants may 
prove very useful for simultaneous removal of all types of anionic, cationic 
as well as nonionic impurities [40, 42].

2.4.6  Reverse Osmosis

Reverse osmosis membranes produce an elevated value of permeate and 
have a rejection coefficient of 90% or even greater for the majority of 
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ionic substances [43]. This method is also considered as hyper filtration; 
in which water run powerfully through a partially permeable membrane 
[44]. Amount of dissolved salt depends upon the osmotic stress and energy 
required for the separation process [45]. Nanofiltration can be employed 
either as a pretreatment or as a posttreatment, to lessen the lethal com-
pounds in the ultimate product water and thus permit direct employ of 
the treated water for beneficial purposes without any further extra treat-
ment [46, 47].

2.4.7  Nanofiltration

The efficiency of this separation process lies between reverse osmosis and 
ultrafiltration. Reactive dyes can be successfully detached from waste mat-
ter by using nanofiltration [48]. A dye maintenance speed of 85–90% was 
found to be acceptable for the recycling of the water [43]. Nanofiltration 
characterizes one of the unusual applications likely for the handling of 
solutions in treatment of dyeing wastewater [49] with complex and highly 
concentrated solutions [50, 51].

2.5  Chemical Methods

Chemical oxidation of the pollutants present in wastewater might lead to 
the elimination or reduction in their toxicity. Generally oxidizing agents 
are used to facilitate chemical oxidation [52].

2.5.1  Photo Catalytic Degradation of Dyes

Photocatalytic degradation of dyes is a tool relatively common in recent 
era. It was observed that dyes undergo degradation more frequently in 
the presence of some oxidant and nanoparticles [53] and this degrada-
tion rate depends on the photolytic properties of dyes. Photo-mediated 
conditions are required to be optimized in order to get optimum results 
[54]. Oxidation processes are extensively used for effective degradation 
and removal of dyes thus permitting reuse of wastewater [55, 56]. The use 
of UV/H

2
O

2
 along with other radiation sources is efficient for removal 

of dyes. These reactions are accelerated by OH  free radical. Numerous 
additional catalysts such as TiO

2
, ZnO nanoparticles, beneath specific 

irradiation situations are recognized to decolorize a variety of man-made 
dyes [57].
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2.5.2  Oxidation and Photocatalysis with Hydrogen Peroxide

Using hydrogen peroxide (H
2
O

2
) oxidation procedures are usually investi-

gated as alternatives for wastewater handling in two systems:

1. Homogenous systems (accompanied using visible or UV 
light, ozone, and peroxidase etc. [58]).

2. Heterogeneous systems (accompanied using semiconduc-
tors, zeolites, clays with or without UV light, TiO2, stable 
customized zeolites along with iron and aluminum [59]).

Hydrogen peroxide has ability to decolorize industrial waste matter in 
the presence of Fe(II) sulphate and titanium oxide [60]. A relative study 
was conducted on photo-assisted removal of methylene blue dye-loaded 
waste matter by advanced oxidation methodising TiO

2
/ZnO photo catalyst 

Figure 2.4 The mechanisms of light induced degradation of dyes (a) photocatalysis, 

(b) dye sensitization followed by dye degradation, (c) dye sensitization followed by 

reduction of a second molecule, and (d) degradation by coupled semiconductors under 

visible light [10].
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[9]. These methods can be effectively useful to decolorize a number of 
areas, but they are, however, unsuccessful whilst employed with vat and 
disperse dyes [61].

2.5.3  Ozonation

Ozonation has found significant application for decolorizing synthetic 
dyes. Various dye effluents counter in a different way with ozone, depend-
ing on their chemical composition [62]. Researchers determined that 
ozone effectively decolorizes azo dyes in wastewaters. Additionally, it is 
originated that the speed of dye photo-degradation by ozonation process 
relies on the chemical structure of the dye being treated [60]. This treat-
ment has advantage that it increases neither the quantity of wastewater nor 
the sludge accumulation [62]. The major drawback of this method is that 
it releases carcinogenic nitrogenous aromatics and some poisonous mol-
ecules therefore it is not recommended for use [63].

2.5.4  Degradation of Dyes Using Sodium 
Hypochlorite (NaOCl)

Sodium hypochlorite (NaOCl) is widely used as a cleaning and disinfection 
agent that can be easily transported or stored [64]. Dyes that contain amino 
groups in their structure may be successfully degraded by this treatment. 
The Cl 1 generated from NaOCl action destructs amino groups, which 
eventually result in breakage of azo bond [65]. The disadvantage of using 
NaOCl is the strong corrosive material that releases toxic chlorine gas 
when mixed with acids. Thus, safety precautions must be considered [66].

2.5.5  Electrochemical Method

Electrochemical treatment involves the redox reactions for exclusion of met-
als under the impudence of exterior shortest current in the presence of elec-
trolytic medium. It is an assured waste matter management tool [67] that has 
become popular since last two decades. It includes electro-coagulation, elec-
tro-flotation, electro-oxidation, electro-disinfection, andelectro-deposition 
processes, etc. [68]. This process offers an extensive array of viable advan-
tages than other methods, such as elevate delimination effectiveness, spar-
kling energy alteration simple procedure, and low ecological impact [69]. 
In count, it is a flexible and benevolent skill that is capable of be useful in 
diverse types of industrial effluents detoxification because the key reagent is 
electron as distinctive reagent and they do not produce solid residues [70].
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2.6  Bioremediation

The issues associated with the discussed physicochemical treatment meth-
ods make biological methods more preferable due to their cost-effective 
and environmental friendly nature [71]. These are considered the most 
effective tool for removal of wastes from wastewater loaded with organic 
constituents. In the mineralization of multifaceted organic molecules and 
recalcitrant nature of molecules, microorganisms play an important role 
[72]. Biological treatment has advantage over physicochemical treatments 
methods thus about 70% of the organic materials are degraded by the 
biological treatment [73]. To biodegrade synthetic dyes, bioremediation 
is a smart and easy operational way but found to be complex [74]. Many 
microbial types have been evaluated for their aptitude to either decolor-
ize or mineralize a range of dyes [75]. Various fungal strains have been 
well reported to effect the dye concentration on rate of color removal 
[76]. Elevated amounts of dyes may hinder cell development leading to a 
decrease in the speed of decolorization [77, 78]. Reports showed that deg-
radation speed of dyes decreased owing to manufacture and gathering of 
poisonous products in the growth media [79].

The employment of microbes to treat industrial waste matter polluted 
with dyes comprises two apparent advantages:

These are

1. Proficient in dyes mineralization [76]
2. The final products are either less noxious or non-hazardous 

[62]

2.7  Products Recognition and Mechanisms 
of Dye Degradation

Competence of the management scheme is reliant on pH of wastewater 
[88]. The most favorable pH depends on the type of microbes and con-
stitution of dyes [89]. Cell permeability is another very significant aspect 
not linked with the construction of dye although having a chief task in 
dye decolorization method and level [90]. Chemical composition of azo 
dyes has an important consequence on the biodegradation speed [91]. 
Depending on the placement of azo group and their numbers, various dyes 
degrade in a different way [92]; more quantity of azo groups on dye mol-
ecule would result in the reduction of degradation rate as it would need 
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additional time to lessen additional azo groups [93]. The production of 
lethal dye metabolites might suppress the degradation of dye molecule. 
Textile wastewater has eminent quantities of salts, dispersing and solubi-
lizing agents which create unfavorable effects on biodegradation [94].

2.8  Conclusion

This review is mainly aimed to assemble current technical achievements 
made in remediating the synthetic dyes in wastewater. In addition, we have 
categorized and explained the technological processes that are used to 
remove dyes from water and compare their advantages and disadvantages. 
However, due to high cost involved, disposal problems, and fewer compli-
ant to extensive variety of dye wastewaters, the most of these methods have 
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not been broadly applied. Bioremediation of dye-based wastewaters using 
effective dye degrading microorganisms is still seen as an striking alter-
native elucidation owing to its inexpensiveness, environmentally friendly, 
and widely suitable treatment tool.

2.9  Future Outlook

Many present literatures for the removal of synthetic dyes from wastewa-
ter have been concerning with different aspects of applications of physical, 
chemical, and microbiological methods and techniques, by the look for 
new microbes given that privileged decaying speed and with the expla-
nation of the chief biochemical and biophysical processes underlying the 
decolorization of dyes. This inclination definitely proves the vital function 
of microbiological processes in the potential technologies used for the 
elimination of dyes from waters. The extensive application of joint tech-
niques via microbiological disintegration and chemical or physical treat-
ments to improve the efficiency of the microbiological disintegration can 
be anticipated in future.
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Abstract
The wastewater is an “essential by-product” of any processing industry, and it is 

one of the main culprits which causes water pollution. The addition of effluent 

water to various water bodies results in serious pollution problems and causes 

negative effects on the eco-system and human life. Effluent from the textile indus-

try contributes to a huge amount of dyes which are not only highly toxic but are 

also a matter of concern due to aesthetic point of view. They reduce the sunlight 

penetration and photosynthesis, thereby increasing the biological oxygen demand 

and causing lack of dissolved oxygen that is vital to sustain aquatic life. A variety 

of synthetic dyestuff released by the textile industry has been posing a threat to the 

safety of the environment. Moreover, some dyes are considered toxic or even car-

cinogenic for humans. Considering environmental aspects and legal restrictions, 

the removal of dye waste from the effluent is now one of the priorities of the textile 

industries. Among all the effluent treatment processes, adsorption has been found 

to be a process of high competence because of its low cost, effectiveness, insensitiv-

ity to toxic substances, feasibility, simplicity of design and operation. Operational 

difficulties and the need for effective regeneration of conventional adsorbents led 

the researchers to explore many novel adsorbents with characteristics such as low 

cost, good environmental stability, high surface area, easy to synthesize and regen-

erative, that is, natural clays, acid-activated red mud, fly-ash, polymeric hydrogels, 

chitosan, and various agriculture wastes, etc. Polyaniline with its unique physico-

chemical nature exhibits most of these desired properties. Studies reveal that, 

it has been used in the recent past for lowering the concentration of dyes from 
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their aqueous solutions. In this brief overview, a study has been conducted on 

the adsorption capability, parametric study and effective removal of the pollutants 

by polyaniline in its different forms,that is, acidic and basic forms, polyaniline 

composites and coatings, polyaniline salts, and grafted polyaniline (on solid sub-

strates) and doped polyaniline. Main emphasis is given on the removal of dyes 

from the industrial effluents.

Keywords: Industrial effluent, wastewater treatment, adsorption, dyes, 

polyaniline

3.1 Introduction

When the quantity of any substance in the water increases to such an extent 
that it becomes harmful for the human beings and surrounding environ-
ment, then it is regarded as a pollutant. Pollutants at the low levels are not 
affective, as all the water bodies existing on the earth have ability to clean 
up assertive amount of pollution naturally by diluting and dispersing these 
pollution causing substances. But as the concentration or quantity of for-
eign substances gets increased, they start affecting the quality of water [1]. 
The plants, animals, and even the humans that consume such contami-
nated water also get affected. It is indeed the quantity of the pollutant 
or the volume of the water body that determines the extent of pollution. 
In addition to this surface water pollution (i.e., contamination of rivers, 
lakes, oceans, etc.), pollution may also affect underground aquifers, which 
broadly termed as ground water [2]. The ultimate consequence of pollution 
is the deterioration of the environment and the harm to the human beings. 
The main contributors of water pollution are: domestic wastes including 
sewage; chemical wastes from industries including harmful chemicals, 
dyes, soaps, and other chemicals; agriculture runoff including pesticides, 
insecticides, unused fertilizers; oil and petroleum products from refiner-
ies, oil wells or spell from ships, radio-active wastes from nuclear power 
plants and other types of wastes from hospitals, process industries, etc. [3]. 
In addition to these, discharge of huge amount of hot water from thermal 
power plants and commercial operations in water bodies also affect the 
environment and water animals and plants with thermal shock [1, 2].

Human health gets severely affected by the water pollution directly or 
indirectly. Consumption of polluted water can cause many fatal diseases. 
Water pollution poses a threat to the environment and human beings 
by various means such as it cause death of aquatic animals, disrupt food 
chains, spread diseases, and destroy ecosystems. In addition, the pres-
ence of organic compounds in the water body consumes a large sum of 
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dissolved oxygen for degradation, which in turn lowers the amount of 
dissolved oxygen [4] and exhibits biochemical oxygen demand (BOD). 
Health risks from water pollution vary from area to area depending upon 
the discharge of effluent from different sources that vary in pollution-caus-
ing agents. According to reported work, presence of more than 500 mg/L 
total dissolved solids (TDS) in any water body is the indication of the water 
pollution. Higher amount of TDS in water may disturb many on-going 
physiological and biological processes in human body [5]. Toxic pollut-
ants such as heavy metals and different types of chemicals may cause many 
toxicological effects on human health and the aquatic ecosystem.

Environmental pollution is becoming very problematic because of 
steadily increasing world population, industrialisation, and global & envi-
ronmental variations. The major reasons for this are the deficit of knowl-
edge of environmental importance for healthy life style, mistreatment of 
natural resources, and production and discharge of different types of pol-
lutants in the environment [6]. Any type of pollution which perturbs the 
environment and human health is considered as the culprit for the envi-
ronmental pollution. There is no denying of the fact that environment has 
to be protected and conserved to make the future life possible. Among 
different types of pollution, water pollution plays a major role and seeks 
immediate attention [7]. Throughout the last decades, awareness about 
the water pollution has grown worldwide and several new remedial mea-
sures are proposed and implemented for the prevention and conservation 
of available water resources [8, 9]. Environmental awareness is evidently 
one of the major concerns of today in all developed and developing coun-
tries. The different factors responsible for the water pollution are needed 
to deal wisely. The research should be more focussed on the environmen-
tal friendly products and technologies. The need of the hour is to con-
duct technological and social investigation to conserve and improve the 
environment.

3.1.1 Effluent from the Industries

Hazardous wastes released by a number of industries are the main focus 
of concern, as, if not remediated correctly, it can cause threat to the envi-
ronment and the mankind. Since the industrial revolution had entered in 
the man’s life, many things had revolutionary changed. But it affected the 
nature and the environment in different ways [10]. Along with many ben-
efits from industries, many negative effects were also observed. Industries 
became one of the major contributors of water pollution as they dis-
charge numerous pollutants which are very toxic in nature and affect 



54 Advanced Materials for Wastewater Treatment

the surrounding environment and human life adversely. Some industries 
use fresh water to bear away industrial wastes which includes: mercury, 
nitrates, sulfur, lead, asbestos, petrochemicals, and oils. All these remains 
ultimately get mixed with water bodies. During the earlier time, only small 
factories were build-up to meet the requirements of the people, which gen-
erated a limited waste, within the permissible limit of self-cleaning capac-
ity of the water bodies. But as the time passed, these factories started to get 
converted into large industrial set-ups, which, knowingly or unknowingly 
started polluting the water bodies, with their huge discharge of industrial 
effluents [11].

Industries pollute the environment in many fronts. They contaminate 
sources of drinking water with their untreated or partially treated waste-
water, poison air with the releases of harmful toxins and spoil the soil 
with burial of wasted chemicals and unnecessary by-products. In addi-
tion, noise pollution is the major threat in this era of industrialization. 
Moreover, sometimes, industrial mishaps may also lead to environmental 
disasters. The major causes of industrial pollution which are responsible 
for the environmental degradation are: unplanned industrial growth, use 
of out-dated technologies, inefficient waste disposal, lack of policies to con-
trol pollution, and low replenish rate of resources leached from the natural 
world. The main categories of water pollutants which significantly affect 
the aquatic component of our biosphere are: (1) suspended solids and 
sediments, (2) inorganic pollutants, (3) organic pollutants, (4) pathogens, 
(5) radioactive pollutants, (6) nutrients and agriculture runoff, (7) thermal 
pollutants, and (8) oil [5, 11]. In details:

Suspended solids and sediments: This class of pollutants 
consists of eroded minerals from land, slit, and sand parti-
cles. These pollutants can reduce the sunlight penetration in 
the water body and also can destruct the normal aquatic life 
by their deposition in the water. In addition, if these depos-
ited solids are organic in nature and lead to the anaerobic 
conditions after their decomposition. Gills of fishes in water 
can be injured by these solid suspended pollutants.
Inorganic pollutants: Some nonbiodegradable compounds 
also contribute the water pollution from the industries. These 
pollutants comprise inorganic salts, mineral acids, metals, 
trace elements, metal complexes with organic compounds, 
sulfates and cyanides, etc. These pollutants are dangerous if 
present in the appropriate amount in the water and pose a 
bad impact on the existing organisms in the environment.
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Organic pollutants: In addition to inorganic compounds 
coming from the industries, some organic compounds also 
enter the water resources in the form of pollutants and affect 
the quality of water. These organic pollutants are classified as 
(1) Oxygen Demanding Wastes– These pollutants are respon-
sible for the depletion of the dissolved oxygen (DO) in the 
water, because they need oxygen for their decomposition by 
aerobic oxidation. (2)Synthetic Organic Compounds–such 
as pharmaceuticals, food additives, plastics, solvents, syn-
thetic pesticides, insecticides, soaps & detergents, paints, 
synthetic fibres, and many volatile organic compounds in 
trace amount – These pollutants interfere with the microbial 
degradation during self-purification process of water body 
and also the quality of water.
Pathogens: The main sources of these pollutants are the sew-
age, poultries, and slaughterhouses. These pollutants include 
different types of bacteria and viruses, which can cause some 
fatal diseases.
Radioactive pollutants: The main sources of radioactive pol-
lutants are nuclear power plants and nuclear reactors, testing 
of nuclear weapons, mining and processing of radioactive 
ores, industrial activities, medical institutes and research 
and development activities. They can cause serious problem 
after their deposition in the teeth and bones.
Nutrients: Some nutrients such as nitrates and phosphorous 
come from the effluent of the fertilizer industries and agri-
cultural runoff. These nutrients promote “Eutrophication” 
and stimulate the growth of the algae and weeds in the water, 
which, in turn decreases the amount of dissolved oxygen in 
water, thus termed as pollutant. In addition to the aquatic 
life, human beings also affected by these pollutants, if pol-
luted water is consumed by them directly.
Thermal pollution: The addition of large quantities of hot 
water in any water body is the cause of thermal pollution. The 
main culprits and contributors of thermal pollution are com-
mercial Industries, nuclear power plants, and thermal power 
plants. Thermal pollution affects the aquatic life in different 
ways such as increase in the bacterial activity, reduction in 
DO level and cause thermal stratification in the water body.
Oil: This water pollutant is present in nature itself. It is degrad-
able in the presence of bacterial action. The major sources of 
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this pollutant are leakage of oil pipes, oil spills and waste from 
the refineries and industries. It separates the contact of water 
body with the air and results into contraction of dissolved 
oxygen (DO) in the water [12]. In addition, photosynthesis 
activity of the aquatic plants is also affected by this pollutant, 
because it covers all the surface water and reduces the sun-
light transmission through the surface to the aquatic flora.

3.2 Pollution Due to Dyes

Textile sector, also being a point of attraction from last two decades, is one 
of the major culprits for water pollution. This is due to the employment of 
a large volume of water for different processes of dyeing for good quality 
fabric production [13, 14]. A noticeable change has been seen in the things 
with the discovery of synthetic dyes such as more colors fast, production 
at low cost, brighter and easy application to the fabric, etc. However, these 
new changes made the world more advance and colorful but at a hefty 
cost. The toxic chemicals used to produce synthetic dyes may cause cancer 
or even death. Moreover, these are responsible for the unwanted color of 
the wastewater because of its recalcitrance behavior and resistance to sun-
light penetration in water body [15]. Dyes are one of the major group of 
water-polluting chemicals among all water pollutants [16]. Water is used 
in different forms in the textile industries like 90–94% as process water and 
6–10% as cooling water. Effluent from the textile industries contains a large 
range of dyes, derivatives, surfactants, solvents, salts, suspended particles, 
acids or bases, and additives, which makes it so complex to treat before its 
disposal to water bodies [17]. As per the reported work, in addition to dif-
ferent types of dyes (reactive, anionic, cationic, nonionic and basic dyes) 
used in the textile industries, several other chemicals that are used as wet-
ting agents, antifelting, softening, sizing agents, carriers, surfactants, etc., 
are highly toxic, poorly biodegradable and persistent in the nature for long 
period and cause threat to the aquatic life [13, 18, 19] 

Annual production of about 7 × 105 tonnes/year has been reported for 
more than 100,000 different commercial dyes in the recent literature [20]. 
However exact data is unknown, but more than 10,000 tonnes/year dyes are 
consumed around the world and out of this amount, roughly 100 tonnes/
year of dyes is lost in the textile effluent [21]. Synthetic dyes are used not only 
for the dying purpose in the textile industries [22] but also playing a role in 
different sectors of progressive technology such as leather tanning [23], cos-
metic, food processing, rubber, plastics, dye-synthesizing industries, and 
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printing [24–26], paper industries [27], ground-water tracking [28], sewage 
[29] to determine the specific surface area of activated carbon [30], treat-
ment of wastewater [31] and many more sectors. Different dyes employed 
in the textile industries are broadly categorized as: (1) Anionic dyes that 
include direct dyes, reactive dyes and acidic dyes. (2) Cationic dyes that 
include basic dyes. (3) Nonionic dyes including dispersed dyes. Reactive 
and basic dyes are easily water soluble, cheaper to make, bright colored and 
easy to apply on fabric. So, these dyes are generally preferred in the textile 
industries [32]. Type of the dye and dying process used to produce a colored 
fabric in the textile industries are some factors on which the concentration 
of unused dye in the wastewater is dependent. If the dying process used is 
improper and ineffective, usually about 25% of the total amount of dye gets 
lost in the wastewater and that contributes as water pollutant. It has been 
observed that the textile industries contributed a major part to the water 
pollution worldwide, in last two decades. Effluent coming from the textile 
industries consists of high amount of COD and BOD, mineral oils, unused 
dyes, and suspended solids, etc. According to literature survey, a signifi-
cant amount of dyes are lost during dyeing process and a roughly 2–20% of 
dyes are directly flushed to the industrial effluent [33]. During this modern 
time, in addition to textile industries, several other industries such as paper, 
printing, carpet, food, cosmetic, and plastic industries also use a number of 
dyes to color their outputs. This also aided in the amount of colored effluent 
to water bodies and leads to the water pollution [34–37].

3.2.1 Lethal Effects of Dyes

With increasing demands for more colorful textile products, dyes are 
becoming an essential part of the modern life. But it is not safe to overuse 
these chemical compounds, because dyes can cause adverse effects on the 
environment and mankind. Different dyes are reported to have different 
lethal effects. Anthraquinon-containing dyes are difficult to degrade and 
have their impact in water body remains for a long period of time [38]. 
Complex dyes are known for their carcinogenic nature, as a majority of 
these are chromium based [39–42]. Even a very low concentration of the 
basic dye can affect the visibility in the water because of their high inten-
sity of colors [39, 41–47]. Absorption and reflection of sunlight by these 
dyes hinder the penetration of the sunlight to the water body and ulti-
mately affect the aquatic life. Also, the presence of some metals and aro-
matics in the effluent may influence the aquatic life [39–43, 48]. Toxicity 
of azo dyes is due to the existence of harmful amines in the textile efflu-
ent [38]. Industrial workers mainly working in the dye production may 
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also get affected by dyes, which may harm their kidney, liver, or brain 
and may affect their central nervous system or reproductive system [49]. 
Due to water soluble nature of the reactive dyes, a small part of these may 
washed away during their use, as effluent and pollute the environment 
[50]. Moreover these dyes are quite stable chemically and resist break-
down and may have adverse impact on the environment. Reactive dyes, 
as reported in literature, are very effective in dying purpose due to their 
formation of covalent bonds with woollen, cellulose and PA fibres, but may 
also affect the living organisms by forming the bonds with – NH

2
 and – SH 

group of proteins. The industry workers who deal directly with reactive 
dyes are reported to suffer from respiratory diseases [41, 42]. Dyes being 
persistent in nature due to their high thermal and photo stability affect 
the environment for long period. Even, after breakdown, that took a long 
span to decompose. Moreover, their breakdown products are highly toxic, 
mutagenic, and carcinogenic to life [49, 51]. Worst part is that, most of the 
dyes employed in the textile industries are known by their commercial/
trade names only, and common workers are not aware of their chemical 
nature and different biological hazards associated with them. Though, it is 
possible to predict the toxicity of dyes [52], awareness among the workers 
and users is the major requisite. Keeping these lethal effects of dyes in view, 
necessary treatment of industrial effluent, especially that of textile industry 
prior to its discharge in water body is very important.

3.3 Methods Used for the Dye Removal

The removal of the coloring materials and dyes from the effluent of textile 
industries is an extremely demanding task because pigments and dyes con-
front biodegradation and remain in the environment for long span of time 
[53, 54]. These synthetic dyes and coloring matter are not only highly toxic 
but also a matter of concern due to aesthetic point of view. As the effluent 
from textile industries and other provenances is loaded with huge amount 
of dye, it needs necessary treatment prior to the discharge in water bodies. 
Scientists have reported the use of many physical and chemical treatment 
processes to eradicate the dye content from the industrial effluent such as 
coagulation, membrane separation, adsorption and advanced oxidation, 
etc. [55]. Characteristics of textile wastewater and the skill & ability of the 
operator are some factors which help to select the ideal treatment system. 
Literature provides the necessary information on the currently available 
water treatment techniques and also recommends many effective and eco-
nomic alternatives for dye removal and decolorization of effluent [56, 57]. 
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The major treatment methods used in the industries for dye removal are 
categorized into following classes:

(i) Physical methods: 
Coagulation /flocculation
Adsorption
Ion exchange
Complexometric techniques
Membrane separation

(ii) Chemical methods
Chemical oxidation
Irradiation

(iii) Biological methods
Aerobic treatments
Anaerobic techniques

(iv) Electrochemical methods

Every treatment process has few advantages and disadvantages, but 
in general, environmentally safe and low-cost treatment techniques are 
usually preferred [58, 59]. For example, as reported in the some previous 
study, azo dyes could be easily transformed into aromatic amine using 
direct anaerobic processes because most of the azo dyes are not degraded 
efficiently by biological treatments [60]. However these treatment meth-
ods are profitable and effective only when the concentration of the solute 
in the wastewater is relatively high [61–63]. Another study recommended 
adsorption as an effective and low cost alternate for removal of dyes and 
decolorisation [38]. As evident from the literature, the extensive removal 
of pollutants from industrial effluent may not be possibly achieved via a 
single technique, as a single treatment applied is capable to remove only 
specific type of pollutant. Different physical and chemical treatment meth-
ods [64] employed to remove dyes from the industrial effluent are reported 
in Table 3.1. The advantages and drawbacks of these available and com-
monly practiced treatment processes have also been summarized. 

3.3.1 Removal of Dyes by Adsorption

Among all the available treatment processes, adsorption has been found 
to be a high calibre because of low cost, availability, and effectiveness of 
the adsorbent; insensitivity to toxic substances; feasibility and simplic-
ity of design and operation [65–68]. Adsorption is a process in which the 
dissolved adsorbate molecules (in this case dyes or coloring agents) are 
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attracted to the adsorbent surface by physical force or chemical bonding. 
Factors such as contact time, temperature, pH, particle size, and surface 
area are the basis for the adsorption of the dye present as pollutant [69]. 
Attachment of ionic and molecular species bearing different functional 
groups is dependent on the nature of the interaction between adsorbent 
and adsorbate molecules. It may be electrostatic interactions between 
oppositely charged sites at the adsorbent surface or it may be physiosorp-
tion due to weak van der waals forces. Or it can be chemisorption, involv-
ing strong adsorbate-adsorbent bonding or might be simple attachment 
of adsorbate molecule at a definite site on adsorbent surface [70]. When 
the adsorbent is not so costly and does not require any prior treatment, 
adsorption process seems to be quite effective [72]. In addition, adsorption 
process is also fruitful when biological treatment methods are not effective 
for remediation of the industrial effluent [72, 73]. 

Classically, the most preferred adsorbent used for the removal of the dyes is 
activated carbon, due to its powerful adsorption capacity. As reported in litera-
ture, the activated carbon is capable to adsorb both low molecular weight and 
larger molecules because of its porous structure and large surface area [70]. 
Although, activated carbon has some advantages in terms of more surface 
area and highly porous structure, its boundless use is narrowed because of its 
high cost and complicated preparation [74]. In addition, activated carbon is 
nonselective in nature and it is quite difficult to abstract the activated carbon 
from the solution and its dumping may lead to the secondary pollution [70]. 
Many researchers are working out to develop a broad range of alternative 
adsorbents for the treatment of the wastewater to substitute commercially 
available costly activated carbon. The main emphasis of the researchers is to 
develop new and novel alternative adsorbents, which have preferable per-
formance characteristics, such as larger surface area, modified mechanical 
properties, low cost, high adsorption capacity, simple preparation, etc. In the 
recent past, many studies have been conducted and researchers have devel-
oped a variety of adsorbents from different precursors like agriculture by-
products, natural materials, solid wastes of industries and have tested their 
possibility for the lowering the dye concentration from wastewater [75]. But 
many of these adsorbents have not been explored extensively at the industrial 
level due to some operational instability. Different adsorbents used for the 
dye removal from industrial effluent are given in Table 3.2.

3.3.1.1 Factors Affecting Adsorption 

Adsorption is the aggregation of liquid or gaseous substance on the surface 
of a highly porous solid [72]. It is a surface phenomenon and is the outcome 
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Table 3.2 Different adsorbents used for the dye removal from industrial effluent.

Adsorbent Dye used

Adsorption  

capacity (mg/g) Ref.

1. Agriculture and industrial waste as adsorbent

Rice husk Indigo carmine 65.90 [76]

Activated carbon Crystal violet 64.80 [77]

Sugarcane bagasse Methylene blue 34.2 [78]

Sugarcane dust Basic green-4 3.99 [79]

Cotton waste Basic blue 277 [80]

Fly ash Brilliant green 65.9 [81]

Sludge ash Reactive blue-2 250 [82]

Sludge-based activated 

carbon

Acid brown-283 20.50 [83]

Activated carbon (chem-

viron GW)

Basic red-46 106 [83]

Sugar industry mud Basic red-22 519 [84]

Activated carbon (jute 

fiber)

Reactive red 200 [85]

Metal hydroxide sludge Reactive red-120 45.87 [86]

Charfines Direct brown 6.40 [87]

Waste Fe(III)/Cr(III) 

hydroxide

Congo red 44 [88]

Activated carbon (filtra-

sorb 400)

Ramazol reactive 

black

434 [89]

Wheat straw Remazol red 2.50 [90]

Corn-cob shreds Remazol red 0.60 [90]

Barley husk Congo red 171 [91]

Slag Basic blue-9 9.95 [92]

Core Pith Acid violet 1.60 [93]

Bamboo Dust Carbon Methylene blue 143.20 [94]

(Continued)
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Table 3.2 Cont.

Adsorbent Dye used

Adsorption  

capacity (mg/g) Ref.

2. Fruits and plants waste as adsorbent

Orange peel Rhodamine B 3.22 [95]

Yellow passion fruit Methylene blue 16 [96]

Mandarin peel Methylene blue 15.20 [96]

Banana pith Direct red-28 18.20 [97]

Garlic peel Methylene blue 142.86 [98]

Raw date pits Methylene blue 80.29 [99]

Bagasse pith Acid blue-25 21.70 [100]

Palm fruit bunch Basic yellow-21 327 [101]

Jack fruit peel Basic blue-9 285.71 [102]

Activated desert plant Methylene blue 23 [103]

Guava leaf powder Methylene blue 95.10 [104]

Tea waste Methylene blue 85.16 [105]

Mango seed kernel Methylene blue 142.90 [106]

Jute stick powder Rhodamine B 87.70 [107]

Tree fern Basic red-13 408 [108]

Saw dust-oak Acid blue-25 27.85 [109]

Wood Basic blue 69 77 [110]

Eucalyptus bark Remazol BB 34.10 [111]

Wood chips Remazol red 2.80 [112]

Beech Sawdust (original) Red basic-22 20.20 [113]

Saw dust Methylene blue 62.40 [114]

3. Natural inorganic minerals as adsorbent

Clay Methylene blue 6.30 [115]

Sepiolite Reactive red-239 108.80 [116]

Red mud Congo red 4.05 [117]

(Continued)
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Table 3.2 Cont.

Adsorbent Dye used

Adsorption  

capacity (mg/g) Ref.

Zeolite Reactive black-5 60.50 [116]

Ca–Montmorillonite Basic green-5 156.30 [118]

Ti–Montmorillonite Basic green-5 170.50 [118]

Raw kaolin Methylene blue 13.99 [119]

Calcined alunite Reactive blue-114 170.70 [120]

Halloysite nanotubes Methylene blue 84.32 [121]

Dolomite Brilliant red 900 [122]

Diatomaceous earth Methylene blue 198 [123]

Anion clay hydrotalcite Acid blue-29 34 [124]

Bentonite–Na Acid blue-193 67.10 [125]

Crude clay Basic red-46 54 [126]

Fly ash Reactive blue-21 106.71 [127]

Sepiolite Reactive blue-21 66.67 [127]

Natural zeolite Basic red-46 8.56 [128]

Bentonite Methylene blue 33 [129]

Silica Basic blue-3 11.16 [130]

4. Bioadsorbents for dye removal

Chitin and chitosan Acid green-25 645.1 [131]

Chitosan bead (crab) Reactive red-222 1106 [132]

Peat Acid blue-25 12.7 [110]

Chitosan flake Reactive red-222 339 [132]

White rot fungi Remazol black B 60 [133]

Fungus (Aspergillus niger) Congo red 14.72 [134]

Dried seagrape Astrazon golden 

yellow

35.5 [135]

Non-cross-linked chito-

san beads

Reactive red-189 1189 [136]
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of the various liquid–solid intermolecular forces. Two types of adsorption 
are commonly observed, that is, physical adsorption and chemical adsorp-
tion. Physical adsorption is the result of weak van der Waal forces of attrac-
tion between adsorbate and adsorbent molecules. In addition to van der 
Waal forces, dipole–dipole –  interaction, polarity and hydrogen bond-
ing also play significant role [137]. It is reversible in nature. Unlike physi-
cal adsorption, when very strong chemical interactions exist between the 
molecules or ions of the adsobate and surface of the adsorbent, chemical 
adsorption takes place, which, is irreversible in nature [73]. Most of the 
dye adsorption process, as evident from literature, involves the physical 
adsorption. Main factors that affect the adsorption process are: initial dye 
concentration, pH of the solution, adsorbent surface area, particle size of 
adsorbent, temperature, contact time and adsorbent to adsorbate ratio [34, 
72, 73]. Optimized values of these parameters help to remove the dyes or 
other harmful toxins from the water at industrial level. Various parameters 
that have significant effect on adsorption of dyes are discussed briefly in 
the subsequent section.

Effect of Initial Concentration of Dye: Initial dye concentration is one 
of the significant, which affects the adsorption of dye on any adsorbent. 
Generally, percentage of dye removal is observed to be decreased with an 
increment in the initial concentration of the dye. This happens because, 
as the dye concentration is increased, the number of available active sites, 
present initially, gets saturated due to the occupancy of more adsorbate 
moieties. After some time, when very little active sites remain available 
for subsequent adsorption, the adsorption percentage of the dye appar-
ently decreases. In contrast to it, the adsorption capacity of the adsorbent is 
reported to be increased with increase in initial dye concentration because 
of the existence of high driving forces as a result of the concentration gra-
dient which, in turn increases the rate mass transfer [138]. According to 
a recent literature study, when polyaniline-coated sawdust nanocompos-
ites was used for the adsorption of acid violet 49 dye from effluent, it was 
observed that the adsorption capacity of the dye evidently increased from 
48.42 to 173.41 mg/g as the initial dye concentration was increased from 
25 to 100 mg/L [139]. Analogous to it, a study on activated bleaching earth 
for the removal of acid dye reported the similar trend in results. In an 
another study, methyl orange (MO) was removed from the water by using 
chitosan/alumina interface and the results showed the decrease in the per-
centage removal of the dye from 99.53% to 83.55% with increased MO 
concentration from 20 to 400 mg/L [140] A decrease in adsorption per-
centage of methylene blue dye was also reported with increasing its initial 
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concentration from 10 to 90 mg/L for the pine leaves as adsorbent [21]. 
Table 3.3 reports the effect of initial dye concentration on the adsorption 
using different adsorbents. 

Effect of Solution pH: pH value of the solution to be treated plays a sig-
nificant role in the adsorption process. The degree of ionisation of the 
adsorbate, that is, dyes and the surface properties of the adsorbent depends 
upon the pH of the solution. In most of the adsorption studies, the effect 
of pH on the dye adsorption has been studied extensively [151]. A study 
on the effect of the pH for the adsorptive removal of Methyl Orange dye 
(MO) from its aqueous solution on polyaniline/saw dust (PANI/SD) as 
adsorbent, reported that the maximum adsorption percentage occurred 
at the pH values from 4 to 8 [152]. According to some another research, 
a decrease in the adsorption of the Acid Green 25 (AG25) on to SD and 

Table 3.3 Effect of initial dye concentration on the adsorption using different 

adsorbents.

Dye used Adsorbent

Initial dye 

conc. 

(mg/L)

Removal 

percentage 

(%) observed Ref.

Direct brown 2 Sawdust 600–850 99.6–99.1 [141]

Basic blue 9 Sugarcane bagasse 250–500 94–55.5 [142]

Rhodamine B Sugarcane bagasse 100–500 99.1–87.1 [142]

Astrazone black Apricoc seed 50–500 91–62 [143]

Methylene blue Raw mango seed 50–250 99.1–92.5 [144]

Methylene blue Modified mango 

seed

50–250 99.9–96.9 [144]

Eriochrome black T Activated carbon 30–150 45–10 [145]

Methylene blue Modified sawdust 25–500 91.2–66.3 [146]

Methylene blue Pine leaves 10–90 96–41 [21]

Methylene blue Kaoline 10–40 90–62 [147]

Acid violet Red mud 10–40 26.2–12.52 [148]

Malachite green Rice husk 10–30 82.5–71 [149]

Congo red Fly ash 5–30 99–84 [150]
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PAni/SD was observed with increase in the pH value of the solution. It 
was reported that the more H+ ions were present in the reaction system at 
lower pH, which facilitate the adsorption of anionic acid green dye on the 
positively charged adsorbent. On the other hand, at higher pH value (basic 
medium), more OH– ions existed in the solution that competed with the 
negatively charged dye molecules for the available sites on the surface of 
the adsorbent. This resulted into less adsorption of dye at high pH value 
[153]. Figure 3.1 showing the effect of pH on adsorption of tartrazine dye 
onto polyaniline-coated sawdust (PANI/SD) and PANI/Al

2
O

3
 Composite. 

More removal has been observed at the lower pH, due to the higher con-
centration of the H+ ions and as expected, less removal was observed at the 
higher pH value [154, 188].

The pH of the dye solution determines the adsorption of a particular dye 
on a particular adsorbent, depending upon the charges present on both. 
Depending upon the functional groups, ions or charges in the system, 
adsorption is observed to be different for different combination of dyes 
and adsorbents. Another study revealed the adsorption of Basic Green 4 
dye by using Ananas comosus leaf powder. Results indicated that maxi-
mum adsorption occurred at pH 10 [155]. The removal of Congo red dye 
was also studied in literature. The pine cone was used as adsorbent and a 
maximum adsorption at pH 3.5 was reported [156]. RB4 dye was removed 
by modified barley straw as an adsorbent. 100% removal was claimed at 
the pH value of 3 that was reported reduced to the 50% with rise in pH 
value [157]. According to the most of the data available in literature, higher 

Figure 3.1 Effect of pH on adsorption of tartrazine dye onto polyaniline-coated sawdust 

(PANI/SD) [154] and PANI/Al
2
O

3
 composite [194].
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adsorption was observed at the pH value less than 8 and above this pH 
value, the adsorption is dropped [158]. The effect of pH on the adsorption 
of dyes on different adsorbents is compiled and reported in Table 3.4.

Effect of Adsorbent Dosage: In addition to other adsorption parameters, 
amount of the adsorbent used during the process is also important. With 
increased amount of adsorbent, the more active sites are available for 
adsorption which favors the adsorption of more dye molecules. The same 
explanation holds true when the surface area of the adsorbent is increased or 
particle size of the adsorbent is reduced. The results of this parametric study 
are generally used to find out the minimum amount of adsorbent required 
for the effective removal of the dye from the aqueous solution [71]. During 
a study, congo red dye (CR) was removed by using a composite of polyani-
line and chitosan (PANI/Ch) with a dosage range of 0.1–0.5 g/L, it has been 
found that, adsorption capacity of the adsorbent was increased up to 0.2 g/L 
and furthers no much increase was observed [166]. Table 3.5 reports the 
percentage adsorption of different dyes with the varying adsorbent dosage.

Effect of Temperature: Reaction temperature is another physiochemi-
cal factor, which affects the adsorption capacity of any adsorbent [171]. 

Table 3.4 Effect of pH on the adsorption of dyes on different adsorbents.

Dye used Adsorbent pH range

Removal per-

centage (%) 

observed Ref.

Acid red 27 Fe
2
O

3
1.5–10.5 98–27 [159]

Acid yellow 36 Activated-rice husk 2–9 80–45 [160]

Crystal violet Kaolin 2–7 65–95 [161]

Methylene blue Pine cone 3.47–7.28 63.83–94.82 [20]

Congo red Pine cone 3.55–10.95 60.5–5.75 [156]

Methylene blue Activated clay 2–9 60–95 [162]

Methylene blue Tobacco stem ash 2.08–7.93 60–81 [163]

Methylene blue Fly ash 2–8 36–45 [164]

Methylene blue Pine leaves 2–11 20–80 [21]

Crystal violet Modified-alumina 2.6–10.8 20–80 [165]
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As evident from literature, in the endothermic reactions, with increase 
in temperature, the available number of active sites on the surface of the 
adsorbent and the mobility of the dye molecules get increased. Both these 
factors favor the adsorption. On the other hand, in exothermic reactions, 
the adsorption was reported to be decreased with the rise in temperature 
due to the decrease in adsorptive forces between dye molecules and adsor-
bent [71]. An increase in the adsorption capacity, that is, from 91.96% to 
97.32% was observed for the removal of Acid Violet 49 dye (AV49) by 
polyaniline-coated sawdust (PAC) with elevation in temperature from 30° 
to 45° [139].

Table 3.5 Percentage adsorption of different dyes with the varying adsorbent 

dosage.

Dye used Adsorbent

Amount of 

adsorbent

Percentage 

removal 

(%) 

observed Ref.

Methylene blue Modified mango 

seed

0.1–1.2 g 99.8–79 [144]

Methylene blue Raw mango seed 0.1–1.2 g 99.5–68 [144]

Methyl orange Chitosan/alumina 

composite

1–12 g/L 92.84–99.23 [140]

Acid orange 7 Tea waste 2–20 g/L 90–99 [167]

Crystal violet Kaolin 0.25–4 g/L 75–97 [161]

Brilliant green Treated sawdust 1–30 g/L 61–99.9 [168]

Crystal violet Modified alumina 5–20 g/L 58–99 [165]

Methylene blue Fly ash 8–20 g 45.16–96 [164]

Methylene blue Modified sawdust 1.5–5 g 34.4–96.6 [146]

Reactive orange 16 Rice hull 0.02–0.08 g 21.7–56.2 [37]

Basic yellow 2 Tea waste 2–20 g/L 19–60 [167]

Malachite green Treated sawdust 0.2–1.0 g/ 

100 mL

18.6–86.9 [169]

Acid violet 17 Orange peel 50–600 mg/ 

50 mL

15–98 [170]

Congo red Pine cone 0.01–0.03 mg 13.45–18.96 [156]
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3.4 Adsorption Kinetics

While designing any adsorption system, the determination of the rate of 
the reaction is the most important step. The rate expression of any reac-
tion is derived from the kinetic study of the reaction system. Analysis of 
experimental data for an adsorption process can be carried out by using 
different available rate models such as (1) Pseudo-first order model, (2) 
Pseudo-second order model, (3) Intraparticle diffusion model to depict the 
experimental data. In detail:

(1). Pseudo-first-order model:
The linearized form of the Lagergrane pseudo-first-order model [151] is:

 log( ) log
.

q q q
k t

e t e
1

2 303
 (3.1)

where, 
q

t
 = adsorption capacity at time, t (mg/g)

q
e
 = adsorption capacity at equilibrium (mg/g)

k
1
 = the rate constant of adsorption (min−1) and 

t = contact time (min).

A plot of log(q
e
−q

t
) versus t gives a straight line with slope = k

1
 and 

intercept = q
e
.

(2). Pseudo-second-order model:
The linearized form of the Lagergren pseudo-second-order model [151] is:
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where,
q

t
 = adsorption capacity at time, t (mg/g)

q
e
 = adsorption capacity at equilibrium (mg/g)

k
2
 = second order adsorption rate constant (g/mg/min)

k
2
q

e
2 = h, that is, the initial rate constant (cat t→0) (mg/g/min) and 

t = contact time (min).

A plot of t/q
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e
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2
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2.
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(3). Intraparticle diffusion model:
According to this model, the adsorption takes place in many steps such as:

1. Transport of adsorbate molecules from the bulk aqueous 
phase to the surface of the adsorbent.

2. Transfer of adsorbate molecules from the surface of the solid 
adsorbent into the interior of the pores.

As reported in literature, the adsorption process that follows intrapar-
ticle diffusion, the adsorption occurs in proportional with t1/2.The intrapar-
ticle diffusion model is expressed by the following equation [172]:

 q k tt id

0 5.
 (3.3)

where,
q

t
 = adsorption capacity at time t (mg/g)

t0.5 = Half-life period/time (min) and, 
k

id
 = rate constant of intra-particle diffusion (mg/g min0.5).

A plot of q
t
 versus t0.5 gives a straight line with slope = k

id
.

To determine the rate of adsorption, the experimental data obtained 
is tested for all available models. The best fit rate equation is determined 
on the basis of the linear regression correlation coefficient values, that is, 
R2 value. The higher value of R2 is the indication of good fit. It has been 
noticed from extensive literature studies that most of the dye adsorption 
studies support pseudo-second-order rate model. 

3.4.1 Adsorption Isotherms

Various isotherm models were proposed in past to explain the adsorption 
behavior of different adsorbents [173]. The mechanism of the adsorption can 
be studied by fitting the experimental data in different types of adsorption 
isotherms. Interactions between adsorbing species and adsorbent can be well 
described by the adsorption isotherms. Depending upon the interactions 
between surface of the adsorbent and the adsorbate particles and nature of 
the adsorption, that is, multilyered or monolayer adsorption, the results can 
be compared with these already established isotherms and proposed mecha-
nism of adsorption can be predicted. In addition, removal capacity of any 
adsorbent can be measured to some extent by adsorption isotherms. Among 
all these models, Langmuir’s and Freundlich’s isotherm models are extensively 
used to explain the adsorption behavior, especially for monolayer adsorption.
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Langmuir’s Isotherm Model: The Langmuir’s isotherm model is found to 
be best fitted when monolayer adsorption has been taken place. It is based 
on the assumption that, the adsorption takes place at specific homogeneous 
sites within the adsorbent, forming a single layer over the adsorbent surface. 
The Langmuir’s isotherm is governed by the following equation [174]:

 
C

q bq q
Ce

e m m

e

1 1
 (3.4)

where,
C

e
 = Concentration of dye adsorbed at equilibrium (mol/L)

q
e
 = Amount of dye adsorbed at equilibrium (mg/g)

q
m

 = Langmuir monolayer adsorption of dye (mg/g) and 
b = Langmuir’s constant.

On plotting C
e
/q

e
 versus C

e
, a straight line is obtained, with slope = q

m
 

and intercept = b.
The separation factor, R

L
 (dimensionless) can be determined by follow-

ing expression:

 R
bC

L

1

1 0

 (3.5)

where, 
C

0
 = Initial dye concentration.

The recommended value of R
L
, for the favorable adsorption lies between 

0 and 1.

Freundlich’s Isotherm Model: Similar to Langmuir’s model, the Freundlich’s 
Isotherm model is also based upon the assumption of monolayer adsorp-
tion. It is best fitted for an adsorption on heterogeneous surface having 
unequal active sites and different energies of adsorption. The linearized 
equitation for the Ereundlich’s isotherm model [175] is given as:

 log log logq K n Ce f h e  (3.6)

where,
q

e
 = Amount of dye adsorbed at equilibrium (mg/g)

C
e
 = Concentration of dye adsorbed at equilibrium (mol/L)

K
f
 and n

h
 are the Freundlich coefficients.



74 Advanced Materials for Wastewater Treatment

A plot of log q
e 
versus log C

e
 gives a straight line with slope = n

h
 and 

intercept = K
f
.

3.5 Polyaniline: An Emerging Adsorbent

A variety of adsorbents have been used in the past for the eradication of 
dyes and toxins from the wastewater that include activated carbon, natu-
ral clay [176, 177], polymeric hydrogels [45, 46], agriculture wastes and 
by-products [18], industrial chemical remains [178, 179], modified clays, 
chitin and chitosan [72, 38], starch and its derivatives [73, 156], carbonized 
waste of wool [157], etc. The more details are provided in the Table 3.1. 
In last one decade, polyaniline (PANI) that is originally recognized and 
used as a conducting polymer [180, 181], has attracted the attentions of 
many researchers as an emerging adsorbent. Polyaniline, in addition to its 
unique and attractive chemical stability [182], is also supported by the low 
cost of the aniline (raw material) and high yield of polymerisation reaction 
[182, 183].

It is quite easy to oxidize or reduce the PANI because of its rare electronic 
behavior with its high electron affinity and low ionisation energy. With 
its improved properties, such as larger surface area, modified mechani-
cal properties, low cost, high adsorption capacity, and simple preparation, 
polyaniline is now emerging as a novel adsorbent [193]. Polyaniline in its 
different forms: acidic (ES) and basic forms; PANI composites, coating 
of PANI on different solid substrates, salt form of the PANI and doped 
PANI is reported to had used as adsorbent for dyes and other organic com-
pounds. Figure 3.2 represents the adsorption capacity of different forms of 
the Polyaniline for the methylene blue dye [193, 184–186]. Work done by 
different researchers on polyaniline as adsorbent has been summed up in 
Table 3.6.

3.5.1 Polyaniline in Dye Removal

The main driving force for the dye eradication by polyaniline is the interac-
tion of positive fragment of PANI backbone with dye molecule (negatively 
charged part) and basic site of PANI with positively charged dye [208]. 
A successful attempt of the use of polyaniline as adsorbent, as reported 
in literature, was achieved by the 100% removal of Eriochrome Black T 
(EBT) dye from its aqueous as well as from the methanolic solution by 
acidic polyaniline and emeraldine base at lower concentration of dye in the 
solutions. Adsorption data was reported to follow the Langmuir isotherm. 
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Figure 3.2 Adsorption capacity of different adsorbents for methylene blue dye: 

polyaniline nickel ferrite nanocomposite (PNFN) [184], Polyaniline-coated sawdust of 

wood (PCSD1) [185], Polyaniline nanotube base (PNB) [186], Polyaniline-coated sawdust 

of walnut (PCSD2) [193].

Adsorption of EBT was found to be endothermic and entropy dominated. 
Reaction was observed to have followed the first order. Different param-
eters such as particle size, adsorbent amount, dye concentration and con-
tact time are reported to have a significant effect on the adsorption of dye. 
Rate constant was evaluated and its value was found to be comparable with 
the recorded data for adsorption of Chrome dye onto mixed adsorbent. 
Even the adsorption of the said polyaniline-based adsorbent was found to 
be greater than adsorption of Astrazone Blue on peat and Malachite green 
onto activated slag and carbon. Adsorption from methanolic solution was 
reported as more endothermic than aqueous solution. It was also observed 
that the conductivity of PANI changed with adsorption [209]. In an another 
study, an adsorption of sulfonated (anionic) dyes on Emeraldine salt (a 
form of the PANI) had been found to be influenced by chemical inter-
action between the adsorbate and adsorbent molecules. Figure 3.3 repre-
sents the variation of adsorption capacity of Congo red dye by HCl and 
p-toluene sulphonic acid (PTSA)-doped polyaniline (HCl/PTSA-doped 
PANI) and polyaniline/Chitosan composite (Pn/Ch composite ) [166, 
210–212]. As per the reported literature, thistype of study for the removal 
of anionic (sulfonated) dyes is quite new of its kind. A number of dyes 
had been used as adsorbate such as Methylene Blue, Coomassie Brilliant 
blue R-250, Orange G, Alizarin cyanine green, Remazol brilliant blue R 
and Rhodamine B for clearer prospect. According to the reported work, 
cationic or nonsulfonated dyes, that is, methylene blue and rhodamine B 
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were not adsorbed by the polyaniline salt, which, evidently indicated that 
the interaction between dye and PANI were chemical interaction, that is, 
interaction between polar groups of sulfonated dyes and positively charged 
backbone of the PANI. Dye-loaded PANI has been confirmed by UV-VIS 
spectra, in which a blue shift in the peaks had been noticed. Less adsorp-
tion had been observed in the case of emeraldine base for sulfonated dyes. 
The data has been found to be supported by Langmuir isotherm and the 
adsorption was reported to have followed a second order reaction kinetics. 
Considerable decrease in the conductivity of PANI has been observed after 
the exposure to the dye solution [213]. In the study of removal of Indigo 
carmine dye from its aqueous solution using PANI-ES as an adsorbent, 
data had been reported to be fitted well in Langmuir’s isotherm. According 
to the results of this work, with increased doping of polyaniline (emeral-
dine salt) by increasing the concentration of acid, the extent of the positive 
charge on the PANI backbone is more which, in turn increased the dye’s 
adsorption capacity. Adsorption data of the concerned dye was observed to 
have followed the pseudo-second-order reaction kinetic [182].

Some workers doped the PANI by using cheaper and environment 
friendly Potash Alum and used it for the adsorption of heteropolyaromatic 
(methylene blue), azo (mordant yellow-10, orange-II) and xanthane (rho-
damine-B) dyes. Significant data was obtained for MY-10 and O-II), that 
is, anionic dyes. However both MY and O-II dyes followed almost similar 
adsorption behavior initially, but with progress of reaction, more adsorp-
tion was observed in case of O-II than MY, as O-II dye was reported to 
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Figure 3.3 Variation in adsorption of congo red dye by HCl and PTSA-doped polyaniline 

(HCl/PTSA-doped PANI) [210], Polyaniline/chitosan composite (Pn/Ch Composite) 

[167], polyaniline [211] polyaniline momtmorrillonite composite (PANi-MMT 

composite) [212].



Polyaniline as an Inceptive 79

attain a planar structure by intramolecular hydrogen bonding between –
OH and –N=N– group. It had also been reported that 100 ppm initial dye 
concentration could be absorbed by using a comparatively lower amount 
of adsorbent, that is, 80 mg of doped PANI. Adsorption process of MY and 
O-II dyes on Potash Alum-doped PANI had been observed to be endother-
mic. Adsorption data of both the dyes followed the pseudo-second-order 
model and supported Langmuir’s isotherm model. Subsequent desorption 
study indicated that percentage of desorption of MY and O-II were 92% 
and 94%, respectively at pH  11, which supported the excellent regenera-
tive capacity of PANI as an adsorbent [214].

As per reported literature, the effect of dopant was also studied for the 
adsorption of dyes on p-toulene sulfonic acid (PTSA)-doped PANI and 
camphor sulfonic acid (CSA)-doped PANI. A number of dyes were explored 
such as Methylene blue, Orange G, Alizarin cyanin green, Rhodamine B, 
Remazol brilliant blue R, Malachite green, and Coomassie brilliant blue 
R-250. Greater adsorption was seen in the case of CSA-doped PANI than 
PTSA-doped PANI because of the presence of more counter ions in case 
of CSA-doped polyaniline than PTSA-doped PANI, that increased the dis-
tance between chains and aided easier diffusion of anionic sulfonated dyes 
to the positively charged PANI backbone. A change in the conductivity 
(decrease) was also observed with adsorption in both the cases. Pseudo-
second-order model described the adsorption behavior of the dye and 
Langmuir model’s fitted well to the adsorption data [216].

Some researchers worked to remove Acid green 25 (AG 25) dye from 
textile industries wastewater by using polyaniline-coated onto wood saw-
dust (PANI/SD). Parameters such as, contact time, initial dye concentra-
tion, temperature, pH of the test solution, amount of adsorbent dose etc. 
had been studied and concluded that (PANI/SD) is an efficient adsorbent to 
remove the AG 25 from the wastewater in both batch and column systems. 
Moreover, the use of SD was discouraged over PANI being non profitable 
adsorbent for water treatment purpose. Adsorption process was spontane-
ous and endothermic at room temperature [137]. As per the literature, few 
researchers worked on the adsorption of Methyl orange (MO) dye from its 
aqueous solution by using polyaniline coated onto the sawdust (PANI/SD) 
as adsorbent. Adsorption efficiency of PANI/SD was compared with saw 
dust (without coating; SD) and activated carbon (granulated; GAC). Batch 
operations were carried out. It had been observed that the highest percent-
age of adsorption of MO could be achieved at the pH values from 4 to 8. 
H-bonding existed between the MO and PANI which results into higher 
adsorption at PANI/SD than SD and GAC at pH = 4–8. Also, the presence 
of strong intermolecular interactions between Methyl Orange dye (diazo 
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groups and imine groups) and Polyaniline (imine and amino groups) 
reportedly enhanced the percentage removal of MO. Pseudo-second-order 
kinetics model was found to be best fitted to the adsorption data for all 
PANI/SD, GAC, SD. Significant result of this study were that more than 
80% of MO dye was recovered by using 0.1 M HCl solution in case of PANI/
SD, nearly 90% of MO was recovered in case of SD by using 0.05M solu-
tion of NaOH, but in case of GAC, a very little amount, that is, about 5% 
of dye could be recovered [187]. In another study, Eosin Y (EY) dye was 
removed by using two conducting polymers, that is, Polypyrrole (PPy) and 
Polyaniline (PANI), synthesized onto wood sawdust surface. Both column 
and batch systems were used to perform the adsorption experiments at 
room temperature. The adsorption was not found pH dependent for a wide 
pH range, that is, 2–10, but a decrease in the adsorption has been noticed 
at the higher pH values (pH 12). Efficient removal dye, that is, 96% was 
reported from PPy/SD column by using 0.05M NaOH solution. The higher 
adsorption of EY (anionic dye) in acidic conditions was reported to be 
due to more concentration of H+ ions, which developed positive charge on 
the surface of adsorbents PPy/SD and PANI/SD that resulted into more 
attraction between adsorbate (EY) and adsorbents. But in case of alkaline 
solution OH – ions compete with EY and hence a lower adsorption was 
observed in this case. It has been found that, in addition to electrostatic 
interaction and H-bonding, ion-exchange reactions also played significant 
role to remove EY dye from its aqueous solution [158]. Figure 3.4 shows 
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Figure 3.4 Adsorption capacity of PANI-coated sawdust for different dyes: Eosin Y 

(EY) [158], methylene blue (MB) [193], methyl orange (MO) [187], reactive orange 16 
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the adsorption of different dyes from aqueous solution using polyaniline-
coated sawdust as an adsorbent [139, 158, 187, 189, 193, 215]. Another 
study conducted on the removal of anionic dye (Acid green 25) by using 
different adsorbents such as Polyaniline NT (nano tube) salt, conventional 
Polyaniline salt/silica composite and conventional Polyaniline salt. Among 
these adsorbents, Polyaniline NT salt/silica composite was reported as 
the best adsorbent and adsorbs comparatively more amount of dye per 
unit weight. The proposed order of the adsorption capacity of different 
adsorbents was: Polyaniline NT salt/silica composite > Polyaniline NT 
salt > Conventional Polyaniline NT salt/silica composite > Conventional 
Polyaniline salt. Higher adsorption on Polyaniline NT salt/silica compos-
ite was observed as compared to other concerned adsorbents, which was 
reported due to its higher surface area and availability of more binding 
sites. The adsorption was reported to be supported by intraparticle diffu-
sion and surface adsorption simultaneously [217].

3.5.2 Polyaniline in Metal Ions Removal

As per the literature studies, polyaniline is also been found to be capable 
enough to remove harmful metal ions from the industrial effluent. A com-
posite of PANI/GAC was synthesized by chemical oxidative polymerisa-
tion and was further used efficiently for the extraction of Cu (II) from the 
industrial effluent [199]. Also, polyaniline and humic acid (PANI/HA) 
composite was reported to be used for the removal of Hg (II) and Cr (VI) 
ions from the effluent [200]. Polyaniline and polystyrene were used to form 
a composite to separate out the Hg (II) ions from industrial wastewater. 
It had been found that removal of these harmful metallic ions from the 
wastewater increased with rise in concentration and temperature of solu-
tion under test. [201]. Nanocomposite of polyaniline with rice husk ash 
(RHA) was reviewed as a good adsorbent for the removal of Hg (II) from 
its aqueous solution [218]. In an another study, polyaniline/rice husk (RH) 
nanostructured composite was prepared by chemical oxidative polymer-
ization and further used to eliminate the Zn from wastewater. This com-
posite was found to be a potential adsorbent for the Zn removal [202]. 
Some researchers had prepared nanotubes of aniline, aniline sulfate and 
aniline hydrochloride by template or acids free oxidation polymerisation 
method. The capacities of the different forms of polyaniline to adsorb Hg 
were found to have followed the given order, that is, polyaniline (treated 
by alkali) > polyaniline sulfate > polyaniline hydrochloride. Different 
metal ions in their individual or mixture forms were used to study the 
removal capacity of these synthesized adsorbents and following order of 
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competition between the metal ions was observed: Zinc(II), < Copper(II), 
< Cadmium(II), < Mercury(II), <Lead(II). This order is quite similar to 
that of the order of the respectively their atomic radius, atomic weight and 
electronegativity of these metal ions [219]. In addition, natural products 
such as jute fibers were used as a substrate to synthesize polyaniline and 
used it to investigate the absorptive removal of hexavalent chromium Cr 
(VI) from its aqueous solution in batch experiments [203]. In addition, Cr 
(VI) can be separated from the wastewater by using composites of poly-
aniline with maize bran, wheat bran and rice bran [204]. Removal of the 
chromium from the effluent was also carried out by using polyaniline and 
its composites. The adsorption capacities of these synthesized composites 
were also compared with some other adsorbents such as amberjet, anthra-
cite and purolite-302. PANI/PVA composite was found to be a potential 
adsorbent for chromium removal. An effective removal of hexavalent 
chromium was observed by this composite of polyaniline and polyvinyl 
alcohol (PANI/PAV), consisted of aniline (0.2 mol/L) and PVA (2% w/v), 
generated by in situ polymerisation [205]. But the removal percentage is 
lower in case of PANI/anthracite composite in comparison to PANI [220]. 
A colorimetric determination of the adsorption was carried out in a study, 
in which chemically synthesized sawdust-polyaniline nanocomposite was 
used to clear away the Cr (VI) from the environment. It has been found 
that, all the examined composites reportedly achieved more than 80% 
adsorption during the first 30 minutes and the rate of adsorption depended 
upon the time [221]. Adsorption of Cd (II) ion by polyaniline/saw dust 
(PANI/SD) and polyaniline/rice husk (PANI/RH) was also reported in the 
literature. Results showed that these composites are suitable for the evic-
tion of Cd (II) ions from the effluent [206]. According to a research, it is 
possible to expel the harmful Hg (II) ion from the industrial waste by using 
chemically synthesized polyaniline (PANI). The preferential adsorption 
method used during this research was batch experiment and the adsorbent 
was found to be efficient for the removal of Hg (II) ions [222]. Treatment 
of Cr (VI) polluted water was efficiently carried out by using sulfuric acid-
doped PANI as an adsorbent [207]. Nanocomposite of polyaniline and rice 
husk (PANI-RH) was employed for the treatment of industrial effluent 
containing lead and cadmium ions. The reported results clearly indicated 
the higher adsorption capacity of the adsorbent for Pb (II) ions as compare 
to the Cd (II) ions [223]. In another study, a nanocomposite of polyani-
line and humic acid (PANI/HA) was prepared and used for the separation 
of the Cr (VI) ions from the industrial effluent. Major role of humic acid 
(HA) in this composite was reported to stabilize the PANI by preventing 
its agglomeration [224].
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3.5.3 Polyaniline in Phenols Removal

In addition to other water polluting moieties, phenolic compounds also play 
a considerable role in water pollution and lead to several water borne dis-
eases. It is thus becomes mandatory to remove these pollutants from efflu-
ent before their discharge into fresh water. Several studies were conducted 
in this regard. Adsorption on polyaniline also reported good results for the 
phenol removal from the industrial effluents. As per the reported literature, 
mesoporous carbon material (CMK-1) and its converted form (CMK-1/
Polyaniline) had been used to remove the p-cresol, phenol and resorcinol 
by batch adsorption. It had been noticed that CMK-1/Polyaniline form 
exhibited higher sorption of the phenolic moieties and could be used as a 
significant adsorbent for this significant water pollutants [225]. According 
to some other study, silica gel modified with polyaniline was found capa-
ble to treat the phenol polluted water in batch wise adsorption process. 
Results of that study showed that polyaniline-coated silica could be used as 
a potential adsorbent for phenols [226]. Moreover, a nanocomposite fab-
ricated from PANI, that is, K10 polyaniline-montmorillonite (PANI/K10) 
was used for the eviction of phenolic impurities from aqueous solution in 
combination with gas chromatography and mass spectrometry. This com-
posite was reported to be an efficient adsorbent because of its larger surface 
area and homogeneous dispersion [227]. Removal of 3-nitrophenol and 
phenol was conductedd using polyaniline electrode, for the polymerisation 
of these two phenols from an aqueous solution of NaCl, and resulted into 
the formation of composites of polyaniline/polyphenol and polyaniline/
poly (3-nitrophenol). This study evidently concluded that the PANI films 
have goods capacity to remove phenols efficiently from wastewater [228].

3.5.4 Polyaniline in Acid Removal

Acids polluted industrial effluent can also be effectively treated with 
polyaniline. Polycarboxylic acids isomers such as trimellitic acid, pyro-
mellitic and hemimellitic acids were separated by chemically synthesized 
polyaniline-polypyrrole, from their aqueous solutions. Removal of these 
isomers occurs in the following order: pyromellitic acid  hemimellitic 
acid  trimellitic acid [229]. Moreover, these three carboxylic acids iso-
mers were also removed from the water by using a hemically synthesized 
polyaniline film grafted on red ceramic brick. The results indicated that 
this polyaniline-based adsorbent was a potential, cheaper, environment-
friendly and reusable adsorbent [230]. Removal of the tannic acid from the 
effluent was studied by some researcher in batch adsorption experiment 
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usingpolyaniline (PANI) synthesized by oxidative polymerisation.This 
study concluded that PANI is an efficient adsorbent for eviction of acids 
from effluent [231]. As per the reported work, Fe

3
O

4 
functionalized SiO

2
-

polyaniline nanoparticles (magnetically separable PANI) were employed 
to remove the humic acid (HA) from the wastewater. Higher adsorption 
was observed in this study, because of the electrostatic interaction between 
negative charge on HA and nitrogen of PANI [232].

3.6 Conclusion

Polyaniline has found to be used by different researchers for the absorptive 
removal of dyes and other chemicals from waste water. Originally regarded 
as a conducting polymer, polyaniline due to its unique chemical stabil-
ity, electronic behavior and improved mechanical properties, is emerging 
as one of the inceptive adsorbent especially for the dyes. Being derived 
from less costly raw materials, simple preparation and high adsorption and 
regeneration capacity, polyaniline has shown its potential to be used as an 
adsorbent on commercial scale. Scientists are trying to explore the newly 
observed adsorption capacity of polyanile in its different forms, that is, 
acidic (ES) and basic forms of PANI; PANI composites, coating of PANI 
on different solid substrates, salt form of the PANI, doped PANI, etc. In 
addition to its high surface area, that is modified to be used as adsorbent, 
its ability of being easy to oxidize or reduce make it more attractive for the 
selective removal of different charged moieties from the effluent. In the 
nutshell, polyanile (PANI) and its derivatives have the calibre replace the 
commercially available adsorbent with its unique properties and excellent 
adsorptive and regeneration capacity.
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Abstract
The increasing concern for the sustainability of environment and economy 
has drawn the attention toward the use of easily and abundantly available 
bioresources, including fungi, bacteria, and algae. These living/nonliv-
ing microorganisms possess abundant active sites (for binding with pol-
lutants) by virtue of their constituents, namely, polysaccharides, protein, 
and nucleic acids. However, their low mechanical strength and low den-
sity restrict their applications in industrial scale. Hence, their immobiliza-
tion into/onto an inert matrix would improve the physical and chemical 
resistance of the developed new biosorbent and enhance the latter’s regen-
erability. In this chapter, different supports/matrices used for the immobi-
lization of fungi, bacteria, and algae have been discussed. The application 
of these immobilized biosorbents in the removal of pollutants from waste-
water has been discussed and the role of various operational parameters in 
the adsorption, such as contact time, solution pH, initial pollutant concen-
tration, temperature, etc., has been discussed. This chapter also gives an 
insight of a detailed mechanism and future prospect for the adsorption of 
pollutants onto immobilized microbial sorbents for the removal of heavy 
metals form wastewaters.
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4.1  Introduction

Pollutants, including heavy metals, pharmaceuticals, dyes, phenols, etc., 
are being continuously introduced into the environmental resources, 
especially water bodies. Various life forms, including human beings, are 
vulnerable to serious ill consequences due to the presence of pollutants 
[1–14]. Heavy metals, such as, arsenic, lead, chromium, mercury, copper, 
zinc, nickel, and cadmium, etc., are release into the environment from 
several source like industrial, mining, etc. As for instance, heavy metals 
are nonbiodegradable and tend to accumulate, within the environment as 
well as living organisms, upto a concentration level that may causes sev-
eral health problems like DNA damage, renal abnormalities, organ failure, 
allergy, fertility reduction, and so forth [1–3, 5–8, 9–15]. Hence, it has been 
a great challenge to remove the heavy metals contaminants and reused the 
wastewater.

In contrast to adsorption method, various other methods, including 
chemical precipitation, evaporation, electrodeposition, ion-exchange and 
membrane separation, suffer from ineffectiveness and high expenditure in 
the treatment of wastewater having low concentration of heavy metals. In 
last few decades, a lot of research has been focused on the development 
of new adsorbents for the removal of the organic and inorganic contami-
nants from the wastewater, including nanocarbons (carbon nanotubes, 
graphene), metals oxides, polymers, clays and minerals, waste materials 
(industrial and agricultural) [1–15]. Hence, materials may have some mer-
its and demerits such as cost, poor reservation, selectively, etc. Therefore, 
the increasing concern for the sustainability of environment and economy 
has drawn the attention toward the use of easily and abundantly avail-
able bioresources. As for instance, the remediation of wastewater may 
be achieved, in an eco-friendly manner, by using microbial biomass, in 
its natural form or after immobilization, as biosorbent for heavy metals 
scavenging.

The use of low-cost microbial organisms (living or dead) for the reme-
diation of contaminated wastewater has emerged as an effective method of 
adsorption, popularly termed as biosorption [16]. The biosorption method 
offers numerous advantages which include reusability, low-operating cost, 
improved selectivity, minimal volume of diposable waste. The efficiency 
of such removal technique may depend on factors such as (1) size and/or 
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charge of metal ions, (2) external parameters, namely, pH, temperature, 
ionic strength, contact time, and amount of biomass, and (3) species of 
microbes, including its physiological and metabolic nature [17]. Generally, 
the dead biomass adsorbs metal ions through physiochemical interactions 
that occur between the metal ions and the superficially available functional 
groups of the biomass adsorbent. These physical interactions may be clas-
sified as electrostatic interactions, ion exchange, chelation/complexation, 
reduction, and microprecipitation. The commonly available functional 
groups, on the surface of the dead biomass, may include hydroxyl, amine, 
carboxyl, and phosphoryl functional groups [18]. However, in case of liv-
ing biomass, a dual mechanism, comprising of physicochemical interac-
tions and intracellular accumulation, comes into play. The intracellular 
accumulation involves the transport of the metal ions into the cell, after 
crossing the cell membrane, and subsequently binding with the cellular 
organelle [17, 19].

However, the small units of microbial biomass have low density and 
exhibit low mechanical strength, which may lead to problematic swelling 
(of biomass) and separation (between solid and liquid) during operation 
[20]. Therefore, the use of stable matrices, such as alginate, polysulfone, 
polyacrylamide, polyurethane and silica, with high mechanical strength 
as biomass carrier can impart high resistivity (in harsh chemical environ-
ment), regenerability and easy separability (in contact solution) to the 
final microbial biocomposite. Hence, this chapter deals with the modi-
fied microbial biosorbent used for the removal of the heavy metals from 
wastewaters.

4.2  Immobilized Microbial Biosorbent

4.2.1  Algae Biosorbent

Algae are typically aquatic plant of diverse group of eukaryotic organisms, 
which may be unicellular or multicellular. C

106
H

181
O

45
N

16
P is the stoichio-

metric formula for the most common elements in an average algae cell 
[21]. Cellulose is the major constituent of green algae and a high percent 
of cell walls are proteins which contains several types of functional groups 
such as hydroxyl, amino, carboxyl, sulphate, etc.[22]. These functional 
groups play a vital role in the binding of metal ions. A lot of work has been 
published on the removal of heavy metals by algal biomass. Now-a-day, 
researchers are exploring the adsorption properties of composite/immo-
bilized algal biomass for the separation and removal of heavy metals. For 
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the industrial scale-up, immobilized biosorbents could be ideal material 
because adequate size biosorbent particles can be prepared by immobiliza-
tion, having better mechanical strength and higher regeneration proper-
ties [23].

Spent Tricholoma lobayense was employed for the preparation of a bio-
composite by immobilizing it into sodium alginate through mixing in the 
presence of CaCl

2
 [24]. In ternary system, Pb(II) could be effectively 

removed in the co-presence of Cd(II) and Cu(II), however, the presence of 
the former interfered with the removal of the co-existing Cd(II) or Cu(II) 
ions. The adsorption of Cu(II) and Cd(II) was unfavorable at higher tem-
perature and initial metal ion concentration, while the recovery of Pb(II) 
was unfavorable at higher initial metal ion concentration. The retention of 
the metals by the biocomposite was mainly through chemisorptions. The 
immobilization of C. vulgaris onto Ca-alginate and agarose biopolymer 
resulted in the formation of two biocomposites [25]. The agarose-C. vul-
garis biocomposites showed higher Cr(VI) adsorption, better kinetics, 
higher rate of adsorption than its counterpart. The C. vulgaris -Ca-alginate 
composite shows little improvement as compared to pure Ca-alginate. The 
rate of adsorption by C. vulgaris-Ca-alginate was restricted by the diffusion 
of the solute through the pores. The mixing of Chlamydomonas reinhardtii 
and Anabena variabilis with Na-alginate, in the presence of CaCl

2
, ren-

dered two biocomposites [26]. The Chlamydomonas reinhardtii–alginate 
composite showed higher adsorption capacity for Cd(II), Cu(II), Zn(II), 
and Ni(II) at pH 4–5. However, both the composites exhibited higher 
adsorption capacity for copper ion, while higher rate of adsorption was 
observed for Cd(II) and Cu(II). A mutual separation among the four met-
als was possible. Seaweed, namely Ulva sp., was mixed with clay sepolite 
and subsequently subjecting the mixture to alternate drying and wetting 
steps [27]. The resultant biocomposite recovered the maximum amount of 
Uranium (VI), as UO

2
2+ or UO

2
(OH)+, at pH 4.5. The adsorption of 

Uranium (VI) onto the composite was less favored at higher temperature, 
while de-sorption could be effected with HNO

3
 (1 M). The immobilization 

of Acinetobacter junii onto coconut fiber was carried out by physical load-
ing in a continuous flow reactor [28]. The biocomposite exhibited maxi-
mum sorption of Cr(VI) at pH 1–2, while the recovery decreased to 33% at 
pH 10. The oxyanions (HCrO4−), formed at the lower pH, were probably 
responsible for the retention onto the positively charged adsorbent by vir-
tue of electrostatic interaction. As compared to the pure/blank coconut 
fiber, the composite biosorbent showed lesser exhaustion time and shorter 
adsorption zone length. In another study [23], Fucus vesiculosus was 
immobilized into alginate xerogels. The composite biosorbent exhibited 
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improved kinetic uptake and higher diffusion rates during the adsorption 
of Pb(II), Cu(II), and Cd(II). However, the composite showed decreased 
kinetic rate of adsorption. The heavy metals were retained by virtue of the 
presence of carboxyl group as well as through the displacement of calcium 
via “egg-box” model, whereby rendering a uniform and organized struc-
ture of the composite. This composite promises effective recovery of Pb(II) 
from dilute industrial and waste water. A marine alga, namely Sargassum 
sp., was immobilized into polyvinylchloride-cryogel via freeze-thaw-freeze 
method [29]. The surface area of the composite was lower than that of the 
blank polyvinylchloride-cryogel, while the pore size increased significantly 
on immobilization. These characteristics may be the outcome of the evapo-
ration of water from the water-laden entrapped biomass. Thus, the surface 
area and the pore size of the composite were highly dependent on the con-
centration of the alga contained in the polyvinylchloride-cryogel matrix. 
The composite exerted mass transfer resistance, during the uptake of Cu 
(II), and showed higher metal-sorption rate at higher biomass loading. The 
maximum adsorption capacity also gets enhanced at higher pH, up to pH 
13. In another reported study [30] Pediastrum boryanum was immobilized, 
through entrapment, into alginate and alginate-gelatin. The endothermic 
sorption of Cr(VI), at pH 2.0, was exhibited by the composite by virtue of 
the functional groups, namely carboxyl, primary and secondary amine, 
and hydroxyl. The Pediastrum boryanum-entrapped composites showed 
improved maximum adsorption capacity as compared to the free algal cell, 
pure alginate and alginate-gelatin supports. A biocomposite sorbent, pre-
pared by entrapping Chlamydomonas reinhardtii into carboxymethyl-cel-
lulose, was investigated for the removal of Uranium from water [31]. It was 
observed that the composite showed lower sorption capacity for uranium 
than the free Chlamydomonas reinhardtii. The maximum adsorption 
capacity varied with the initial concentration of Uranium. The composite 
sorbent could be regenerated with 10 mM HNO

3
. Peter et al., [32] reported 

the entrapment of Spirulina platensis-maxima into alginate and chitosan. 
The alganite-spirulina composite showed a lower adsorption capacity than 
the pure alginate sorbent. Again, chitosan-spirulina composite showed 
higher affinity for Cu(II) and lesser for Pb(II) and Cd(II) than the pure 
chitosan sorbent. The low adsorption capacity and reduced porosity was 
caused by the partial/or incomplete exposure of the active sites of the com-
posite sorbents. The composite sorbent could be regenerated with mineral 
acids and water and used for at least 5 cycles of sorption studies. A fresh-
water algae, namely Scenedesmus quadricauda, was entrapped into 
Ca-alganite and then allowed to grow uniformly in an algal growth medium 
through incubation at an optimum environment [33]. At the optimum 
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surface charge, rendered at pH 5.0, the maximum adsorption capacities for 
each metal increased with the increase in the initial metal ion concentra-
tion. The biosorbent composite exhibited selectivity for Cu(II) in the co-
presence of Ni(II) and Zn(II). The immobilization of Trametes versicolor 
(white rot fungi) onto montmorillonite by mechanical mixing, through 
alternate wetting and drying stages, was carried out by Akar et al. [34]. The 
so developed sorbent could completely remove copper from wastewater/
contaminated water within 45 minutes at pH 5.0. A chemical ion-exchange 
mechanism is reflected by the sorption energy within the range of 9.72–
11.56 kJmol−1. A collective contribution from the macro-porous structure 
and the functional groups, such as OH and Si-O-Si, lead to the retention of 
copper onto the sorbent. A Sargassum sp. was encased within a polymeric 
matrix of chitosan-epichilorohydrin [35]. The highest sorption capacity for 
nickel ions was obtained with the matrix containing the Sargassum sp. in a 
weight ratio of 3. The adsorption of nickel onto the adsorbent took place 
through ion exchange and complexation with the constituting functional 
groups, namely carboxyl, amino, alcoholic, and ether. The Laminaria 
japonica algae were immobilized on beads comprising of sodium alginate 
and glutin. The Ni (II) ions were retained onto the beads by virtue of the 
functional groups (OH,NH

2
,CH

2
,CH

3
,C=O, NH,CH,CO, and C=O) con-

stituting the algal cells [36]. The introduction of Scenedesmus obliquus 
CNW-N onto L. cylindrica (Loofa sponge) through column method, 
whereby the former get immobilized through weak interactions, was 
reported by Chen and coworkers [37]. The extent of immobilization was 
dependent on the flow rate and the frequency (and time) of replacement of 
the medium. The exposure of the system to optimum nutritional input 
enhanced the metal retention capacity of the resultant biosorbent. The size 
of 1 cm (in diameter) of the particles of Loofa sponge and a flow rate of 
0.284 bed volume/min was found to give the best results for one cycle 
replacement of the medium. A Cladophora sp. was entrapped into a matrix 
constituting chitosan cross-linked with glutaraldehyde via coagulation 
[38]. This biomass composite exhibited higher affinity for Cd(II) and 
Zn(II) than the chitosan-glutaraldehyde-matrix devoid of the algae. 
However, there was no appreciable difference in the sorption capacity of 
Cr(III), Cu(II), and Ni(II).

4.2.2  Fungi Biosorbent

Fungi are single-celled organisms consist of yeasts, molds, and mush-
rooms, closely related to the animals rather than plant. Fungal cell walls 
are rich in protein, polysaccharides, and nucleic acids. Fungi have been 
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widely explored for heavy metal remediation applications because they 
can accumulate and sequester, or bind metal ions as part of their meta-
bolic processes or passive uptake in living form. While, binding of met-
als on nonliving is metabolism independent process and known as passive 
biosorption. The functional groups such as amine –NH

2
, –COOH, –OH, 

–PO
4

3−, and –SH are the main binding sites involved in adsorption of con-
taminants. However, direct use of fungi has some limitations like leaching 
and loss of biomass. Moreover, handling and storage of dead microbes are 
more easily compared to living microbes and can be easily immobilized 
with other materials to enhance the metal removal efficiency and easy sep-
aration from the aquatic environment.

Deng and Ting [15] prepared the acrylic acid modified Penicillium chrys-
ogenum using the graft polymerization approach for removal of Cu(II) and 
Cd(II). The modified biomass shows the excellent adsorption capacity for 
the removal of both metal ions as shown in Figure 4.1 and the maximum 
monolayer adsorption capacities were 1.70 and 1.87 mmol/g for Cu(II) 
and Cd(II), respectively. Moreover, a rapid and high desorption of 97.2% 
Cu(II) and 98.6% Cd(II) was observed after 1 h treatment in 0.2M HCl.

The removal of U(VI) was investigated with several biocomposites 
prepared by immobilizing Saccharomyces cerevisiae onto Ca-alginate, 
Ca-alginate-graphene oxide, and polyvinyl alcohol-Ca-alginate-gra-
phene oxide in CaCl

2
-boric acid solution [39]. An ion-exchange mecha-

nism played the major role in the adsorption of U(VI). Since hydrolyzed 
species are better adsorbed than the free hydrated ions, therefore at pH 
2.6–5.0, the high degree of partitioning of UO

2
(OH)+, (UO

2
)

2
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2
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2
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3
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Figure 4.1 Copper and cadmium sorption on the modified and pristine biomass at 

different controlled pHs during the adsorption process. (Reprinted from [15] with 

permission, Copyright © 2005 American Chemical Society.)
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the biocomposites. The loaded biocomposites could be recovered by elut-
ing with 0.1 M HCl/HNO

3
. In another work, dead Agaricus bisporus was 

immobilized on to Amberlite XAD-4 for obtaining a biocomposite for the 
removal of thorium [40]. The maximum adsorption of thorium onto the 
biocomposite occurred at pH 6 with saturation capacity of 18280 μg g−1. 
Immobilization of Trichoderma viride on Ca-alginate rendered a biocom-
posite which was employed for the removal of Cr(VI), Ni(II), and Zn(II) 
from electroplating effluent [41]. With increasing flow-rate and initial 
metal ion concentration the breakthrough time and the time for saturation 
decreased. However, increase in the bed height (in the column) resulted 
in the increase of breakthrough time and sorption capacity. A macrofungi 
Lentinus edodes was supported onto polyvinyl-Na-alginate composite [42]. 
The developed biocomposite exhibited higher affinity for Pb2+ than Cd2+. 
The free Lentinus edodes could reach equilibrium faster than that required 
by the biocomposite, which may be attributed to the difference in the 
influential factors, namely, mass transfer through diffusion, porosity and 
accessibility (of the analyte) to the active sites of the biomass. The sorption 
capacity for Uranium was improved by immobilizing Trichoderma harzia-
num onto Ca-alginate through ionotropic gelation [43]. The stability was 
demonstrated when 1.5 g of the biocomposite gave a breakthrough vol-
ume of 8.5 L of bacterial leach liquor (containing 58 mg/L of Uranium). 
The uranium-laden biocomposite could be regenerated with 0.1 N HCl. 
Aspergillus species was immobilized onto sodium montmorillonite in order 
to obtain a biocomposite sorbent that would remove Cr(VI) from acidic 
medium (pH 2.0) [44]. A breakthrough volume of 50 mL was obtained 
with 1.5 g of the biocomposite. The Cr(VI), as HCrO

4
−, interacted with 

the active sites, including protonated amine, carboxyl and hydroxyl groups 
of the biomass, as well as the SiOH

2
+, AlOH

2
+ groups, present on the sur-

face of the clay support. Thus, the support (sodium montmorillonite) rein-
forced the interaction of Cr(VI) with the cell wall (of biomass), through 
the constituting functional groups, and enhanced the overall stability of 
the biocomposite. Hence, the biocomposite promises to be useful in the 
remediation of tannery and electroplating wastewaters containing Cr(VI). 
A bio-composite, in the form of membrane, was prepared by entrapping 
Penicillium into the cross-linked network of chitosan [45]. A plate column 
reactor (filled with the biocomposite) was successfully employed for the 
removal of Cu(II) from wastewater. The biosorbent could be used for 10 
cycles of loading-elution. The batch biosorption capacity for Cu(II) was 
found to be 126.58 mg/g−1. The shifting of the bands in Fourier transform 
infra-red spectra of the Cu(II)-loaded biocomposite indicates the partici-
pation of OH, NH, NH

2
, CO, and CN functional groups. The removal of 
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nickel was carried out with Lactarius salmonicolor immobilized silica gel 
[46]. The biocomposite had the isoelectric point at pH 2.05. It could attain 
a sorption capacity of 44.74 mg/g−1, for Ni2+, within 5 min of contact time 
at pH 6.5. The major rate-limiting mechanism for the retention of Ni2+ 
(onto the biocomposite) was chemisorption.

The entrapment of cross-linked Rhizopus arrhizus onto Ca-alginate was 
done for the removal of americium, europium and uranium from radioac-
tive waste effluent [47]. The mere immobilization of the biomass resulted in 
a biocomposite having a soft nature and was prone to distortion in shape. 
Hence, the use of cross-linked biomass enhanced the mechanical strength 
and rigidity of the biocomposite. Saccharomyces cerevisiae, in association 
with histidine, was immobilized onto crosslinked chitosan beads [48]. At 
pH 6.0, the biocomposite exhibited an adsorption capacity of 104.2 mg/g 
for Ni(II). The retention of Ni(II) took place through its interaction with 
OH, NH

2
, and COO groups, constituting the biocomposite.

The immobilization of surface engineered Saccharomyces cerevisiae 
cells onto cytopore rendered a Cd2+-selective biocomposite [49]. The 
enhanced selectivity was achieved by exposing the Cd2+ binding peptide 
sequence, thereby increasing the covalent interaction between Cd2+ and 
the Saccharomyces cerevisiae cells. The biocomposite exhibited a detection 
limit of 1.1 mg/L, enrichment factor of 30 and a high tolerance toward 
co-existing metals. The dead biomass of Pencillium fellutinum was immo-
bilized on Na-bentonite for the sorptive removal of Ni(II) and Zn(II) [50]. 
At pH 6 and 5, the endothermic adsorption process exhibited a sorption 
capacity for Ni(II) and Zn(II) as 161mg/g and 78.5 mg/g, respectively, 
which were reached within 30 min of contact time. The regeneration of the 
biocomposite was possible with 0.1 M NaOH for 7 cycles of loading elu-
tion process. A one-pot hydrothermal carbonization method was followed 
to immobilize Geotrichum sp. dwc-1 on attapulgite via covalent bonding 
[51]. The maximum adsorption capacity for U(VI) was 125 mg/g at pH 4.0. 
With the enhanced dispersive and stable nature, the biocomposite prom-
ises a successful application in the removal of U(VI) from the geological 
repositories and nuclear waste management. The removal of Ni(II) was 
established with three different biocomposites, which were prepared by 
entrapping Candida lipolytica, Candida tropicalis, and Candida utilis, sepa-
rately onto Ca-alginate [52]. The chemical ion-exchange nature of adsorp-
tion of Ni(II) was established at pH 6.62 with equilibrium time of 3h. The 
Candida tropicalis-alginate biocomposite resulted in higher adsorption 
capacity than others. The biosorption process could be carried out contin-
uously for five cycles with HCl as the eluent. A nanofibre composite com-
prising of chitosan and baker’s yeast was prepared by the electrospinning 
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method [53]. The biocomposite, with low crystalinity, showed a decending 
trend of the adsorption capacity, for U(VI) and Th(IV), in binary systems 
with co-metals in the order of Co(II) > Cd(II) > Cu(II) > Fe(II) > Ni(II) and 
Co(II) > Cu(II) > Ni(II) > Cd(II) > Fe(II), respectively. The biocomposite 
was regenerable for use for five cycles with Na

2
CO

3
 (0.1 M) and HNO

3
 

(0.1 M) as the eluting agents. In order to remove Cu(II), a biocomposite 
was prepared by immobilizing Trichoderma asperellum onto Ca-alginate 
[54]. In one case, the biocomposite was heated to inactivate the entrapped 
biomass, which resulted in the enhancement of the adsorption capacity 
(134.22 mg/g), which is higher than that of other biocomposite associ-
ated with viable biomass and plain alginate beads. Thus, the clogging and 
post-separation process, associated with the use of suspended biomass, 
may be avoided with this biocomposite. Since the biomass was isolated 
from polluted river water, therefore the entrapped biomass (supported on 
the Ca-alginate) will have better adaptability to applications in the treat-
ment of industrial and other effluents. The immobilization of Aspergillus 
niger B77 onto polyurethane was carried out for the adsorption of Cu(II) 
[55]. The biomass laden biocomposite exhibited threefold increase in the 
uptake of Cu(II) than the free biomass by virtue of the increased number 
of theoretical plates. Again, it was also noted that the presence of glucose 
in the equilibrium mixture resulted in the further enhancement in the 
adsorption of Cu(II). The removal of Cu(II) and Pb(II), from their single 
and binary aqueous mediums, was undertaken with a biocomposite that 
was prepared by anchoring Saccharomyces cerevisiae onto a composite of 
Ca-alginate and activated carbon [56]. In the binary systems, the Pb(II) 
ions interfered significantly in the removal of Cu(II), while the later showed 
no appreciable interference during the recovery of the former. Hence, this 
antagonistic interference suggests that the biocomposite has higher affin-
ity for Pb(II) at pH 5. Since, most of the metal-contaminated wastewater 
has an acidic pH, therefore this biocomposite promises efficient applica-
tion in the remediation process. Rhodotorula glutinis was supported on the 
nanoparticles of iron oxide, whereby producing a magnetic biocomposite 
[57]. This biocomposite was applied in the removal of Uranium at pH 6.0. 
The commonly co-existing cations including K+, Na+, Ca2+, and Mg2+ did 
not interfere with the removal of Uranium. The physiochemical uptake of 
Uranium was favorable at higher temperatures. At pH 5.0, a unit amount 
of the biocomposite of Aspergillus fumigatus supported Ca-alginate could 
remove U(VI) within 120 min [16]. Active sites for adsorption include 
the carboxyl, amino and phosphate groups which are spread over the sur-
face of the biocomposite. However, at pH 6.0, the formation of the ura-
nyl carbonate complexes restricts the availability of the binding sites (for 
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uranyl ions) through competitive adsorption. Chitosan was used as a sup-
port for encapsulating Zygosaccharomyces rouxii to get a bicomposite for 
the removal of Cd(II) [58]. The composition of the ratio 4:10 by weight 
of Zygosaccharomyces rouxii to chitosan exhibited the highest recovery of 
Cd(II) at pH 3.0. The pH

PZC
 (pH at point zero charge) of the biocomposite 

was 2.52. The diminished leaching of the protein and nucleic acids from 
the regular spherical-shaped biocomposite contributes to the prevention 
of eutrophication. Aspergillus BRVR was entrapped into epichlorohydrin 
crosslinked cellulose matrix and the resultant biocomposite was used 
for the removal of Cr(VI) [59]. An increase in the bed-height resulted in 
the enhancement of the uptake capacity of the biocomposite, while the 
increase in the flow rate and Cr(VI) concentration lead to the reduction 
of its adsorption capacity. At pH 2.0, the functional groups including NH

2
, 

OH, COOH (constituting the fungal cell wall) and those associated with 
cellulose get protonated whereby electrostatic interaction take place with 
HCrO

4
−. The biocomposite could be regenerated with 1.5 M NaOH.

4.2.3  Bacteria Biosorbent

Bacteria are unicellular microorganisms neither plants nor animals and 
have a number of shapes. Bacteria live in colony and approximately 5 × 
1030 bacteria on earth [60]. The applications of bacterial cell as biosorbent 
have been widely investigated for the removal of a number of the contami-
nants. Immobilized cell systems for large-scale or column operations or 
batch method have gain a wide attention for the removal of pollutants from 
wastewaters.

The immobilization of Pseudomonas strain was accomplished during 
the radiation-induced formation of the polyacrylamide matrix [61]. In 
the porous polymeric matrix, the bacterial cells got entrapped onto the 
pore walls. At pH 5.0, a unit quantity of the biocomposite could retain 
202 mg of uranium. The used biocomposite could be fully recovered with 
sodium-bicarbonate upto 4 loading-elution cycles. The entrapment of 
dead Pseudomonas putida cells into chitosan beads rendered a biocom-
posite sorbent whose adsorption capacity for U (VI) increased by 1.27 
times as compared to the blank chitosan (devoid of the microorganism) 
[62]. The functional groups, namely, NH+3, NH

2
, OH, and COOH, were 

majorly involved in the retention of U(VI) species, such as (UO
2
)

3
(OH)

2
+2 

and (UO
2
)

4
(OH)

7
+, at pH 5 as shown in Figure 4.2.

A biofilm of Bacillus arsenicus MTCC 4380 was coated on the surface 
of composite Neem leaves/MnFe

2
O

4
, prepared by the co-precipitation 

method [63]. Both As(III) and As(V) were retained on the bacterial cells. 
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The contact time to reach the equilibrium increased with increasing initial 
concentration of the metals, but however, there was no effect of tempera-
ture. The mechanisms of ion-exchange and film diffusion were predicted to 
be the major routes for sorption. A composite comprising of Escherichia coli 
and polysulfone, prepared through spinning in N,N-dimethylformamide, 
was coated with polyethylenimine [64]. The sorbent was found to be highly 
stable in acetic acid and thus suitable for the recovery of ruthenium from 
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the acetic acid effluent discharged during the Cativa process. It exhibited a 
breakthrough volume of 120 beds for flow-through column system. Again, 
the same sorbent [65] could recover Palladium from acidic aqueous efflu-
ent. A high sorption capacity for Pd was observed in 0.1–1.0 M solution 
of HCl. Burkholderia vietnamiensis C09V was entrapped into the compos-
ite comprising of polyvinyl alcohol, sodium alginate and kaolin [66]. The 
biocomposite could recover 89.4% crystal violet, 16.5% Cr(VI) and 64.1% 
Cu(II), when exposed for 42h. The Cr(VI) got reduced to Cr(III) when 
adsorbed by the entrapped bacterial cells. The adsorption of Zn2+ and Cd2+ 
was studied with several bio-composites by Piresa et al. [67]. These biocom-
posites were prepared by the capsule immobilization of inoculums of bac-
terial strains, namely, Cupriavidus (1C2), Sphingobacterium (1ZP4), and 
Alcaligenes (EC30), in Ca-alginate, Ca-pectate, and diethylamino-ethyl-
methacrylate-based polymer. The bacterial strains, 1C2 and EC30, showed 
the maximum affinity for Zn(II) and Cd(II), respectively. In binary mixture, 
the removal of Cd (II) was higher, by 40%, than Zn(II) with the biocom-
posites. On comparing all the sorbents, the best result was obtained with 
1C2 and EC30 immobilized on the synthetic polymer. The Lysinibacillus sp. 
NOSK was attached onto an electrospun polysulfone nanofibrous web [68] 
and used for the removal of Reactive Black 5 and Cr(VI) and maximum 
removal was 99.7% and 98.2%, respectively. Reduction of Cr(VI) to Cr(III) 
and adsorption/degradation of the dye by the bacterial cells were also stud-
ied. In another work, Cr(VI) was removed with Ochrobactrum sp. Cr-B4 
immobilized polyvinyl-alcohol-alginate composite by virtue of adsorption 
on solid–liquid interface and enzyme catalyzed chromate reduction [69]. 
A granular-activated carbon-MnFe

2
O

4
 composite was coated with a bio-

film of Bacillus arsenicus MTCC 4380 for the in-situ removal of As(III) 
and As(V) from groundwater [70]. An ion-exchange type, accompanied by 
film diffusion, mechanism, was followed for adsorption and the maximum 
adsorption capacity was attained within 180 min at 30°C at pH = 7. The 
Pseudomonas putida CZ1 entrapped goethite composite showed preferen-
tial sorption of Zn(II) over Cu(II) [71]. The toxicity of Cu(II) was higher 
than Zn(II) for the bacterial cells. The higher adsorption of the composite 
may be attributed to the variety of reactive sites rendered by functional 
groups, namely carboxylic, phosphoryl, and amino and hydroxyl, consti-
tuting the bacterial cells, in addition to the hydroxyl group of geothite. A 
Fe(III) selective biocomposite was prepared by anchoring pyoverdin (as 
secreted by pseudomonas fluorescens strain), through glycidoxypropyl 
linker, into the pores of mesoporous micelle-templated silicas [72]. The 
large surface area and the low density of the competitive silanols, within 
the pores, allowed higher retention of Fe(III). The larger pores facilitated 
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the diffusion and thereby easy access to the complexation sites. A biofilm 
of Corynebacterium glutamicum MTCC 2745 was supported on a granular 
activated carbon/MnFe

2
O

4
 composite [73]. Since the growth of the bac-

teria cells is unfavorable at highly acidic and basic mediums, therefore, 
the maximum sorption of As(III) and As(V), existing as nonionic species 
H

3
AsO

3
, was observed at pH 7.0. Pseudomonas aeruginosa was supported 

on multiwalled carbon nanotubes. An adsorption capacity of 5.0496 mg/g−1 
for Cu(II) was reached within 30 min [74]. Vermiculite clay was used as 
a support for anchoring Streptococcus equisimilis [75]. This biocomposite 
was used for treating wastewater, containing Ni(II), Cd(II), and diethylk-
etone, discharged by metal refining and paint manufacturing industries. 
The increased adsorption capacity for Ni(II) and Cd(II) as well as diethylk-
etone may be attributed to the presence of functional groups on the surface 
of the biofilm, which also promotes the degradation of diethylketone. The 
volcano rocks, comprising of porous aluminosilicate mineral, was coated 
with genetically modified Pseudomonas putida cells having protruding 
cyanobacterial metallothioneins [76]. The maximum adsorption capac-
ity of 22.23 mg/g was attained for Cu(II) at pH 6 after a contact time of 
60 min. The biocomposite exhibited improved mechanical strength and a 
regenerability of five continuous cycles of loading-elution. The removal of 
Cr(VI), Cd(II) and Co(II) was carried out with Chryseomonas luteola TEM 
05 entrapped carrageenan and chitosan coated carrageenan gels [77]. The 
use of gelling agent KCl-chitosan, instead of KCl, resulted in the improve-
ment of mechanical strength and thermal stability of the gel. The growth 
of bacterial cells is favorable on the Carrageenan gels, which also has a 
high diffusion coefficient. At the optimum condition of pH 6 (25 °C), the 
sorption of Co(II) and Cd(II), in the presence of all the metals, was found 
to decrease by 3-fold and 2-fold, respectively. Calcium alginate supported 
Bacillus subtilis was employed for the removal of Cd(II) at pH 5.92 [78]. 
An adsorption capacity of 251.91 mg/g (45 °C) and 188 mg/g (25 °C) was 
obtained for the initial cadmium concentration of 496.23 mg/L. The func-
tional groups like hydroxyl, carboxyl, amines, amides and alcohol played 
the major role in the retention of Cd(II) onto the biocomposite sorbent.

4.3  Biosorption Mechanism

4.3.1  Algae-Based Biocomposite

The uptake of heavy metals by living microalgae involves both nonmeta-
bolic and metabolic pathways [17]. Kumar et al. [17] represented the several 
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mechanisms involved the translocation, sequestration, and uptake in living 
as well as, nonliving microalgae (Figure 4.3). In its reversible nonmetabolic 
route, the functional groups, constituting the cell surface, undergoes elec-
trostatic interaction with the heavy metals and thus retain the latter through 
physical adsorption, ion exchange, chemisorptions, coordination, chela-
tion, precipitation, entrapment (into the polymeric network of polysaccha-
rides), and diffusion (into cell membrane). The ion-exchange mechanism 
is involved in the replacement of Ca2+, Mg2+, Na+, and K+ with heavy metals 
[79]. The constituents of the cell wall, namely, amino acids (comprising 
protein) and polysaccharides, interact with the heavy metals through its 
amino, carboxyl, and sulfate groups. The formation of complexes through 
coordination bonds with heavy metals is observed for alginate and sulfated 
polysaccharides. The histidine and the peptide bond provide imidazole and 

L

Men+ +L

Cell wall

PD

CC

IE

P

SA

Chloroplast
MTP

Cytoplasm

Mitochondrion
Plasma membrane

Figure 4.3 Schematic representation of several mechanisms of heavy metal translocation, 

sequestration, and uptake in living (Left), as well as, nonliving (Right, brown shaded) 

microalgae; including Men+-Metal ion, L-liquid(Men+ + L represents metal ion in liquid); 

Metal-ion transporters (such as NRAMP, CTR, ZIP, and FTR); Phytochelatinbio-synthesis 

pathway, PC complexes, and enzymes involved in the PC synthesis (GCS-glutamyl–

cysteinyl synthase, GS-Glutathione synthase, PCS-phytochelatin synthase); AA-Amino 

Acids; OA-Organic Acids; LMWPC-MeC-Low Molecular Weight Phytochelatin Metal Ion 

Complexes; HMWPC-MeC-High Molecular Weight Phytochelatin MetalIon Complexes; 

MTP-Metallothionein Protein; SA-surface adsorption; P-Precipitation; IE-Ion Exchange; 

CC-Complexation and Chelation and PD-Passive diffusion. (Reprinted from [17] with 

permission from Elsevier.)
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nitrogen/oxygen atoms, respectively, to form coordination bonds with the 
heavy metals [19]. Besides these forces and factors, the biosorption of the 
metal ions is also controlled by the experimental conditions. In Table 4.1, a 
comparison in the adsorption capacity of various algae-based biosorbents 
and the experimental conditions have been summarized.

In the irreversible metabolic pathway [17], which occurs within the 
cell, the heavy metals get transported across the cell membrane and ulti-
mately accumulate inside the cell through interaction with the intracellular 
organelle. The heavy metals are carried into the cytoplasm by membrane 
transport protein, including the Group A transporter’s members, such 
as Natural Resistance-Associated Macrophage Proteins, ZRT-IRT-like 
Protein, Fe–Transporter, and Cu–Transporter [80]. The dead algae adsorb 
heavy metals through the reversible non-metabolic mechanism [79]. In 
dead algae, the fibrillar cellulose and the embedding matrices of alginic 
acid/alginate and sulfated polysaccharides play the major role in the reten-
tion of heavy metals onto the cell wall [79].

4.3.2  Bacteria-Based Bio-Composite

The sorption of metal ion onto the bacterial biocomposite would depend 
on the physiochemical parameters, such as pH, temperature, density of 
binding sites, and the initial concentration of the metal ions. The maxi-
mum adsorption capacity and experimental condition used for the 
removal of heavy metals various bacteria-based biosorbent are summaries 
in Table 4.2. Various types of mechanisms, namely micro-precipitation, 
surface-accumulation, electrostatic interaction, chelation or ion exchange, 
may be involved in the bio-sorption of metal ions [81]. As reported by 
Podder and Majumder [82], at lower pH, the pro-binding sites on the sur-
face (of the biocomposite) get positively charged, which undergoes elec-
trostatic interaction with the negatively charged As(III) and As(V). The 
superficial positive charge was mainly due to the MnFe

2
O

4
 portion of the 

biocomposite. In presence of water, the surfaces of both B. arsenicus MTCC 
4380 and GAC/MnFe

2
O

4
 biocomposite undergoes hydration whereby 

forming coordination shells with the OH groups [83]. As the pH of the 
medium changes, these OH groups may bind/release H+ ions so that the 
surface remains positively charged. These superficial OH groups may get 
replaced by the approaching AsO

3
−3/H

2
AsO

3
−/AsO

4
3−/H

2
AsO

4
−, whereby 

the latter get retained onto the biocomposite. Additionally, the positively 
charged surface may exert electrostatic/columbic forces on the negatively 
charged forms of As(III)/As(V) ions [73]. As reported by Qu et al. [84], 
the common functional groups constituting the surface of Leucobacter sp. 
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N-4 were hydroxyl, carbonyl, sulfonate, amide, imidazole, phosphate, and 
phosphodiester groups. The retention of Ni(II) ions onto Leucobacter sp. 
N-4 may have been caused by the chemical interaction of the former with 
the hydrogen atoms constituting the carboxyl, hydroxyl, and amine groups 
on the latter’s surface.

4.3.3  Fungi-Based Biocomposite

A living fungal cell adsorbs metal ions through metabolic and non-meta-
bolic processes, while a dead fungal would take the nonmetabolic pathway 
for adsorption [85]. Hence, the retention of metal ions by fungi may involve 
various processes, such as outer surface intake, intracellular accumulation, 
and extra cellular precipitation. The outer surface intake is accomplished 
with irreversible nonmetabolic physiochemical interactions, namely ion 
exchange, surface adsorption, and complex/chelate formation, between the 
constituent functional groups of fungi and the metal ions. Fungal cell wall 
contains polysaccharides, proteins, lipids, polyphosphates, and some inor-
ganic ions, by virtue of which carboxyl, hydroxyl, sulphate, phosphate, and 
amino groups are available for binding with metal ions [86]. As reported 
by Sathvika et al. [59], at pH 2.0–3.0, the surface of aspergillus-cellulose 
biocomposite becomes positively charged, by virtue of the protonated 
amines, carboxyl and hydroxyl groups, and thus retains the negatively 
charged HCrO

4
− through electrostatic interaction. On the other hand, at 

pH 6.5–7.5, the positively charged metal hydroxides, such as Cr(OH)2+ 

and Cr(OH)
2

+, get adsorbed onto the negatively charged surface of the bio-
composite through electrostatic interaction. The metabolic intracellular 
accumulation of metal ions involves the cell membrane of viable fungal 
cells. Fungal species may form widespread network of mycelium and thus 
accumulate pollutants within this network [87]. The metabolic extracel-
lular precipitation occurs when the intracellular secretion interacts with 
metal ions to facilitate precipitation. However, the nonmetabolic precipita-
tion may be induced by certain chemical interactions between the metal 
ions and the surface constituents. Some fungi may exhibit metal selectivity 
[88]. Again, a consortium of different fungal species may have 100% effi-
ciency in the removal of metal ions [89]. As Akra et al. [46] reported the 
adsorption of Ni(II) onto immobilized L. salmonicolor fungal may involve 
a collective method involving ion-exchange mechanism and interaction 
with hydroxyl, amino and carboxyl groups. Kulal el. al. [90] proposed a 
complexation mechanism in Figure 4.4 for the adsorption of U(VI) from 
Penicillium chrysogenum immobilized on silica gel. Besides the functional 
groups, the experimental conditions and immobilizing material also play a 
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vital role in the adsorption process. As shown in Table 4.3, the adsorption 
capacity highly depends on the type of fungi and immobilizing material 
metal. The adsorption capacity of the biosorbent changes with the change 
in the experimental conditions like solution pH, solution volume, biosor-
bent dose, reaction temperature, and initial metal concentrations.

4.4  Conclusion

The scavenging efficiency of microbes is influenced by several biotic fac-
tors (such as strain, tolerance, size, and life stages) and environmental fac-
tors (such as pH, temperature, concentration of pollutants, etc.). The use of 
freely suspended microbes is losing charm due to the latter’s small particle 
size, low density, poor mechanical strength, less rigidity, which causes dif-
ficulties in column processes, due to biomass swelling, clogging and poor 
regenerability. The technique of immobilizing microbes, onto a stable sup-
port matrix, has offered an alternative eco-friendly method for the remedi-
ation of wastewater. The immobilized microbes enhance the performance 
of the overall modified sorbent by virtue of their special features, namely: 
(1) capability to detect and take up pollutants at low concentrations, (2) 
free of toxic sludge, (3) easily culturable and maintainable, and (4) high 
specific surface area. Apart from being of low cost and high abundance, 
such microbes also help in carbon dioxide mitigation.

Although, physical methods of modification are simple and inexpen-
sive, however, the chemical modification of the surface of microbes, by 
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introducing new binding groups and/or modifying the existing functional 
groups, may make the latter more effective. The mechanical strength of 
the microbes may also be enhanced by grafting long polymer chains onto 
the microbial surface. The genetic manipulation of the microbes, so as to 
optimize culture growth, can improve its sorption capability.

The lack of complete success in their commercial use may be because 
of our incomplete knowledge about the mechanisms, kinetics and ther-
modynamics. The diversity of the functional groups and their elusive 
extracellular availability (in microbes) have collectively made it difficult 
to get conclusive information. A collaborative work of chemist, engineers 
and biologists may be able to develop microbial biosorbents which could 
address issues, namely, (1) recovery of precious metals, proteins, antibod-
ies, and peptides, (2) increased resistance to heat so that autoclaving and 
purification of pollutants may be effectively carried out, (3) enrichment of 
microelements, biological food supplements and fertilizers, and (4) treat-
ment of real industrial effluents with multiple pollutants.
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Abstract
Trivalent chromium [Cr (III)] and hexavalent chromium [Cr (VI)] are two major 

forms of chromium that exist in the aqueous environment. The later form is 

acutely toxic, mutagenic, teratogenic, and carcinogenic in biological systems. It 

is released to the aqueous environment as industrial effluents in form of different 

oxy anionic species like HCrO
4

−, Cr
2
O

7
2−, CrO

4
2−, etc., speciation of which depends 

on pH and concentration of solution. In recent years, many studies have been 

carried out with different adsorbents like clay minerals, biomasses and industrial 

wastes for remediation of Cr (VI) from contaminated water as these are chief 

and abundantly available. This chapter reports on the evaluation of adsorption 

capacities of these adsorbents with brief discussion of mechanism of adsorption. 

In this chapter, isotherm models, thermodynamics and kinetics of adsorption and 

pH of solution were briefly discussed. Maximum adsorption capacity obtained 

by the adsorbents with optimum adsorption conditions such as pH, temperature, 

contact time, initial Cr (VI) concentration, adsorbent dose along with fitted iso-

therm, kinetic model, values of thermodynamic parameters like ΔH°, ΔG°, ΔS°, 

and mechanism of adsorption were presented in tables.
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5.1  Introduction

In recent years, rapid growth of industrialization and urbanization has 
resulted in increased environmental pollution, which has been a serious 
cause of public concern [1]. In particular, water pollution is one of the 
imortant global environmental issues. Discharge of organic and inorganic 
wastages, sediments, radioactive materials, effluents, sewages and heavy 
metals in to the water bodies cause pollution of water. Among these pol-
lutants, heavy metals are responsible to a considerable extent because of 
their toxicity, bioaccumulation, persistence and nonbiodegradable nature 
[2]. Since the worldwide discharge of chromium containing wastewater is 
approximately 170,000 tons per annum, chromium has been considered as 
a major pollutant among the toxic heavy metals [3].

Chromium is the twenty-fourth most abundant element in Earth’s crust 
[4]. It exhibits a wide range of possible oxidation states ranging from +II to 
+VI with the predominance of trivalent [Cr (III)] and hexavalent [Cr (VI)] 
species in aquatic environments.This is evident from Eh-pH diagram given 
in Figure 5.1. Cr (III) is the most thermodynamically stable oxidation state 
under reducing conditions and predominates at pH < 3.0 [5]. The appre-
ciabe less toxic property of Cr (III) at low concentrations makes it an essen-
tial nutrient and a component of the glucose tolerance factor [3]. It exists as 
a cation in the aqueous environment. Being a cation, it is less mobile in the 
soil environment and can easily be precipitated out from aqueous solution 
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as Cr (OH)
3
 [6]. In consrast, Cr (VI) exists in aqueous medium as differ-

ent oxy anionic species such as chromate (CrO
4

2−), dichromate (Cr
2
O

7
2−), 

etc., speciation of which depends on its concentration and pH of the solu-
tion. Figure 5.2 shows that H

2
CrO

4
 is the dominant species at pH below 

1.0 where as HCrO
4

− and Cr
2
O

7
2− predominate between the pH 1.0 and 6.0. 

The stable Cr (VI) species above pH 6.0 is CrO
4

2− [7]. Further, there is a 
possibility of transformation of Cr

2
O

7
2− to HCrO

4
− below 1.26–1.74 × 10−2 

mol/L of total Cr(VI) concentration in acidic medium [8].
Cr(VI) is acutely toxic, mutagenic [9], teratogenic [10], and carcinogenic 

[11] in biological systems. It is nonbiodegradable and bioaccumulative in liv-
ing tissues. Hence, different Cr (VI) species move through the cell membrane 
and get reduced to Cr (III) by reactive oxygen species (ROS) such as super-
oxide, hydroxyl radicals, and hydrogen peroxide resulting in intracellular 
damage. Cr (III) ions so formed make stable coordination complexes with 
nucleic acids and proteins. Therefore, reduction of Cr (VI) inside the cell is 
responsible for genotoxic damage as well as other forms of toxicity [12].

As Cr (VI) compounds are toxic and corrosion inhibitors, these are widely 
used in various industrial processes such as leather tanning, electroplating, 
metal finishing, refractories, pigment, dye synthesis, alloy, and steel manu-
facturing [13–15]. The wastewaters released from these industries usually 
contain Cr (VI) of concentration up to 500 ppm [3]. Contamination of 
Cr (VI) also occurs through accidental leakage and improper disposal [12]. 
In addition, Cr (VI) can be produced naturally in the environment due to 
oxidation of the Cr (III) present in ultramafic derived soils and ophiolitic 
rocks [16]. So the total amount of chromium that is discharged into the 
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environment is mainly in form of Cr (VI). The negatively charged Cr(VI) 
species are poorly adsorbed by the negatively charged soil particles due 
to repulsive electrostatic interactions and hence are transferred freely into 
the aqueous environment [17]. Moreovere, these species are highly mobile 
in natural water ecosystems and cause threat not only to aquatic life but 
also to human beings. Due to the detrimental effect of Cr (VI), stringent 
regulations have been imposed for the presence of Cr (VI) in water. The 
US EPA has fixed 0.05 mg/L and 0.1 mg/L as the maximum permissible 
limit of Cr (VI) in drinking water and in surface water, respectively [18, 
19]. The concentration of Cr (VI) in water must be reduced to permissible 
level before being discharged into the aqueous environment to minimize 
its effects on aquatic life and downstream users. Therefore, treatment of 
Cr (VI) contaminated water is an important and necessary environmental 
issue. Several techniques like ion exchange, ultra filtration, electro dialysis, 
reverse osmosis, chemical precipitation, electrochemical reduction, sul-
phide precipitation, cementation, ion exchange, solvent extraction, mem-
brane filtration, evaporation, etc., have been developed for remediation of 
Cr  (VI) in contaminated water [20–22]. High operational cost, low fea-
sibility of scale-up for industrial applications and ineffectiveness at high 
concentrations are some of the limitations for most of these techniques 
that restrict their applications [23]. Photocatalytic reduction technique is 
recently developed for this purpose [24–26]. However, adsorption is one of 
the effective and promising techniques, commonly used for remediation of 
Cr (VI) [27–29]. It is because this method has a large number of prominent 
advantages such as flexibility and simplicity of design, ease of operation, 
insensitivity of toxic pollutants and avoidance of the formation of second-
ary pollutants [30].

A large number of adsorbents, including polymeric resins, clays, bio-
polymers, biomass, activated carbon, and grapheme oxides are used for 
remediation of Cr  (VI) and are compared with respect to their removal 
efficiency, adsorption capacity, regeneration and other features [31]. 
Activated carbon is widely used as an excellent adsorbent for the treatment 
of industrial effluents contaminated with Cr (VI) due to its microporous 
structure, high surface area and large number of positive charges on the 
surface [32, 33]. Mohan et al. reviewed adsorption efficiency of activated 
carbons for removal of hexavalent chromium from water/wastewater and 
compared their efficiency with that of low-cost adsorbents such as agricul-
tural byproducts, seeds, zeolites, lignite, peat, chars, coals, clay minerals, 
etc. It was shown that some of these materials have equal or more adsorp-
tion capacity than activated carbons [34]. Moreover, the high cost and 
limited selectivity of activated carbon restricted its large scale application 
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[35–37]. Therefore, a large number of studies have been reported in recent 
years, on remediation of Cr  (VI) by adsorbents like clay minerals, bio-
masses, and industrial wastes as these are chief and abundantly available. 
The adsorption reactions for remediation of Cr (VI) are characterized by 
isotherm models, kinetics and thermodynamics of adsorption. The adsorp-
tion capacity is influenced by various adsorption conditions such as pH, 
temperature, contact time, initial Cr (VI) concentration and adsorbent 
dose. Isotherm models, thermodynamics, kinetics of adsorption and pH 
of solution were briefly discussed in this chapter. An overview was made 
on evaluation of adsorption capacities with brief discussion of mechanism 
of adsorption. Maximum adsorption capacity obtained by the adsorbents 
with optimum adsorption conditions such as pH, temperature, contact 
time, initial Cr(VI) concentration, adsorbent dose along with fitted iso-
therm, kinetic model, values of thermodynamic parameters like ΔH°, ΔG°, 
ΔS°, and mechanism of adsorption were presented in tables.

5.2  Isotherm Models

Adsorption isotherm correlates the adsorbate concentration in bulk solu-
tion with the amount of adsorbate adsorbed at the interface. It also provides 
information about a favorable adsorption process, nature of adsorption 
surface and type of layer of adsorption. Hence several isotherm models 
have been used in various adsorption processes. Langmuir, Freundlich and 
Dubnin–Radushkevich isotherm models have been used for the adsorp-
tion process involving uptake of Cr (VI) from aqueous solution by differ-
ent adsorbents. These isotherm models are discussed in this section.

5.2.1  Langmuir Isotherm Model

This model was developed by Irving Langmuir in 1916. According to it, 
adsorption of metal ion occurs on a homogeneous surface and follows 
mono layer adsorption mechanism without any interaction between 
adsorbed ions. This model assumes that once a metal ion occupies a site, 
no further adsorption occurs at that site and a dynamic equilibrium is 
attained between the adsorbed phase and the liquid phase. It also assumes 
that all adsorption sites are identical and energetically equivalent. The iso-
therm is represented by the following equation [38]:

 C
e
/q

e
 = 1/Q

0
b + C

e
/Q

0 
 (5.1)
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where
C

e
 is the equilibrium concentration (mg/L).

q
e
 is the amount adsorbed on unit mass of adsorbent (mg/g) at equilib-

rium time.
Q

0
 is the maximum quantity of adsorbate required to form a single 

monolayer on unit mass of adsorbent (mg/g) and is a measure of adsorp-
tion capacity.

b is a constant related to the affinity of binding sites with the metal ions.

An adsorption process will follow Langmuir isotherm model if the 
plot of (C

e
/q

e
) versus C

e
 yields a straight line or the correlation coefficient 

should possess highest value. The value of Q
0
 and that of b can be calcu-

lated from the slope and intercept of this linear plot. Further, feasibility of 
adsorption process can be predicted by the magnitude of dimensionless 
equilibrium parameter or separation factor (R

L
), which is obtained from 

Langmuir isotherm by the equation given below [39]:

 R
L
 = 1/(1 + bC

0
) (5.2)

where, C
0
 is the initial concentration of Cr(VI) in mg/L.

Adsorption of Cr (VI) on to different adsorbents becomes feasible when 
the value of separation factor (R

L
) lies in between 0 and 1 (i.e., 0 < R

L
 < 1). If 

it is greater than one, the adsorption process becomes unfavorable. Linear 
nature of adsorption process is indicated when R

L
 is equal to one. If R

L
 is 

equal to zero, the adsorption process is said to be irreversible.

5.2.2  Freundlich Isotherm Model

This model was developed by Freundlich in 1907. It assumes that uptake 
of adsorbates occurs on a heterogeneous surface by multilayer adsorption 
and that adsorbed amount increases with an increase in concentration. 
Freundlich isotherm equation can be written as follows [40]:

 log q
e
 = log K

f
 + (1/n) log C

e
 (5.3)

where
q

e
 is the amount of adsorbate adsorbed at equilibrium (mg/g).

C
e
 is the equilibrium concentration of adsorbate in solution (mg/L).

K
f
 and n are the constants incorporating all factors affecting the adsorp-

tion process (adsorption capacity and intensity).
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Both these parameters can be obtained from the intercept and slope of 
the linear plot of log q

e
 versus log C

e
. Adsorption of Cr (VI) by an adsor-

bent follows Freundlich isotherm model if the plot of log q
e
 versus log C

e
 

will be a straight line. The values of K
f
 and n can be calculated from the 

intercept and slope of this plot. Larger the values of K
f
 and n higher is the 

adsorption capacity.

5.2.3  Dubnin–Radushkevich Isotherm Model

This model was used to evaluate the maximal adsorption capacity and to 
provide the mechanism responsible for metal uptake. The isotherm equa-
tion is given as [41]:

 log q
e
 = log q

D
 – 2B

D
R2T2 log (1 + 1/C

e
) (5.4)

where
q

e
 is the amount adsorbed at equilibrium.

q
D
 is maximal adsorption capacity and its value gives an idea about 

adsorption capacity of adsorbent.
C

e
 is the equilibrium concentration.

T is the absolute temperature.
R is the universal gas constant.
B

D
 is a constant related to the adsorption energy (E) and is expressed in 

mol2/J2.

The adsorption energy (E) and B
D
 are related as [42]:

 E = 1/√2B
D
 (5.5)

Mechanism of adsorption can be predicted from the value of adsorption 
energy (E) [43].When its value lies between 8 and 16 kJ/mol, the adsorp-
tion process is said to follow ion exchange path, while physical adsorption 
prevails for its value less than 8 kJ/mol [44]. An adsorption process follows 
this model, when the plot of log q

e
 versus log (1  1/C

e
) gives a straight line. 

Values of q
D
 and B

D
 are calculated from the slope of this plot.

5.3  Thermodynamics of Adsorption

Adsorption of Cr (VI) on different adsorbents depends on various ther-
modynamic parameters like standard free energy change (ΔG°), standard 
enthalpy change ΔH°, and standard entropy change (ΔS°). Free energy 
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change of an adsorption process gives an idea about feasibility of the pro-
cess. An adsorption process is said to be feasible or spontaneous when 
change in standard free energy is negative (ΔG° < 0). Moreover, it sug-
gests the mechanism of adsorption. Change in standard free energy value 
between −20 and 0 kJ/mol is consistent with physical adsorption while that 
in the range from −80 to −400 kJ/mol indicates chemisorptions [43]. It is 
calculated by Eqn. 5.6 [45]:

 ΔG° = −RT ln (K) (5.6)

The value of change in standard enthalpy (ΔH°) suggests exothermic or 
endothermic nature of adsorption process. The adsorption process is said 
to be exothermic if the value of ΔH° is negative while positive value of ΔH° 
is an indicative of endothermic adsorption process [46].

The spontaneity of adsorption can be evident from the positive value 
of change in standard entropy (ΔS° > 0). Further, it reflects about the 
increased randomness at the interface between adsorbent and solution 
during the adsorption process [46]. The values of ΔH° and ΔS° can be 
obtained according to Van’t Hoff equation (Eqn. 5.7):

 ln(K) = (ΔS°/R) – (ΔH°/RT) (5.7)

The values of ΔH° and ΔS° are calculated from the slope and intercept of 
van’t Hoff plot of ln(K) versus 1/T.

5.4  Kinetics of Adsorption

Different kinetic models were used to explain mechanism of adsorption. 
Moreover, experimental adsorption capacity of an adsorbent can be com-
pared with that of calculated value obtained from the slope of a linear plot. 
Pseudo-first-order and pseudo-second-order kinetic models have been 
followed for adsorption of Cr (VI) onto surfaces of different adsorbents. 
Therefore, these two kinetic models have been discussed in this section.

5.4.1  Pseudo-First-Order Kinetics

Lagergren derived pseudo-first-order model, which finds wide application 
[47]. The rate equation of this model is given by:

 dq
t
/dt = k

ad
 (q

e
 – q

t
) (5.8)
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where
q

e
 is the amount of adsorption at equilibrium time.

q
t
 is the amount of adsorption at time t.

k
ad

 is the rate constant of the pseudo-first-order adsorption process.

The linear form of above equation can be written as:

 ln(q
e
 – q

t
) = ln q

e
 – k

ad
t (5.9)

If the plot of log (q
e
 – q

t
) versus t gives a straight line, the adsorption 

process is said to follow first order kinetics and rate constant (k
ad

) is calcu-
lated from the plot. Again first order kinetics is followed when the value of 
correlation coefficient (R2) is equal to or greater than 0.96.

5.4.2  Pseudo-Second–Order Kinetics

Pseudo-second-order model was given by HO and Mckay [48]. Equation 
5.10 represents the rate equation for pseudo second order model.

 q
t
 = kq

e
2t/(1 + k q

e 
t) or, t/q

t
 = 1/(kq

e
2) + 1/q

e
 (5.10)

where
k is second order rate constant.
q

e
 is the amount adsorbed at equilibrium.

q
t
 is the amount adsorbed at time t.

If the plot of t/q
t
 versus t gives a linear relationship, the adsorption pro-

cess follows pseudo second order kinetics. Again the adsorption process 
will follow pseudo second order kinetics, when the regression coefficient 
(R2) is equal to or greater than 0.96.

5.5  Solution pH

The adsorption of metal ion is strongly influenced by the pH of the 
medium [49]. Generally, pH of the solution provides a favorable adsor-
bent surface charge for adsorption to occur and hence affects the extent of 
Cr (VI) adsorption on to various adsorbents [50]. Surfaces of adsorbent 
are protonated at acidic solution pH (pH < 7.0) and there appears develop-
ment of enough positive surface charge which attract oxyanionic species 
of Cr (VI) through electrostatic attraction resulting in effective adsorption 
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(Figure 5.3 (a)). Therefore, most of the studies for adsorption of Cr (VI) 
have been carried out at pH < 7.0. When pH of the solution rises, con-
centration of OH− ions increases gradually. As a result, there occurs com-
petition between negatively charged Cr (VI) species and large number of 
OH− ions for the adsorption sites leading to decrease in uptake of Cr (VI) 
as shown in Figure 5.3 (b). Further, adsorption energy of different Cr (VI) 
species may be responsible for decrease in adsorption at higher pH. The 
dominant species of Cr (VI) at pH > 7.0 is CrO

4
2−, which has higher value 

of adsorption energy as compared to HCrO
4

−, the dominant species at 
pH < 7.0. This indicates HCrO

4
− ions with smaller adsorption energy 

possess greater affinity for adsorption and hence adsorption occurs to a 
greater extent at acidic pH. On the other hand, HCrO

4
− ions are gradu-

ally converted to CrO
4

2− ions with gradual rise of pH and CrO
4

2− ions with 
higher value of adsorption energy, get adsorbed to a small extent resulting 
in decrease in adsorption at pH > 7.0 [51].

Point of zero charge (pH
ZPC

) of the adsorbent is another factor that 
determines extent of adsorption. When pH of the solution becomes less 
than pH

ZPC
, surface of the adsorbent acquires positive charges and hence, 
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Figure 5.3 (a) Development of positive charges on the surface of adsorbent at pH < 

7.0 and electrostatic attraction of negatively charged Cr (VI) species. (b) Competition 

between CrO
4

2− species and OH− ions at pH > 7.0. (c) Development of surface positive 

charges at pH < pH
ZPC

 of the adsorbent causing electrostatic attraction of Cr (VI) species 

for the surface of adsorbent. (d) Development of negative surface charges at pH > pH
ZPC

 

causing electrostatic repulsion of Cr (VI) species from the surface of adsorbent.
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negatively charged Cr  (VI) species get effectively adsorbed on the adsor-
bent surface through strong electrostatic attraction [52]. This was shown in 
Figure 5.3 (c). On the other hand, adsorption surface becomes negatively 
charged if pH of the solution is greater than pH

ZPC
. This causes electrostatic 

repulsion between negatively charged Cr (VI) species and negatively charged 
surface of adsorbent, leading to decrease in adsorption (Figure 5.3 (d)).

5.6  Clay Minerals

Clays were used as adsorbents for removal of Cr (VI) due to their high spe-
cific surface area, low cost and ubiquitous presence in most soils [53–55]. 
However, natural clay minerals exhibit poor adsorption capacity for removal 
of Cr (VI) because of their negatively charged surfaces which repel anionic 
Cr  (VI) species [56]. Efforts were made to improve adsorption capacity 
of natural clay minerals either by adding reducing agents or by modify-
ing their surfaces. The present section reviews the adsorption behavior of 
natural clays and their modified forms. Optimum adsorption conditions, 
maximum adsorption capacity, mechanism of adsorption, kinetic model, 
isotherm model, and thermodynamic parameters were listed in Table 5.1.

5.6.1  Natural Clay Minerals

Adsorption of Cr (VI) onto natural clay minerals usually occurs through 
electrostatic attraction between positively charged surfaces and negatively 
charged Cr (VI) species as shown in Figure 5.4. Pumice and scoria vol-
canic rocks exhibited an adsorption capacity of 0.046 and 0.0448 mg/g, 
respectively, for a solution of initial Cr (VI) concentration 0.5–10.0 mg/L 
with an adsorbent dose of 100 g/L at pH 2.0 [57]. Khan et al. reported that 

Cr(VI)

+ + + +

Natural clay minerals

+ +

Cr(VI) Cr(VI) Cr(VI) Cr(VI) Cr(VI)

Figure 5.4 Adsorption of Cr (VI) onto natural clay minerals.
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natural bentonite exhibited maximum adsorption capacity of 0.57 mg/g at 
pH 2.0 [46]. Maximum adsorption capacity obtained by Wollastonite was 
0.826 mg/g [58]. According to Akar et al., maximum adsorption capac-
ity obtained by natural Turkish montmorillonite clay was 3.16 mg/g [59]. 
Natural Akadama clay was used for removal of Cr (VI) from contaminated 
water [60]. The surface of the clay acquired high degree of protonation 
as shown in scheme 5.1. This facilitated adsorption of negatively charged 
Cr  (VI) species onto the protonated clay surface through electrostatic 
attraction with a maximum adsorption capacity of 4.29 mg/g.

5.6.2  Natural Clay Minerals Along with Reducing Agents

In order to improve the adsorption capacity some researchers employed 
the concept of reduction of Cr (VI) to Cr (III) by an organic or inorganic 
reducing agent followed by subsequent adsorption of the latter [61–63]. 
Clay minerals rich in Fe (II) could remove Cr (VI) considerably by reduc-
tion/adsorption mechanism [56, 64]. Effect of humic acid on adsorption 
of Cr  (VI) on to kaolin was investigated by Li et al. They observed that 
kaolin showed an enhanced adsorption capacity in presence of humic acid 
added after addition of the adsorbent and Cr (VI) solution. The increase in 
adsorption capacity was attributed to the high reducing power and strong 
complexing capacity of humic acid. Humic acid reduced negatively charged 
Cr  (VI) species to Cr  (III) which was adsorbed on to Kaolin. Maximum 
adsorption capacity calculated from Langmuir isotherm model was found 
to be 10.4 mg/g at pH 6.0. Addition of inorganic salts (Na+, Ca2+ and Mg2+) 
reduced adsorption of Cr (VI) because of their high coagulation power [65].

5.6.3 Modified Clay Minerals

Usually surfaces of clay minerals are modified either by metallic hydroxy 
polycations or by cationic surfactants. Modification of clay surfaces pro-
vides enough adsorption sites to facilitate adsorption of Cr (VI) [66, 67] 
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Scheme 5.1 Protonation on the surface of natural akadama clay [60]. (M represents Al, 

Fe, etc.)
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and hence an enhanced adsorption capacity is obtained as compared to 
unmodified ones.

Fe-functionalized akadama clay has shown higher removal efficiency 
for Cr(VI) as compared to Mg, Mn, Ca, and Al functionalized akadama 
clay samples and pristine akadama clay. It is because of its higher value 
of zeta potential which contributes higher degree of electrostatic repul-
sion between adjacent and similarly charged particles in a dispersion and 
greater interaction with negatively charged Cr  (VI) species resulting in 
better adsorption. Moreover, iron modification provides more number of 
Fe-functional groups by combination force of the acidification and iron 
precipitation, with formation of large number of available adsorption 
sites for Cr (VI). The adsorption process involves protonation of surface 
hydroxy groups followed by adsorption of oxy-anions of Cr (VI) through 
coulombic interactions and replacement of hydroxyl ions in the iron crys-
tal lattices by Cr (VI) oxyanions through ligand exchange. In addition to 
this, there occurs partial reduction of Cr (VI) species by some organic mat-
ter such as humus, accumulated during the formation and transformation 
of volcanic soils [68]. Adsorption of Cr (VI) on to Fe/Zr pillared montmo-
rillonite was carried out by batch mode through electrostatic interaction as 
well as ion exchange mechanism. Ion exchange between Cr (VI) and –OH 
groups of the adsorbent could be explained by following equations.

 M-OH + HCrO
4

−  M-HCrO
4
 + OH− (5.11)

 M-OH
2

+ + HCrO
4

−  M-HCrO
4
 + H

2
O (5.12)

M represents Fe, Zr, or mixed Fe/Zr.

Maximum uptake of Cr  (VI) by Fe/Zr
4:1 

pillared montmorillonite calcu-
lated from Langmuir isotherm equation was found to be 22.35 mg/g−1. 
Presence of phosphate, sulfate and tartarate inhibited markedly the adsorp-
tion process due to their competition with Cr (VI) species for the active 
surface sites where as nitrate, chlorate and acetate did not have any sig-
nificant effect bacause of their little affinity toward active surface sites [69]. 
Mg−Al hydrotalcite modified kaolin clay adsorbed Cr (VI) species both by 
repalcement of surface or interlayer NO

3
− ions and surface complexation 

of positively charged adsorbent surface with the anionic Cr (VI) species 
as shown in Eqns. 5.13 and 5.14, respectively, with maximum adsorption 
capacity 15.7 mg/g at pH 7.5 [70].

 MKC  OH
2

+/NO
3

− + A  MKC  OH
2

+/A +NO
3

− (5.13)
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 MKC  OH
2

+ + A  MKC  OH
2

+/A  (5.14)

where MKC and A represent modified kaolin clay and Cr  (VI) species, 
respectively.

Moroccan stevensites were used for removal of Cr (VI) from aqueous solu-
tions. Three different stevensites, namely natural stevensites, Al- stevensite 
(moroccan stevensite pillared by Keggin aluminium hydroxypolycation) 
and CTA- stevensite (cationic surfactant cetyltrimethylammoniumbro-
mide) were considered as adsorbents. The adsorption capacities evaluted 
by Dubinin–Kaganer–Radushkevich (DKR) isotherm model were 0.712, 
3.92 and 10.17 mg/g for natural stevensites, Al- stevensite and CTA- ste-
vensite respectively [71]. Similar results were obtained for adsorption of 
Cr  (VI) onto Al-montmorillonite and CTA- montmorillonite [66]. The 
increase in adsorption capacity of Al- stevensite over natural stevens-
ites might be attributed to the increase in Al- OH

2
+ functional groups 

which facilitated the formation of Al- OH
2

+ - HCrO
4

− surface complexes 
at low pH values [71]. Further, the enhanced affinity of CTA- stevensite 
for Cr (VI) with respect to Al- stevensite was probably due to presence of 
large number of positive charges resulting from formation of surfactant 
bilayer on the external surface [72]. The adsorbed CTA+ bilayer on the clay 
minerals resulted in positively charged surfaces which were compensated 
by adsorption of Br−. There occured exchange of Br− ions by HCrO

4
−. The 

anion exchange reaction of HCrO
4

− for Br− can be written as:

 (CTA-clay-Br) + HCrO
4

−  (CTA-clay HCrO
4
) + Br− (5.15)

Adsorption energy values obtained by DKR isotherm model for adsorp-
tion of Cr (VI) onto Al  stevensite and CTA- stevensite were found to be 
1.44 and 1.34 kJ/mol, respectivly, which suggested that ion exchange is 
the major mechanism that governed the Cr (VI) adsorption [73]. Hu and 
Luo synthesized inorganic – organic pillared montmorillonites by modi-
fying with hydroxyaluminum and cetyltrimethylammonium bromide 
(CTMAB) in order to compare their adsorption behavior for removal of Cr 
(VI) [74]. Three adsorbents, namely CAM, ACM, and ACMCO were pre-
pared by intercalation of CTMAB into montmorillonite before hydroxy-
aluminum, after hydroxyaluminum and simultaneous intercalation of 
CTMAB and hydroxyaluminum, respectively. Adsorption capacities of 
ACM, ACMCO,and CAM calculated from Langmuir isotherm model were 
found to be 11.97, 9.09, and 6.54 mg/g, respectively. It could be due to the 
significant adsorption of CTMAB on the surface of montmorillonite after 
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its modification with hydroxyaluminum. CTMAB formed an admicelle 
surfactant configuration and reversed the clay surface charge to positive. 
This causes surface complexation reaction between anionic Cr (VI) species 
with CTMA+ and amphoteric surface hydroxyl groups at the edge of the 
clay according to following equations [75, 76].

 CTMA+ + HCrO
4

−  CTMAHCrO
4
 (5.16)

 2CTMA+ + CrO
4

2−  (CTMA)
2
CrO

4
 (5.17)

 2CTMA+ + Cr
2
O

7
2−  (CTMA)

2
Cr

2
O

7
 (5.18)

 MOH
2

+ + HCrO
4

−  MOHHCrO
4

− + H+ (5.19)

 MOH
2

+ + CrO
4

2−  MOHCrO
4

2− + H+ (5.20)

 MOH
2

+ + Cr
2
O

7
2−  MOHCr

2
O

7
2− + H+ (5.21)

MOH is the amphoteric surface hydroxyl groups (Si–OH or Al–OH).

Three different organic modified rectorites were prepared by modifying 
natural rectorite with three different surfactant namely dodecyl benzyl 
dimethyl ammonium chloride, hexadecyl trimethyl ammonium bromide 
and octadecyl trimethyl ammonium bromide to study their adsorption 
behavior for removal of Cr (VI). Maximum adsorption capacity calculated 
from Langmuir isotherm model were 0.97, 2.39, and 3.57 mg/g for recto-
rite modified with dodecyl benzyl dimethyl ammonium chloride, hexa-
decyl trimethyl ammonium bromide and octadecyl trimethyl ammonium 
bromide, respectively. Higher adsorption capacity of later two adsorbents 
might be attributed to their high surface area which was evident from 
larger d- spacing [77]. Gładysz-Płaska et al. reported that Cr(VI) ions and 
phenol could be simultaneously adsorbed onto natural red clay modified 
with hexadecyltrimethylammonium (HDTMA) bromide. Formation of a 
bilayer and presence of HDTMA+ cation micelles on the mineral surface 
was probably responsible for the strong affinity of Cr(VI) anions to the 
surface of red clay. Adsorption of Cr (VI) was decreased by increasing the 
ionic strength due to competition of negatively charged Cr(VI) species 
with Cl− and NO

3
− for the positively charged surface [78]. Ramos et al. 

reported that maximum adsorption capacity of 5.19 mg/g was achieved 
by zeolite modified with hexadecyltrimethylammonium (HDTMA) bro-
mide at pH 6.0 and at temperature 25 °C [79]. Benzyl dimethyl octadecyl 
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ammonium bentonite or stearalkonium bentonite exhibited adsorption 
capacity of 13 mg/g [80]. Sarkar et al. synthesized two organo clay adsor-
bents having surfactant– clay ratio (w/w) 2.38:1 and 4.75:1, respectively, by 
modifying Queensland bentonite with di (hydrogenated tallow) dimethyl 
ammonium chloride for remediation of Cr (VI). Modification of bentonite 
caused development of enough positive surface charges, which attracted 
negatively charged Cr (VI) species resulting in adsorption of latter through 
electrostatic attraction. In addition to this, there occurred ion exchange 
between weakly held counter ions of surfactants and more strongly held 
counter anions of Cr (VI) leading to enhancement of adsorption capacity. 
Maximum adsorption capacities were found to be 8.51 and 14.64 mg/g 
for the adsorbents with surfactant clay ratio 2.38:1(modified Queensland 
bentonite 1) and 4.75:1 (modified Queensland bentonite 2), respectively. 
Higher adsorption capacity of the later was due to formation of large 
number of cationic adsorption sites by higher surfactant loading [81]. 
Montmorillonites modified with cetylpyridinium bromide were used as 
adsorbents for removal of Cr (VI) from water. The equilibrium data were 
well described by Langmuir isotherm, which estimated the maximum 
adsorption capacity of 16.55 and 18.05 mg/g for the adsorbent modified by 
contact with 7.5 m mol/L (modified Montmorillonite 1) and 10.0 m mol/L 
(modified Montmorillonite 2) of cetylpyridinium bromide respectively. 
High adsorption capacity at relatively high concentration of cetylpyridin-
ium bromide was due to presence of large positively charged surface [82]. 
Bentonite modified with cetylpyridinium bromide was used for removal of 
Cr (VI) [30]. The organo- bentonite removed 36.4 mg/g of Cr (VI) at 27 
°C. Tannin-immobilized activated clay was used as a promising adsorbent 
for removal of Cr (VI) [83]. This adsorbent showed maximum adsorption 
capacity of 24.09 mg/g where as activated clay exhibited maximum adsorp-
tion capacity of 0.47 mg/g under identical experimental conditions. High 
adsorption capacity of tannin-immobilized activated clay was explained by 
the following three step mechanism.

1. A few amount of Cr (VI) got adsorbed on the porous surface 
of tannin-immobilized activated clay.

2. A part of Cr (VI) anionic species were adsorbed through 
acid catalysed esterification reaction of phenolic groups 
present in tannin to form oxoanionic species as shown in 
Scheme 5.2 (A).

3. Cr (VI) species were reduced to Cr (III) by H+ ions where as 
phenolic groups of tannin were oxidized to carboxylic groups. 
This caused ion exchange of Cr (III) ions with hydroxyl or/
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and carboxyl groups of tannin. In other words, Cr(III) ions 
so formed by the reduction reaction got adsorbed by ion 
exchange mechanism. It was shown in the Scheme 5.2 (B).

Adsorption behavior of natural sepiolite, acid-activated sepiolite, func-
tionalized natural sepiolite and functionalized acid-activated sepiolite were 
investigated by Marjanovic and his coworkers [17]. The mercaptosilane 
functionalized sepiolites exhibited greater adsorption capacity as comapa-
red to unfunctionlized ones due to strong electrostatic attraction between 
protonated surface mercapto groups ( SH) and anionic Cr (VI) species 
at pH 2.0. Protonation of surface mercapto groups ( SH) was shown in 
Eqn. 5.22.

SiOSi(OCH ) CH SH SiOSi(OCH ) CH SH( )3 2 2 3 3 2 2 3 2( )
 (5.22)

Adsorption capacity of functionalized natural sepiolite and functionalized 
acid-activated sepiolite were found to be 2.69 and 5.90 mg/g, respectively,at 
an initial pH 2.0. The increase in adsorption capacity of later was due to 
presence of large number of mercapto groups which is a consequence of 
better functionalisation of mercaptosilane on acid-activated sepiolites. The 
adsorption capacity was further increased to 8.03 mg/g by riseing the initial 
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pH to 3.0. It might be due to reduction of Cr (VI) species to Cr (III) by mer-
capto groups (-SH) which itself got oxidized to sulphonic groups ( SO

3
H) at 

this pH as per Eqn. 5.23. Sulphonic groups ( SO
3
H) so obtained were then 

ionized at the same pH to form SO
2
O− groups, which held Cr (III) ions 

through electrostatic attraction, leading to higher adsorption.

  2 HCrO
4

− + ( SH) + 8H+  2Cr3+ + ( SO
3
H) + 5H

2
O (5.23)

Further increase in initial pH to 4.5, adsorption capacity was decreased to 
5.65 mg/g due to availability of less number of positive charges on its surface. 
The adsorption capacities of natural sepiolites and acid-activated sepiolites 
functionalized with amine–silane groups were approximately found to be 
37.0 and 60.0 mg/g, respectivly, which were about ten times greater than that 
of mercapto silane functionalized sepiolites under identical experimental 
conditions. These results indicated that adsorption capacities of functional-
ized sepiolites depended both on the type of groups covalently grafted to the 
sepiolite surface and the number of surface silanol groups that are available 
for covalent grafting. At a final pH 2.0, large number of protonated amino 
groups ( NH

2
+ and NH

3
+) were formed on the surface of amine – silane 

functionalized sepiolites. This facilitated adsorption of large number of pre-
dominately available HCrO

4
− ions by electrostatic attraction, leading to high 

adsorption capacity. Simultaneously, this study ruled out the possibility of 
reduction of Cr (VI) to Cr (III) since the later could be adsorbed neither 
through columbic interaction because of unavailability of negatively charged 
groups nor through ion exchange mechanism due to low cation exchange 
capacity of amine – silane functionalized sepiolites. Moreover, Cr (III) 
could not be precipitated out as Cr (OH)

3
 in the strongly acidic conditions. 

Therefore, maximum adsorption capacity of amine – silane functionalized 
sepiolites at pH 2.0 might be explained by remarkable protonation of amine 
groups and subsequent adsorption of anionic Cr (VI) species through elec-
trostatic attraction. Further, the high adsorption capacity of amine – silane 
functionalized acid-activated sepiolites might be attributed to their better 
amine functionalisation as compared to that of natural sepiolites [84].

5.7  Biomasses

Biomasses are biological materials derived from living organisms. These 
materials were used effectively for biosorption of heavy metals either by 
metabolically mediated or by physico-chemical pathways of uptake from 
water and wastewater [85–87]. Being inexpensive and abudantly available, 
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a large number of biomasses have been used for remediation of Cr (VI) 
from aqueous solution. The present section reviews biosorption of Cr 
(VI) by different biomasses. Optimum adsorption conditions, maximum 
adsorption capacity, mechanism of adsorption, kinetic model, isotherm 
model and thermodynamic parameters were listed in Table 5.2.

Jain et al. prepared two adsorbents from sunflower stem waste and stud-
ied their efficiency for removal of Cr (VI) from aqueous solutions under 
different process conditions. Maximum adsorption capacity for boiled sun 
flower stem and formaldehyde treated sunflower stem was found to be 
4.9 and 3.6 mg/g, respectively [40]. Treated Waste News paper contains 
functional polar groups such as alcohols and ethers along with phosphates 
impregnated into the cellulose matrix during treatment process. These 
groups are protonated at low pH and adsorb negatively charged Cr (VI) 
species effectively through electrostatic attraction with maximum uptake 
capacity of 59.88 mg/g [88]. Chemically treated waste tamarind hull exhib-
ited maximum adsorption capacity of 81mg/g at low pH by the reduction 
of Cr (VI) to Cr (III) as per following equation [89].

 Cr
2
O

7
2− + 14H+ + 6e−  2Cr3+ + 7H

2
O (5.24)

Moussavi and Barikbin used pistachio hull waste biomass for removal 
of Cr (VI) from industrial wastewater and obtained an uptake capacity 
of 116.3 mg/g [90]. Adsorption process involved electrostatic attraction 
between protonated OH, CH, C=O, C O and N H groups present on 
the surface of the adsorbent and anionic Cr (VI) species.

Treated mangifera indica saw dust adsorbed Cr (VI) from aqueous 
solutions by electrostatic attraction with maximum adsorption capacity of 
12.78 mg/g [91]. Adsorption of Cr (VI) onto saw dust was investigated 
by Gupta and Babu. Surfaces of saw dust contained oxo groups (C

x
O and 

C
x
O

2
), which got hydrolysed in presence of water to produce positively 

charged species (C
x
OH

2
2+) according to Eqn. 5.25.

 2H
2
O + C

x
O

2
  C

x
OH

2
2+ +2OH− (5.25)

These species on the surfaces of sawdust adsorbed negatively charged 
Cr (VI) species through electrostatic attraction as shown in the Eqn. 5.26.

 C
x
OH

2
2+ +HCrO

4
−  C

x
O

2
H

3
CrO

3
− (5.26)

As a result, the adsorbent exhibited maximum adsorption capacity of 
41.52 mg/g. In addition to this, large specific surface area and less bulk 
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density of saw dust were responsible for high adsorption capacity [92]. 
Hydroxyl, carboxylic, carbonyl, amino and nitro groups present in differ-
ent compounds of mango leave dust get protonated and adsorb negatively 
charged Cr (VI) species effectively through electrostatic attraction result-
ing in high adsorption capacity of 250.23 mg/g at pH 2.0 and at 40 °C [93].

Singha and Das used six different adsorbents namely rice straw, rice 
bran, rice husk, hyacinth roots, neem leaves and coconut shell to study their 
adsorption behavior for removal of Cr  (VI) from aqueous solution [94]. 
Maximum adsorption capacity was found to be 12.172, 12.341, 11.398, 
15.281, 15.954, and 18.695 mg/g for rice straw, rice bran, rice husk, hyacinth 
roots, neem leaves and coconut shell respectively. Coconut shell exhibited 
highest removal efficiency (94.90%) for Cr (VI) from wastewater of an elec-
troplating unit and rice husk showed minimum efficiency (53.11%) among 
all the adsorbents studied. Cr (VI) was removed from aqueous solutions 
by acid treated banana skins [95]. Banana skin mainly contains hydroxyl 
and carboxyl groups. The hydroxyl groups present in banana skins are oxi-
dized by Cr (VI) species in acidic medium to form carbonyl groups which 
on further oxidation produce carboxyl groups. As a result, Cr (III) species 
were formed as the reduction product and were subsequently adsorbed by 
the carboxyl groups present in banana skins and obtained as an oxidation 
product. Maximum adsorption capacity for green coconut shell was found 
to be 22.96 mg/g at pH 2.5 [96]. Seeds of Artimisia absinthium were used 
for adsorption of Cr (VI). The adsorbent exhibited maximum adsorption 
capacity of 46.99 mg/g at pH 2.0 due to ionic interaction between negatively 
charged Cr (VI) species and the positively charged surface of the adsorbent 
[97]. Babu and Gupta prepared activated powdered neem leaves in order to 
study its adsorption behavior for removal of Cr (VI) from aqueous solutions. 
The maximum adsorption capacity was recorded 62.9 mg/g. High adsorp-
tion capacity of activated powdered neem leaves was mainly due to its large 
specific surface area and development of acidic surface oxides [98]. Zhong 
et al. prepared amine-cross linked and carboxyl- chelated wheat straw 
amphoteric adsorbent for adsorption of Cr (VI) and Cu (II) in single and 
binary systems. Maximum adsorption capacity calculated from Langmuir 
isotherm model was found to be 227.3 mg/g in single system [99].

Uptake capacity of coconut coir for Cr (VI) was found to be higher than 
that of its chars due to decrease in surface functional groups in the later 
case by the process of pyrolysis. The authors have suggested that Cr (VI) 
species were adsorbed by the functional groups of coconut coir through 
electrostatic attraction and then were reduced completely to Cr (III) by the 
hydroxyl and carbonyl groups present on the surface of the adsorbent. Cr 
(III) ions so formed were adsorbed by the carbonyl and carboxyl groups. 
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Maximum removal capacity of 70.4 mg/g was achieved [100]. Obtained 
adsorption capacity was higher than that for coconut coir reported by 
Gonzalez et al. [85]. Puresorbe, a coir based adsorbent, was used for reme-
diation of Cr (VI). Superphosphate treated puresorbe contained proton-
ated active sites such as carboxylates, super phosphates, phenolic and 
aliphatic hydroxyl groups which adsorbed negatively charged Cr (VI) spe-
cies through electrostatic attraction as per the Eqn. 5.27, 5.28 and 5.29.

  RCOOH +2H
2
O + HCrO

4
  RCO

3
H

4
O

3
Cr+ + 2OH  (5.27)

  ROH + 2H
2
O + HCrO

4
  RO

2
H

4
O

3
Cr+ + 2OH  (5.28)

 

P

OH2

OH2HO

2

P

O

HO

O3H5O3Cr+
2OH–

O

HCrO4
–

  (5.29)

The adsorption capacity of puresorbe was found to be 76.92 mg/g [52]. It 
was observed that coir pith grafted with 2M acrylic acid showed improved 
uptake capacity of 196 mg/g. The observed uptake capacity was found 
to be higher than that obtained by coir pith treated with 50% H

2
O

2
, 2 M 

acrylamide-grafted coir pith and unmodified coir pith. High adsorption 
behavior of acrylic acid grafted coir pith was due to presence of increased 
number of surface carbonyl groups. Mechanism of adsorption involves 
electrostatic attractions between positively charged surfaces of adsorbent 
and anionic Cr (VI) species followed by reduction of Cr (VI) species to 
less toxic Cr (III) by hydroxyl and carbonyl groups present on the surfaces 
of adsorbent. Cr (III) ions formed coordinate covalent bond with the car-
bonyl groups (CO) and methoxy groups ( O CH

3
) of acrylic acid grafted 

coir pith and hence got adsorbed onto it [74]. Reduction of Cr (VI) to Cr 
(III) during biosorption was also reported [101, 102].

Chitosan coated fly ash containing 30 wt. % chitosan exhibited maximum 
adsorption capacity of 33.27 mg/g. The adsorption process involves elec-
trostatic attraction between the active functional groups like Si-OH, NH

3
+ 

and Al3+ of the adsorbent and anionic Cr (VI) species as well as reduction 
of Cr (VI) to Cr (III) by the –OH and –NH

2
 groups present in the chitosan-

coated fly ash [103]. In addition to this, coating of chitosan over fly ash 
could form an exfoliated structure which enhances adsorption of Cr (VI) 
[104]. A cross-linked chitosan resin was synthesized by the cross- link of 
Epichlorohydrin through an improved dropsphere-forming method [105]. 
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The adsorbent so formed exhibited high adsorption capacity of 86.81 mg 
g-1 for uptake of Cr (VI). Adsorption of Cr (VI) onto cross-linked chitosan 
resin takes place through ionic interaction and ion exchange mechanism.

5.8  Industrial Wastes

In recent years, large amount of industrial wastes are produced due to 
rapid industrialization. These wastes create disposal management prob-
lems. Attempts have been made to use these materials in remediation of 
Cr (VI). In this section, we have reviewed adsorption of Cr (VI) by indus-
trial wastes. Name of these adsorbents, their adsorption capacity, adsorp-
tion parameters, isotherm, kinetics, thermodynamics and mechanism of 
adsorption were given in Table 5.3.

Spent activated clay contains silanol (Si O ) and aluminol (Al O ) 
groups as the active sites, which acquired positive charges at pH less than 
pH

zpc
 (3.8). As a result, negatively charged Cr (VI) species get adsorbed onto 

the surface of the clay through coulombic interaction as shown in Eqn. 5.30.

 S OH
2

+ + HCrO
4

  S HCrO
4
 + H

2
O (5.30)

where S represents Si or Al.
Neutral surface hydroxyl functional groups (S OH°) might be the active 

sites at pH greater than pH
zpc

. There appears competition between OH- ions 
and oxyanionic species of Cr (VI) for the active sites leading to decrease 
in adsorption [49]. Asl and his coworkers prepared zeolite from raw fly 
ash obtained from the combustion of powdered coal in thermal power 
plant to study its adsorption behavior for removal of Cr (VI). The adsor-
bent exhibited maximum adsorption capacity of 37.4 mg/g. Further, the 
adsorbent was used to remove Cr (VI) from industrial wastewater contain-
ing 85.3 mg/L and the removal efficiency was found to be 82.15% [106]. 
Maximum uptake capacity of bagasse fly ash obtained from a sugar indus-
try was found to be 1.8 mg/g [107]. The waste produced by the incomplete 
combustion of fuel in fertilizer industry is called carbon slurry which was 
chemically treated and thermally activated in order to study adsorption 
of Cr (VI) from aqueous solution. The adsorbent exhibited maximum 
adsorption capacity of 15.244 mg/g [108]. Mallick et al. used manganese 
nodule leach residue, a waste obtained during the pilot plant testing of 
NH

3
-SO

2
 leaching of Indian Ocean nodules for removal of Cr (VI) from 

aqueous solutions [28]. They reported that water washed residue possessed 
higher surface area, surface oxygen and surface hydroxyl groups due to 
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which it exhibited higher adsorption capacity as compared to unwashed 
residue. Maximum adsorption capacity of distillery sludge was found to be 
5.7 mg/g for removal Cr (VI). It was observed that about 91% of Cr (VI) 
could be removed from electroplating effluent by using 15 g/L of distillery 
sludge [109]. Red mud, an aluminum industry waste was used for reme-
diation of Cr (VI) [110, 111]. At low pH, the surface charge on activated 
red mud is neutralized and hence diffusion of dichromate ions is facili-
tated resulting in higher adsorption of Cr (VI). At higher pH, presence of 
large amount of OH- ions hinder the diffusion of Cr (VI) species leading 
to decrease in adsorption [110]. Heat-acid treated red mud adsorbed Cr 
(VI) species through electrostatic attraction and ligand exchange at low pH 
(2.0). Enough positive charges are developed on the surface of the adsor-
bent onto which HCrO

4
 ions get adsorbed as follows [111].

  S OH++ H+   S OH
2

+ (5.31)

  S OH
2

+ + HCrO
4

   S OH
2

+ HCrO
4

 (5.32)

  S OH
2

+ + HCrO
4

  S HCrO
4
 + H

2
O  (5.33)

Figure 5.5 shows a road map for the discussed adsorbrnts with increas-
ing order of adsorption capacity for remediation of Cr (VI).

5.9  Conclusion

Natural clay minerals exhibited poor adsorption capacity for removal of 
Cr (VI) because of electrostatic repulsion between negatively charged clay 

Clay

minerals Biomass Industrial

waste

Modified

clay minerals

Increasing adsorption capacity

Green environment

Figure 5.5 Road map showing increasing order of adsorption capcpities of clay minerals, 

modified clay minerals, biomass and industrial wastes for remediation of Cr (VI).
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surfaces and oxyanionic Cr (VI) species. Natural Akadama clay exhibited 
maximum adsorption capacity of 4.29 mg/g. However, adsorption capacity 
was improved in presence of reducing agents like humic acid. An adsorp-
tion capacity of maximum 10.4 mg/g was obtained for kaolin clay in pres-
ence of humic acid. The surfaces of clays were also modifyed with metallic 
hydroxy polycations and cationic surfactants in order to increase adsorp-
tion capacity. Protonated –OH groups in metallic hydroxy polycations 
adsorbed Cr (VI) species through electrostatic attractions. There might 
be the possibility of replacement of –OH groups by oxyanions of Cr (VI). 
Large number of adsorption sites were formed in surfactant modified clays 
as compared to that modified by metallic hydroxy polycations. Therefore, 
the former exhibited higher uptake capacity. Further, concentration of 
surfactant loading enhanced adsorption sites on surfaces of clay miner-
als resulting in high adsorption capacities. Moreover, nature of surfactant 
group played a key role in improving adsorption capacity. Acid activated 
sepiolites functionalized with amine–silane groups exhibited highest 
adsorption capacity of 60.0 mg/g among the modified clay minerals prob-
ably due to better amine functionalisation and remarkable protonation of 
amine groups.

Biomasses usually contained hydroxy, carboxylic, carbonyl, amino and 
nitro groups as surface functional groups. Positive charges were devel-
oped on these groups by chemical treatment. Moreover, C=O groups were 
hydrolysed in presence of water to form positive charged species. As a 
result, Cr (VI) species got adsorbed onto biomasses through electrostatic 
attraction. In addition to this, Cr (VI) species were reduced by hydroxy 
and carbonyl groups to Cr (III). Further, chemical modification of surfaces 
of these materials enhanced number of surface functional groups as well as 
facilitated reduction of Cr (VI).

The maximum adsorption capacity of 250.23 mg/g was obtained by 
mango leaf dust among the biomasses.

Electrostatic attraction was the major mechanism for adsorption of 
Cr  (VI) on to industrial wastes. Water washed manganese nodule leach 
residue exhibited highest adsorption capacity of 888.68 mg/g. Though 
adsorbents differ in adsorption capacities, yet comparison in their per-
formance is difficult as adsorption capacities were achieved at different 
adsorption conditions like pH, temperature, initial Cr (VI) concentration, 
adsorbent dose and contact time, etc. More over, most of the studies have 
been carried out in laboratory scale and performances of adsorbents were 
not tested either in pilot plant scale or in industrial scale. So it is still in the 
infant stage and various issues need to be solved concerning the develop-
ment of more facile processes to obtain the composite adsorbents. Thus, 
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much work is necessary for better understanding of adsorption phenom-
enon and demonstration of possible useful technology.
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Abstract
Diversity of microorganisms in wastewater performs different roles and has dif-

ferent operational conditions for their optimal activity and growth. The compre-

hensive understanding of adequate and active microbial population and their 

biological role is essential to degrade organic wastes with insignificant dissolved 

oxygen demand and for limited growth of photosynthetic organisms. The diver-

sity of microbial community, the role they perform in wastewater treatment, their 

optimal growth condition and substrate utilization by aerobic and anaerobic mode 

are described in this chapter. Furthermore, the futuristic prospects and change in 

community of every treatment are also highlighted.

Keywords: Water pollution, activated sludge, microbial diversity, aerobic 

degradation, anaerobic degradation

6.1  Overview of Wastewater; Sources, 
Pollutants, and Characteristics

Water pollution may be known as the use of water as a resource by impair-
mention of human activities. Water pollution due to industrial, agricul-
tural and municipal waste has a serious problem for human being and it is 
increased due to explodation of population. The main sources of effluent 
water are electroplating industry, release of textile industry, miscellaneous, 
and paper and pulp industry [1].
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The wastes of textile industry relates with process of textile manufac-
turing and the use of fibre for textile. Bisulfite, chlorine, peroxides, hypo-
chlorites, soda ash, sodium hydroxide, sodium silicate, sodium softeners, 
starch, polyvinyl alcohol, fats, waxes, greases, vegetable oil, resins, pheno-
lics, chromium, organic soaps and alkalis are major components of tex-
tile industry waste [2]. Pulp and paper industry effluent contains different 
chemicals like NaOH, Na

2
CO

3
, MgSO3, Ca(HSO3)2, A1

2
(SO

4
)

3
, CaOCl

2
, 

BaSO
4
, Na

2
S, BaSO

4
, C1O

2
, TiO

2
, CaCO

3
. The waste of electroplating con-

tains sulfuric acid, hydrochloric acid, nitric acid, along different metals like 
silver, cobalt, arsenic, selenium, molybdenum, iron, lead, tin, chromium, 
cadmimium, zinc, gold, nickel, and copper [1].

There are five major classes of pollutants that play a major role in water 
pollution, for example, inorganic pollutants, suspended solids, radioac-
tive pollutants, nutrients, thermal pollutants, sediments, and pathogen. 
Organic pollutants are divided into: sewage, oxygen-demanding wastes, 
agricultural runoff, oil pollutant, disease-causing wastes and synthetic 
organic compounds [3, 4]. Domestic waste, biodegradable organic com-
pounds, meat-packing plants, tanneries, pulp and paper mills, industrial 
wastes from food processing plants, slaughter houses, animal sewage, and 
agriculture runoff are oxygen demanding effluents [4]. In the presence of 
dissolved oxygen these waste are breakdown due to activities of microor-
ganisms. Due to this process the dissolved oxygen is decreased rapidly in 
water and that is very dangerous to water body organisms 4–6 ppm is the 
optimum value of dissolved oxygen in water that favors the aquatic life. 
The reduction in dissolved oxygen of water leads to water pollution caused 
by oxygen demanding wastes that are already mentioned. At low level of 
dissolved oxygen in water the water bodies cannot retain in water [3].

Pathogenic microorganisms that cause diseases present in water with 
sewage and effluent water that are very dangerous to human health. These 
pathogens are different types of bacteria and viruses that are very harm-
ful and cause severe water-borne diseases like polio, dysentery, hepatitis, 
cholera, and typhoid. Thus, purification and sanitization are main process 
to remove water pollution [1, 2].

Plasticizers, synthetic fibers, detergents, pesticides, insecticides, food 
additives, solvents, plastics, industrial chemicals, and pharmaceuticals are 
synthetic organic compounds that are made by man. All of these act as 
water effluent and enter into water table due to sewage, leakage during use 
it may be accidently or intentionally from industrialist [3].

Many of these chemical act as effluent are very hazardous to humans, 
animals and plants. The trace amount of bio-refractory organics just like 
aromatic chlorinated hydrocarbons produces change in odor, color, and 
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taste of water and make it unacceptable for use. The chemicals like alkyl 
benzene sulfonate from synthetic detergents do not easily degrade and 
become persistant. Alcohols, gasoline, ethers, and aldehydes are volatile 
substances and causes explosion in sewers [5].

The growth of aquatic weeds and algae becomes stimulated by the sew-
age and run-off of water supply from agricultural lands. The excess growth 
of plants destroys water bodies, required for recreation and other uses. Due 
to eutrophication the dissolved oxygen of water is lost and thus, become a 
dead pool [4].

The likage from oil pipe lines, oil spill production from oil tankers, 
losses during off shore exploration, oil spills due to oil tankers on the sea or 
oil tanker accidents like in the Gulf War between Iraq and U.S.-led allied 
forces in the year 1991 and crossing waterways causes oil pollution [3].

The photosynthesis of marine plants is affected most, due to oil pollu-
tion light cannot be transmitted through the surface. The water bodies’ 
plants, animals, and water birds become endangered due to oil pollution. 
Thus, oil pollution causes to bring marine life and water plants to delete 
rate. Due to increased oil-based technologies, international oil slicks dur-
ing international hostilities, accidental oil spillage oil pollution has been 
increased in seas in recent years [1].

All of the metalic compounds, sulfates, cyanides, nitrates, trace ele-
ments, inorganic salts, mineral acids and complexes of metals with organ-
ics, organometallic compounds are the inorganic pollutants in natural 
source of water. Metal involve with some organic compounds like fulvic 
acids and EDTA synthetic organic species [6].

Metal having interaction with organic compounds are influenced due 
to acid-base reaction, redox reaction, formation of colloid and reaction by 
microorganisms in water. Due to metal and organic compound intraction 
the toxicity of metals and growth of algae are also increased in water [1]. 
Due to human activities many of the metal and metallic compounds are 
released into water natural resources. But in biological process trace of 
metals plays a vital role but it lead to toxicity in high concentration. Heavy 
metals like Cd, Pb Hg, Sb, Se, As, and some of metalloid are considered the 
most toxic and dangerous to human health. In most enzymes SH bonds 
are attacked by most of the heavy metals and unable to move because heavy 
metals have strong affinity for sulfur. Some of macromolecules like carbox-
lic acid, amino group, and protein are also interacted with heavy metals [7].

Across the cell wall heavy metals are associated with the cell membrane 
and interfere with ETC (electron transport chain). Heavy metals also lead 
to enchance the breakdown and reduce the phosphate biocompounds. Due 
to street dust, industrial waste and domestic sewage heavy metals are also 



174 Advanced Materials for Wastewater Treatment

diluted in water resources. The most common water pollutants are algal 
nutrients and phosphates of detergents [3, 4].

In natural process of soil erosion, mining and development in agricul-
tural science tends to increase sediments. Due to motion of water some of 
the solid particles are remain in water that act as solid suspend or colloids. 
To check the water quality they act as indicator [4].

They are abbreviate as SS but don’t be confuse with it because some-
time settleable solids also refer as SS. The growth of disease-causing micro-
organisms also enhances due to suspended solid particles that also cause 
unpleasant taste and smell. Over a period of time at the bottom of aquatic 
system some of solid suspended particles are placed. Some large size par-
ticles like sand, gravel, etc., are also settle down where little or no flow of 
water take place. Thus, this type of settling leads to clarity of water from 
larger objects. But the remaining non-settleable particles are known as col-
loidal. They are too large or too small that not be able to settle down on the 
bottom. While settleable-suspended solids are known as bedload or bed-
ded sediments [4, 7]. These sediments are classified from small particle of 
clay and slit to larger particles of gravel and sand on the basis of rate of flow 
of water. However some of these sediments can move without reunion of 
solid suspended particles. By a strong flow of water some of settleable solids 
are move with bottom water body and it is known as bedload transport [7].

Effluent from industries such as slaughter houses, and drainage system 
are main source through which disease-causing microorganisms pathogens 
entered into water. Some fetal water-borne disease like dysentery, polio, 
cholera, hepatitis, and typhoid are caused by bacteria and viruses. Nitrogen 
and phosphrous that are substantial amount of nutrients and comes from 
wastewater of fertilizer industry, sewage, and agricultural runoff [8].

All of these nutrients from wastewater are provide to plants that stim-
ulate the algal growth and other aquatic plants. Thus the level of water 
body is low. For a long time, water body decreased the dissolved oxygen 
that leads to eutrophication and results as deed pool of water. In this dead 
pool of water some people are swimming that leads to eye infections, skin 
allergy, vomiting, gastroenteritis due to growth of blue-green algae. There 
are high potential risks to children especially under six months baby due to 
high concentration of nitrogen in water. Due to increase amoun of nitro-
gen in water leads to methaemoglobin that involves decrease in oxygen 
carrying capacity of blood (known as blue baby disease) because NO–

3
 rap-

idly oxidized Fe2+ in blood [1].
Due to discharge of hot water from nuclear power plants, thermal power 

plants and industries where water act as coolant are main cause of ther-
mal pollution. This is due to Decrease the dissolved oxygen in water by 
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increasing the temperature of water bodies and having bad effect on water 
bodies. The organisms can adjust their self at dissolve oxygen level and 
temperature. If organic matter is also present in water along high tempera-
ture the bacterial activities increase and lead to decrease the dissolved oxy-
gen level. Stratification in water body is due to hot water because hot water 
remain at the surface [8].

Due to processing of ores from mines for industrial activites, agricul-
ture, research and medical radioactive matter produced like C14, Ca45, 
P32, S35, Co60, I131, etc. From nuclear reactors and nuclear plants the main 
sources of radioactive discharge are Uranium-235, Uranium-238, Cesium 
Cs137, Plutonium Pu248 Sr90 and used in nuclear weapons. In water if amount 
of pollutant is not less than the accepted value then essential step should 
be taken to reduce and remove these pollutants from water with the help of 
some sophisticated treatments like chemical precipitation, sedimentation, 
biological oxidation, adsorption by activated carbon, and filteration [7].

On the basis of various chemical, biological and physical parameters 
the pollutant of wastewater are characterized. Temperature, radioactivity, 
color, smell, dissolved oxygen, corrosive properties and insoluble substance 
include in physical parameters. While chemical oxygen demand, TDS 
(total dissolved substance), pH (alkanity and acidity), hardness, chemicals 
demand like chlorine, Some of inorganic and organic components like 
hydrocarbon oils, phenols, surfactants and greases included in chemical 
parameters. In biological parameters presence of disease-causing bacte-
ria (pathogens), hazardous to human, plants and water bodies, biological 
oxygen demand (BOD) are included [1].

6.1.1  Biodiversity of Wastewater Plants

The biodiversity of wastewater treatment plants as a prokaryotes or eukary-
otes is classified depending upon the structure and functioning of its cell 
wall. In eukaryotes membrane bounded cell organelles and well defined 
nucleus is present which is absent in prokaryotes (Figure 6.1) [8–15]. 
Figure 6.1 shows the difference between two cells. In prokaryotes (1) true 
bacteria or eubacteria present while (2) archaebacterial or ancient bacteria. 
In biological wastewater treatment plants both of these microbes eubacte-
ria and archaebacterial are most important. Combinly both can be called 
as bacteria.

Figure 6.2 represents the life cycle of a bacterial cell having lag phase, log 
phase, stationary phase and dead phase.The log phase is bacially the log-
rithmic or exponential growth phase because growth of bacterial cell occur 
in this phase.The log phase is comprized of three basic portions that are: (1) 
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uptake of substrate, (2) cell synthesis and fast growth rate, and (3) cell syn-
thesis and decline phase growth [16]. During first step due to uptake of 
substrate the bacterial cell size increases due to adsorption or absorption 
of substances. Rapid growth of bacterial cell is obtained during this phase 
of cycle. During third phase the bacterial cell use all the available substrate 
and decline phase starts. The gradual leveling off of the growth curve rep-
resents the decrease in growth and leads toward the stationary phase of 

Figure 6.1 (a) prokaryotic cells and (b) Eukaryotic (E.M.Armstrong, 2001).
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growth. The biological treatment unit has been reached to the stationary 
phase of growth which has carried the maximum cells of bacteria [17]. The 
growth of bacteria is affected due to (1) lack of ever incresing amount of 
substrate, (2) lack of free electron acceptors like oxygen or nitrates, and 
(3) metabolic waste production and accumulation. During the stationary 
phase the cell number is balanced by the same rate of growth and death.

The death rate of bacterial cell becomes increased as compare to growth 
during the decline phase of growth. The slope of decline phase of growth 
is more prominent toward the death rate as compare to growth in batch 
culture when compared with negative slope of continuous culture. Within 
the batch culture limited quantity of substrate is added as compared to 
continuous culture which always receives some quantity of substrate [18]. 
So, the death rate in batch phase is more as compare to continuous cul-
ture. But the amount of substrate received by continuous culture varies in 
the day and week. Thus the slope of decline phase changes according the 
mount of substrate added [17, 18]. The reproduction in bacteria occurs by 
the process of binary fission in which when a cell becomes double in size 
after growth known as mother cell divides into two cells known as daugh-
ter cells or offspring (Figure 6.2).

Due to the incomplete isolation of daughter cells of some bacteria spe-
cific arrangements are obtained like they exist as tetrads or filaments [17]. 
Mostly, the eukaryotic microbes like protozoa, nematodes, fungi, and 

Figure 6.2 Binary fission and cell separation.
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rotifers are present in wastewater plants. These eukaryotic non-harmful 
microbes enter in the body of wastewater plants bodies either by infiltration 
or by inflow in the plant body [10, 15].

The saprophytic microorganism is mostly the fungi and is classified by 
their reproduction modes. These saprophytes obtain their food from dead 
bodies and most of them are free living just like mushrooms, yeast, and 
molds. Those fungi which are aerobic can tolerate low pH and nutrient 
environment. Mostly the growth of fungi is obtained in the range of pH 
2–9 but at pH 5.6 maximum growth is obtained so, taken as the optimum 
pH and the requirement of nutrients to fungi is half than required by bac-
teria [19]. The filamentous fungi can attribute to settle ability and prolif-
erate the problems occurred in secondary clarifiers, during the activated 
sludge process. The filamentous fungi having proliferation requires less 
nutrients and work at pH of less than 5.6 in activated sludge process the 
settle ability problems are solved by filamentous fungi. So a large popula-
tion of fungi is required for the treatment of organic industrial wastewater. 
Fungi can grow in low pH, low nutrients amount, less moisture conditions 
and have the ability to degrade cellulose. Saccharomyces is the example of 
unicellular fungi. The reproduction in Saccharomyces occurs by budding in 
which many of the daughter cells can produce from one mother cell. Yeast 
produces carbon dioxide and water by degradation of organic compounds 
and some facultative anaerobes have ability to degrade sugars into ethanol 
in the absence of molecular oxygen.

Protozoa are the single cell organisms. Mostly fungi exist as single cell 
but some also exist in groups (colonies) they are mostly aerobic but some 
exceptions like flagellates and amoebae can tolerate an aerobic environ-
ment [10, 20]. Five-group system is most commonly used for arranging 
protozoa into different categories depending upon their mode of locomo-
tion in activated sludge process like crawling silicates, stalked ciliates, free 
swimming ciliates, amoebae and flagellates [9, 15, 20]. But most widely 
used protozoa in activated sludge process are ciliated protozoa. These pro-
tozoa have small hair like cilia which move in one direction to force water 
back and also for moving food (bacteria) into the mouth. For betterment 
in settle ability ciliated protozoa purify the wastewater, add weight to floc 
particles and use wide spread cells from the top of floc and regenerate the 
nutrients like phosphorus and nitrogen [21].

Most of the multicellular organisms like nematodes and rotifers are also 
advantageous in activated sludge process. The metazoan are the protozoa 
which can penetrate in floc particles and help in degradation of substances 
present inside the floc particles by adding oxygen, nutrients and nitrates 
into the body. Bacteria obtain carbon and other energy sources from 
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substrate for its metabolic activity but in some cases cBOD and nBOD are 
also required for proper functioning [9, 10, 12, 15, 20].

6.2  Role of Dominant Wastewater Treatment 
Communities in Biodegradation

6.2.1  Hydrolytic Microbial Community

In biological treatment section, a large number and various population of 
bacteria and its enzymes are important to degenerate the enormous amount 
and diversification of substrates due to various class of bacteria regenerate 
at various rates [22]. For suitable biological action a treatment portion like 
as solids retention time (SRT) or mean cell residence time (MCRT) should 
be set for growing the needed bacterial population and its suitable enzymes. 
The three steps involved in biological action such as in first step the degen-
eration of specific substrate, in second step floc generation and in last step 
elimination of particular pollutants like as phosphorus (P) [23] The mean 
cell residence time (MCRT) is also be able to set for avoid the degenera-
tion of a particular substrate, for example, a activated sludge operation of 
a MCRT can be set to avoid nitrification and improve biological phospho-
rus elimination. For appropriate biological actions of microbes, the mean 
cell residence time or solids population time is essential and is effected by 
temperature. When increase the temperature as a result the bacterial activ-
ity or biomass in a biological treatment section is also increase so, little 
number of bacteria or amount of biomass is needed and it also enables to 
decrease in mean cell residence or solids retention time. When decrease 
the temperature as a result the biological activity or amount of biomass are 
also increase in biological treatment section so, greater number of bacteria 
or amount of biomass is needed and it permits a increase in mean cell resi-
dence time or solid retention time [21]. Bacteria in dispersed form like as a 
suspended growth anaerobic digester or flocculated form like as activated 
sludge method are present frequently in biological treatment section.

A substrate is adsorbed or adsorbed by bacteria in biological treatment 
sections. Absorbed substrate is define as which are simple in structure, 
rapidly enter bacterial cell and also soluble. For example, absorded sub-
strates or soluble cBOD involve ethanol (CH

3
CH

2
 OH), glucose (C

6
H

12
O

6
) 

acetone (CH
3
COOH). These absorded substrate are readily degenerate by 

using endoenzymes therefore, the substrate present an electron carrier 
molecules like as free molecular nitrate or oxygen and a quickly needed 
for nutrients. Adsorbed substrates are define as which are complex in 
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structure, prevent the entry in bacterial cells and weakly soluble or insol-
uble. For example, adsorbed substrate involve starches like as proteins, 
cellulose, lipids (oil and fats) and disaccharides like as lactose and malt-
ose. To enter into bacterial cell, these substrate should be hydrolyzed into 
simple soluble molecules [24, 25]. Nondegenerateable pollutants as well as 
insoluble and weakly soluble substrates are adsorbed on the bacterial cell 
or floc particles surface. Indirectly elimination of pollutant and adsorbed 
substrate from waste streams by coating action of secretions of higher life 
form, ciliated protozoa and metazoan, specially free living nematodes and 
rotifers and directly through electrochemical method [26].

If pollutants and substrates have well suited charge, they connect to bac-
terial cells which containing negative charge fibrils as a result it expand into 
bulk solution. While pollutants and substrates have no well-suited charge 
for adsorption to fibrils of bacterial cells and by coating action of these 
higher life form its charges become compatible for adsorption. In biologi-
cal treatment section hydrolytic bacteria formed exoenzymes by enough 
residence time occur. The substrates are hydrolyzed into soluble and little 
substrates so that they are absorbed by the nonhydrolytical and hydrolytic 
bacteria in the biological treatment section, when exoenzymes are moved 
and attach with the adsorbed substrates. When at the end it absorbed so 
the soluble and little substrates are degenerated by endoenzymes [27].

Hydrolytic bacteria contain of a association of gram-positive, facultative 
anaerobic bacteria, rod-shaped and anaerobic bacteria that disintegrate 
weakly soluble and insoluble complex lipids, proteins and carbohydrates 
into soluble and simple sugar, glycerine (CH

2
OHCHOHCH

2
OH and fatty 

acids, and amino acids, correspondingly. By using a large number of bac-
teria for degeneration and absorption of these required soluble substrates. 
Hydrolysis process is define as addition of water (hydro) to complex mol-
ecules in the presence of bacteria to break down specific chemical bonds 
present in the complex molecules so allowing the formation and liberation 
of simple and soluble molecules [26]. The breakdown of specific chemi-
cal bonds and water addition is catalyzed in the presence of exoenzymes, 
for example, lipases (hydrolyze lipids), proteases (hydrolyze proteins) and 
cellulose (hydrolyze starches or carbohydrates). Hydrolysis process are 
slowly occurred. When the complex molecules is hydrolyzed slowly so, the 
highly soluble substrate are become existing to the biomass and an instant 
requirement for electron carrier molecules like as free molecular nitrate or 
oxygen is avoided and and nutrients [28].

In biological treatment section, there are two essential roles of hydro-
lysis occurred. In the first role, various sections obtained only complex 
substrate. While in second role, hydrolysis allows the cellular parts to 
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degeneration and solubilization as compared to association and bacteria 
die in any biological section [29].

The capability of anyone biological treatment section to degenerate 
a substrate which influence on the existence of the following significant 
effects:

1. A sufficient number of enzymes
2. A substrate having molecular structure.
3. A various population of enzymes and bacteria.
4. An adequate performed condition involving mean cell resi-

dence time.

In first, bacteria degenerate the more simple and soluble substrate and 
after that the complex and insoluble substrate. In biological treatment, a 
substrate like as sugar is fastly degenerate due to the following conditions 
exists:

1. Rate of all biochemical reactions that are essential for total 
degradation of the substrate are optimum.

2. For degeneration of a substrate in the presence of all essen-
tial enzymes are firstly occurs in appropriate number.

3. A sufficient residence time is provided for substrate degen-
eration. Wax or chitin like as substrate is weakly degenerate-
able due to following situation exists in biological treatment 
section:

Rate of all biochemical reactions that are essential for total degeneration 
of the substrate are not optimum.

For degeneration of a substrate in the presence of all essen-
tial enzymes are not firstly occurs in appropriate number.

6.2.2  Acetogenic, Coliforms, and Cyanobacterial Community

Member of Acetobacteracae family which produced acetate and is essen-
tial for the degeneration of soluble cBOD into methane (CH

4
) in anaero-

bic digesters. It is a special group of fermentative bacteria which converts 
alcohols, ketones, and organic acids into carbon dioxide, hydrogen, and 
acetate, respectively. Meethanogen (methane producing bacteria)use ace-
tate as a main substrate for producing methane. The essential acetogenic 
bacteria involved is Acetobacter, Syntrobacter, and Syntrophomonas [18]. 
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Gram-negative rods which is a member of the coliform group of bac-
teria so that at 37 °C it ferment the sugar lactose and formation of gas. 
Complete coliform group involves these genera of the Enterobacteriacease 
family: Enterobacter, Escherichia, Hafria, Serratia, Citrobacter, Yerinai 
and Klebisella. The coliform bacteria existence is an indication of fecal 
contamination and mainly indicative genus in fecal contamination is 
Escherichia [30].

Photosynthetic bacteria are members of cyanobacteria. It was consid-
ered a blue-green algae before their prokaryotic cell structure was indicated. 
Cyanobacteria can be present as a chain of filament or cells (Oscillatoria) 
or a individual cells (Chlorella). In activated sludge method, the filament of 
cynobacteria exits and it may participate to settle ability troubles.

Cyanobacteria commonly are found on the surface of biofilm in trick-
ling filters and enter the activated sludge process in the effluent of trickling 
filters when the filters are used upstream of the activated sludge process as 
“roughing” towers or to pretreat industrial wastewaters. Examples of cya-
nobacteria include Anabaena, Chlorella, Euglena, and Oscillatoria [18].

6.2.3  Denitrifying, Fecal Coliforms, and Fermentative 
Microbial Community

Denitrifying bacteria involve facultative anaerobic bacteria which using a 
nitrate without free molecular oxygen to degenerate into soluble cBOD. The 
results showed that the use of nitrate is converted to nitrogen and enters into 
atmosphere in the form of nitrous oxide (N

2
O) and molecular nitrogen (N

2
). 

For a wastewater treatment industry a denitrification is apply to satisfy a com-
plete nitrogen discharge demand. During denitrification process it causes 
problems such as foaming in anaerobic digestor and clustering in secondary 
clarifiers. However, there are large number of genera that consists denitrify-
ing bacteria and the three genera that consist the most species of denitrifying 
bacteria, for example, Alcaligenes, Bacillus, and Pseudomonas [31].

Fecal coliforms involve all coliforms that are entirely fecal in source and 
at 45 oC it can ferment lactose or formation of colonies. Fecal contamina-
tion is represented by fecal coliform and contains principally of species of 
the genus Escherichia [32].

Acidogenic (acid forming) or fermentative bacteria that convert 
fatty acids, sugars and amino acids into organic acids involving butyrate 
(CH

3
CH

2
COOH), formate (HCOOH), acetate (CH

3
 COOH), propionate 

(CH
3
CH

2
COOH), and butyrate (CH

3
CH

2
COOH). Fermentative or acido-

genic bacteria are essential in anaerobic digestors so they are converted com-
plex substarte into simple substrates by using methane-producing bacteria.
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In Biological phosphours removal sections fermentative bacteria are 
essential and it formed the required organic acids which are important to 
removal of phosphours by poly-P bacteria. There are a large number of gen-
era of fermentative bacteria involve Clostridium, Escherichia, Lactobacillus, 
Proteus, Bacteroides, and Bifidobacteria [31]. In activated sludge method 
facultative anaerobic rods, gram-negative are composed nearly 80% of the 
bacteria and in the anaerobic digester a significant number of the bacteria. 
They are included with acetate formation, biological phosphorous elimina-
tion, degeneration of soluble cBOD, floc production, hydrolysis of cBOD, 
denitrification and acid formation. In bacterial genera that consist Gram 
negative, facultative anaerobic rods involve Escherichia, Proteus, Klebsiella, 
Aeromonas, Salmonella and Klebsiella Escherichi [32].

6.2.4  Floc-Forming and Gram-Negative Microbial  
Community

FLoc formation process is started by using a floc-forming bacteria in the 
activated sludge method. When the life time of sludge is increase, floc-
forming bacteria formed cellular parts which require to attach each other 
or grouped. The amount of Floc-forming bacteriais small which involve 
Aerobactor, Achromobacter, Flavobacterium, Citromonas, zoogloea, and 
Pseudomonas [31]. In activated sludge method in which gram-positive, 
aerobic cocci, and rods are composed nearly 20% of bacteria. They are 
included in biological phosphours elimination, floc production, nitrifica-
tion and degeneration of soluble cBOD. In bacterial genera which consists 
Gram negative, aerobic cocci and rods involve Acinetobacter, Nitrobacter, 
Pseudomonas, Zoogloea, Alcaligens, Nitrosomonas, and Acetobacter [33].

6.2.5  Nocardioforms and Methane-Forming Microbial 
Community

Spore-producing and dram-positive bacteria which are special group of 
actinomycetes or nocardioforms. These filamentous organisms are com-
paratively long and short branched. There are some growing characters 
present in nocardioforms like as real branching which occur in fungi.

Norcardia and it reslted genera which are most frequently realted with 
a foam formation in the activated slugde method involve Arthrobacter, 
Actinomadura, Micromonospora, and Corynebacteriu. Norcardia species 
are most frequently described as difficult involve N. caviae, N. asteroids, 
N. pinesis, N. amarae, N. rhodochrus and Norcardia is the most generally 
noted foam formation actinomycete [33].
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Methanogens and methane-producing bacteria form methane (CH
4
) 

from restricted amount of substrates in anaerobic digestors. There are two 
main routes exits for methane formation: (1) breakdown of acetate and (2) 
use of hydrogen and carbon dioxide. For example, genera of methane-pro-
ducing bacteria involve Methanococcus, Methanosarcinia, Methanomonas 
and Methanobacterium.

6.2.6  Nitrifying Microbial Community

For the living organisms nitrogen is key element. Nitrogen is present in – 3 
oxidation state in amino group ( NH

2
) and used in amino acid like gly-

cine (Figure 6.3). Amino acid is consider the building block of protein. 
Protein is essential for making of structural material, genetic material, and 
enzymes.Most of the macromolecules are considered as organic nitro-
gen compounds such as protein and amino acid. The waste of food and 
fecal contain these macromolecule compounds and release in municipal 
wastewater. Although some amino acids are water soluble due to their sim-
ple structure while protein are insoluble due to their complex structure. 
Proteins are suspended in water because they are colloids and having large 
surface area [26].

In sewerage system due to bacterial action amino acids undergo to deam-
ination (Figure 6.4). Deamination is known as libration of ( NH

2
) and for-

mation of reduced nitrogen. Reduced nitrogen is present in two types one 
is ammonium ions or ammonia or ionized ammonia. Each type of reduced 
nitrogen is pH dependant for their quantity. NH

3 
toxic and liberate in 

atmosphere from biological treatment unit during mixing action, aeration, 
turbulence, or sewage system [33]. But ionized ammonia is nontoxic and 
utilize by bacteria in the form of nitrogen as nutrient. Most of the reduced 
nitrogen is present in ionized ammonia at pH lower than 9 [24, 26]. 

Urea (H
2
NCONH

2
) is another remarkable organic nitrogen compound 

[34]. Urea is a main constituent of urine that are released into municipal 

O

C

NH2

OH

Figure 6.3 Structure of simple amino-acid (glycine).
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wastewater. Due to bacterial action urea is hydrolyzed in sewer system. 
Hydrolysis is defined as due to addition of water in compound it break-
down into simpler units. Reduced nitrogen is produced due to hydrolysis of 
urea [35]. The out flow or influent of municipal wastewater having reduced 
nitrogen in the form of ionized ammonia from inorganic nitrogen as well 
as organic nitrogen [36]. In water treatment about 40% nitrogenous waste is 
consist of inorganic waste while 60% consist of organic nitrogen. In most of 
municipal wastewater treatment influent contains 25–30 mg ionized ammo-
nia. In municipal wastewater treatment plant the additionally nitrogenous 
waste is polymers that mostly use in industrial and wastewater treatment 
plant. In most of the industrial waste not only ionized nitrogen are present 
but some of nitrite and nitrate ions are also present. In industrial discharge 
the presence of (NO

2
−) and (NO

3
−) ions act as indicator [35, 36]. In sewer 

system these ions are not formed. In activated sludge process the formation 
of nitrite and nitrate ions take during nitrification. It may be define as the 
biological oxidation of ionized ammonia to nitrite and nitrite to nitrate [34]. 
Nitrosomonas and Nitrosospira oxidize ionized NH

3
 to (NO

2
−), Nitrospira 

and Nitrobacter oxidized (NO
2

−) into (NO
3

−). For cellular activity includ-
ing reproduction energy is obtained due to nitrifying bacteria that help to 
oxidize the NH

3
 to (NO

2
−). Sludge is increase in amount during activated 

sludge process due to this reproduction. From bicarbonate alkalinity carbon 
is produced used by nitrifying bacteria. From oxidation of ammonia and 
nitrite small amount of energy is obtained by nitrifying bacteria, and growth 
of bacteria or sludge formation is low. Each pound of ionized ammonia oxi-
dized into nitrate by about 0.06 pounds of nitrifying bacteria [37].

Nitrifying bacteria are considered chemolithoautotrophs. They are 
defined as the bacteria that oxidized a mineral and obtain cellular energy 
and from inorganic carbon that don’t have hydrogen obtain their carbon. 
Carbon dioxide is the major source of inorganic carbon. These bacteria 

Figure 6.4 Schematic diagram of deamination of sulfur amino-acid (cysteine).

C C

Deaminase enzyme Amino group Ammonia ionized

ammonia

C

O H H

H

SH

NH2

NH2 NH3 NH4
+

OH



186 Advanced Materials for Wastewater Treatment

consumed carbon in the form of bicarbonate alkalinity, it is formed by 
dissociation pf carbonic acid that form due to addition of H

2
O and 

CO
2 
[35].

In oxidized ammonia and nitrite nitrifying bacteria are very useful 
and active due to their (1) cytomembranes, (2) having specified nitrify-
ing enzyme system. In cellular membranes cyotemembranes are infolding 
that helps to increase the surface areas of membrane and provide space for 
nitrification process. They are found everywhere in plant, soil etc because 
they are free living. They become the part of wastewater treatment by 
infiltration and influent. They live in one to two inches in top of soil and 
considered strict aerobes. They reproduced in limited because they are 
not having enough from comes from oxidation of ionized ammonia and 
nitrite. About 8–10 hours are optimum time of generation gab. But it is 
increased from 2 to 3 days when the conditions are strong during activated 
sludge process. Thus, for efficient nitrification nitrifying bacteria needs 
relative high mean cell residence times (MCRT) to form population dur-
ing activated sludge process. Nitrifying bacteria’s generation time as well as 
activity is temperature dependant. They reproduce in high concentration 
as temperature increased. At 5 °C to 40 °C of temperature range they repro-
duce fastly because they are very active at this temperature. But the opti-
mum temperature range of nitrifying bacteria for reproduction is 30 °C. At 
this temperature nitrifying bacteria have short generation time and have 
maximum reproduction, for example, Nitrosomonas [24].

The bacteria involve in nitrification process are poor floc-forming 
organisms. Due to opposite charge between nitrifying bacteria and floc 
particle they are attached with floc particle and they adsorb on floc par-
ticles through coating action of higher form of life. In activated sludge pro-
cess there are many microorganisms like rotifers, free living nematodes 
and ciliated protozoa discharge some secretions on the surface of nitrifying 
bacteria and make it suitable for adsorption of floc particles.

The amount of energy substrate are responsible for the maximum activ-
ity and size of population of nitrifying bacteria but there are some other 
factors that are responsible of the size of population, activity of nitrifying 
bacteria and efficiency of activated sludge process for nitrification. These 
factors are dissolved oxygen, toxicity, pH and temperature and MCRT. 
Both temperature and MCRT are important factors. MCRT and tempera-
ture both are considered the most delicate factors that affects the nitrifica-
tion process as well as efficiency of bacteria and their population size in 
activated sludge process. There is inverse relationship between temperature 
and MCRT or nitrifying bacteria. As we decrease the temperature MCRT is 
increased and bacterial population is decreased because at low temperature 
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of wastewater treatment they are inactive and reduce efficiency of nitrifica-
tion during activated sludge process.

There is no alkalinity in nitrification process. Through denitrification 
and deamination of organic nitrogen compounds the alkaline media trans-
fer to activate sludge naturally. Ionized ammonia is produced due to deam-
ination of amino acids. The increase in basicity indicates ionized ammonia. 
Alkalinity is produced due to denitrification in two ways (1) Indirectly: 
formation of bicarbonates ions due to withdrawing of carbon dioxide into 
wastewater and produce alkalinity and (2) Directly: formation of OH– pro-
duced alkalinity [24].

6.2.7  Denitrifying Microbial Community

Denitrification is defined as breakdown of soluble cBOD by using nitrite 
and nitrate with the help of facultative bacteria. The industrial effluent con-
tain nitrates and nitrites and release to activated sludge process. For pro-
cessing of denitrification there is production of nitrite and nitrate during 
activated sludge process. Anoxic condition is required for denitrification 
process. In order to maintain anoxic condition there are some remarkable 
criteria that are summarized as presence of (NO

2
−) and (NO

3
−), absence of 

free O
2 
presence of soluble cBOD and oxygen gradient, presence of denitri-

fying bacteria (facultative anaerobic bacteria).
In order to obtain energy and carbon for cellular growth facultative 

anaerobic bacteria are eligible to use nitrite, nitrate and free molecular oxy-
gen for breakdown of soluble cBOD. But denitrifying bacteria are eligible 
only to use one molecule at a time. They prefer that molecule that is present 
at that time with high amount of energy and carbon for cellular growth and 
that is usually free oxygen molecule. Free oxygen molecule use for break-
down of the soluble CBOD is more reliable and preferable as compare to 
nitrate because free O

2
 gives more energy for growth.

As soil and water organisms facultative anaerobic bacteria pass into 
fecal waste of activated sludge through inflow and infiltration. Most of 
the denitrifying bacteria are involved with floc due to opposite charge on 
the surface of floc particle that are usually secreted by free living nema-
todes, rotifers and ciliated protozoa. Almost 80% of denitrifying bacteria 
are dispersed in activated sludge process and incoprate with floc particle 
that are one billion of denitrifying bacteria per gram of floc particle. There 
are many genera of bacteria that include denitrifying bacteria. Alcaligens, 
Bacillus, and Pseudomonas are most commonly genera that have denitri-
fying bacteria. The reproduction phenomena of denitrifying bacteria is 
very fast. About 15–30 mins are generation time for denitrifying bacteria. 
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Under anoxic condition the production of enzymes that are essential for 
use of nitrate and nitrite is very fast. Nitrates that are produce during deni-
trification process are not enough and accumulated in activated sludge 
process during insufficient process of nitrification. Denitrification does not 
occur unless free oxygen molecule are present. So, for denitrification the 
presence of oxygen gradient and absence of free molecular oxygen is essen-
tial. When the dissolved oxygen concentration is about 1 mg outside a 
floc particle whose diameter is 150 m then oxygen gradient is maintain. 
When denitrifying bacteria used dissolved oxygen then nitrates moves 
toward the core of floc particles. Dissolved oxygen is used for breakdown 
of soluble cBOD hence it is not available and denitrifying bacteria start to 
use nitrates. In the presence of measurable dissolved oxygen denitrification 
is premited by oxygen gradient.

In process of denitrification the concentration of substrate or soluble 
cBOD is one of main factor that effect the process. Higher the amount 
of substrate high the demand of electron acceptor that is nitrate and free 
oxygen molecule. Electrons are released from degradable substrate because 
soluble cBOD is breakdown inside the cell. With the help of electron accep-
tor from bacterial cell released electrons are withdrawed. Hence high the 
concentration of substrate higher the amount of electron acceptor needed. 
Dinitrification occurs fastly as oxygen is removed more fastly.

A huge variety of soluble organic compounds use as substrate by denitri-
fying bacteria usually found in domestic waste. Methanol (CH

3
OH), ace-

tate (CH
3
COOH), glucose (C

6
H

12
O

6
) and ethanol (CH

3
CH

2
OH), are some 

common used organic compound in denitrification process. Methanol is 
mostly used as organic compound because it is easily absorbed by cell and 
degenerate also simple form of soluble cBOD.

One of method of nitrate reduction is denitrification. During bacte-
rial activity oxygen is removed from nitrate when it is reduced. When free 
molecular oxygen is not available denitrifying bacteria reduce nitrate to 
breakdown soluble cBOD. This is known is dissimilatory nitrate reduc-
tion or denitrification process because in cellular material the nitrogen of 
nitrate is not associated with it and escape from bacterial cell as N

2
 and 

N
2
O (Figure 6.5).
The nitrogen nutrient is provided to bacterial cell by assimilatory nitrate 

reduction and dissimilatory nitrate reduction is often used for respiration 
uses. For the preparation of cellular material nitrogen nutrient is provided 
from ionized ammonia source. The bacterial cell always uses nitrogen 
which is present in – 3 oxidation state. As the nitrogen present in ion-
ized ammonia is in – 3 state it is mostly selected by bacterial cell. In the 
absence of ionized ammonia nitrate acts as a source of nitrogen. But in 
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nitrate 5 oxidation state of nitrogen exist. So when bacteria uses nitrate 
as an energy source it causes to add hydrogen in the cell along with the 
removal of oxygen from inside of cell. As the hydrogen is added along with 
removal of oxygen nitrogen is converted into – 3 oxidation state and again 
ionized ammonia appears. The nitrogen that is produced during assimila-
tion got entered in the cell again. The nitrogen production by this process 
is called assimilated nitrate reduction. Within the activated sludge process 
both assimilation nitrogen reduction and dissimilatory nitrogen reduction 
occur spontaneously. When nitrate ions are available along with cBOD in 
the absence of ionized ammonia and molecular oxygen the degradation of 
cBOD occur by nitrate.

During denitrification molecular nitrogen is produced after grad-
ual reduction of nitrate. During denitrification 4 biochemical steps and 
5 nitrogenous molecules incorporate. Five of these molecules are molecu-
lar nitrogen, nitrous oxide, nitric oxide, nitrite, and nitrate. During these 
processes first substrate is always nitrate but sometimes nitrite also acts as 
first substrate or mostly act as intermediate. Nitrous and nitric oxide are 
intermediate products while molecular nitrogen is formed in final step.

The facultative anaerobic bacteria result in production of molecu-
lar nitrogen from nitrates. But in some denitrifying bacteria deficiency 
of enzymes occur which convert nitrate into molecular nitrogen. As in 
Escherichia coli conversion of nitrate to nitrite occurs but next step is 
not possible. However, due to adverse operation conditions, in faculta-
tive anaerobic bacteria production of intermediate compounds starts. In 
denitrification the process complete in 4 stages and only two generate 
energy. The two steps are the reduction of nitrates and nitrites. So the 
energy production is related to the whole process that occurs in nitrate 
and nitrite step conversion. The formation of bicarbonates and hydroxyl 

NO3
–

CO2

C5H7O2N

N2, N2O, H2O

Endoenzymes

cBOD +

NH4
–

Figure 6.5 Dissimmilaterity nitrate.
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ions produce basic environment which is related to energy production 
in whole process. The production of bicarbonates is due to the mixing of 
carbon dioxide with wastewater along with the production of carbonic 
acid which splits and form bicarbonate ions. After denitrification half of 
the loss alkalinity is restored. The energy produced by the degradation 
of cBOD is used for composition of cells in bacteria or sludge [38, 39]. 
As low amount of carbon is assimilated in new cells during degradation 
of cBOD using nitrate so the degradation of cBOD into nitrate much of 
the CO

2
 is produced. The produced CO

2
 not completely participate in 

wastewater. Out of the 5 different produced gases 3 can escape in envi-
ronment. But in some cases these gases become enclosed in floc particles 
and cause problem in secondary clarifiers before they enter in air. At the 
redox value of 100 mV and −100 mV denitrification process is started 
and it is effected by three remarkable factors that are nutrients, pH and 
temperature 7.0 to 7.5 is the optimum range of pH for denitrification but 
at <6.0 and >8.0 values of pH the depressed action of denitrifying bac-
teria are occurred. As the temperature of waste increases denitrification 
process increased. Wastewater has less affinity for dissolved oxygen as its 
temperature increased that leads to denitrification more fastly. At <5 °C 
denitrification process is prohibited [38, 39].

For growth of bacterial cells and degeneration of soluble cBOD phos-
phrous and nitrogen are essential nutrients. The huge amount of nitro-
gen and phosphrous along with free molecular oxygen are essential for 
the breakdown of cBOD and they refer as present in aeration tank as mix 
solution of effluent with minor quantity of both nutrients that is 0.5 mg/L 
H

2
PO

4
− or HPO

4
2− and 1.0 mg/L NH

4
+ or 3.0 mg/L NO

3
− for phosphrous 

and nitrogen. Less bacterial growth is produced than free molecular oxy-
gen when the breakdown of cBOD with nitrates. In denitrifying tank of 
effluent filtrate they have huge concentration of phosphrous and nitro-
gen. When anoxic condition is maintained then denitrification is started. 
These conditions are originated intentionally or accidently. Intentionally 
generated conditions refer as i) Total nitrogen release from denitrifying 
tank and its use ii) To enhance the efficiency of treatment plant by anoxic 
period. Accidently conditions originate are not usually mention in second-
ary clarifiers.

6.2.8  Phosphorous Solubilizing Microbial Community

Phosphorus (P) is a major nutrient which is necessary for all living cells. 
It is the key element for the production of adenosine triphosphate or 
ATP, nucleic acids, DNA and RNA, phospholipids, teichoic acids, and 
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teichuronic acids. ATP acts as a high-energy molecule and used in the 
transfer of energy within the cell. Phospholipids are essential components 
in the structure of cell membranes, while teichoic acids and teichuronic 
acids are essential components in the structure of cell wall of gram-positive 
bacteria. Phosphorus also stored in cells as intracellular volutin granules 
or polyphosphates. Phosphorus may be 1–3% of the dry weight of a bacte-
rium. Although the contets of phosphorus is approximately one-fifth of the 
contents of nitrogen of the bacterium, the actual phosphous content may 
vary from one-seventh to one-third of the nitrogen content that depend 
on the environmental conditions. Phosphorus is a nutrient required for 
growth of aquatic plants. Often phosphorus is a limiting nutrient and the 
concentration of phosphorus in waters determines the quantity of vegeta-
tive growth. However, the introduction of trace amounts of phosphorus 
into receiving waters may have greater effect on the quality of receiving 
waters [24]. Undesired growth of algae is triggered at orthophosphate con-
centrations as low as 0.5 mg/L. Presence of algal blooms and phytoplank-
ton results in a rapid and remarkable deterioration in the quality of water, 
Phosphorus pollution of natural waters is usually responsible for eutrophi-
cation and occurs mainly as a result of phosphorous-rich discharges from 
wastewater treatment plants. Many environmental problems are related 
with the sudden growth of marine plants. These problems cover clogging 
of receiving waters as well as color, odor, taste, and turbidity matter, if the 
receiving water used as drinkable water source. Moreover, and impor-
tantly, the die-off of large number of marine plants provide oxygen deple-
tion and eutrophication. The oxygen is removed from receiving waters 
by using bacteria and other organisms as they can easily decompose the 
dead plants. Eutrophication or rapid aging of receiving waters arise as the 
non-decomposable part of dead plants assemble in receiving waters. Rapid 
growth of marine plants also lowers the value of wastewaters for fishing, 
industrial use, and recreational use.

Most often phosphorus is found in wastewater in greater quantity than 
those required for growth of marine plants. Thus, in order to inhibit or 
lowers the phosphorous-related water quality issues, state and federal 
regulatory agencies need phosphorus removal at wastewater treatment 
plants. Because the phosphorus reacts rapidly with minerals such as alu-
minum, calcium, and iron, little phosphorus leaches from soil. Besides, 
little phosphorus leaches from soil when it is applied to the soil as a fer-
tilizer. Requirement for phosphorus removal is becoming more usual for 
municipal and industrial wastewater treatment plants. The discharge limits 
for total phosphorus in these plants are usually ≤2 mg/L. The phosphorus 
exists inorganic and inorganic forms. The inorganic forms of phosphorus 



192 Advanced Materials for Wastewater Treatment

involve orthophosphates and polyphosphates. The orthophosphates are 
available for biological metabolism without further breakdown and are 
considered to be easily available nutrients for phosphorus and for bacterial 
use in wastewater treatment plants and marine plants in natural waters. 
The orthophosphates include PO

4
3−, HPO

4
2−, H

2
PO

4
−, and H

3
PO

4
. The 

commonly used forms of orthophosphate in wastewater treatment plants 
are HPO

4
2− and H

2
PO−. Relative quantity of each form is pH-dependent. 

Orthophosphate present is produced through dissociation. Within the pH 
operating range of most wastewater treatment plants; HPO

4
2− is dominant 

at pH values greater than 7, while H
2
PO

4
− is dominant at pH values greater 

than 7. The hydrolysis of polyphosphates is influenced by many factors 
including retention time and pH in an aeration tank. Principle form of 
orthophosphate acquire from hydrolysis is pH-dependent. Due to their 
stability in water, polyphosphates are easily sequestering minerals such as 
aluminum, calcium, and iron. The phosphate tied to organic compounds 
is referred as organic phosphorus. The organic phosphorous compounds 
are of least importance in domestic wastewater, but these compounds can 
be of significant interest in industrial wastewater and crude. The com-
mon organic forms of phosphorus involve inositol phosphates, nucleic 
acids, phospholipids, and phytin. The phytin is an organic acid found in 
vegetables such as corn and soybean and is difficult to destroy. Average 
concentration of total phosphorus in municipal wastewater is in range of 
10–20 mg/L. The total phosphorus consists of inorganic phosphorus and 
organic phosphorus. The major sources of phosphorus released to munici-
pal wastewater treatment plants consist of human waste, detergents, and 
industrial waste. The orthophosphate makes up approximately 50–70% of 
total phosphorus, while polyphosphates and organic phosphorus make up 
the remaining 30–50% of total phosphorus. When the orthophosphate, 
polyphosphate, and organic phosphorous compounds enter an activated 
sludge process these compounds undergo biological and chemical changes 
and experience several fates. Some organic phosphorous compounds are 
removed from wastewater when particulate, organic phosphorous com-
pounds or phosphorous compounds are adsorbed to solids surface and 
settle out in the primary clarifier.

In activated sludge process, the phosphorous compounds undergo sev-
eral fates. With sufficient hydraulic retention time (HRT), organic phos-
phorous compounds are destroyed through microbial activity, and the 
orthophosphates are released in aeration tank. With sufficient hydraulic 
retention time (HRT), polyphosphates are biologically and chemically 
hydrolyzed, and orthophosphate released in the aeration tank. The prin-
cipal organisms that are responsible for mineralization or degradation of 
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phosphorous compounds involve actinomycetes such as Streptomyces, bac-
teria such as Arthrobacter and Bacillus, and fungi such as Aspergillus and 
Penicillium. These organisms produce phosphatase, an enzyme that liber-
ate orthophosphate from phosphorus-containing compounds.

The orthophosphate is readily accessible phosphorous nutrient for bac-
terial growth and energy transfer. As a readily accessible nutrient, phos-
phorus is removed from bulk solution from aeration tank and incorporated 
or assimilated into the cellular material as bacterial degrade substrate 
(soluble cBOD) and reproduce (sludge production). However, assimilated 
phosphorus makes up 1–3% of bacterial weight (mixed liquor volatile sus-
pended solids).

If the deficiency for orthophosphate occurs in the activated sludge pro-
cess, production of nutrient-deficient floc particles or sludge and undesired 
and excessive growth of nutrient-deficient filamentous organisms may 
occur. Nutrient-deficient floc particles and nutrient-deficient filamentous 
organisms adversely affect the solids settleability in the secondary clarifier 
and may responsible for foam production and accumulation [40, 41, 42].

Soluble cBOD is absorbed by bacterial cells in floc particles during nutri-
ent deficiency for orthophosphate ( 0.05 mg/liter). Therefore, the soluble 
cBOD cannot be destroyed due to lack of adequate phosphorus. However, 
the cBOD is converted into an insoluble polysaccharide (starch) and stored 
in floc particle, until orthophosphate are available for its degradation. 
Stored polysaccharide is less dense than the water, and its storage between 
bacterial cells results in the loss of floc particle density. Polysaccharides 
capture air and gas bubbles also. Captured air and gas bubbles contribute 
to the loss of floc particle density and formation of the foam. The foam 
produced from orthophosphate deficiency may be billowy white or greasy 
gray. The billowy white foam is related with young sludge age, while greasy 
gray foam is related with old sludge age. As bacteria age in floc particles, 
their secreted oils assemble in the floc particles and are transferred to the 
foam. The transfer of oils changes the texture and color of foam from bil-
lowy white to greasy gray [24].

There are several filamentous organisms that grow rapidly in a nutri-
ent-deficient condition for phosphorus or nitrogen. These filamentous 
organisms outgrow floc bacteria in a nutrient deficient condition because 
(1) they require less nutrients than floc bacteria or (2) they may compete 
more efficiently for nutrients when nutrients are limited in quantity. The 
effective competition for nutrients is provided by greater surface area of the 
filamentous organisms that are exposed to the bulk solution which con-
tains nutrients as compared to surface area of the floc bacteria. Of the fila-
mentous organisms that grow rapidly in a nutrient deficient condition, the 
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nocardioforms are foam producers. The Foam typically of nocardioforms 
is viscous and chocolate brown. In aeration tank, the orthophosphate is 
incorporated into floc particles as insoluble hydroxyapatite (CaOH(PO

4
)

3
). 

This occurs naturally without chemical addition. The pH of the aeration 
tank decreases if dissolved oxygen concentration of the aeration tank is 
decreased and much of the carbon dioxide released from the degradation 
of soluble cBOD remains in solution (i.e., it is not stripped to the atmo-
sphere). The decrease of CO

2
 occurs because carbon dioxide dissolves in 

the mixed liquor and carbonic acid (H
2
CO

3
) is formed. Under these condi-

tions, orthophosphate remains in the solution as H
2
PO

4
− ion.

Though, if the dissolved oxygen concentration of the aeration tank is 
increases and much of the carbon dioxide in the aeration tank is stripped 
to the atmosphere, little carbonic acid is produced and the pH of the aera-
tion tank increases. Under these conditions, orthophosphate is present as 
HPO

4
2− ion. If this happens in hard water (containing calcium as Ca2+), 

orthophosphate is precipitated out from the solution as hydroxyapatite and 
incorporated into the floc particle.

The orthophosphate may remain in the solution in aeration tank in two 
forms. It may remain in solution in the ionic form as determined by pH, 
or it may be remained in the solution sequestered (bonded in solution) to 
an alkali metal. The effluent phosphorus from the activated sludge process 
contains approximately 90% of orthophosphate. Orthophosphate may be 
as soluble ions or sequestered orthophosphate. To limit the concentration 
of effluent phosphorus from activated sludge process, an advanced waste-
water treatment measure is needed. The advanced wastewater treatment 
consists of biological, chemical, and physical measures that remove the 
inorganic and organic suspended solids, the phosphorus-containing and 
nitrogen-containing compounds that contribute to eutrophication, slowly 
degradable or nondegradable organic compounds. The phosphorus can 
be removed in municipal wastewater treatment plants through biologi-
cal and chemical treatments. Several of the measures are considered to be 
advanced wastewater treatment measures that include chemical precipita-
tion of phosphorus, enhanced biological phosphorus removal (EBPR), and 
biological-mediated/chemical precipitation of phosphorus.

The enhanced biological phosphorus removal (EBPR) or “luxury uptake 
of phosphorus” occurs when the phosphorus uptake by bacteria is in excess 
of cellular requirements. Typically, the activated sludge phosphorus contents 
are approximately 1–3%, while the activated sludge phosphorus contents 
are approximately 6–7% when EBPR is used. The EBPR is relatively inex-
pensive and is capable of removing phosphorus to lower concentrations. 
The EBPR also limits the chemical costs and sludge disposal costs that is 
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related to the chemical precipitation of phosphorus. The EBPR incorporates 
the use of two groups of bacteria, fermentative bacteria and poly-P bacteria. 
The Poly-P bacteria are also known as phosphorus accumulating organisms 
(PAO). At least the two treatment tanks, an aerobic (fermentative) tank 
and anaerobic tank, are used for EBPR. Fermentative bacteria are faculta-
tive anaerobes, while the poly-P bacteria with exception are strict aerobes. 
Fermentative bacteria and the poly-P bacteria enters the EBPR process as 
fecal bacteria and soil and water bacteria from inflow and infiltration. The 
key to EBPR is the exposure of poly-P bacteria to change anaerobic and 
aerobic conditions. In anaerobic tank, fatty acids (particularly acetate and 
propionate) are formed through anaerobic activity of the fermentative bac-
teria. These compounds serves as a substrate for proliferation of aerobic 
poly-P bacteria that is in the anaerobic tank. Though, the poly-P bacteria 
cannot use (degrade) the fermentative compounds in the anaerobic condi-
tion. Degradation of these compounds by poly-P bacteria occurs only in the 
presence of free molecular oxygen (aerobic tank) or nitrate.

The free molecular oxygen and nitrate ions should be absent in the 
anaerobic (fermentative) tank. A residual quantity of either free molecu-
lar oxygen or nitrate are quickly exhausted in anaerobic tank, but needs 
a longer retention time and more soluble cBOD in anaerobic tank in 
order to exhaust free molecular oxygen or nitrate ions. Presence of free 
molecular oxygen or nitrate in anaerobic tank interferes with the phos-
phorus removing ability of the EBPR process. The interference occurs 
as a result of an increase in redox potential and inability to form fatty 
acids that are essential for release of phosphorus. The fermentation is 
the microbial degradation of soluble organic compounds (cBOD) with-
out use of free molecular oxygen or nitrate. The significant fermentative 
organic compounds or substrate formed in the anaerobic tank involves 
alcohols and variety of soluble fatty acids. In the anaerobic tank, poly-P 
bacteria quickly absorb the fatty acids and polymerize (store) the acids 
as an insoluble starch (poly-β-hydroxybutyrate or PHB). PHB in poly-
P bacteria serves two important functions. Firstly, it helps the bacteria 
to grow and rebuild polyphosphates by taking up soluble phosphate. 
Secondly, PHB along with polyphosphates help aerobic poly-P bacteria 
to live in an anaerobic condition. Polymerization of the fatty acids needs 
an expenditure of cellular energy by the poly-P bacteria. This expenditure 
or energy is the breakdown or release of orthophosphate from the poly-P 
bacteria to the bulk solution of the anaerobic tank. As a result of the lib-
eration of orthophosphate from the poly-P bacteria, the anaerobic tank 
contains two pools of phosphorus, namely, the phosphorus in the influent 
wastewater (feed phosphorus) and the released phosphorus by the poly-P 
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bacteria. In the aerobic tank the poly-P bacteria use free molecular oxygen 
to destroy the stored PHB as a carbon and energy source. Simultaneously, 
the poly-P bacteria absorb ortho-phosphorus in order to store the energy 
released from the degraded PHB. Poly-P bacteria get so much energy from 
degraded PHB that they may absorb not only the released phosphorus but 
also large quantity of feed phosphorus. Absorbed phosphorus is assimi-
lated into macromolecules and stored as polyphosphate granules or volu-
tin. The phosphorus removal is attained when the bacteria (sludge) are 
wasted from the secondary clarifier. Sludge that is not wasted is returned 
to the anaerobic tank where EBPR process is repeated again. By exposing 
the poly-P bacteria to alternating anaerobic and aerobic conditions, the 
poly-P bacteria are stressed and take up phosphorus in excess amount of 
normal cellular requirements. There are numerous processes available for 
EBPR. Alternative exposure of poly-P bacteria to anaerobic and aerobic 
tanks may be accomplished in main biological treatment process. A main-
stream process for biological phosphorus removal contains an anaerobic 
tank alongwith the main liquid process stream from influent to effluent. A 
side stream process contains an anaerobic tank which is aside of the main 
liquid process steam [40, 41].

All nutrients removal processes for phosphorus remove the excess 
phosphorus biologically, except the Phostrip process that include chemi-
cal precipitation of phosphorus. The removed phosphorus from these 
processes is found biologically in bacterial cells or chemically precipitates 
within the sludge. When biological phosphorus removal is combined 
with nitrification and denitrification for nitrogen removal, the removal of 
phosphorus and nitrogen is known as biological nutrient removal (BNR) 
or combined phosphorus/nitrogen removal. The nitrification is biological 
oxidation of ionized ammonia (NH

4
+) to nitrate (NO

3
−). The denitrifica-

tion is biological used of nitrate to degrade soluble cBOD in the absence of 
free molecular oxygen. When the nitrate is used to degrade soluble cBOD, 
the nitrogen in the nitrate leaves the wastewater and returned to the atmo-
sphere as molecular nitrogen (N

2
) and nitrous oxide (N

2
O). There are two 

EBPR processes that remove the phosphorus only. These processes are the 
A/O and the Phostrip. A/O process is a mainstream process. Phostrip pro-
cess is a side-stream process and includes biological and chemical mea-
sures for the removal of phosphorus. Phostrip process has a stripper tank 
where anaerobic condition permits the release of phosphorus by poly-P 
bacteria from return activated sludge (RAS) as shown in fig.6.6 and 6.7.

The liberated phosphorus is removed from the stripper tank by elutria-
tion water. The lime is introduced to the stripper tank overflow to precipi-
tate the liberated phosphorus.
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Figure 6.6 Flowsheet diagram of A/O process.

Anaerobic

stripper

Stripped

sludge

Out flow to

additional treatment

Anaerobic/

fermentative tank

Aerobic/oxic

tank

R
e

tu
rn

 a
ctiv

a
te

d

slu
d

g
e

 (R
A

S
)

Additional

treatment

Waste activated

sludge (WAS)

Secondary

clarifer 

Effluent

Figure 6.7 Flowsheet diagram of Phostrip process.

6.2.9  Sulfur Oxidizing and Reducing Microbial Community

The sulfur is found in various compounds of natural and pollutant ori-
gin and is very common in wastewater. The domestic wastewater contains 
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approximately 3–6 mg/liter of the organic sulfur as proteinaceous wastes and 
approximately 4 mg/L of the organic sulfur as sulfonates obtained from deter-
gents. The domestic wastewater may also contain approximately 20 mg/L of 
sulfate. In sludge, total sulfur may be 1–2% of the dry weight of the sludge.

The sulfur is excreted by aerobic organisms as sulfate. Though, upon 
the death of these organisms, sulfur is released from the organisms in the 
reduced state. Less sulfur or sulfide is produced from the oxidized forms of 
sulfur (sulfate, sulfite, thiosulfate, and elemental sulfur) during anaerobic 
degradation of substrate by anaerobic bacteria such as Desulfovibrio desul-
phuricans. Degradation of sulfur-containing compounds has an adverse 
impact on the wastewater treatment plants and water quality. The biologi-
cal compounds which contain sulfur include amino acids and proteins. The 
sulfur is present in natural waters and wastewater and in many functional 
groups. Because a large variety of organic sulfur compounds exist, several 
sulfur products and biochemical reactions are related with the degrada-
tion of organic sulfur compounds. Degradation of sulfur-containing amino 
acids may result in the production of volatile sulfur compounds (VSC). In 
addition to hydrogen sulfide, major VSC related to the degradation of sul-
fur-containing organic compounds are methyl thiol (CH

3
SH) and dimethyl 

disulfide (CH
3
SSCH

3
). The industrial wastewaters may also contain large 

quantities of sulfur-containing compounds. The industrial wastewaters are 
those that comprize sulfonated detergents and sulfite waste liquor.

A large variety of detergents that include alkyl benzene sulfonates (ABS) 
are used for commercial, domestic, and industrial purposes. When pres-
ent in wastewater, ABS represent a source of sulfur and many other deter-
gents. ABS also represents numerous additional operational concerns 
which include; the decreased rate of oxygen dissolution, proliferation of 
anaerobic bacteria, resistance to biological degradation and toxicity. There 
are five major groups of sulfur bacteria. These groups contain the sulfate-
reducing bacteria (SRB), sulfur-oxidizing bacteria, colorless sulfur bacte-
ria, sulfur-oxidizing photosynthetic-green bacteria, and sulfur-oxidizing 
photosynthetic purple bacteria. The sulfur bacteria, mainly SRB, grow with 
other bacteria, and their presence cannot easily be detected by microscopic 
examination. SRB usually are outnumbered by other groups of bacteria, 
except in special environments such as anaerobic digesters. Although, 
changes in the sulfur profile include sulfate and sulfides across a treatment 
unit may be the indicative of presence of specific sulfur bacteria. The oper-
ational concerns associated to the activity of SRB include malodor produc-
tion, undesired growth of the filamentous organisms Beggiatoa, Thiothrix, 
and competition with methane-producing bacteria. If sulfates are present 
in anaerobic digester sludge, Desulfovibrio desulfuricnas proliferates. This 
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SRB limit the sulfate to hydrogen sulfide by using hydrogen. The meth-
ane-forming bacteria also use hydrogen to produce methane. Presence of 
sulfate in anaerobic digester sludge results in competition for hydrogen 
by SRB and methane-producing bacteria. Methane-producing bacteria 
appropriately use less substrate and produce less methane. In addition, 
the hydrogen sulfide produced by the SRB has an inhibitory effect on 
methane-producing bacteria. When SRB uses sulfate to degrade substrate 
such as ethanol, they produce acetate. However, SRB acts as a competitor 
for ethanol with methane-producing bacteria and substrate producer for 
methane-producing bacteria.

In the absence of sulfate, many SRB are able to adapt and continue to 
increase rapidly. Some grow with hydrogen-consuming, methane-pro-
ducing bacteria. When this happens, the SRB produces substrates such as 
acetate and hydrogen that may use by methane-producing bacteria. In the 
absence of free molecular oxygen or nitrate or presence of an oxygen and 
nitrate gradient, SRB uses low molecular weight carbon sourses as sub-
strate Either in the presence or absence of free molecular oxygen or nitrate 
gradient. These carbon sources are formed by the fermentation of carbohy-
drates, lipids, and proteins.

The sulfides discharged to an anaerobic digester or formed in an anaer-
obic digester combined with soluble metals such as cadmium, iron, and 
zinc to form highly insoluble salts. In Addition metals that combine with 
soluble sulfide include chromium, copper, lead, and nickel. For examples 
cadmium sulfide (CdS), ferrous sulfide (FeS), and zinc sulfide (ZnS). These 
metallic sulfides and immobilized heavy metals turn into sludge black. The 
hydrogen sulfide does not assemble in an anaerobic digester, until the met-
als are removed from the solution. The hydrogen sulfide may be chemi-
cally and biologically oxidized to sulfate. The hydrogen sulfide is an oxygen 
scavenger; when it is exposed to air or oxygenated water, it may be readily 
converted to sulfate. The hydrogen sulfide may be biologically oxidized to 
sulfate by sulfur-oxidizing bacteria. There are two commonly occurring 
sulfur-oxidizing bacteria that are important in malodor control of waste-
water. These bacteria are Chlorobium and Chromatium. The photosynthetic 
bacteria oxidize sulfides to sulfur compounds that are not noxious.When 
it is present in highly concentrated masses, Chromatium gives red color to 
the wastewater in the presence of organic overloading and septicity.

In activated sludge process the sulfur filamentous organisms, Beggiatoa, 
and Thiothrixoxidize the sulfides to elemental sulfur, and Thiobacillus oxi-
dizes the elemental sulfur to sulfate.

The sulfur-oxidizing bacteria oxidize inorganic sulfur in low oxidation 
states by adding oxygen to inorganic sulfur. The sulfur-oxidizing bacteria 
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get energy from the oxidation of inorganic sulfur. Some of the sulfur-oxi-
dizing bacteria are chemoautotrophs and use energy that they get from 
the oxidation of inorganic sulfur for the production of organic compounds 
from carbon dioxide (CO

2
). The sulfur-oxidizing chemoautotrophs include 

species that are in the genera Thiobacillus, Thiospirillopsis, and Thiovulum. 
Because most reduced form of sulfur needed by these bacteria are formed 
by the metabolic activity of SRB, the sulfur-oxidizing chemoautotrophs 
commonly grow to greater numbers at the interface between anaerobic 
conditions (source of sulfide) and aerobic conditions (source of oxygen).

The sulfur-oxidizing bacteria like SRB are also known for operational 
issues related to their growth. They transform reduced form of sulfur to 
sulfuric acid (H

2
SO

4
). Concrete (a stone bonded by calcium carbonate 

(CaCO
3
) corrodes or “rots” in the presence of sulfuric acid. Even with the 

development of sulfuric acid, sulfur-oxidizing bacteria continue to grow. 
For example, Thiobacillus is very tolerant of sulfuric acid and can grow at 
a pH values <1.

Growth of purple sulfur bacteria is enhanced by the presence of hydro-
gen sulfide. The purple sulfur bacteria are photosynthetic and involves the 
genera Chromatium, Thiocapsa, and Thiopedia. These bacteria oxidize the 
sulfides to elemental sulfur to get energy and deposit the sulfur intracel-
lularly as granules. In the dense populations the purple sulfur bacteria can 
turn the wastewater red. The oxygen is toxic to the purple sulfur bacteria. 
However, the growth of these bacteria is prevented in the presence of free 
molecular oxygen [24].

6.3  Methods for the Treatment of Wastewater

6.3.1  Preliminary Treatments

The wastewater treatment is related to type of waste specifically present in 
it. The cleanity of water id related to amount of dissolved oxygen present in 
it. The amount of pollutants in wastewater is measured by calculating the 
amount of dissolved oxygen in it which is basic requirement of biochemi-
cal oxygen demand (BOD) test. For the aerobic treatments of industrial 
waste and sewage sludge and also for maintaining oxygen level in water 
amount of dissolved oxygen is calculated. An improved method known as 
Winkler’s method use iodometric analysis for determining the amount of 
dissolved oxygen in the water.

Firstly, within the water sample 48% of manganese sulfate was added 
related to total volume. Then addition of 15% KI in 70% KOH result in the 



Microbial Diversity as a Tool for Wastewater Treatment 201

pinkish brown precipitates. In the basic medium Mn2+ was converted into 
Mn4+.

 2 MnSO
4
(s) O

2
(aq) 2 MnO(OH)

2
(s) (6.1)

The brown color precipitates of MnO(OH)
2
 are formed. The forma-

tion of precipitates does not confirm that Mn exist as Mn3+ or Mn4+. The 
hydrated MnO

2
 is found brown in color but the precipitates of Mn(OH)

3
 

are also brown in color.

 4 Mn(OH)
2
(s) O

2
(aq) 2 H

2
O 4 Mn(OH)

3
(s) (6.2)

In the second step of Winkler test acidification occur. The dissolution 
of precipitates occur again. The acid help in formation of elemental iodine 
by dissolving the manganese containing iodine precipitates. In the acidic 
medium manganese sulfate causes to convert iodide ions into iodine and 
itself got reduced.

  Mn(SO
4
)

2
2 I−(aq) Mn2+(aq) I

2
(aq) 2 SO

4
2−(aq) (6.3)

For the titration of iodine thiosulfate is used along with starch indicator.

 2 S
2
O

3
2−(aq) I

2
S

4
O

6
2−(aq) 2 I−(aq) (6.4)

The given data result in stoichiometric calculation

 1 mole of O
2

2 moles of MnO(OH)
2

2 mole of I
2

4 mole of S
2
O

3
2− (6.5)

Thus the number of moles of oxygen in water sample can be calculated 
after the calculation of number of moles of iodine produced and amount of 
oxygen is expressed in mg/dm3.

The amount of oxygen required by biological organisms at a particular 
time and temperature to dissociate the organic matter is known as bio-
chemical oxygen demand (BOD). The amount of biochemical oxygen 
demand required for degradation of organic pollutant is calculated in 
mg/L of oxygen consumed in five days of incubation at 20°C. Commonly 
BOD is calculated using standard dilution method. The standard dilution 
method used for testing of wastewater and water is labeled by U.S.EPA 
having label method 5210B. To calculate biochemical oxygen demand the 
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level of dissolved oxygen is calculated before and after incubation and is 
maintained by using dilution factor. The analysis of 300 mL of incubated 
bottles having buffer water is mixed with seed microorganisms and placed 
in a dark room at 20 oC for five days to stop the dissolved oxygen sup-
ply for photosynthesis was performed. Along with the dilution water con-
trol blanks this process of biochemical oxygen demand also requires seed 
control and glucose glutamic acid control. The quality of diluted water 
required for dilution of other samples is guaranteed by blank water dilu-
tion. This is essential because if any impurity present in dilution water it 
can change the results of samples. The type (quality) of seed is determined 
by GGA system which is standardized solution used to check the given 
quality which is 198 mg/L 30.5 mg/L of biochemical oxygen demand. 
To calculate the carbonaceous biochemical oxygen demand, after sample 
dilution inhibitor is also added. This inhibitor does not allow the oxidation 
of ammonia nitrogen which provides nitrogenous biochemical oxygen 
demand. For calculating the biochemical oxygen demand only carbona-
ceous Biochemical oxygen demand is calculated because measurement 
of nitrogenous biochemical oxygen demand does not reflect the oxygen 
required for decomposing organic matter. This is because cBOD is pro-
duced during break down of organic matter while nBOD is produced dur-
ing break down of proteins.

 Unseeded BOD
5 
is calculated by: (D

0
 – D

5
) (6.6)

 Seeded BOD
5 
is calculated by: (D

0
D

5
) – (B

0
 – B

5
)p/f (6.7)

where
D

0 
is the dissolved oxygen (DO) of the diluted solution after preparation 

(mg/L)
D

5 
is the DO of the diluted solution after 5 day incubation (mg/l)

p is the decimal dilution factor
B

0 
is the DO of diluted seed sample after preparation (mg/l)

B
5 
is the DO of diluted seed sample after 5-day incubation (mg/L)

f is the ratio of seed volume in dilution solution to seed volume in BOD 
test on seed.

The amount of oxygen which can be oxidized by using K
2
Cr

2
O

7
, equivalent 

to the amount of organic matter in waste is calculated by COD. To deter-
mine the pollutants strength in industrial waste, sewage and streams COD 
is one of the best methods. American society of testing and materials has 
set a reference point that chemical oxygen demand is the oxygen required 
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for oxidation of organic and oxidizeable matter under controlled condi-
tions for determining the amount of chlorides. The main focus of COD 
is to oxidize the organic matter present in wastewater samples by mixing 
with silver sulfate and mercury sulfate in the presence of excess amount 
of K

2
Cr

2
O

7 
in 50 % sulfuric acid and got converted into carbon dioxide, 

ammonia and water. The amount of dichromate which left untreated is 
titrated against ferrous ammonium sulfate solution. The calculation of 
chemical oxygen demand is as follow:

 COD in mg/L (V
1
  V

2
) N  8  1000/x (6.8)

In this V
1
 and V

2
 represent the amount of ferrous ammonium sulfate 

present in sample and blank respectively and X is the amount of sample 
taken.

As the COD test is performed for both biologically inert and oxidizable 
sample its value is always more as compare to BOD.

The removal of gross solids like suspended solid particles, oil and grease, 
grit and large floating particles is the first objective of preliminary treat-
ment when they are in amount which is noticeable. The removal of large 
particles like canes, wood cloth and other floating rubbish are removed by 
using metal bars used to stain the wastewater which moves below them. 
The speed of wastewater is reduced by increasing the area of grit settling 
chamber as compare to first step. The gross solids are removed by mov-
ing water from moving or mixed screens. Bar screen, hand raked, drum 
screen, wire rope screen and bar screen are the different types of screen 
available for cleansing.

The different types of circular overhead fed vibratory units, self-cleans-
ing, gravity type units and rotary are the advanced mechanical screens used 
for filtration. These modern screens are higher in cost but most effective in 
removal of suspended solids as compare to conventional screens. In some 
cases macerators or comminutors are used for cutting the gross solids into 
smaller size instead of using screens.

To avoid the settling in pipe lines the detritus is removed in the pre-
liminary steps either by grit channels or tanks to protect the pumps and 
equipments against any damage or abrasion. As the weight of grit is more 
than other waste it can be easily separated by controlling the flow in grit 
tanks the grit produced in the system is continuously separated and manu-
ally removed and added to land fill, road making or sludge drying beds. 
If the amount of oil and grease is more in wastewater then it is better to 
remove that first to protect the whole plant. The removal of oil and grease 
is done in skimming tanks which causes the oil and grease to skim off from 
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wastewater. The skimming is more effectively done by flotation, aeration 
or chlorination. The removal of oil and grease from emulsified form as 
present in wool – scouring waste is most difficult. For such purpose the 
removal should be done by using chemical reagents in primary sedimenta-
tion tanks.

6.3.2  Primary Treatments

One of the primary treatments is the sedimentation. The suspended sol-
ids are removed from wastewater after the removal of gritty material, oil, 
grease and solid particles. This suspension is done to reduce the caring 
capacity and move toward the secondary treatment. All of the suspension 
and sediment particles can be removed more effectively by sedimenta-
tion process. Sedimentation process is most successfully applied where 
waste contains higher concentration of settle able solids or it contains 
waste related to sewage. These sediment tanks causes separation of waste 
by using gravity separation method related to the size of particles. Mostly 
center feed circular clarifiers and horizontal flow sedimentation tanks are 
used for sedimentation. By using mechanical scrapping the settled sludge 
is removed from sedimentation tanks and moved in hoppers and pumped 
out. In a well-organized sedimentation tank 50% of the separation of sus-
pended solids is obtained in about two hours. The most effective sedimen-
tation system would have the ability to remove 90% of suspended solids 
and 40% of organic matter. The wastewater having higher concentration 
of industrial wastes requires large time to mix up the waste with heavy 
loads within the purification plant. By using simple sedimentation process 
the fine particles could not be removed more effectively. For that purpose 
chemical coagulation or mechanical flocculation is used.

Within the chemical coagulation or mechanical flocculation wastewa-
ter is passed from rotating paddles are operated at a fixed speed of 0.43 
m/s for the fixed time of thirty minutes. Due to this continuous mixing 
the fine particles got coagulated and settle down. Clariflocculatoris are the 
special type of equipment available in sedimentation tanks just like floc-
culating chamber of sediment tank. The floc is produced when wastewater 
is treated with chemical which causes absorption or suspension and form 
colloidal particles. Mostly alum A1

2
(SO

4
)

3
.18H

2
O, ferric chloride, chlori-

nated copper FeSO
4
.Cl which is mixture of chloride and ferric sulfate and 

hydrated lime are used as coagulants. For treatment of wastewater or water 
alum is most commonly used. For efficient separation, the chemicals are 
mixed in baffled channels for formation of coagulant as done in mechani-
cal flocculation before sedimentation. For obtaining the efficient results of 
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flocculation pre aeration is done for ten minutes for the removal of carbon 
dioxide and hydrogen sulfide gas.

For the removal of impurities most efficient process is the coagula-
tion. Different types of chemicals known as coagulant aiding chemicals 
also used in little amount to enhance the floc settling and increasing the 
rate of coagulation. Mostly hydrolyzed higher molecular weight polymers 
of acrylamide or acrylonitrile having mass of 104–106, activated silica and 
poly electrolytes like polymer of methacrylic acid, acrylic and cyanamide 
are used as coagulants. For preperation of dilute solutions polyelectrolytes 
are used. Due to their specific properties specific poly electrolyte should 
be selected. The working of synthetic coagulants for aid depends upon two 
processes.

The coagulant aids, having long chain molecular structure, 
are absorbed on two or more particles, thus drawing them 
together.
By reducing the charge on the particles and thus reducing 
the repulsive power of the like charges on the particles (1) to 
compensate the alkalinity lime is added, (2) coagulant addi-
tion for quick mixing of four to six minutes, and (3) the 
addition of coagulant helps in proper mixing with less agita-
tion for 40 minutes [1].

Within the primary treatment neutralization and equalization is done. 
Different industries form different waste having different concentration at 
different interval of time. To solve this issue all of the waste is mixed in large 
holding tanks for specific time period. To obtain homogenized and equally 
distributed effluent the waste of one tank is mixed with other. Mixing of 
waste effluent by paddle is most effective method to obtain homogenize 
mixer of waste along with the aeration process. The neutralization of most 
acidic or basic solution should be properly done before discharging out. 
The acidic waste should be neutralized by adding lime slurry or lime stone 
depending upon its type or quantity carbon dioxide, waste boiler or sulfu-
ric acid should be used to neutralize the basicity if both type of waste like 
acidic and basic are produced and stored separately then mixing of both to 
neutralize each other is the most cheapest method.

6.3.3  Secondary/Biological Treatments

By using rectangular beds, one to three meter deep, using analytical graded 
source ( broken stones, coke, PVC, coal, In secondary treatment, the 
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colloidal and dissolved organic media in waste containing water is escaped 
by biological method included microorganism and bacteria. It may be 
anaerobic or aerobic [11]. In aerobic method, microorganisms and bacte-
ria use organic media as a food. They have following changes:

Flocculation and coagulation of colloidal media.
Oxidation of soluble organic media to carbon dioxide

.

Degeneration of nitrogenous organic media to NH
3
, which 

is then change into nitrite and gradually into nitrate.

Content of BOD decreased by using secondary treatment. It also elimi-
nates the quantity of phenol and oil. Therefore, maintenance and commis-
sioning are more costly by using secondary treatment. The stream from 1° 
sedimentation boilers is the first object to system of aerobic oxidation, like 
as activated sludge elements, trickling filters, oxidation pools or oxidation 
channels. However, sludge got by aerobic method, both with that gained in 
1o  sedimentation reservoir, is exposed into anaerobic absorption system in 
sludge digesters.

All organic-containing matter, with some omissions, like as ethers and 
hydrocarbons, can be dissolved by biological aerobic method. Multifaceted 
protein materials and cell tissues are prepared by this method, which are 
swell and escape from the waste by using settling process impervious 
organics and germicidal, like as phenols and cyanides can be devastated by 
particular kinds of microorganisms after a long period of time.

Under anaerobic conditions (i.e., without broke down oxygen or vapor-
ous oxygen), certain gatherings of micro-organism, for example, hydrolyte 
and methane framing life forms, can do the absorption of complex organic 
consumes. The hydrolyte life forms change over complex natural mixes to 
straightforward and low-sub-atomic weight natural acids and alcohols. 
These are then changed over by methane microorganisms to C0

2
 and CH

4
. 

Anaerobic treatment process can be completed top to bottom without the 
requirement for vast surface range. It can happen in blended or improved 
culture and can, along these lines, be kept up effortlessly on extensive scale. 
The process can be connected to most sorts of substrates aside from a couple 
like lignin and mineral oil. The procedure is more affordable, however, the 
last effluent is less attractive, when contrasted with that from high-impact 
treatment, as a result of the dim shading, smell and higher remaining BOD. 
Anaerobic treatment is for the most part utilized for the absorption of slud-
ges. Be that as it may, natural fluid wastes from dairy, butcher house and 
so forth, were dealt with by this technique monetarily and successfully. The 
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effectiveness of this procedure relies on pH, temperature, waste stacking, 
absence of oxygen and dangerous materials. Some of the usually utilized 
natural treatment procedures are portrayed underneath.

6.3.3.1 Aerated Lagoons and Bioaugmentation

These are vast holding tanks or lakes having a profundity of 3–5 m and are 
fixed with concrete, polythene or elastic. The effluents from essential treat-
ment procedures are gathered in these tanks and are circulated air through 
with mechanical gadgets, for example, coasting aerators, for around 2–6 
days. During this time, a solid flocculent muck is formed which realizes 
oxidation of the broke down natural matter. Bod removable to the degree 
of 90% could be accomplished with proficient operation. The operation 
and upkeep are generally basic. The real inconveniences are the bigger 
space prerequisites and the bacterial defilement of the lagoon effluent 
which necessitates further biological purification in maturation pond or 
by secondary sedimentation and sludge digestion.

Bioaugmentation or biomass upgrade is the expansion of financially 
arranged bacterial culture to a wastewater treatment framework to (1) 
increment the thickness of coveted microorganisms and their enzymes and 
(2) accomplish a particular operational objective—for instance, decrease 
slop generation or control rottenness creation. The expansion of bacterial 
societies expands the thickness of wanted microorganisms without essen-
tially expanding the solids inventories and solids home circumstances of 
an enacted slime prepare or anaerobic digester. Adequate expansion of bio-
augmentation items may empower an administrator to diminish MLVSS 
fixation and MCRT. Decrease in MLVSS and MCRT help to control the 
undesired development of filamentous living beings. Treatment profi-
ciency, allow consistence, and operational expenses at a civil wastewater 
treatment plant are impacted incredibly by the enzymatic exercises and 
capacities of an extensive populace and assorted qualities of coli-aerogens. 
Coli-aerogens are microbes that possess the gastrointestinal tract of people 
and enter wastewater treatment plant in fecal waste [24].

Cases of critical exercises of coli-aerogens that are of essential to waste-
water treatment plants include:

Nutrient and disintegrated oxygen necessities
Products acquired from the debasement of substrates
Rates of degradation of the substrates
Types of substrates that can be degraded



208 Advanced Materials for Wastewater Treatment

Cases of critical capacities of coli-aerogens that are of significance to 
wastewater treatment incorporate

Adverse conditions that are endured
Competition with different creatures
Floc-shaping capacity
pH development extend
Temperature development extend

The exercises and capacities of coli-aerogens are upheld by a littler popu-
lace of a few imperative genera of saprophytic and nitrifying microscopic 
organisms that enter the treatment plant as soil and water living beings 
through inflow and penetration (I/I). The saprophytic microorganisms 
and their enzymes frameworks are more productive in corrupting a bigger 
assortment of substrates than the coli-aerogens. Also, numerous saprophytic 
microbes have a kind of capacities that empower them to survive and stay 
dynamic under unforgiving natural or operational conditions that are not 
endured well by the coli-aerogens. Saprophytic microorganisms are prin-
cipally in charge of the debasement of natural mixes (substrates) in nature. 
Notwithstanding, saprophytic microbes don’t enter wastewater treatment 
plants in noteworthy numbers and don’t develop in substantial numbers in 
wastewater or ooze, because of the nearness of vast quantities of coliaerogens 
that enter wastewater treatment plants. Therefore, the productive enzymatic 
exercises and one of a kind capacities of the saprophytic microscopic organ-
isms are “weakened” by the coli-aerogens. Because of the moderately mod-
est number of saprophytic microscopic organisms in a wastewater treatment 
plant when contrasted with the huge number of coli-aerogens, a wastewater 
treatment plant may encounter challenges in treating particular substrates, 
enduring unfavorable conditions, or rectifying an operational problem [24].

The purpose of mixing the substances which are used for the biodegra-
dation of contaminant is to make the working ability of plant better. There 
are certain things which decide the products and culture to be used, these 
are purpose of installing the treatment plant. There is addition of bacterial 
culture to the places where there is installation of wastewater treatment 
plant. The place where bacterial culture is added, decided according the 
requirement of treatment plant and set duration of bacteria. The mean of 
adjustment period is that period needs to bacteria for making their enzyme 
in the new environment. If adjustment period is longer than after longer 
time the bacteria will be added to treatment plant. There is limited posi-
tion of addition of products which are used for the finishing the pollutant 
but there is no location of addition of bacterial culture, and bacteria travel 
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throughout the treatment plant. There are two type of addition of bacterial 
culture to the treatment plant one is introductory dose and other is main-
tenance dose. In introductory dose, amount of dose used is less than 2ppm 
and it is applied for 2–4 weeks. The amount of dose in the maintenance dose 
is mostly 2ppm and its application is either daily or after week or accord-
ing to the need. The reproduction place of augmented saprophytic bacteria 
is wastewater treatment plant; their number cannot cross the number of 
coli-aerogels addition of which is continuous. There are millions of colli-
aerogens in one milliliter of liquor or can cross billion in one flock particle. 
The addition of saprophytic is to up to level where there is easiness in mak-
ing the observation of their working and abilities. Bioaugmented bacteria 
do not produce the diseases. But the some products like preservative used 
to stop the growth of bacteria when bacteria are stored or when they are 
transported can cause allergy. There precautionary clothing should be used 
for protection against allergic reaction; therefore the goggle and long shirts 
should be used while dealing the bioaugmentation products. The wash-
ing of organ should be carried out which come in contact with the prod-
uct. These bacteria do not produce diseases. However some chemical like 
preservative used for stopping their growth while stored or transporting 
can cause allergy. So the protective clothing should be used for the protec-
tion against the allergic reaction, so the long shirt with sleeves and Google 
should be used while dealing with the augmented products. The washing 
of part of body should be carried out which are in more chance to come in 
contact with these product. These bacteria which are required are obtained 
by the sampling of water and soil from their living places. After getting the 
bacteria screening is carried out to check the enzymatic actions of bacteria 
as well as their other activites.

The screening tell us the

How fast they can cause breakdown of organic compound
The condition to which they can bear and work
The type of organic matter to which they can break

The large number of population of bacteria can be grown using the car-
bon source. The growth can be stopped using the different techniques like 
by making their suspension, by keeping them in freeze-drying, to carry 
bacteria liquids and dry form of chemical should be used. The various 
numbers of species and genera are used for specific and general purpose. 
Many species of saprophytic bacteria are used for producing the aug-
mented products which are used for finishing the pollutant from the soil 
and water.
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Beside saprophytic bacteria the other microorganism used for pro-
ducing the augmented product are fungi and nitrifying bacteria. But the 
microorganism that can efficiently can produce augmented products 
are saprophytic bacteria. The degradation of cBOD which is difficult to 
degrade can easily be degrade using the saprophytic bacteria. The degrada-
tion of pollutant can be carried out using different enzyme of saprophytic 
bacteria and these enzyme are released outside the body and named as 
exoenzyme. The finishing of pollutant is such that enzyme of saprophytic 
bacteria diffuses through the particle and as result of diffusion interact 
with the different things like carbohydrate, lipid and protein, and as result 
of interaction dissolve them. For the breakdown of sugar, fatty acid and 
other different chemical beside saprophytic bacteria coli-aerogens are 
also used. Sometime there is competition between the saprophytic bac-
teria for nutrients and dissolved oxygen, on the other hand there is less 
competition between the coli-aerogen bacteria and filamentous organism. 
There is increase in performance of wastewater treatment plant as result 
of dissolving the cBOD and the dissolving and breakdown of cellulose. 
The starch and cellulose are made up of smaller subunit which is glucose, 
these glucose is not soluble this is due unique bonding present between 
the molecule glucose. The breakdown of cellulose which occur in plants 
wood cannot be done by human and coli-aerogen, so the cellulose is not 
digestible in the body and it is removed from the body through fecal. There 
is presence of cellulose in sludge which is either primary or secondary and 
cellulose is 8–15% part of sludge. The bacteria named as cellumonas have 
ability to breakdown the cellulose, this is due to reason that it produces the 
enzyme named as cellulase. This can cause the decomposition of bonding 
of cellulose and hence can dissolve cellulose.

However there is a problem that this bacteria which can cause break-
down of cellulose do not occur in natural population of bacteria which 
are present in sludge. These bacteria are augmented in it processing. By 
the mixing the augmented bacteria in the sludge the breakdown of strong 
bonding of glucose molecule in the cellulose and starch can be broken 
down and cellulose and starch can be make soluble. The breakdown of 
glucose molecule generates carbon dioxide, water and other give rise to 
bacteria. According to estimation if 0.6 pound of glucose breaks then it 
produces 0.4 pound of carbon dioxide and 0.2 pound of water. If a one 
pound of cellulose breaks then it becomes part of sludge and it makes 0.6 
pound of sludge. If one pound of cellulose do not solubilize then it makes 
the 1 pound solid which is part of sludge but it is not activated sludge pro-
cess. As result of addition of cellumonas the quantity of cellulose reduces 
up to 40% to produce the sludge. There is addition of cellumonas from 
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activated sludge to either aerobic or anaerobic digester. The continuous 
breakdown of cellulose in aerobic and anaerobic digester. There is addi-
tion of bioaugmentation product to solve many problems of treatment effi-
ciency. The use of bioaugmentation product in wastewater treatment plant 
is beneficial economically. Some specific bacterial culture is used for the 
breakdown of sulfur containing smell-producing compound. The break-
down of methyl sulfide, dimethyl sulfide and dimethyl disulfide can be can 
done using the the bacteria named as thiobacillus and hypomicrobium. 
The following thing should know about the bioaugmentation product for 
the selection and using the bacterial culture [17].

The present situation of treatment plant
The recognition of situation to be given with augmentation 
product
Gathering and reading of data for consumption in the bio-
augmentation product
To chose the proper bioaugmentation product gathering 
and reading of data
Sight the possible effect of augmentation product
Learn the method to store and use
See the time which is required to observe the effect of aug-
mentation product
See the condition of checking the product are working
Check the price of augmentation product

6.3.3.2 Trickling Filter Process

The trickling filter contained the round resin which are synthetic size of 
which is 40 mm to 150 mm, water is sprayed evenly on the whole bed with 
the help of distributer which is moving and have two face and nozzles on 
it [30]. Hence there is flow of wastewater through the media. The setting 
of the filter is such that flow of air is opposite to the flow of effluent flow. 
There is layer of viscous material which contained microorganism which 
are aerobic and bacterial it is collectively known as zooglea is kept on the 
filter medium which trickle the nutrient from the wastewater [43]. There 
is attachment of organic matter on the surface of viscous material when 
ir passes through the film of viscous material, where the reoxidation take 
place which is done by bacteria and other microorganism which are pres-
ent there. When the layer increases small part of it sloughed off, and flows 
with the effluent. The effluent coming from the trickling filter is allowed 
to settle down and then its separation is carried out. There is pumping of 
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ofsludge to the unite where the digestion take place. The diagram of trick-
ling filter is shown in Figure 6.8 [44].

The process of trickling filter is through the aerobic so it is the faculta-
tive system. There is presence of species of bacteria named as desulfovivrio. 
It form spore and respire aerobically. The presence of micrococcus is also 
ensure in the trickling filter. Algae, fungi, ciliates, protozones also present 
feed of which is microorganism are also present in the trickling filter [29].

The material which is made of plastic is also used in filter and is use-
ful for the industrial waste. The better result can be obtained using the 
smaller media as compared to larger media but it causes the restriction in 
the flow of air. The media which is not natural is useful for the material 
which comes out from the industries. The surface area of synthetic material 
is large but and they are also economical to bear the film of microorgan-
ism. The temperature is harmful for the layer of microorganisms. The rate 
of metabolism of microorganisms depends on the heat of water passing 
through the filter. Therefore the capacity of working the filter decreases in 
the winter season [29, 30].

The efficiency depend on the component of waste, size of waste, and 
evenness of waste, and spraying of water on the surface of filter. There is 
greater power of trickling filter to avoid the toxicity. However huge load 
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Figure 6.8 Trickling filter for wastewater treatment
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should be avoided because it lowers efficiency, efficiency can decrease tem-
porary or permanently [36]. The working of filter is very easy and BOD can 
be reduced up to 65–85% using the trickling filter paper which is function 
of filtration. Further the repeated attention to the manual is not needed in 
case of trickling filter paper. The trickling filter paper produces the effluent 
which are of same composition and further processing is not needed [29].

The only harm of using this process is that the it require higher cost for 
its installing and ventilation is also required for this process, this ventila-
tion is needed for the drain system which is on lower side. The efficiency 
lower as the amount of wastewater is increased. To avoid this decrease in 
efficiency the water is mixed with effluent with the which is obtained from 
the previous process. The trickling filter is used for the treatment of waste-
water from different sources like water from distillery, brewery, cannery, 
etc [27].

6.3.3.3 Activated Sludge Process

This is process for the treatment of wastewater the by oxidation using 
microorganism, this is for the water which contained the solid in dissolved 
form like colloids, coarse solid and organic matter. There is suspension of 
floc in the tank, and this tank is used for the treatment of industrial waste-
water [45]. The activated sludge is termed as the aerobic bacteria which 
after growth remains suspended. The sludge and the effluent separation is 
carried out and then discharging is carried out. To produce perfect popula-
tion small part of sludge is restored and is used for fresh treatment plant. 
The sludge obtained after the primary sedimentation as well extra sludge 
is send to the digester. Proper aeration is provided to the sludge for 6–24 
hours, for industrial waste the sludge aeration time is 6–24 hours. The 
BOD can be removed up to the 90–95% [29].

The microbial floes formed in this process comprize of Zoogleal masses 
of living organisms, embedded with their food and slime material and 
act as active centres for biological oxidation and that is why it is called 
“Activated Sludge.” A young light sludge is preferred to old heavy sludge, 
because the latter would be mineralized and become devoid of oxygen. For 
this process to be efficient, at least 0.5 ppm oxygen must be present all the 
time [45].

Oxygen is supplied either by mechanical aeration or by diffused aeration 
systems. The addition of some nutrient is also necessary for the micro-
organism, these nutrient are nitrogen and phosphorous, to provide these 
nutrient the urea and mono – or di – ammonium hydrogen us used, there 
is also requirement of other nutrient which are potassium, magnesium and 
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calcium. The pH, temperature oxidation and reduction potential is also the 
key factor which affect the efficiency of activated sludge. The pH for this 
process is 6.5 to 9. When temperature is decreased then process of metabo-
lism decrease while high temperature enhances the rate of metabolism, use 
of oxygen is fast and as a result the anaerobic respiration starts. There are 
some chemical which cannot broken down like alkyl benzene sulfate and 
polyethylene glycol, these are all synthetic compound. There is formation 
of foam due to these compound and as a result the use of antifoaming 
agent is essential [42].To check the activity of activated sludge process the 
indicators are used. There is presence of large number of population of 
microorganism. If there is presence of ciliates then it mean there is defi-
ciency of nitrogen and potassium, and presence of filamentous indicated 
by the retriction in floc compaction and turbid effluent are produced [43].

The active sludge process produces a high quality effluent with relatively 
small areas. Activated sludge process is an efficient process that reduce 95% 
BOD with retention time of 13 to 14 days. The disadvantages include high 
running costs and maintenance, require special attention and impact sen-
sitivity to loads of toxic and organic substances. The active sludge process 
has been successfully used for the treatment of effluents from food, sugar, 
textile processing, industrial antibiotic production, etc [45].

Various amendments of the conservative sludge-active process have 
come into fashion and differ mainly in the air supply method. These con-
tain: conical aeration process, compressed air process, prolonged aeration 
process, aeration dispersion process, contact stabilization, simplex process 
aerobic high speed processing process, aeration rotor process and Swedish 
INK A process. The configuration represented Figure 6.9 activated sludge 
process [45].

6.3.3.4 Oxidation Ditch and Oxidation Pond Process

It is supposed that adjustment of predictable activated sludge method. 
Oxidation channel containing of an oval geometry proper channel and 
about one to two meter lined and deep with butyl rubber, tar and plastic 
[1]. Waste-containing water after the process of comminution or screening 
in the 1o treatment permits into the oxidation channel. The mixed liquor 
containing the sludge solids is removed in ditch by using of mechanical 
containing rotors. There is need to larger retention times (R

t
).The com-

monly hydraulic retention twelve to twenty four hour and for solids, it is 
twenty to thirty days. Maximum formation of sludge is reused for succeed-
ing treatment set. The extra amount of sludge can be dehydrated without 
using dehydrating bed [35].
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The main benefits of oxidation channel such as simple in handle, soft 
maintenance, low amount of construction, maintenance and operation, 
average flexibility and efficiency. These methods are commonly used for 
waste containing having less amount of BOD. Oxidation of ditch method is 
used more for the waste containing water treatment for manufacturing of 
beet sugar, it also involves the fruit and vegetable sugar cane industry, meat 
containing packing industry and all edible oil industries and refineries [1].

An oxidation pool is a largest shallow pool having one meter to 2 meter 
depth with prepare to measure the outflow and inflow, the waste contain-
ing water enter the pool at one end and stream is escaped at the other end 
point. Stability of organic media in waste-containing water bringing about 
by bacteria like as Flavo bacterium, Alcaligenes and Pseudmonas by using 
flagellated protozoa family [16]. The amount of oxygen for the process of 
metabolism is delivered by algae in the presence of the pond. The algae 
consume the carbon dioxide escaped by their photosynthesis [43].

Although the purification pond is generally regarded as an aerobic process, 
purification is performed by a combination of optional aerobic and anaero-
bic processes. Wastewater present at the top of the tank (which accounts for 
most of the residue) undergoes aerobic oxidation in CO

2
 and H

2
O. Solids 

present in the waste, depositing as a layer on the bottom, act as an anaerobic 
phase. Here, organic matter is oxidized by anaerobic bacteria to CH

4
, CO

2
 

and NH
3
. The optional area exists near the anaerobic phase oxidation treat-

ment of waste is cheap and operation and maintenance are simple [26].
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Figure 6.9 Activated sludge process flowsheet.
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The process can be used for all types of waste and can have any degree 
of purification. The process can bear loads of organic and hydraulic shock. 
Heavy metal ions present in the wastewater are precipitated as hydroxides 
(due to the high pH of the reflux in the oxidation pool) depositing in the 
form of mud. However, oxidation ponds require more space. The effluent 
from the oxidation ponds may require disinfection or extra water treat-
ment treatment separately maturing before the final discharge [34].

6.3.3.5 Anaerobic Digestion Process

Anaerobic process is being used for sludge digestion since very long. It is a 
residue containing water from 10sedimentation to 20 sedimentation treat-
ment. The particles-containing sludge experiences digestion and low level 
of fermentation using anaerobic bacteria in a sludge tank where watery 
residue is controlled at 34 °C and pH 6–8 for 30 days. CO

, 
CH, and NH

3 
are 

enlightened as final product[36].Type of Pseudomanas, Aerobactor, Flavo 
bacterium, Alcalagenessuch as change into multifaceted organic com-
pounds to less molecular weight organic alcohols and acids.

Methanococcus and Methanosarcina methano bacterium, kinds of bac-
teria are answerable for the group of methane. Desulfo vibrio bacteria 
decreases sulfates thus hydrogen sufide is reduced. The anaerobic sludge 
dissolved method is faster at high temperature. The sludge from tank may 
consist about 90–93% of water. The sludge having no water in dehydrating 
beds included vacuum filters and filter presses. The dehydrating sludge, 
after the process of chlorination and may be directed for the final disposal. 
The different methods used for the final disposal such as incineration, 
dumping at selected area, removal in land fillings or utilizing as a low qual-
ity grade using fertilizer [8].

6.3.3.6 Biogenic Enzymatic Wastewater Treatment

All living organisms have specialized type of proteins known as enzymes. 
In many cells a lot of enzymes are present and synthesized constantly. For 
biochemical processes enzymes is used as catalyst. The rate of reaction 
increase 1000000 times as compare to reaction occurred without catalyst 
and carry out reaction in temperature range which is bearable to living 
cells [23]. The non-protein part of enzyme is called cofactor. Within the 
cofactor organic molecules like biotin, metallic activators include Cu, Mg, 
Co, K and Zn along with coenzyme. The rate of reaction is enhanced in the 
presence of cofactor [8].
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Enzymes are used again and again in the reaction because no structural 
change is produced in enzyme during the whole reaction. Only the active 
site of enzymes is used as a stage for reaction to proceed. This active site 
makes a weak bond with substrate and result in the formation of product. 
But each enzyme is specific to each specific substrate which got react with 
enzyme and form product [24].

An enzyme substrate complex is made when specific substrate binds 
with active site of enzyme. When the enzyme substrate complex is made 
the bonds within the substrate becomes weak and result in dissociation of 
molecule into simpler substances as shown in Figure 6.2 or they combine 
with each other to form complex structure. During catabolism complex 
is broken down e.g. the breakdown of stored food in bacteria. While in 
anabolism complex structure is formed e.g. the transformation of sugar 
into bacterial cell [18].

High level of specificity is present in enzymes. Enzymes are very specific 
for their (1) substrate attachment and discard (2) the ions or compound 
which they form e.g. enzymes have specific property for degenerating the 
number of carbohydrates [27].

It is due to the shape of active site that enzyme can catalyze specific 
reaction. The shape of enzyme is related to the binding of thiol group and 
electrical charge is produced in enzyme because of presence of ionized 
hydrogen bond. If two of more substrate can bind with same enzyme it is 
due to its same functional group that can be carboxyl, hydroxyl or chemi-
cal of same nature. Just like proteolytic enzyme which breaks down peptide 
bind of proteins. The name of enzyme is written by using suffix –ase related 
to the name of substrate which attach with it. Within the wastewater treat-
ment plant hydrolases play an important role for break down in biochemi-
cal oxygen demand. The enzyme causes to convert the complex molecules 
into simpler substances which can be easily digested by bacterial cell [28].

Infact all the enzymes are produced within the cell. Related to the 
activity which enzymes perform they are categorized into two groups 
exoenzymes and endoenzymes. Endoenzymes work within the cell while 
exoenzymes work in the cell after entering in the cell membrane. Specific 
time is required to the cell for production of exoenzyme. Due to change in 
structure or electric charge in active site enzyme activity is reduced. This 
process is called denaturation and occur when disulfide bond or hydrogen 
bond breaks [28]. The denaturation of enzyme can be temporary or per-
manent. It is caused due to change in pH, elevation intemperature, inhibi-
tory waste including oxidizing agents like Cl

2
, H

2
O

2
, KMnO

4
or due to the 

presence of heavy metals [7].
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6.4 Conclusion

Most common sources of wastewater are discharges of textile indus-
try, pulp and paper industry, electroplating industry and miscellaneous 
included domestic wastes, organic pollutants, radioactive pollutants, ther-
mal pollutants, nutrients, pathogen, inorganic pollutants, suspended sol-
ids and sediments. Organic pollutants are further categorized as follows; 
Oxygen-demanding wastes, oil pollutant, sewage and agricultural run-
off, synthetic organic compounds and disease-causing wastes. Microbial 
diversity of wastewater consists of protoza and bacteria. Protozoa included 
amoebae. Flagellates, ciliates, rotifers and nematodes that add weight to 
floc particles, improve their settleability, consume dispersed cells, cleanse 
the waste stream, produce and release secretions that coat and remove 
fine solids like colloids, dispersed cells, particulate material from the bulk 
solution to the surface of floc particles and recycle nutrients (nitrogen and 
phosphorus) through their excretions. In addition to these benefits pro-
vided by the ciliated protozoa, the metazoa burrow into floc particles. The 
burrowing action promotes acceptable bacterial activity for the degrada-
tion of substrates in the core of the floc particle by permitting the penetra-
tion of dissolved oxygen, nitrate, substrates, and nutrients. Substrates are 
the carbon and energy sources used by bacteria for cellular growth and 
activity. With exceptions, substrates consist of carbonaceous, biochemi-
cal oxygen demand compounds and nitrogenous, biochemical oxygen 
demand compounds while eukaryotic perform their function in various 
groups like hydrolytic, acetogenic, coliforms, cyanobacterial, denitrifying, 
fermentative, floc-forming, nocardio forms, methane-forming, nitrify-
ing, denitrifying, phasphorous solubilizing,sulfur oxidizing and reduc-
ing communities. The comprehensive understanding of adequate and 
active microbial population, microbial-waste material interection, mutual 
association of biocommunity and their biological role is essential for effi-
cient degradation of organic waste and limited growth of photosynthetic 
organisms.
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Abstract
Natural resource pollution caused by the mobility and solubility of toxic elements 

significantly damages the environment. In the decontamination of heavy metals, 

phytoremediation is used as one common in situ method. This technology usually 

involves the use of species that may exhibit an invasive behavior, thereby affecting 

the environmental and ecological dynamics of the ecosystem into which they are 

introduced. This chapter focuses on the identification and research of keywords 

related to heavy metal decontamination and ecology. In addition, the author gath-

ered and analyzed relevant information that allows the comprehension of the 

phytoremediation process. The author suggests a list of native or endemic species 

regarding their behavior toward heavy metal contamination. It is a contribution to 

ecology of possible phytoremediation bio-tools worldwide. Suggested plants were 

selected from a survey of native and endemic plants that belong to predominant 

families in heavy metal phytoremediation processes. Recent investigations focus 

on the identification of new species able to decontaminate substratum polluted 

with heavy metals, in the development of phytoremediation process. Finally, the 

use of native and endemic biodiversity contributes to the research of the ecology 

and environment of nature’s remnants in the ecosystems.
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7.1  Introduction

The ecosystems in the earth suffer the consequences of the vast level of 
organic and inorganic pollutants in the environment, which spread sub-
strates, mainly via dry/wet depositions; most of them include the interven-
tion of humans. Within the important ecosystemic services, is the filtering 
function that depends on the behavior of pollutants in the soil and the 
biological, chemical, hydrological and geological processes [1]. The final 
place of the contaminants depends on the specific adsorption, degradation 
and leaching processes to which they have been subjected.

Among other factors, heavy metals (HM) are spread by anthropogenic 
interferences such as mining, industry, agriculture and construction activi-
ties [2, 3]. Despite the essential functions of many metals for living beings, 
others can be toxic in high concentrations [4], when they are found in large 
quantities of ecosystems around the globe. Heavy metals exceed toxicity 
levels in nature, that means, the geochemical background limits. Therefore, 
the main problem lies in the toxicity of heavy metals and in the bioaccu-
mulative behavior that harms humans, plants and animals’ health [5, 6], 
among others, with deleterious effects on the environment like pollution, 
degradation of resources in quantity and quality.

As a result of the mentioned problems, HM must be immobilized or 
removed. One of the techniques used in this decontamination process 
involves phytoremediation, also called phytocorrection and phytoclean-
ing, and are promising technological approaches in the decontamination 
process [2, 7–15]. This chapter presents detailed information about heavy 
metal phytoremediation and the advantages and disadvantages of its use.

Most of the ecological restoration, bioremediation and revegetation pro-
cesses increase biological invasion due to the introduction of exotic species 
or it is caused indirectly by the creation of an artificial or altered environ-
ment in which exotic or invasive species can thrive [16]. From this fact, 
to implement phytoremediation projects, it is necessary to determine the 
ecological functions of native or endemic species into the ecosystems [17].

This chapter focuses in the study of native and endemic plant species, 
especially in terms of studies of plant behavior with the HM in growth sub-
strate. Species were taken from the study developed by Oyuela Leguizamo 
et al. [18], among others. One the developed topics is the presence of HM 
worldwide, the implications of allochthonous and autochthonous veg-
etation in an ecosystem, and delves into the phytoremediation of HM. 
Finally, after a detailed summary of native and endemic plants species and 
the corresponding research, authors recommend a contribution to ecol-
ogy of possible phytoremediation bio-tools. This, in order to contribute to 
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the research of native and endemic species, their contribution within the 
services that the ecosystems provide, and the prospect of its use in biore-
mediation processes, as an initiative to contribute to the care and preserva-
tion of the existing remnants in many ecosystems degraded by substances 
in high concentration levels such as heavy metals, specially in ecosystems 
located in urban areas.

7.2  Heavy Metals (HM) Worldwide

In a biologically language, “heavy” designates a series of metals, in some 
cases metalloids, that even in low concentrations can be toxic for plants and 
animals. From a chemical perspective, heavy metals are transition metals 
with an atomic mass greater than 0.002 Kg, and a specific weight greater 
than 5 N/m3 [15]. These elements can exceed the levels of the soil’s natu-
rally occurring chemical elements, which is known as natural or geochem-
ical background or geochemical baselines; this geochemical background is 
the average local content of chemical elements in rock soil, natural waters, 
surface atmosphere, plants, water, soil and sediments. Different degrees 
of metal accumulation have been reported, from slightly higher than the 
geochemical background, to extreme cases in which the metal exceeds 2% 
of the plant’s dry material [20]. The origin of heavy metal contamination 
consists of activities that contribute to soil, air and water contamination. 
Common examples include chemical industries, metal processing indus-
tries [21], industrial activities as dumping and inadequate waste disposal, 
mining for waste processing [22, 23], traffic jams, construction materials 
and agriculture (inadequate agricultural practices), among others [24, 25].

Metalliferous soils have high concentration of metals elements, of natu-
ral origin, as well as sites polluted with HM due to anthropogenic activities. 
These soils are geographically distributed in New Caledonia [26], Saudi 
Arabia, Sudan, Papua New Guinea’s [27], The Democratic Republic of 
Congo (50% of the world’s cobalt reserves), Chile (30% of the world’s cop-
per reserves), Ukraine and South Africa (world’s manganese reserves) [28]. 
Some others are located in Switzerland, Eastern France, Northern Italy 
[29]. Serpentine, ultramafic, and calamine soils are sources characterized 
by high concentrations of HM of natural origin [30]. Some authors refer 
areas with these characteristics in Southern Europe, Asia Minor, Portugal, 
West of Iraq, Turkey, Iran, northwestern North America, Zimbabwean, 
Cuba, New Caledonia, Brazil [31–33]. Also in Australia, Canada, Russia, 
Congo and Zambia, [28], Puerto Rico, Brazil, Costa Rica, California, the 
Philippines, Indonesia [34, 35], Albania [36]. Ultramafic rocks, places like 
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Cuba and New Caledonia, where serpentine-endemic hyperaccumulators 
can be concentrated in one locality [37]. Phytomining, the use of plants in 
mining, was the result of the discovery of HM, accompanied by consider-
ing their use in commercial processes, as well as the increase of HM in 
plant growth substrate [9, 13, 14, 38].

Soils in serpentinized or ultramafic areas are rich in Ni, and calamine 
(mineral with high levels of Zn and Cd), whether naturally occurring or 
the product of anthropic – or mining-related contamination. Ultramafic 
rocks describe, among others, piroxenite, dunite and igneous (such as peri-
dotites) or metamorphics (such as serpentinites) [39], that are less than 
45% silica (SiO2) and have high concentrations of Mg and Fe. Often, these 
soils present, in addition, high levels of Cr, Co and concentrations of Ni, 
raised Mg/Ca quotient and low levels of P, K and Ca [32, 40]. Consequently, 
soils that evolve on these types of ultramafic rocks are slightly acidic, have 
low nutrient contents (K, N, P), exhibit more erosion, contain high con-
centrations of HM (Fe, Co, Cr, Hg, Ni) and have a low Ca/Mg ratio. These 
conditions diminish the vegetation’s productivity and represent a serious 
disadvantage for conditions for life of all organisms present [30, 41, 42].

The literature presents different studies about the presence of heavy met-
als in the environment, such as the work done by Schaller et al. [43] where 
he refers to many articles about the presence of metals/metalloids, such as 
Ni, Zn, U, Pb, Cu, and As, in sediments in wetlands around the world. He 
also showes the highest chemical elements content found for the sediment 
of different types of wetlands. Schaller et al. [43] compiles information on 
research done in sediments in Malaysia, Egypt, Czech Republic, Taiwan, 
Pakistan, China, Canada, Germany, Spain, UK, Zambia, USA, India, 
Paraguay, Poland, Brazil, Vietnam, Italy, Australia and Belgium. Some 
examples of these sediments are paddy fields, wetland near copper smelter, 
organic rich pond sediment, wetland effected by mine waters, urban lakes, 
lake wetlands receiving waste waters, stream sediments near Pb/Zn mine, 
anthropogenic lake sediments, saltmarsh sediments, river sediments, lake 
and wetland sediments, water spinach cultivation, urban riparian sedi-
ments, natural wetlands impacted by uranium mining and processing, 
lagoon and river sediment, Chesapeake Bay sediments, among others.

In order to decide the necessity/urgency of rehabilitation worldwide, 
actual and potential metal environmental risks were evaluated. Mench 
et al. [44] describes in situ metal immobilization and phytostabilization 
of contaminated soils, as follows: in many parts of Europe and North 
America, natural vegetation completely disappears due to HM contamina-
tion. In France, 2000 of the most polluted sites were rehabilitated. In north-
east Belgium, the surface soil of more than 280 km2 contains the highest 
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background values levels of HM. In the United Kingdom, soils were con-
taminated by the industrial legacy from base metal mining, metal refining 
and smelting. In India, there was a contamination, product of industrial 
effluent and sewage sludge on agricultural land [21]; also, in this country, 
there are more than 3000 tanning industries [45]. Rail junction areas in 
Poland are contaminated with numerous compounds and chemical sub-
stances [46]. Sultan Marsh, one of the most important wetlands in Turkey, 
Middle East and Europe, is mainly polluted with Pb, Cd and Cr [47]. 
Distribution and phase association of Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn in 
Lake Nasser (Aswan, Egypt), were investigated [5]. In Spain, the potential 
use of spontaneous vegetation (Festuca rubra and Juncus sp.) was evaluated 
for phytoremediation and/or phytostabilization in the former serpentinite 
quarry of Penas Albas (Moeche, Galicia, NW Spain). The activity on this 
quarry left behind a large amount of waste material scattered over the sur-
rounding area [48]. In the natural wetlands in Bogota, Colombia, the met-
als present include Al, Cu, Zn, Cn, (found in all wetlands), Cd, Cr, Ni and 
Pb. The presence of these HM can be attributed to flawed connections in 
the industrial sector and a flawed urban sewage system [49].

Many cases of contaminated substrates have been studied, such as 
heavy metal contamination in large areas due to mining and metallur-
gical operations, an environmental problem present in some industrial 
regions in Bulgaria. The Kremikovtsi region, investigated by Doichinova 
and Velizarova [50] located near the capital city of Sofia, is one of the most 
contaminated by heavy metals, in the soil as in the spoil banks formed by 
long-term deposition of steel production residues and foundries.

The research developed by Geissen et al. (2010), mentions the surface 
and groundwater contamination in a banana production region in tropi-
cal Mexico. In this study, the accumulation of the metabolite ethylenethio-
urea – ETU, and the heavy metals Mn and Zn, were measured.

7.3  Allochthonous and Autochthonous Plants

Allochthonous plants are non-native to a phytogeographic region; in con-
trast, autochthonous plants are native to a territory [52, 53].

Within autochthonous plants, we can find endemic species that are 
exclusive and unique to a specific geographic area; on the other hand, 
native species can be found in a wide geographic range in the world, and 
are species with no human intervention, just a natural process [54], and 
are species that contribute positively to the biodiversity of ecosystems and 
represent evolution and habitat in an area across millennia. Furthermore, 
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these species are constitutive elements that help regulate the ecosystem, 
maintain equilibrium, and are capable of adjusting to the biogeographic 
conditions of their growth habitat [55].

The terminology for the allochthonous plants has been the object of 
various revisions [56–58], in which allochthonous plants have also been 
called non-native plants or exotic plants [53]. The allochtonous plants even 
includes plants that are:

1. Cultivated (intentionally introduced by humans to satisfy 
certain demands; they have specific care requirements) [52].

2. Non-cultivated (arrived with cultivated species without 
knowledge of their reproduction or if they constitute a pop-
ulation) [52].

3. Sub-spontaneous plants (also known as escaped cultivated 
plants that are found near cultivated areas) [52].

4. Some other revisions incorporate naturalized plants (alloch-
thonous plants that establish themselves in the environment, 
without human assistance; these plants do not, over time, 
become native members of the local plant community) [55].

5. Established plants (those exotic species that do not exhibit 
invasive behavior, but can reproduce and produce a viable 
population) [59].

6. Other revisions include adventitious (which are established 
spontaneously in natural or artificial habitats, although they 
are not able to effectively prosper and are at risk of disap-
pearing due to changes in the factors that favored their 
introduction) [52]

7. Invasive plants [57]. The work of the Swiss botanist Albert 
Thellung (1881–1928), a pioneer in invasion research, con-
tributed to the understanding of this field [60]. Invasive spe-
cies are introduced by humans in areas out of their natural 
distribution [53]; in some cases, they are used for biological 
control or in research [55, 61]. Biological control only repre-
sents 6.8% of cases of exotic species introduced to continen-
tal waters [62].

One of the effects that allochthonous species produce is the altera-
tion of species diversity patterns in multiple spatial scales. In a study by 
Fukami et al., (2013), it’s clear that non-native species reduce the diversity 
of native species through the interruption of two processes of native com-
munity assembly: species immigration and community divergence. The 
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way in which species affect each other in a local community depends on 
their immigration history. The results of this study make clear the impor-
tance of community assembly and succession, in order to understand the 
large-scale effects of the non-native species. In the same study, he presents 
evidence that allochthonous species can cause a simultaneous reduction in 
the diversity of native species.

In general, within the literature about the relationship of non-native 
species on the ecosystems where they are found, there’s a tendency for a 
quantitative approach in the description of ecological impacts. Most of the 
research on species traits seeks to identify the characteristics that deter-
mine the invasion capacity of the species, instead of the impacts produced 
on the ecosystem [64].

In the analysis done by Pyšek et al., [64], they present a global overview 
of frequencies of significant and non-significant ecological impacts, and 
their directions on outcomes related to the responses of resident popula-
tions, species, communities and ecosystems.

Exotic species with an invasive behavior cause disturbance in plant and 
animal species, consequently affecting the environment, which results in 
the displacement or extinction of the zone’s characteristic species and bio-
logical communities, and may lead to native biota loss, mentioned by Yang 
et al. [65]. As noted by Tilman and Lehman [66], this reduction in biodi-
versity in various ecosystems all over the world poses one of the great eco-
logical challenges to humankind. The introduction of exotic species may 
result in a native species becoming invasive [67]. Likewise, in accordance 
with Rodríguez [68], invasive species limit an ecosystem’s natural capacity 
for resilience and recovery with the disruption of native mutualist edaphic 
networks. Also, they alter the structure and function of the ecosystem into 
which they are introduced [69].

Within the studies done with native and non-native species, it is impor-
tant to look at the cultural relevance of non-native species in the urban 
landscape with the climate change that has made that many plant species 
be used in contemporary urban landscaping [70]. This not only allows for 
an interpretation of the bioremediation processes from a technical per-
spective, but also from the community’s point of view that, directly or 
indirectly is involved, since at the end, it’s the community, because of its 
perception of the landscape, economical or cultural, that can contribute to 
the success or failure of the remediation of degraded areas with the use of 
phytoremediation.

The use of native species in rehabilitation or restoration processes of 
ecosystems, in enormous scales in present projects, as a result of the vast 
loss of diversity, desertification, and environmental problems of our times, 
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plus the accelerated climatic variations due to a destructive economic sys-
tem, create opportunities and risks. Opportunities to significantly increase 
the use of native species, and the risk of failure associated with the use of 
inappropriate reproductive material, which can provide a short-term veg-
etable cover, probably cannot establish a self-sustaining ecosystem [71].

One of the most important aspects within phytoremediation studies 
is the identification and characterization of the ecosystem in which the 
decontamination process is being implemented. This way, it is possible 
to identify the native plant species in the ecosystem. In the study carried 
out by González et al., [19], they identified and classified plant species 
according to their local use in the Duero Natural Park in Spain. The eth-
nofloristic catalogue used comprises 217 species belonging to 65 botanical 
families. The predominant families were: Fabaceae, Asteraceae, Lamiaceae, 
Rosaceae, Apiaceae, Poaceae, Liliaceae, and Scrophulariace. Of the 217 spe-
cies, a total of 188 (87%) are native to the study area, whereas 29 (13%) are 
allochtonous plants.

In the work done by Oyuela Leguizamo et al. [18], they present the 
relative frequency of native herbaceous species and other status spe-
cies (naturalized, introduced, invasive, cultivated and adventitious) that 
were studied in terms of their relation to HM. For the study, eight repre-
sentative countries were selected. In the results, most species studied in 
terms of HM, these were catalogued as naturalized (Marrubium vulgare, 
Chenopodium album, Chenopodium polyspermum, Hypochaeris radicata, 
Malva sylvestris, Portulaca oleracea, Silybum marianum, Taraxacum offici-
nale, Trifolium pratense, Trifolium pratense, Cyperus difformis), cultivated 
(Armeria marítima, Pelargonium sp., Allium schoenoprasum), adventitious 
(Sonchus oleraceus, Bidens pilosa), naturalized and adventitious (Sorghum 
bicolor, Brachiaria decumbens), exotic with documented invasive behavior 
(Cotula coronopifolia) according to the Catalog of Invasive Exotic Species, 
and of invasive nature according to the Global Invasive Species Database 
(Cynodon dactylon, Bidens pilosa, Sonchus oleraceus, Hypericum perfora-
tum, Hypochaeris radicata, Taraxacum officinale, Trifolium repens).

Within the research of rhizofiltration, phytodegradation, and phyto-
extraction, the ability to remove heavy metals from contaminated water 
was studied, using some aquatic plants, e.g. Eichhornia crassipes [72], 
Lemna minor [73, 74] and Azolla pinnata [45], Myriophylhum aquaticum, 
Ludwigina palustris, and Mentha aquatic [75]. These aquatic plant spe-
cies are one of the most studied in phytoremediation processes and have 
been classified as having the greater heavy metal phytoremediation poten-
tial. Similarly, many aquatic species have been used in the bioremoval of 
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HM: Azolla filliculoides, Azolla pinnata, Typha orientalis, Brassica juncea, 
Polygonum hydropiperoides and Salvinia molesta, among others [76].

7.4  Phytoremediation of Heavy Metals (HM)

7.4.1  Phytoremediation

Remediation of a contaminated substrate and heavy metal decontamina-
tion relies on chemical, physical and biological techniques. These tech-
niques fall into one or both of these two categories: ex situ and in situ. 
These techniques involve the extraction of the contaminant or the isolation 
and/or immobilization of the contaminated substrate. In ex situ methods, 
the contaminated substrate is removed, treated and returned. Common 
ex situ techniques include excavation, detoxification and/or destruction of 
contaminants by physical or chemical processes. In addition, these meth-
ods may subject the contaminants to stabilization, solidification, immobi-
lization, incineration or destruction [77, 78].

Phytoremediation is a form of bioremediation that detoxifies by means 
of biological processes. This has been utilized since the eighteenth century 
[79]. It specifically consists of using plants to remove contaminants from 
the environment and render them harmless; it is also known as phyto-
cleaning or phytocorrection [2, 7, 9, 10, 12, 80]. Phytoremediation entails 
the use of plants to sequester, bioaccumulate and transform hazardous 
substances in the environment in order to control contamination [81].

One example of this technology is the study of aquatic macrophytes to 
absorb HM [82, 83]. In phytoremediation, in situ or ex situ plants reduce 
the concentration of various compounds via their biochemical processes 
[84]. Furthermore, this technique employs associated micro-biotics, soil 
improvement and agronomic techniques to remove or retain contaminants 
or neutralize their effects [2]. Phytoremediation is currently used for the 
decontamination of soils that display increased levels of HM.

In sum, phytoremediation represents a promising solution to the decon-
tamination of a number of contaminants across a variety of sites.

7.4.2  Phytoremediation Approaches and Technologies

Phytoremediation or phytocorrection encompasses a group of techniques 
and mechanisms premised on the use of vegetation species and their 
related microorganisms to remove, uptake, immobilize or transform soil or 
water contaminants [2, 10, 76, 79, 85]. Contaminants may be immobilized, 
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stabilized or degraded in the rhizosphere, sequestered or degraded within 
the plant or volatilized [2, 86].

Within the field of phytoremediation of soils contaminated by HM, 
there are numerous sub-fields: phytostabilization or phytoimmobilization, 
phytovolatilization, phytodegradation, phytoextraction (principally soil, 
sediments and sludge’s applications), rhizofiltration, rhizodegradation, 
hydraulic barriers, hydraulic control, vegetative caps, constructed wet-
lands (principally water applications), and phytorestauration [14, 79, 85, 
87]. Vassilev et al. [13] summarize information concerning development, 
achievements, and research needs of metal phytoremediation concept, tech-
nological, and economical aspects, including description of phytoremedia-
tion subfields, and focuses on phytoextraction and phytovolatilization.

The following paragraphs describe some of the phytoremediation tech-
nologies, with few of the advantages and limitations of some phytoreme-
diation technologies:

Phytostabilization: (soil, sediment and sludge’s media) is 
used to reduce or eliminated the mobility of toxic elements 
from the contaminated soil to the environment, thus, they 
are stabilized in the substrate or roots. These subfield trans-
form soil metals to less toxic forms, without removing the 
metal from soil [9, 14, 87, 88].
Advantages: It is not necessary soil removal, ecosystems res-
toration is enhanced by the revegetation, does not required 
the disposal of hazardous materials, reduces bioavailabil-
ity for entry in food chains, prevents erosion and improves 
visual amenity in a derelict site [14, 87, 88].
Limitations: It will be irrelevant if its focal point is the pre-
vention of erosion and the improvement of visual amenity 
of a contaminated site. The land value is reduced due to the 
presence of toxic metals in the plants on sites to be used as 
a resource for biofuels or timber [88]. Another limitation is 
that vegetation and soil require long-term permanence in 
order to prevent discharge of the contaminants and leaching. 
Plants require extensive fertilization or the use of amend-
ments. Phytostabilization might be considered as an interim 
measure. Soil and plant characteristics must be monitored to 
prevent the increase of metal solubility and leaching [87].
Phytovolatilization: (groundwater, soil, sediment and 
sludge’s media) is the extraction from media and transpira-
tion of a contaminant or a modified form, by plants [14, 87]. 



Role of Plant Species in Bioremediation of Heavy Metals 233

Terry and Bañuelos [89] described investigations on phyto-
volatilization of heavy metals like As, Hg, and Se.

 Advantages: pollutants could be transformed into less 
toxic forms; the contaminants forms released into the atmo-
sphere might be subject to a natural degradation process 
[14, 87].

 Limitations: There is evidence of low levels in plant tissues 
of the contaminant forms, which might have been released 
into the atmosphere or could accumulate in vegetation and 
be passed on in latter products as fruits [14, 87].
Phytodegradation: (soil, sediments, sludge;s media) refers 
to the destruction and breakdown of the contaminant [87].
Advantages: potentially could occur in soils where biodeg-
radation cannot. This phytoremediation technology has the 
advantage that enzymes produced by a plant can occur in an 
environment free of microorganisms. Also, plants are able to 
grow in sterile soils, and in those with toxic levels for micro-
organisms [87].
Limitations: contaminants destruction could be difficult to 
confirm; thus the presence or identity of metabolites may 
form degradation or intermediate products [87].
Rhizofiltration: (groundwater, surface water media), also 
known as phytotransformation, is the use of plants’ roots to 
remove contaminants from flowing water [9, 87].
Advantages: can be used in terrestrial or aquatic plants. 
Terrestrial plants, through a platform, can accumulate more 
contaminants than aquatic species. Rhizofiltration is appli-
cable to in situ and ex situ systems, the latter can be placed 
anywhere, it is not necessary to be at the original location of 
the contamination [87].
Limitations: needs continuous adjustment of pH influent; 
interactions of species in the influent have to be understood; 
an engineered system is required to control influent concen-
tration and flow rate; are required periodic harvesting and 
plant disposal [87].
Hydraulic control: (groundwater, surface water media), is 
the use of plant uptake and consumption, to remove, contain 
or control the migration of contaminants [87].

 Advantages: avoids migration of leachate toward ground-
water or receiving waters [14]. It is not necessary to install 
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an engineered system. The roots are in contact with a much 
greater volume of soil than a pumping well [87].
Phytoextraction: (soil, sediments and sludge’s media), also 
known as phytoaccumulation, uses the plants’ ability to 
absorb and remove contaminants from the soil and “uptake” 
them into their leaves and stalks. Next, the plant parts stor-
ing contaminants are removed and destroyed or recycled; in 
either scenario, the metal is extracted from the soil [2, 13]. 
The first step in applying this method is the selection of plant 
species best suited for: a) the removal of the metals to be 
addressed and b) site characteristics. Once the plant is fully 
grown, it is cut and incinerated before finally being trans-
ported, in the form of ashes, to a disposal site [84].

 Advantages: This technology may be used to improve 
livestock nutrition [90], that is how plant biomass can be 
a resource of the extracted contaminant [14]. Species that 
hyperaccumulate metals have a massive biotechnological 
potential [91–93]. Plants capable of accumulating HM are 
grown on contaminated sites, and the aerial biomass rich 
in metals is collected when mature. As a result, part of the 
soil contaminant is removed. The success of phytoextrac-
tion as an environmental “purifier” hinges on factors such 
as availability of the metal for absorption, and the plant’s 
capacity to absorb and uptake metals in its aerial parts. For 
cost-related purposes, the harvested biomass is generally 
incinerated or composted, and, less frequently, recycled for 
reuse [85] promising approaches in terms of commercializa-
tion. Patents for commercial phytoextraction were issued in 
Japan in 1980 [2].

 Limitations: success using hyperaccumulators has been 
hindered, in many cases, by the limited biomass of these spe-
cies. Species with this limitation include that most heavily 
studied, T. caerulescens, which is probably feasible in mod-
erately contaminated soils [12]. However, there are excep-
tions: hyperaccumulators with large biomasses include the 
Ni hyperaccumulator Berkheya coddii [40]. Therefore, there 
doesn’t seem to be any intrinsic reason for low biomass in 
hyperaccumulators, i.e. there is no reason for all hyperac-
cumulator plants and/or plants capable of tolerating high 
metal concentrations to be competitively inferior or slow 
growth [78]. In any case, more biomass production by 
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hyperaccumulator plants could significantly minimize the 
time needed for phytoextraction [12]. Robinson et al. (2015) 
explain the relation between soil conditions and the bioac-
cumulation coefficient, in which a small minority of plants 
with roots forage contaminant hotspots, would remove 
greater rate of metals. It is also mentioned that HM uptake is 
in function of the soil concentration, therefore, uptake and 
the metal concentration in soil decrease at the same time. 
That would represent a significantly efficiency into the field 
and laboratory experiments.

To develop phytoextraction mechanisms, there are numerous plants 
endowed with the natural ability to tolerate some toxic compounds, for 
they are perfectly adapted to their habitat’s specific environmental condi-
tions. Hyperaccumulators concentrate more than 1000 mg/kg of As, Co, Cr, 
Cu, Ni, Pb, Sb and Se; more than 10,000 mg/kg of Mn or Zn; more than 100 
mg/kg of Cd in their aerial biomass [76, 94, 95], until exceeding concentra-
tions of 2% of their dry material [20]. The behavior presented by hyperac-
cumulator species, confirms results of studies on serpentine substrates in 
Central America, Greater Antilles and South America, where most hyper-
accumulators are focused on nickel [96]. In Baker et al. (2000), they indi-
cate global distribution of 315 nickel hyperaccumulation, geographic areas 
and number of hyperaccumulators in Cuba, Dominican Republic, New 
Caledonia, Australia, South Europe/Asia Minor, SouthWest of Asia, U.S. 
(Pacific N.W. and California), Japan (Hokkaido), Brazil (Goias), Canada 
(Newfoundland) Zimbabwe and South Africa (Transvaal). Plants that can 
grow and develop in soils with high concentrations of HM are part of a 
specialized flora [97]. Those plants colonize soils characterized as lightly 
acidic.

Bioaccumulation refers to the mechanism for absorbing chemical com-
pounds performed by an organism within the biotic (food resource) or 
abiotic (environment) medium. A quantitative form of expressing biocon-
centration is via the bioconcentration factor (BCF), which is the ratio of 
the compound’s concentration in the environment or in the growth sub-
strate to that found in the living element. In the case of heavy metal phy-
toremediation, this factor is the ratio of the metal in the plant biomass, or 
tissue (mg/Kg dry weight) to the initial metal concentration in the soil or 
solution (Kg/mL) where the plant grows this ratio is a determining factor 
when it comes to identifying a plant’s metal removal efficiency. Vegetation’s 
species are considered to exhibit removal potential when they have a ratio 
greater than 1 [98].
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Hyperaccumulation, per the definition provided by Jaffré et al. [94], 
describes plants that grow on serpentine soils, species able to concen-
trate up to 1000 mg/kg of Ni. The high concentration of HM in the veg-
etative organs of most plants reaches toxicity for Ni around 10e15 mg/kg. 
Consequently, hyperaccumulators can withstand up to 100 times higher 
metal concentrations than typical plants without reported accumulation 
processes [99]. Ni has been shown to reach its highest concentration in a 
plant between 100 and 1000 mg/kg of dry weight (accumulators) or more 
than 1000 mg/kg (hyperaccumulators) [15].

Heavy metal hyperaccumulators species occur in metal-rich soils, tem-
perate and tropical zones (South America, North America, Europe and 
New Caledonia) [31]. These plants are chosen based on their high toler-
ance. Serpentine tolerance can be explained as part of three established 
physiological and evolutionary mechanisms: tolerance to a low Ca/Mg 
ratio, avoidance of Mg toxicity or high Mg requirement. The vast major-
ity of known hyperaccumulator species belong to vegetation communities, 
characteristic of soils in serpentinized areas. Not all accumulative species 
concentrate metal equally. Small to large concentrations are tolerated in 
different plants. The former are considered “accumulators,” while the latter 
are considered “hyperaccumulators” [94].

Research into hyperaccumulators identified more than 500 hyperaccu-
mulator species [100], as shown on Table 7.1, that belong to a total of 45 fam-
ilies. The families Asteraceae, Brassicaceae, Caryophyllaceae, Cyperaceae, 
Cunouniaceae, Fabaceae, Flacourtiaceae, Lamiaceae, Poaceae, Violaceae 
and Euphobiaceae accounted for the majority of hyperaccumulator species 
and, subsequently, were the predominant families in metal accumulation 
processes [31, 101]. From hyperaccumulators, 79% are plant species found 
in Central and South America, mainly distributed throughout Cuba, 18% 
in Puerto Rico and Hispaniola, with values frequently between 1000 and 
10000 mg/Kg. Families that stand out include: Euphobiaceae, Asteraceae, 
Buxaceae, Acanthaceae, Ochnaceae, Clusiaceae, Tiliaceae, Turmeraceae, 
Boraginaceae, Scrophulariaceae and Violaceae [102].

Within the advantages of phytoremediation, is the fact that it's the 
best alternative for the removal, decontamination and primary isolation 
of toxic substances in soils, for it does not destroy soil structure or fertil-
ity [76]. This method also boasts positive cost benefit and engineering-
economy relations as an environmental [8, 105]. Horne [86] specified 
the historical background of wetlands and traditional remediation tech-
niques, similarities and differences between conventional bioremediation, 
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phytoremediation, and wetlands phytoremediation Baker et al. [37] 
reported successful cases of metal removal by phytoremediation wetlands.

In general, phytoremediation also comes with its own obstacles, in this 
way within the limitation of phytoremediation we can find: this process is 
limited by the depth reached by the roots. It is restricted to surface area 
soil available for root uptake, surface and subterranean water. Moreover, 
phytoremediation is a slow method and one affected by the contaminant’s 
bioavailability, which often means it ought to be employed in conjunction 
with other approaches so as to optimize performance [106]. As an example 
of this combination, there is the potential use of biochar and phytoremedi-
ation technologies on heavy metal polluted soils, with the goal that biochar 
can reduce the bioavailability and leachability of heavy metals in the soil 
(Paz et al. 2014). In spite of phytoremediation is an environmental friendly 
technology, it has its own impact, i.e., the decrease of resources, plus the 
risk for human health, as a result of exposure conditions, and viability of 
businesses [107].

Table 7.1 Number of metal hyperaccumulator plants.

Description References

145 hyperaccumulators of Ni, distributed in 22 families [31]

400 angiosperm hyperaccumulator species [31, 37, 101]

415 species from 45 botanical families [99]

317 species hyperaccumulate Ni, (28) Co, (37) Cu, (14) Pb, 

(1) Cd, (11) Zn and (9) Mn

[37]

320 species hyperaccumulate Ni, (30) Co, (34) Cu, (20) Se, 

(14) Pb, (1) Cd, (11) Zn and (10) Mn

[76]

450 species of angiosperms with accumulative behavior of: 

As, Cd, Co, Cu, Mn, Ni, Pb, Sb, Se, Tl, Zn

[15]

320 species hyperaccumulate Ni, (34) Cu, (34) Co, (20) Se, 

(18) Zn, (14) Pb, (9) Mn and (4) Cd

[103]

More than 450 species of known hyperaccumulators hyperac-

cumulate Ni, generally from ultramafic or serpentine soils

[104]

500 species that hyperaccumulate at least one heavy metal. 

(450) Ni, (32) Cu, (30) Co, (20) Se, (14) Pb, (12) Zn, (12) 

Mn, (5) As, (2) Cd.

[100]
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7.5  Methodology

The authors identified and selected the following group of words. 
“Wetlands, Heavy Metals, phytoremediation, phytoremediation technolo-
gies, allochthonous and autochthonous plant species, native and exotic spe-
cies, environmental, biodiversity and ecology.” These words were searched 
individually and in groups in different databases all over the world. The 
search returned about 2.900 documents; of these, 142 were chosen based 
on relevance to the present meta-review’s objectives. From the work done 
by Oyuela Leguizamo et al. [18], among others, the following information 
was searched: status, presence of invader character and global distribu-
tion. From this list, native, endemic, and non-invader plants were selected. 
Most of these plants also belong to predominant families in HM accumu-
lation processes. Information about HM studies of all of these plants was 
researched at a family, gender or specie level. The result was 54 species, 
shown in Section 7.6. Based on the information found, the relevance of 
each of the topics presented in this chapter was discussed.

7.6  Analysis of Research on Heavy Metals (HM) 
and Native and Endemic Plant Species

Having as a reference the research done by Oyuela Leguizamo et al. [18] 
and the work by [19], the relationship of the native and endemic vegetal 
species studied was updated and analyzed, in terms of heavy metals, with 
non-invasive behavior. Of the wide range of extant native or endemic her-
baceous species, the reseach carried out by [18] contains species that are 
found worldwide, and are commonly found in wetlands.

Table 7.2 includes species status (native and/or endemic) and the “Global 
Distribution,” based on information from standard regional flora and 
online searches of herbarium records from the Missouri Botanical Garden, 
Calflora Database, Global Invasive Species Database, Catalogue of Plants 
and Lichens of Colombia, Catalog of Bogota’s Invasive Wetland Plants, 
Navarra’s Floristic Catalog, Catalogue of the Vascular Plants of Venezuela, 
Illustrated Catalog of Cundinamarca’s Plants, Catalogue of the Vascular 
Plants of the Department of Antioquia, and Catalogue of the Southern 
Cone’s Vascular Plants, “Comisión Nacional para el Conocimiento y Uso 
de la Biodiversidad (Conabio).”

Of the species described in [18], 5 are endemic and 36 are native (not 
one presents invasive behavior) and [19] a total of 188 (87%) are native 
to the study area. The species come from the following 18 families: 



Role of Plant Species in Bioremediation of Heavy Metals 239
T

ab
le

 7
.2

 
E

n
d

em
ic

 a
n

d
 n

at
iv

e 
ve

ge
ta

ti
o

n
 s

p
ec

ie
s 

st
u

d
ie

d
 i

n
 t

er
m

s 
o

f 
h

ea
vy

 m
et

al
s.

S
p

ec
ie

s

S
p

ec
ie

s 
st

at
u

s

E
n

d
an

g
er

ed
 

sp
ec

ie
s

G
lo

b
al

 

d
is

tr
ib

u
ti

o
n

In
fo

rm
at

io
n

 o
n

 

p
u

b
li

ca
ti

o
n

s 
ab

o
u

t 

m
et

al
s

C
o

u
n

tr
ie

s 
o

f 
ci

te
d

 

p
u

b
li

ca
ti

o
n

s
R

ef
s.

N
at

iv
e

E
n

d
em

ic

F
am

il
y

: A
m

ar
an

th
ac

ea
e

A
m

ar
an

th
u

s 

h
yb

ri
d

u
s

x
Th

e 
A

m
er

ic
an

 

co
n

ti
n

en
t

P
b

M
ex

ic
o

[1
0

8
]

Fa
m

ily
: A

pi
ac

ea
e

H
yd

ro
co

ty
le

 

u
m

b
el

la
ta

x
C

o
lo

m
b

ia
, p

re
se

n
t 

th
ro

u
gh

o
u

t 

th
e 

A
m

er
ic

an
 

co
n

ti
n

en
t

A
p

ia
ce

ae
 F

am
il

y 
P

b,
 Z

n
, 

C
u

, C
d

, A
s

In
d

ia
[1

0
9

]

F
am

il
y

: A
st

er
ac

ea
e

B
a

cc
h

ar
is

 la
ti

fo
li

a
x

C
o

lo
m

b
ia

, 

N
o

rt
h

er
n

 A
n

d
es

A
s,

 H
yp

er
ac

cu
m

u
la

to
r 

o
f 

P
b

B
ra

zi
l, 

U
SA

, 

M
ex

ic
o

, S
p

ai
n

[1
1

0
–

1
1

3
]

B
id

en
s 

tr
ip

li
n

er
vi

a
 

K
u

n
th

x
H

yp
er

ac
cu

m
u

la
to

r 
o

f 
C

u
, 

F
e,

 A
cc

u
m

u
la

to
r 

o
f 

M
n

, 

Z
n

 a
n

d
 i

n
 g

re
at

er
 p

ro
p

o
r-

ti
o

n
 o

f 
P

b

Sp
ai

n
, P

er
u

[1
1

0
, 1

1
4

]

Se
n

ec
io

 c
ar

b
on

el
li

x
x

C
o

lo
m

b
ia

-B
o

go
ta

 

E
n

d
em

ic
 P

la
n

t

S
en

ec
io

 G
en

u
s 

N
i,

 Z
n

, C
u

, 

M
n

, A
l

C
u

b
a,

 C
an

ad
a,

 

A
fr

ic
a,

 P
o

la
n

d

[9
7

, 9
9

]

G
n

ap
h

al
iu

m
 

ch
ar

ta
ce

u
m

x
x

M
ex

ic
o

C
u

, M
n

, Z
n

, P
b

M
ex

ic
o

[1
0

8
]

(C
on

ti
n

u
ed

)



240 Advanced Materials for Wastewater Treatment
T

ab
le

 7
.2

 
C

o
n

t.

S
p

ec
ie

s

S
p

ec
ie

s 
st

at
u

s

E
n

d
an

g
er

ed
 

sp
ec

ie
s

G
lo

b
al

 

d
is

tr
ib

u
ti

o
n

In
fo

rm
at

io
n

 o
n

 

p
u

b
li

ca
ti

o
n

s 
ab

o
u

t 

m
et

al
s

C
o

u
n

tr
ie

s 
o

f 
ci

te
d

 

p
u

b
li

ca
ti

o
n

s
R

ef
s.

N
at

iv
e

E
n

d
em

ic

Se
n

ec
io

 s
al

ig
n

u
s

x
F

ro
m

 s
o

u
th

er
n

 

A
ri

zo
n

a 
to

 E
l 

Sa
lv

ad
o

r 
an

d
 

H
o

n
d

u
ra

s

Z
n

M
ex

ic
o

[1
0

8
]

F
la

ve
ri

a
 a

n
gu

st
if

ol
ia

x
M

ex
ic

o
A

s,
 C

u
, P

b,
 Z

n
M

ex
ic

o
[1

0
8

]

Si
m

si
a

 a
m

pl
ex

ic
au

li
s

x
M

ex
ic

o
 a

n
d

 

G
u

at
em

al
a

C
u

M
ex

ic
o

[1
0

8
]

B
ri

ck
el

ia
 

ve
ro

n
ic

if
ol

ia

x
T

ex
as

, U
SA

 a
n

d
 

M
ex

ic
o

P
b,

 Z
n

M
ex

ic
o

[1
0

8
]

F
am

il
y

: B
ra

ss
ic

ac
ea

e

L
ep

id
iu

m
 

bi
pi

n
n

at
ifi

d
u

m

x
V

en
ez

u
el

a,
 

C
o

lo
m

b
ia

, 

E
cu

ad
o

r,
 P

er
u

, 

B
o

li
vi

a,
 B

ra
zi

l 

an
d

 A
rg

en
ti

n
a

A
cc

u
m

u
la

to
r 

o
f 

P
b

Sp
ai

n
[1

1
0

]

F
am

il
y

: B
o

ra
g

in
ac

ea
e

W
ig

an
d

ia
 u

re
n

s
x

M
ex

ic
o

, C
o

lo
m

b
ia

 

an
d

 V
en

ez
u

el
a

Z
n

M
ex

ic
o

[1
0

8
]



Role of Plant Species in Bioremediation of Heavy Metals 241
F

am
il

y
: C

yp
er

ac
ea

e

C
ar

ex
 b

u
ch

an
an

ii
x

C
o

lo
m

b
ia

 a
n

d
 

N
ew

 Z
ea

la
n

d

C
d

, Z
n

, N
i

F
ra

n
ce

, S
p

ai
n

, 

Ir
el

an
d

[1
1

5
–

1
1

7
]

C
ar

ex
 la

n
u

gi
n

os
a

x
C

o
lo

m
b

ia
, a

n
d

 

re
p

o
rt

ed
 i

n
 

th
e 

A
m

er
ic

an
 

co
n

ti
n

en
t

C
d

, Z
n

, N
i,

 A
l, 

C
o

, C
r,

 N
i,

 

P
b,

 C
u

C
ar

ex
 lu

ri
d

a
x

x

C
yp

er
u

s 
bi

p
ar

ti
tu

s
x

C
o

lo
m

b
ia

, N
o

rt
h

, 

C
en

tr
al

 a
n

d
 

S
o

u
th

 A
m

er
ic

a

M
n

, Z
n

, C
d

, N
i,

 P
b,

 C
u

, C
r

M
al

ay
si

a,
 E

g
yp

t,
 

T
an

za
n

ia
, U

SA

[1
1

8
–

1
2

1
]

C
yp

er
u

s 
ru

fu
s

x
C

o
lo

m
b

ia
, 

A
rg

en
ti

n
a,

 C
h

il
e

E
le

oc
h

ar
is

 

d
om

b
ey

an
a

x
C

o
lo

m
b

ia
, C

o
st

a 

R
ic

a,
 C

en
tr

al
 

an
d

 S
o

u
th

 

A
m

er
ic

a

A
s

M
ex

ic
o

, B
ra

zi
l, 

A
rg

en
ti

n
a

[1
2

2
]

E
le

oc
h

ar
is

 m
on

ta
n

a
x

C
o

lo
m

b
ia

, t
h

e 

A
n

ti
ll

es
, S

o
u

th
 

E
as

te
rn

 U
n

it
ed

 

St
at

es
 t

o
 C

h
il

e 

an
d

 A
rg

en
ti

n
a

E
le

oc
h

ar
is

 p
al

u
st

ri
s

x
C

o
lo

m
b

ia
, 

A
m

er
ic

a,
 

E
u

ro
p

e,
 A

si
a 

an
d

 

A
fr

ic
a

(C
on

ti
n

u
ed

)



242 Advanced Materials for Wastewater Treatment
T

ab
le

 7
.2

 
C

o
n

t.

S
p

ec
ie

s

S
p

ec
ie

s 
st

at
u

s

E
n

d
an

g
er

ed
 

sp
ec

ie
s

G
lo

b
al

 

d
is

tr
ib

u
ti

o
n

In
fo

rm
at

io
n

 o
n

 

p
u

b
li

ca
ti

o
n

s 
ab

o
u

t 

m
et

al
s

C
o

u
n

tr
ie

s 
o

f 
ci

te
d

 

p
u

b
li

ca
ti

o
n

s
R

ef
s.

N
at

iv
e

E
n

d
em

ic

F
u

ir
en

a
 i

n
co

m
pl

et
a

x
x

M
ex

ic
o

 t
o

 

A
rg

en
ti

n
a,

 

C
o

lo
m

b
ia

 a
n

d
 

U
ru

gu
ay

A
p

ia
ce

ae
 F

am
il

y 
P

b,
 Z

n
, 

C
u

, C
d

, A
s

In
d

ia
[1

2
3

]

K
yl

li
n

ga
 b

re
vi

fo
li

a
x

C
o

lo
m

b
ia

, 

T
ro

p
ic

al
 

A
m

er
ic

a.
 

P
ar

ag
u

ay
, I

n
d

ia
, 

M
al

ay
si

a,
 t

h
e 

P
h

il
ip

p
in

es
 a

n
d

 

C
h

in
a

U
, Th

, S
r,

 B
a,

 N
i 

an
d

 P
b

C
h

in
a

[1
2

4
]

F
am

il
y

: E
q

u
is

et
ac

ea
e

E
qu

is
et

u
m

 b
og

ot
en

se
x

C
o

lo
m

b
ia

, C
o

st
a 

R
ic

a 
an

d
 S

o
u

th
 

A
m

er
ic

a

A
s

M
ex

ic
o

, B
ra

zi
l, 

A
rg

en
ti

n
a

[1
2

2
]

Sc
ir

pu
s 

am
er

ic
an

u
s

x
S

o
u

th
 A

m
er

ic
a

P
b,

 C
d

, C
r,

 M
n

M
ex

ic
o

[1
0

8
]

F
am

il
y

: E
u

p
h

o
rb

ia
ce

ae

Ja
tr

op
h

a
 d

io
ic

a
x

T
ex

as
 i

n
 t

h
e 

U
n

it
ed

 S
ta

te
s 

as
 

w
el

l 
as

 M
ex

ic
o

Z
n

M
ex

ic
o

[1
0

8
]



Role of Plant Species in Bioremediation of Heavy Metals 243
F

am
il

y
: F

ab
ac

ea
e

P
ro

so
pi

s 
la

ev
ig

at
a

x
M

ex
ic

o
, B

o
li

vi
a,

 

P
er

u
, A

rg
en

ti
n

a

A
s

[1
0

8
]

F
am

il
y

: H
yp

er
ic

ac
ea

e

H
yp

er
ic

u
m

 

h
u

m
b

ol
d

ti
an

a

x
x

C
o

lo
m

b
ia

-B
o

go
ta

 

E
n

d
em

ic
 P

la
n

t

H
yp

er
ic

u
m

 p
er

fo
ra

tu
m

 w
as

 

to
le

ra
n

t 
to

 C
r,

 p
re

se
n

ts
 

eff
ec

ts
 t

o
 N

i

It
al

y,
 C

an
ad

a
[1

2
5

, 1
2

6
]

H
yp

er
ic

u
m

 

h
u

m
b

ol
d

ti
i

x
x

C
o

lo
m

b
ia

 

E
n

d
em

ic
 P

la
n

t

F
am

il
y

: J
u

n
ca

ce
ae

Ju
n

cu
s 

d
en

si
fl

or
u

s
x

C
o

lo
m

b
ia

, 

V
en

ez
u

el
a,

 

B
ra

zi
l, 

A
rg

en
ti

n
a,

 

U
ru

gu
ay

 a
n

d
 

P
ar

ag
u

ay

Ju
n

ca
ce

ae
 F

am
il

y 
C

u
, P

b,
 

C
d

, s
tu

d
ie

s 
o

n
 p

la
n

t 

to
le

ra
n

ce

A
u

st
ri

a,
 A

u
st

ra
li

a,
 

S
co

tl
an

d

[1
2

7
–

1
2

9
]

Ju
n

cu
s 

eff
u

su
s

x
C

o
lo

m
b

ia
, c

o
m

-

m
o

n
 t

o
 l

ar
ge

 

n
u

m
b

er
 o

f 

co
u

n
tr

ie
s

C
d

, Z
n

, N
i,

 A
l, 

C
o

, C
r,

 N
i,

 

P
b,

 C
u

F
ra

n
ce

, P
o

la
n

d
, 

C
h

in
a

Ju
n

cu
s 

m
ic

ro
ce

ph
al

u
s

x
x

C
o

lo
m

b
ia

, 

C
en

tr
al

 M
ex

ic
o

 

to
 B

o
li

vi
a 

an
d

 

S
o

u
th

 W
es

t 

B
ra

zi
l

Ju
n

ca
ce

ae
 F

am
il

y 
C

u
, g

en
u

s 

ju
n

cu
s 

P
b,

 C
d

, s
tu

d
ie

s 
o

n
 

p
la

n
t 

to
le

ra
n

ce

A
u

st
ri

a,
 A

u
st

ra
li

a,
 

S
co

tl
an

d

(C
on

ti
n

u
ed

)



244 Advanced Materials for Wastewater Treatment
T

ab
le

 7
.2

 
C

o
n

t.

S
p

ec
ie

s

S
p

ec
ie

s 
st

at
u

s

E
n

d
an

g
er

ed
 

sp
ec

ie
s

G
lo

b
al

 

d
is

tr
ib

u
ti

o
n

In
fo

rm
at

io
n

 o
n

 

p
u

b
li

ca
ti

o
n

s 
ab

o
u

t 

m
et

al
s

C
o

u
n

tr
ie

s 
o

f 
ci

te
d

 

p
u

b
li

ca
ti

o
n

s
R

ef
s.

N
at

iv
e

E
n

d
em

ic

Ju
n

cu
s 

ra
m

b
oi

 

co
lo

m
bi

an
u

s

x
x

C
o

lo
m

b
ia

n
 

E
n

d
em

ic
 P

la
n

t

Ju
n

ca
ce

ae
 F

am
il

y 
w

it
h

 C
u

, 

P
b,

 C
d

, s
tu

d
ie

s 
o

n
 p

la
n

t 

to
le

ra
n

ce

Ju
n

cu
s 

ra
m

b
oi

i 

B
ar

ro
s 

su
bs

p.
 

C
ol

om
bi

an
u

s 

B
al

sl
ev

x
C

o
lo

m
b

ia
, 

S
o

u
th

ea
st

er
n

 

B
ra

zi
l

Ju
n

ca
ce

ae
 F

am
il

y 
w

it
h

 C
u

, 

P
b,

 C
d

, s
tu

d
ie

s 
o

n
 p

la
n

t 

to
le

ra
n

ce

[1
1

5
, 1

3
0

, 

1
3

1
]

F
am

il
y

: L
am

ia
ce

ae

H
yp

ti
s 

ca
pi

ta
ta

x
C

o
lo

m
b

ia
, 

n
eo

tr
o

p
ic

s;
 

in
tr

o
d

u
ce

d
 i

n
 

tr
o

p
ic

al
 A

si
a 

an
d

 

P
ac

ifi
c

A
cc

u
m

u
la

to
r 

o
f 

C
d

 a
n

d
 C

u
A

u
st

ra
li

a
[1

3
2

]

F
am

il
y

: M
ar

si
la

ce
ae

M
ar

si
le

a
 m

ol
li

s
x

N
o

rt
h

 A
m

er
ic

a,
 

C
o

lo
m

b
ia

 t
o

 

A
rg

en
ti

n
a

C
u

C
an

ad
a

[7
5

]



Role of Plant Species in Bioremediation of Heavy Metals 245
F

am
il

y
: O

en
o

th
er

ac
ea

e

L
u

d
w

ig
ia

 p
ep

lo
id

es
x

C
o

lo
m

b
ia

, S
o

u
th

 

A
m

er
ic

a,
 

G
re

at
er

 A
n

ti
ll

es
 

an
d

 E
as

t 
A

si
a

C
u

, P
b,

 C
r,

 Z
n

, C
d

, N
i 

an
d

 

H
g

In
d

ia
, T

an
za

n
ia

[7
5

, 1
2

1
, 1

2
3

]

L
u

d
w

ig
ia

 p
er

u
vi

an
a

x
C

o
lo

m
b

ia
, S

o
u

th
 

A
m

er
ic

a;
 

in
tr

o
d

u
ce

d
 i

n
 

S
o

u
th

 A
si

a 
an

d
 

A
u

st
ra

li
a

F
am

il
y

: P
la

n
ta

g
in

ac
ea

e

G
ra

ti
ol

a
 b

og
ot

en
si

s
x

x
C

o
lo

m
b

ia
P

la
n

ta
gi

n
ac

ea
e 

F
am

il
y 

P
b,

 

Z
n

, C
u

, C
d

, A
s

Sp
ai

n
[1

3
3

]

P
la

n
ta

go
 o

rb
ig

n
ya

n
a

x
S

o
u

th
er

n
 

C
o

lo
m

b
ia

 t
o

 

B
o

li
vi

a

A
cc

u
m

u
la

to
r 

o
f 

P
b

 y
 Z

n
[1

1
0

]

F
am

il
y

: P
lu

m
b

ag
in

ac
ea

e

A
ra

bi
d

op
si

s 
th

al
ia

n
a

x
x

N
at

iv
e 

to
 E

u
ro

p
e,

 

A
si

a,
 A

fr
ic

a,
 

p
re

se
n

t 
in

 a
ll

 

fi
ve

 c
o

n
ti

n
en

ts
, 

p
o

o
r 

in
 S

o
u

th
 

A
m

er
ic

a,
 A

si
a 

an
d

 C
an

ad
a

H
g

G
er

m
an

y
[1

3
4

]

(C
on

ti
n

u
ed

)



246 Advanced Materials for Wastewater Treatment
T

ab
le

 7
.2

 
C

o
n

t.

S
p

ec
ie

s

S
p

ec
ie

s 
st

at
u

s

E
n

d
an

g
er

ed
 

sp
ec

ie
s

G
lo

b
al

 

d
is

tr
ib

u
ti

o
n

In
fo

rm
at

io
n

 o
n

 

p
u

b
li

ca
ti

o
n

s 
ab

o
u

t 

m
et

al
s

C
o

u
n

tr
ie

s 
o

f 
ci

te
d

 

p
u

b
li

ca
ti

o
n

s
R

ef
s.

N
at

iv
e

E
n

d
em

ic

F
am

il
y

: P
o

ac
ea

e

B
ro

m
u

s 
ca

th
ar

ti
cu

s
x

C
o

lo
m

b
ia

, 

G
u

at
em

al
a 

to
 

S
o

u
th

 A
m

er
ic

a

C
u

, Z
n

U
SA

[1
3

5
]

L
ee

rs
ia

 h
ex

an
d

ra
x

C
o

lo
m

b
ia

, t
h

e 

A
n

ti
ll

es
, C

an
ad

a 

to
 A

rg
en

ti
n

a 
an

d
 

U
ru

gu
ay

H
yp

er
ac

cu
m

u
la

to
r 

o
f 

C
r

[1
3

6
]

B
ou

te
lo

u
a

 

cu
rt

ip
en

d
u

la

x
M

ex
ic

o
 a

n
d

 S
o

u
th

 

A
m

er
ic

a

N
i

M
ex

ic
o

[1
0

8
]

F
am

il
y

: P
o

ly
g

o
n

ac
ea

e

P
ol

yg
on

u
m

 

h
yd

ro
pi

p
er

oi
d

es

x
C

o
lo

m
b

ia
, 

th
e 

A
n

ti
ll

es
, 

C
an

ad
a 

to
 S

o
u

th
 

A
m

er
ic

a

C
u

, P
b

U
SA

[1
2

0
]

P
ol

yg
on

u
m

 s
eg

et
u

m
x

M
ex

ic
o

 t
o

 

C
o

lo
m

b
ia

, a
n

d
 

th
e 

A
n

ti
ll

es

G
en

u
s 

P
o

ly
go

n
u

m
 a

cc
u

-

m
u

la
to

r 
o

f 
C

d

Ja
p

an
[1

3
7

]

P
ol

yg
on

u
m

 a
vi

cu
la

re
x

E
u

ro
p

e
Z

n
M

ex
ic

o
[1

0
8

]



Role of Plant Species in Bioremediation of Heavy Metals 247
F

am
il

y
: P

o
ta

m
o

g
et

o
n

ac
ea

e

P
ot

am
og

et
on

 

p
ar

am
oa

n
u

s

x
x

C
o

lo
m

b
ia

, 

V
en

ez
u

el
a 

to
 

B
o

li
vi

a

P
o

ta
m

o
ge

to
n

 C
d

, P
b,

 C
r,

 

N
i,

 Z
n

 y
 C

u

T
u

rk
ey

[1
38

]

P
ot

am
og

et
on

 

p
ec

ti
n

at
u

s

x
C

o
lo

m
b

ia
, c

o
m

-

m
o

n
 t

o
 a

 l
ar

ge
 

n
u

m
b

er
 o

f 

co
u

n
tr

ie
s

A
cc

u
m

u
la

to
r 

o
f 

C
d

, P
b,

 C
r,

 

N
i,

 Z
n

 y
 C

u

F
am

il
y

: R
an

u
n

cu
la

ce
ae

R
an

u
n

cu
lu

s 

fl
ag

el
li

fo
rm

is

x
x

C
o

lo
m

b
ia

, 

V
en

ez
u

el
a 

to
 

A
rg

en
ti

n
a

G
en

u
s 

R
an

u
n

cu
lu

s 
C

r
T

u
rk

ey
[4

7]

F
am

il
y

: S
cr

o
p

h
u

la
ri

ac
ea

e/
 C

al
ce

o
la

ri
ac

ea
e

C
al

ce
ol

ar
ia

 

b
og

ot
en

si
s

x
x

C
o

lo
m

b
ia

n
 N

at
iv

e 

E
n

d
em

ic
 P

la
n

t

C
u

U
SA

[1
3

9
]

F
am

il
y

: S
o

la
n

ac
ea

e

C
es

tr
u

m
 b

u
xi

fo
li

u
m

x
C

o
lo

m
b

ia
, 

V
en

ez
u

el
a 

to
 

P
er

u

S
o

la
n

ac
ea

e 
F

am
il

y 
C

r,
 H

g,
 

P
b,

 Z
n

, C
u

, C
d

, A
s

P
o

la
n

d
, S

p
ai

n
[1

0
5

, 1
3

3
]

(C
on

ti
n

u
ed

)



248 Advanced Materials for Wastewater Treatment
T

ab
le

 7
.2

 
C

o
n

t.

S
p

ec
ie

s

S
p

ec
ie

s 
st

at
u

s

E
n

d
an

g
er

ed
 

sp
ec

ie
s

G
lo

b
al

 

d
is

tr
ib

u
ti

o
n

In
fo

rm
at

io
n

 o
n

 

p
u

b
li

ca
ti

o
n

s 
ab

o
u

t 

m
et

al
s

C
o

u
n

tr
ie

s 
o

f 
ci

te
d

 

p
u

b
li

ca
ti

o
n

s
R

ef
s.

N
at

iv
e

E
n

d
em

ic

N
ic

ot
ia

n
a

 t
ab

a
cu

m
x

C
o

lo
m

b
ia

 a
n

d
 

S
o

u
th

 A
m

er
ic

a.
 

N
at

iv
e 

cu
lt

iv
at

ed
 

p
la

n
t

A
cc

u
m

u
la

to
r 

o
f 

C
d

 a
n

d
 C

u
. 

T
o

le
ra

n
ce

 t
o

 H
g

A
u

st
ra

li
a,

 P
o

la
n

d
[1

0
5

, 1
3

2
]

P
h

ys
al

is
 p

er
u

vi
an

a
x

C
o

lo
m

b
ia

, 

A
m

er
ic

an
 c

o
n

-

ti
n

en
t.

 N
at

iv
e 

cu
lt

iv
at

ed
 p

la
n

t

C
r,

 M
n

, F
e,

 C
o

, N
i,

 C
u

, Z
n

, 

C
d

, H
g,

 P
b

K
en

ya
[1

4
0]

S
o

la
n

u
m

 

co
ry

m
b

o
su

m

x
M

ex
ic

o
 a

n
d

 P
er

u
C

u
M

ex
ic

o
[1

0
8

]



Role of Plant Species in Bioremediation of Heavy Metals 249

Apiaceae, Asteraceae, Brassicaceae, Cyperaceae, Equisetaceae, Hypericaceae, 
Juncaceae, Lamiaceae, Marsilaceae, Oenotheraceae, Plantaginaceae, 
Plumbaginaceae, Poaceae, Polygonaceae, Potamogetonaceae, Ranunculaceae, 
Scrophulariaceae/Calceolariaceae and Solanaceae.

7.7  Results

According to the revision done, the global distribution of each species 
listed above includes the following countries: Colombia, New Zealand, 
Chile, Costa Rica, the Antilles, Paraguay, India, Malaysia, the Philippines, 
China, Uruguay, Venezuela, Brazil, Australia, Guatemala, Canada, Peru; in 
other words, they are found across Asia, Europe, North, Central and South 
America. Most of those countries are exposed to metalliferous, serpentine 
(ultramafic) or calamine soils, and in some of them, there are ecosystems 
with HM contamination problems. See Section 7.6 for more information.

All of these 54-species listed on Table 7.2 reported non-invasive behav-
ior and have been studied in relation to HM, in countries such as Austria, 
Australia, Scotland, Brazil, USA, Mexico, Canada, China, Cuba, Poland, 
France, Spain, Ireland, India, Tanzania, Malaysia, Italy, Argentina, Turkey, 
Egypt, Switzerland, Portugal, Germany, Israel, Peru, Slovenia, Belgium, 
Lithuania, United States (specifically Alaska) and on the African Continent. 
Additionally, the majority of the studies compiled only record heavy metal 
concentrations; most do not analyze the plant processes involved in the 
phytoremediation.

As can be seen on Table 7.2, there are four predominant families in HM 
accumulation processes, as seen in Section 7.4.2, Asteraceae, Cyperaceae, 
Scrophulariaceae, and Poaceae.

7.8  Conclusion

As shown in the analysis of the consulted bibliography, the negative impacts 
generated in the resident ecosystems of the invasive plant species consti-
tute a platform for analysis and debate about the implications of the use of 
an allochthonous species in a phytoremediation process, and the question 
arises, up to what point can all the possible phytoremediation biotools be a 
contribution to the decontamination process and to the ecology.

An integral evaluation is needed on the relationship between the char-
acteristics of the species used in phytoremediation processes, as well as the 
study of the relationship between environmental settings of invasion on 
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the characteristics of impacts and invasive species traits, in order to stab-
lish a valid argument to justify the use of native and endemic species in the 
recovery of contaminated substrates with heavy metals.

It is not only necessary to talk about the decontamination of degraded 
areas, but also about the integration of concepts, techniques and technolo-
gies, such as the rehabilitation and restauration of ecosystems.

Phytoremediation studies can be based on the research on floristic anal-
ysis, as the one done by González et al., [19]. Additionally, plants could be 
used as accumulation indicators of substratum quality and can be indica-
tors of the ecosystem’s grade of impact. One example is the work carried 
out by Zechmeister et al. [141] that mentioned bryophytes as bioindicators 
and biomonitors in terrestrial and aquatic habitats. The later stablishes that 
the role of the species within the ecosystem and their viability as phytore-
mediation bio-tools as a contribution to ecology. From this, one can see the 
need to not only see the potential of phytoremediation of native species, 
but also the role that it plays within the biogeochemical cycles, given that 
phytoremediation studies provide information on environmental aspects 
such as life cycles, the composition of growth substrate, morphological 
changes, chemical and biological structure, the ecological diversity. In 
addition to physiological, photochemical, ecological and biogeochemical 
cycles and the behavior of the contaminants in each substrate. In this way, 
this kind of investigations brings the option to establish ecological risks 
through the food chain in ecosystems contaminated with HM.

Even though the focal point of this article are heavy metals, there is a 
need for a future look at the research that has been done with the native 
and endemic vegetal species presented here, in terms of other parameters. 
In doing so, there will be a knowledge base to research the species in reme-
diation processes of contaminated substrates. Hence, the need for studies 
on plant tolerance of metals becomes even greater, as well as the research 
that has looked into the toxic effects of metals in plants.

According to the researched bibliography, the presence of HM world-
wide is discussed. On account of this, the use of friendly technologies with 
the environment that minimize the presence of HM concomitant toxic-
ity becomes imperative. Therefore, special attention should be paid to the 
activities that contribute to soil, air and water contamination, and to the 
source of heavy metal contamination. The development of these activities 
has negative consequences on the ecosystems, affecting both biotic and 
abiotic components. On top of that, the antagonist technologies that do 
not adapt themselves to the natural conditions of the place where they are 
implemented, affect, in turn, the biodiversity, the landscape, the ecosys-
tem’s structure and functionality. Heavy metal contamination has been 
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addressed with plant species in bioremediation processes as an effort to 
mitigate these deleterious effects, but what is needed is an approach with 
the natural dynamics of the ecosystem in order to reduce the negative 
impacts associated to the process.

From the potential of the species to be used in a phytoremediation pro-
cess, it is imperative to contribute to the preservation of native and endemic 
species, as well as the sustainable use of phytoremediation as an alternative 
to decontaminate the environment. Here, the photoremediation processes 
involve the participation of diverse areas of science and engineering to 
achieve the integrality in the solution of the ecological quandary, which 
depends in great part on the customs, habits, and practices of the popula-
tion of the zone where the ecological recovery and restoration processes 
are implemented. Lo anterior, requires an interdisciplinary study of the 
hydrosphere-hydrology, atmosphere, biosphere, lithosphere, biodiversity 
(mechanisms, organisms and soil properties), biogeochemical cycling, 
human health, social sciences and soil threats.

In the case of HM, and based on the wide studies on soil substrate 
compared to others, and the soil dependence on the dynamics of all the 
elements of an ecosystem, it is concluded that the use of the knowledge 
already acquired can improve the provision of ecosystem services, the res-
toration and conservation of biodiversity, including sustainable practices 
in the high impact activities on the soil or growth substrate.

Proctor (1999) argues that the phytobiography of regions with high 
concentrations of HM require further investigation, based on the lack 
of current knowledge on phytoremediation and the specific experiments 
and experimental plants, therefore, there is an imperative need to focus 
on the mechanism behind “phyto” technologies and the advantages and 
limitations of the phytoremediation process. Thus, phytoremediation can 
be studied based on the existing knowledge, such as in one of the most 
researched, hyperaccumulation.

One of the main benefits of developing future studies on native or 
endemic plant species, could help avoid the use of exotic and invasive 
species that have transformed biogeographical barriers. The accidental or 
deliberate spread of the exotic and invasive species, within new habitats, 
constitutes an environmental problem.

The relevance of biodiversity and the ecology of the ecosystems is grad-
ually being considered for the heavy metals decontamination processes. 
An overriding investigation into native and endemic biodiversity contrib-
utes to the identification of possible phytoremediation bio-tools, as well as 
in the research of the ecology and environment of nature’s remnants in the 
ecosystems.
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Manganese peroxidase (MnP), Lignin peroxidase (LiP) and Lacasse (Lac) have 

diverse application in biofuel production, biopulping, biobleaching, paper and 
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textile, beverage processing, cosmetics, antibiotics and steroids fields. Enzymatic 
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8.1  Introduction

In the recent past, ligninolytic (LiP, MnP, Lac) enzymes attracted the 
attention of scientific community due to their vast applications in biore-
mediation, delignification of biomass for biofuel production, biopulping, 
biobleaching, organic pollutants degradation, detergent manufacturing, 
animal feed, stabilization in food industry, biosensors, textile, beverage 
processing, cosmetics, paper and pulp, steroids and transformation of anti-
biotics etc. [1–3]. Despite appreciable biotechnological potential, the use 
of native microbial enzymes encounter a number of problems practically 
at industrial scale, that is, cost and purification, structural instability in 
media, activity inhibition and reusability [4]. Thermo-stable enzymes are 
being widely used since they can withstand under harsh conditions, that is, 
high temperatures and alkaline pH conditions [5] with the advancement in 
existing techniques, it is now possible to modify the properties of enzymes. 
Thus, enzymes with desired properties can be molded through mutations, 
genetic engineering, chemical modifications and immobilization [6].

Among all advanced techniques, the immobilization of enzyme is regarded 
as excellent and is also a versatile which uses different matrix as a support 
and have been successful used at commercial scale. It is an innovative green 
biotechnology that could provide additional benefits over free enzymes such 
as facile recovery, reusability, longer half-lives, protection from shear dam-
age and reduction in protease activity [7–8]. Enzyme-based approaches with 
positive edge of high efficiency and multifarious use replaced the conven-
tional chemical methods to utilize the enzymes at industrial scale and this 
technique has been entered in exciting new phase [6]. To date, many studied 
have been conducted on the production of the product, its purification and 
followed by characterization of enzymes but very scarce data is published on 
immobilization to improve the catalytic efficiency of enzymes.

In present review, a comprehensive and fully documented knowledge 
of immobilization of fungal ligninolytic enzymes with particular empha-
sis on environmental applications are discussed. Entrapment, adsorption, 
covalent bonding, encapsulation and self-immobilization techniques are 
discussed for the immobilization of LiP, MnP and Lac and their applica-
tions for dye decolorization and other xenobiotics compounds.

8.2  Immobilization

Immobilization means unite the enzyme with an insoluble matrix (carrier), 
which enables the enzyme to retain its proper geometry in a reactor under 
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specific conditions [6]. Numerous recent studies have been focused on lig-
ninolytic enzyme immobilization, particularly Lac [9], LiP [2] and MnP 
[10]. Due to this property, ligninolytic enzyme received much attention 
versus economically competent and highly efficient biotechnological pro-
cedures in numerous fields including biotransformation, environmental 
monitoring, diagnostics, food industries and pharmaceutical or biomedi-
cal applications [11]. The immobilized enzymes can overcome some of the 
afore-mentioned limitations by providing additional advantages over free 
enzymes such as facile recovery of enzymes from the reaction mixture, 
reusability, less degradation rate by free enzyme and longer half-lives and 
protection from shear damage [7–8]. In addition, enzymes in an immobi-
lized form are more irrepressible to ecological factors including pH, tem-
perature and exposure to chemically toxic substances [5].

8.3  Enzyme Immobilization Strategies

There are various approaches that can be employed for immobilization of 
enzymes; nevertheless the process of enzyme immobilization is quiet in 
beginning [12]. Theoretically, the two basic methods that can be distin-
guished for immobilization of enzymes, as the link for enzyme-support 
may take place through various processes including physical or chemi-
cal interactions. So, the existence of several types of methodologies may 
have role during these interactions. In physical methods, the entrapment 
of the enzyme in a tri-dimensional matrix or its encapsulation may occur 
whether in an organic or inorganic membrane structure [13]. On the other 
hand, chemical method can process through covalent binding, adsorption 
or self-immobilization [14]. The enzymes immobilization techniques and 
the properties of the reported strategies for enzymes immobilization are 
given (Table 8.1).

8.4  Adsorption

In adsorption technique, the enzyme is adsorbed on the outer surface of the 
supporting matrix. The adsorption mechanism results from weak attrac-
tive forces such as hydrophobic interactions/Van der Waal’s forces/electro-
static forces. In general, adsorption is a simple, comparatively inexpensive 
and non-destructive method of immobilization for enzyme activity and 
may therefore reveal higher profitable potential than other techniques [27]. 
In this technique, the catalytic site of the adsorbed enzyme may be blocked 
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by the inert support, matrix or bead thus greatly reducing the efficacy of the 
enzyme. The ionic strength of the medium, pH and hydrophobicity must 
be considered in adsorption technique during the immobilization process 
[28]. In this process, the enzyme in solution confronted to the solid sup-
port for a static period of time followed by washing with buffer to remove 
unbound enzyme. Although, this immobilization strategy causes little 
or no obvious enzyme inactivation, however, non-specific adsorption of 
other proteins or substances and desorption of the enzyme due to change 

Table 8.1 Reported strategies of enzyme immobilization and effect of immobili-

zation on enzymes.

Strategy Effect/improvement Refs.

Covalent binding- by multipoint 

attachment

Enhanced stability by increasing 

bonds

[15]

Immobilized Cross-linked 

enzyme crystals (CLECs)

Enhanced Stability [16–19]

Sol-gel entrapment Activity & selectivity 

improvement

[2]

Poly(lactic-co-glycolic acid) 

(PLGA) nanofibers

Stability, feasibility of continu-

ous operation

[20]

Cross-linked enzyme aggregates 

(CLEAs)

Recovery, stability & improved 

recyclability

[17–19]

Adsorption entrapment Thermostability & resistance 

against detergents

[21]

Adsorption on nanoporous gold 

(NPG) particles

Enhanced thermostability [22]

Covalent binding on cellular 

foam

Enhanced thermostability and 

activity

[23]

Covalent entrapment in 

nanoparticles

pH & thermostability [24]

Entrapment in nanofibrous 

polymers

Intrinsic specific surface 

area, inter-fiber porosity, & 

mechanical strength

[25]

Porous cross-linked polymers 

using starch as pore making 

agent

Enhanced activity &catalytic 

efficiency increased (Vmax)

[26]
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in in temperature, weak bonding of the enzyme with solid support, pH 
and ionic strength might be problematic. Consequently, poor operational 
and storage stability can be caused by the biosensors based on adsorbed 
enzyme. However, the enzymes (adsorbed) are sheltered from proteolysis, 
aggregation and interaction with hydrophobic borders [7].

In the past, various researchers have employed various environment 
friendly adsorptive supporting materials, for example, husk fibers of coco-
nut having huge hygroscopic capacity and high cat-ion exchanger prop-
erty; Carboxymethyl cellulose (CMC) with irreversible binding capacity; 
kaolinite (hydrated aluminum silicate) with high enzyme retain-ability and 
micro porous materials having thiol functional group, preferably suited 
for redox reactions [29]. The presence of silanols on pore walls facilitates 
enzyme immobilization by hydrogen bonding in silanized molecular sieves 
and also have been effectively used as supports for enzyme adsorption. 
Numerous adaptations and chemical alterations in presently used support-
ing matrix would significantly help in better check for economic produc-
tion process. Environment friendly, green supports of biological origin cut 
down the production costs and prevent cropping up of ethical issues. Most 
recently, due to their reliable robustness and competence, microporous 
silica nanoparticles (MSNs) were used as biocompatible support material 
for enzyme immobilization in energy applications [30].

Various studies related to adsorption have been linked with the immobi-
lization of different enzymes. [31] reported silicate-based porous material to 
immobilize T. versicolor Lac through physical adsorption. Forde et al. [28] 
observed promising results when Lac was immobilized onto mesoporous sil-
icate particles, Santa Barbara amorphous (SBA-15) and cyano-modified sil-
ica (CNS) with surface modification by bi-functional glutaraldehyde (GLU) 
and ethylene glycol-N-hydroxysuccinimide (NHS) and mono-functional 
citraconic anhydride methods. A novel and efficient immobilization of Lac 
from P. sanguineus has been investigated using magnetic Cu2+ nanoparticles 
as carrier and it was found that following immobilization of Lac on mag-
netic Copper nanoparticles, will definitely enhance the stability and catalytic 
capacity of the enzyme in the direction of many types of physical and chemi-
cal denaturants. The ion exchange resins such as agarose, dextran and chito-
san with several functional groups have also been used for adsorption [32].

8.5  Entrapment

Entrapment is caging of enzymes within porous solid matrix, that is, 
Ca-alginate beads, chitosan, polyvinyl alcohol or gels comprising of 
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propyletrimethoxysilane (PTMS) and tetramethoxysilane (TMOS) and 
in this way entrapped enzyme is prevented from direct contact with 
the surroundings [6, 33]. The salient features of this technique are easy 
to prepare, cheap and there is no mechanical alteration of the enzyme. 
Nevertheless, this approach is characterized by low enzyme loading and 
mass transfer limitations [27]. Nanostructured supports used in entrap-
ment, for example, lectrospun nanofibers and pristine materials have revo-
lutionized the immobilization process by this technique [34]. Prevention 
of friability, augmentation of entrapment efficiency, leaching and enzyme 
activity entrapped ligninolytic enzymes in chitosan has been described. 
Additionally, the support has been considered to be nontoxic, amenable 
to chemical modification, biocompatible and hydrophilic in nature and 
is highly affinitive to protein. Ligninolytic enzymes entrapped in Sol-gel 
matrices have also been used with highly thermal stability and tolerance 
toward organic solvent [2]. In another study, C. unicolor lignase enzyme 
showed better thermal behavior when entrapped in a hydrogel matrix of 
poly (N-isopropyl acrylamide) [35–36], whereas Lac immobilized retained 
80% higher activity onto amine-terminated magnetic nanocomposites up 
to 5 cycles. Therefore, the enzyme performance depends on support used 
for immobilization. Generally, two types of supports are used for enzyme 
immobilization, that is, hydrophobic and hydrophilic. Hydrophobic mate-
rials are preferable because of their ability to bind large amount of enzyme 
with higher activity. The use of gels for enzyme entrapment is receiving 
extensive attention due to preservation of more vigorous and thermo-
stability of enzymes [6].

8.6  Encapsulation

This technique is similar to entrapment, also protect enzyme from out-
side environment, but the process of mass transfer is a serious hurdle in 
encapsulation and entrapment techniques during process of immobili-
zation [27]. In microencapsulation the enzyme is restricted in the cen-
tre of micron-sized spheres composed of semipermeable material. There 
are very few studies have been done to find out different methodologies 
and applications of encapsulated enzymes. In another stydu, observed a 
significant change in optimum pH (4–5) of Lac from Trametes sp., and 
the authors demonstrated that the activity is influenced by the quantity 
of the immobilized Lac. Another microencapsulation method that has 
also been tested is layer-by-layer (LbL) technique [37–39]. The supports 
for this technique include gold electrodes and alumina pellets. Szamocki 
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et al. [39] microencapsulated T. trogii Lac by LbL method by making use 
of gold electrodes that had been previously functionalized with dithiobis-
N-succinimidyl propionate. Efficient encapsulation accomplished with dif-
ferent carriers prevents enzyme leaching and provide enhanced automated 
permanence [40].

8.7  Covalent Binding

It is the most promising method used for the immobilization of enzymes 
for at industrial scale for various applications and lots of studies have been 
performed to immobilize the enzyme onto support by covalent bonding. 
Hence, it has been the most extensively employed method during the last 
decade for ligninolytic enzyme immobilization [41]. It involves a chemi-
cal reaction through which enzyme is either covalently bonded with sup-
ports or using a bi-functional reagent which attach the enzyme at one side 
and immobilization matrix on the other side. As the chemical reaction 
confirms that the covalent binding does not mask the enzyme’s catalytic 
site, the activity of the enzyme remains unaffected by covalent bonding. In 
this technique enzyme can be immobilized via multipoint covalent attach-
ments with support to enhance activity, stability and reusability of enzymes 
[42]. The bonding occurs between nucleophilic groups on the enzymes 
and reactive chemical groups on the support surface. Mostly, enzymes are 
attached by covalent bonds using their lysine amino groups because these 
are frequently present on the surface of the protein and also have high 
reactivity [27]. Generally, mechanically stable, nontoxic, chemically inert, 
insoluble in water are used as support, which must be readily available 
inexpensive [43]. In this regard, covalent binding of enzymes to silica gel 
carriers results in highly stable and hyperactive biocatalysts, modified by 
the process of silanization with elimination of unreacted aldehyde groups 
and the binding to SBA-15 supports having cage-like pores lined by Si–F 
linkages [44]. Covalent coupling of enzymes with mesoporous silica and 
chitosan increase half-life and thermal stability of enzymes [45].

Since covalent bonding is a versatile and most suitable technique, there-
fore, various different carriers have been designed for support, that is, 
Kaolinite (silica-based supports) or mesoporous silica nanoparticles [46]. 
Other researchers, tried fibers and polymeric materials, that is, Eupergit 
and Sepabeads (epoxy-activated resins) have been frequently employed 
[42]. A comparison between this kind of support and other entrapment 
method like covalent binding of immobilization and observed that immo-
bilized T. villosa Lac with Eupergit C also showed higher activity versus 
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triggered carbon and entrapment on a Copper-alginate matrix. Variety 
of electrodes based on glass, carbon, silver, gold or graphite have been 
intended and used for Lac immobilization [47–48, 39].

Ceramic-chitosan support was used for A. bisporus Lac by cross-linking 
and resultantly, operational, thermal and storage stabilities enhanced [49]. 
In another study, polyvinyl alcohol cryogel particles (PVA) were employed 
for the enzyme immobilization. Stability and operational pH range were 
enhanced meaningfully. Therefore, it is concluded that cross-linking is 
the most widely employed method in enzyme covalently binding offered 
stability under different pH and temperature with excellent activity [50].

8.8  Self-Immobilization

The stabilization of enzymes can be achieved not only by using immobiliza-
tion supports, but also by carrier-free immobilization, that is, cross-linked 
enzyme aggregates or crystals formation. The specific and volumetric activ-
ity can be reduced by use of solid supports for enzyme immobilization. 
Self-immobilization is conceivable with the use of cross-linking agents 
such as gluter-aldehyde, to muddle enzymes with each other without 
resorting to a support [27]. Cross-linked enzyme aggregates (CLEAs) and 
Cross-linked enzyme crystals (CLECs) have been reported to be physically 
stronger, more recoverable, stable and recyclable compared to their soluble 
counterparts. The CLECs could function in organic solvents as they show 
remarkable activities and mechanical stabilities with the only precaution 
of extensive purification. Currently, this research area is of great interest 
of researchers and might be the future drive of biotechnology of com-
mercial importance [51]. Sheldon’s laboratory developed a cheap method 
of increasing the proximity of enzyme for cross-linking, commercialized 
with the name of CLEA Technologies. The formation of CLEAs involves 
the combination of precipitation, purification and immobilization of the 
enzyme into a single procedure [27].

CLEAs are eco-friendly and environmental beneficial in terms of 
industrial applications that can be prepared easily from enzyme extracts. 
Moreover, the promises exist to immobilize two or more than to enzymes 
to provide CLEAs that are accomplished of catalyzing multiple biotrans-
formation reactions, self-sufficiently or in arrangement as catalytic cascade 
progressions. The aggregation methods can be improved up to 100% activ-
ity yield for any enzyme [6]. The properties of a CLEA can be adjusted 
significantly through indirect modification of the cross-linking conditions. 
There are many cross-linkers, that is, glutaraldehyde-ethylene diamine 
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polymers, glutaraldehyde or dextran aldehyde that may be designated for 
optimal activity of a particular enzyme [52].

Pchelintsev et al. [53] found that the activity and microstructure of pen-
icillin acylase CLEA may be influenced by the variation in the duration 
of the precipitation step prior to cross-linking. Wilson et al. [54] reported 
that stability, productivity and conversion yield of enzymes may be reduced 
by excess cross-linking agents. Wilson et al. [55] also demonstrated that 
multimeric enzymes, for example tetrameric catalases, retain significant 
activity with negligible damage of protein under denaturing settings of 
surfactant (SDS) and thermal conditions and can be immobilized using 
the CLEA method. Later on, a new disparity on the subject of self-immo-
bilization has been established, that is, spherical catalytic macro-particles 
or spherezymes (SZs). This advanced method comprises of macroparticles 
that are in turn composed of the enzyme cross-linked in an oil emulsion 
generate spherical particles. The lone instance of this method applied to 
Lac. Table 8.2 shows the benefits and shortcomings of basic immobiliza-
tion methods.

8.9  Properties of Immobilized Enzymes

8.9.1 Immobilized LiP

Different solid supports have been used for immobilization of LiPs from 
different WRF. In most of the cases, the immobilized LiPs had higher cata-
lytic activities, thermostabilities and reusability as compared to their free 
counterparts. Asgher et al., [2] revealed that by the xerogel entrapment 
LiP showed results comparable with those attained by other methods, 
for example, the Sepabeads EC-EP3 and Dilbeads NK supports, covalent 
binding of the enzyme on siliceous cellular foams (McFs) or cross-linked 
enzyme aggregates immobilization and this technique was also declared as 
cheap versus others since it needs only coupling agent such as glutarelde-
hyde. Silica xerogels of different hydrophobicity are new materials acting as 
solid support for the entrapment of LiP to make it more industrially suit-
able catalyst [56]. The hydrophobicity of the solgels prepared using PTMS 
and TMOS in different molar ratios increases with increase in propyl 
groups and solgels enhance the relative activity and thermostability of LiP 
from P. chrysosporium [57]. Xerogel matrix enzyme immobilization tech-
nique gives high immobilization efficiency up to 88.6% and improves the 
kinetic and catalytically characteristics of LiP. Therefore, immobilized LiP 
remains steady over wide pH and thermal range as compare to free enzyme 
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to fulfill the necessities of the modern enzyme biotechnology at industrial 
scale [2]. The working of free LiP in the existence of xerogel increases up to 
2-fold with a considerable level of hyper activation, lessens with increasing 
hydrophobic charisma of the xerogels. Xerogel LiP interactions produce 
a stabilizing affect and lead to the enhanced conformational stability and 
can be linked with the hyper activation. This may be associated with the 
fact that LiP may undergo a beneficial conformational change in the pres-
ence of these hydrophobic sites though being entrapped within the silica 
(SiO

2
) network. LiP restrained on CNBr-Sepharose 4B support improved 

the decolorization from Kraft effluent by factor of 2.9 in 48 h.
Asgher et al., [2] entrapped LiP from T. versicolor IBL-04 with 88.6% 

yield onto xerogel matrix of PTMS and TMOS. The entrapped LiP showed 
stability up to 80°C, while free LiPs deactivated beyond 60°C. The immobi-
lized LiP showed higher activity and persisted stability for wide pH range. 
Kinetic constants (K

m
 and V

max
) were 70 and 56 μM and 588 and 417 U/mg 

for the free and restrained LiP, correspondingly. This novel extra thermo-
stable LiP was stimulated with regard to activity to variable extent in the 
presence of Copper, Manganese and iron, whereas Cystein, EDTA and sil-
ver showed inhibitory effects on the activity of LiP.

8.9.2 Immobilized MnP

Diverse practices were described for increasing the characteristics of MnP. 
Most often these enzymes were physically entrapped in gel carriers or their 
covalent binding were employed for immobilization. The trap of MnP 
into a sol-gel matrix of TMOS and PTMS and mixed alginate-pectin gel 
enhanced its storage, pH stability and thermo-stability along with reus-
ability and efficiency [10, 58].

Bódalo et al. [59] used allophone as supports for MnP immobilization 
from A. discolor an enzyme valuable in the decomposition of polycyclic 
aromatic hydrocarbons (PAHs). Nanoclay-immobilized MnP were more 
effective at high thermal range and has shown good range of stability over 
wider pH range. Modification of pH profile versus immobilized enzyme 
activity has shown that the enzymes immobilization on surface-charged 
materials may lead to the dislocation of the pH-activity profile to acidic or 
alkaline regions [60]. The shift of the ideal pH of the immobilized enzyme 
activity may results from the fact that the pH in the region of the active site 
of the immobilized enzyme is lower than the pH in the solution bulk or pH 
dependent modification of MnP structure. It also helps to increase storage 
time of immobilized MnP suggestively. 20% loss of immobilized enzyme 
activity was observed after 6 months of storage at 4 °C, whereas free MnP 
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enzyme under the similar conditions lost about 87% of its primary activ-
ity [60]. Li and Wen [61] immobilized MnP from P. chrysosporium onto 
multi walled carbon nanotubes through amino-based nonspecific inter-
actions and enzyme retained its original three-dimensional shape with 
23% higher activity versus free MnP. In another study, Bilal et al. [62] co-
immobilized MnP from P. radiata on porous silica beads. Immobilization 
resulted in improved stability of MnP against H

2
O

2
 or high pH along with 

storage stability. Brady and Jordan, [27] employed hetero-functionalized 
supports to improve the support-based immobilization strategies which 
increase the binding ability and stability of the enzyme due to multiplex 
attachment. More recently, different new and advance methods for enzyme 
self-immobilization (CLEC, CLEA, Spherezyme) and carrier materials 
(Dendrispheres), encapsulation (PEI Microspheres) have been developed. 
Enzyme immobilizations have many benefits including enhanced enzyme 
activity, enantio-selectivity and multi-enzyme reactions along with reten-
tion, better recovery and stabilization. These advances have potential to 
increase the characters of immobilization enzymes in industry, as well as 
an introductory set up for new biotechnological applications [63].

In order to perform better functions, enzymes catalytic properties have 
to be usually improved before their implementation in industrial sectors 
where repeated cycles of high yielding processes are required. Generally, 
native enzymes have to be engineered via immobilization in industrial 
reactors to be reused for long times and, in addition some other critical 
enzymatic characteristics like thermo-stability, activity, feedback reticence 
by reaction products, discrimination toward artificial substrates have to be 
upgraded. In most of the investigated cases, immobilized MnP has been 
readily improved in terms of degree of immobilization, higher activities, 
thermo-stabilities, pH stability and reusability’s as compared to their free 
counterparts [6].

8.9.3 Immobilized Lac

The Lac immobilization have also been studied various researchers, Arica 
et al. [64] immobilized Lace from T. versicolor on carbon nano-materials 
including carboxylated multiwalled carbon nanotubes (MWNT-COOHs), 
multiwalled carbon nanotubes (MWNTs) and graphene oxides (GOs) by 
using the process of physical adsorption lacking coupling agents and resul-
tantly, activity of the immobilized Lac enhanced degradation of reactive 
dyes. Rekuc et al. [23] investigated covalently cellulose-based carrier using 
glutaraldehyde for Lac immobilization of C. unicolor and fine fold higher 
activity was achieved and also tolerance to pH was increased because Lac 
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work properly in wider pH range [65]. Qiu et al. [22] demonstrated that 
although immobilized Lac had higher KM than soluble form, yet immobi-
lized Lac had excellent reusability, thermo-stability and equipped perma-
nence due to high Vmax. Rekuc et al. [23] restrained Lac in cellular foams 
and found KM for captured Lac was lower and Kcat was higher than free 
Lac. Immobilization results in modification of some functional groups on 
the catalytic site as well as on surface of enzyme resulting in lower KM, 
higher catalytic efficiency and increasing thermo-stability [64]. Half-lives 
for immobilized Lac are significantly higher as compared to those for free 
Lac. Hubert et al. [66] immobilized C. polyzona Lac covalently bonded on 
the diatomaceous earth support Celite® R-633 activated with aminoprop-
yltriethoxysilane, followed by the reaction of functionalized surface with 
glutaraldehyde (GLU) or glyoxal (GLY). Internal cross-linked and bovine 
serum albumin added immobilization was studied. The highest Lac activ-
ity and the greatest degree of activity recovery tested using 2, 2’-azino-
bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as the substrate were 
achieved by the sequential immobilization procedure using GLU as the 
cross-linking agent. The high efficiency for this substrate was shown by 
Michaelis-Menten kinetic parameters with respect to ABTS. The solid 
catalysts containing internal cross-linking of the protein showed mean-
ingfully advanced permanence for numerous denaturants. Bautista et al. 
[67] immobilized Lac by attachment in covalent mode on functionalized 
SBA-15 prepared by co-condensation method and by physical adsorp-
tion on several SBA-15 with different textural properties and activity was 
enhanced significantly. Rekuc et al. [23] also covalently immobilized extra-
cellular Lac produced by C. unicolor via glutaraldehyde to cellulose-based 
carrier Granocel and immobilized Lac showed five-fold higher activity.

In another study, Lac was restrained on adapted silica using glutaral-
dehyde as cross-linking reagent, with good working permanence. Activity 
and stability of immobilized enzyme was improved related to the free 
enzyme. The kinetics Vmax for immobilized Lac in the presence of ionic 
liquid was also greater compared to free Lac at the similar conditions, or 
even immobilized Lac in buffer. Both Vm and Km increased with ionic 
liquid concentration, resulting in increased catalytic competence of the 
immobilized enzyme [68].

The immobilized Lac was very operative for elimination of textile reac-
tive dyes from aqueous solution in a batch reactor. CLEAs for Lac with BSA 
showed more resistance against proteases, sodium azide, methanol, EDTA 
and acetone and they also showed higher thermo resistance than free Lac. 
However, cross-linking with albumin did not show any improvement in 
Lac stability. By gel entrapment the pH optima of Lac is mostly shifted 
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from less acidic toward more acidic when compare with free enzymes. 
Possibly the method of immobilization and hydrogen bindings or ionic 
bindings is accountable for this transference [2].

8.10  Enzymes Sources

Many species of bacteria showing lipolytic activity have been isolated from 
different sources and characterized. These isolated bacterial strains have 
tremendous lipid degrading activity, however different bacterial strains 
have variable ability to degrade lipid-based pollutants (Table 8.3). For 
instance Matsumiya et al. [69] isolated microorganisms that have ability to 
degrade lipids from different environmental sources for the construction 
of waste water treatment system containing lipids. of which, Burkholderia 
sp. DW2–1 strain showed maximum rate of degradation of 1% (w/v) 
salad oils.

Many investigators evaluate the degrading ability of bacterial strain on 
different substrates, which revealed that different bacterial strains play sig-
nificant role in lipid degradation; however the ability varied in different 
strains of bacteria. For example Alcaligenes piechaudii SRS and Ralstonia 
picketti SRS, both of these strains degrade crude oil and 7 diverse distilla-
tion products [70]. 5 strains viz., F2, UP2, K11, E13 and N3 isolated from 
grease wastes and are effective to degrade olive oil and sunflower oil, tallow 
and lard; however two strains such as Arthrobacter sp and Enterobacter 
aerogenes E13 has ability to degrade both saturated and unsaturated fatty 
acids and triglycerides having these fatty acids. Prasad and Manjunath, 
[71] carried out studies on biodegradation of high waxy oil wastewater 
by lipase-producing bacteria such as Bacillus subtilis, B. licheniformis, 
B. amyloliquefaciens, Serratiamarsescens, Pseudomonas aeruginosa and 
Staphylococcus aureus in wastewater released from palm oil mill, slaughter 
house, dairy, soap industry and domestic wastewater with both individual 
and mixed culture (consortia). After 12 d of BOD and lipid content was 
observed to be decreased in consortia.

8.11  Conditions for Lipid Degradation

The growth and activity of bacterial strains depends upon number of 
factors, which influence the lipid biodegradation process. The nutrients 
requirements viz., phosphorus, nitrogen, carbon, oxygen etc. and suitable 
growth conditions like redox potential, salinity, pH and temperature are 
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Table 8.3 Bacterial strains, isolated from different sources, indicating lipolytic 

activities for lipids.

Source of 

bacteria Bacterial strain

Carbon 

sources % Degradation Ref.

Oil polluted soil Bacillus stearother-

mophilus SB-1

Neem oil [72]

Oil polluted soil Bacillus licheniformis 

SB-3

Neem oil [72]

Icelandic hot 

spring

Bacillus thermoleovo-

rans IHI-91

Olive oil 

(triolein)

93% [73]

oil mill effluent Geobacillus zalihae T1T Olive oil [74]

Oil polluted soil Burkholderia sp. Y1 1% Salad oil 83.10% [75]

Oil polluted soil Alcaligenes piechaudii 

SRS

Crude oil 80% [70]

Oil polluted soil Ralstonia picketti SRS Crude oil 80% [70]

Oil polluted soil Enterobacter aerogenes 

E13

Sunflower oil [76]

Soil samples Burkholderia cepacia 

S31

Olive oil 226.1 u/ml [77]

Oil polluted soil Staphylococus sps 1% olive oil [78]

oil polluted soil Burkholderia cepacia Peanut oil 10.5 U mL−1 [79]

wastewater S. aureus wastewater 320 mg/L [71]

Food wastewater Bacillus sp N-09 Noodles soup 73.50% [81]

Palm oil effluent P. aeruginosa Palm oil 

effluent

325 mg/L [71]

Dairy effluent S. marsescens Dairy effluent 280 mg/L [71]

Oil processing 

plant

Pseudomnas aeruginosa 

KM110

2 % Olive oil [80]

Oil mill effluent Bacillus sp Oil mill 

effluent

[82]

Oil mill waste Bacillus tequilensis 

NRRLB41771

Oil mill waste [83]

Soil samples Pseudomonas fluores-

cens KE38

1% olive oil [84]



278 Advanced Materials for Wastewater Treatment

the significantly imperative factors, which determines the rate of biodeg-
radation process [80]. The temperature and pH are the most imperative 
factors, which determine the biodegradation process. However, tempera-
ture has a significant role in governing the efficiency and nature of micro-
bial dilapidation of hydrocarbons. Furthermore degradation of long chain 
hydrocarbons by mesophiles at temperatures between 25 and 28 °C has 
been comprehensively studied [83]. Bacillus cereus N-09 strain shows 
maximum degradation of lipids and detergents at temperature of 30 °C, 
pH of 6, and agitation speed of 130 rpm [81]. Extremely operative deg-
radation rate was detected at 35 °C and pH of 4, and the degradation rate 
after 24 hours was 62.5 ± 10.5 % for mixed lipids having concentration of 
3000  ppm. Table 8.4 shows the optimized conditions for some lipolytic 
bacterial strains.

Lipolytic activity of bacteria can be enhanced in the presence of exog-
enous surfactants. It was reported the acceleration of oil degradation by 
genus Rhodococcusin the presence of exogenous surfactants that has been 
produced by Pseudomonas sp. Various bacterial species capable of grow-
ing at high temperatures have also shown lipolytic activities such as a novel 

Table 8.4 Optimized conditions for some lipolytic bacterial strains.

Bacterial strain

Optimized conditions

Ref.Temperature pH

Bacillus stearothermophilus SB-1 50 °C  3 [72]

Bacillus licheniformis SB-3 50 °C  3 [72]

Bacillus thermoleovorans IHI-91 65 °C  6 [73]

Geobacillus zalihae T1T 70 °C – [74]

Burkholderia cepacia. S31 70 °C  9 [77]

Staphylococussps 36 °C  7 [78]

Burkholderia cepacia 37 °C  8 [79]

Pseudomnasaeruginosa KM110 45 °C 10 [80]

Bacillus sp N-09 30 °C  6 [81]

Bacillus sp 35 °C  8 [82]

Bacillus tequilensisNRRL B-41771 34 °C  7 [83]

Pseudomonas fluorescens KE38 45 °C  8 [84]
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oil degrading bacteria identified as Pseudomonas aeruginosa has been 
secluded from hot spring, inhabiting at temperature ranges between 15 °C 
and 55 °C [84].

At present, microorganisms such as Bacillus sp. strain 398, Bacillus sp. 
strain A30–1, Bacillus sp. THL027, Bacillus thermocatenulatus, Bacillus 
thermoleovorans ID-1, Bacillus spp., Bacillus sp. RSJ-1 have been con-
veyed as thermo-stable lipase producers. The optimum growth of ther-
mophilic bacterial strains were found at temperature range of 65–70 °C, 
lipases secluded from such strains are decent applicants for wax alterations 
[81–84].

8.12  Environmental Applications of 
Ligninolytic Enzymes

8.12.1  Degradation and Decolorization of 
Industrial (Textile) Dyes

Filamentous fungi are ubiquitous in the environment. White rot fungi 
(WRF) are the microorganisms that most extensively studied for indus-
trial dye-degradation. The survival of the fungi is linked with their ability 
to rapidly adapt their metabolism to varying sources. The WRF have the 
capability to reduce a wider range of several complex organic pollutants 
such as PAH, dye effluents, organic waste and steroid compounds [85]. To 
date, many fungal strains have been reported for effective degradation of 
diverse artificial (textile) colors and wastes [86]. Most previous work on 
biodegradation of the textile dyes have dedicated on fungoid cultures from 
WRF which have been employed to improve bioprocesses for the mineral-
ization of azo dyes [57]. P. chrysosporium is the most widely studied WRF, 
but others have also received considerable attention, such as A. ochraceus, 
T. versicolor, Pleurotus and Phlebia species etc [85].

Without any claims to comprehensiveness, the existing literature 
regarding textile dye decolorization summarizes that wherever possible, 
the ligninolytic enzymes of WRF enzymes appears to be tangled in the dye 
degradation procedure.

Immobilized ligninolytic enzymes proved to be most authentic and 
promising to substitute the conservative processes being employed in vari-
ous industries. Though, these methods are processed for decolorization of 
dyes at initial level but the major concern is their capacity to reduce the 
toxicity. It urges on the development of well-organized, cost effective and 
green (eco-friendly) technique for the detoxification and decolorization of 
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dyes [87]. Consequently, the field of investigation is almost entirely open 
for new findings and it is quite sensible to suggest that many novelties will 
be seen on the horizon of the world in the near future.

8.12.2 Dye Decolorization with Free Ligninolytic Enzymes

Reported dyes decolorization efficiency with the free and immobilized 
enzymes is shown in Table 8.5. Several researchers have attempted the pro-
duction of lignin enzymes and used it for degradation and mineralization 
of dyes. Chagas and Durrant, [88] investigated MnP as the chief ligninolytic 
enzyme tangled in dye decolorization from P. chrysosporium. Phugare et al. 
[89] examined the role of lignin degrading enzymes in decolorization of 
dyes in textile wastewater. Initially the wastewater was characterized for 
quality assurance parameters, that is, BOD, COD, color, TSS, pH, heavy 
metals and alkalinity. During the decolorization experiment, high concen-
tration of LiP and MnP was observed with no detectable Lac activity and 
as a result of degradation water quality parameter improved significantly. 
Singh et al., [90] studied four Pleurotus species of WRF for color removal 
of direct blue 14 (DB14). Among all four species of Pleurotus, P. flabellatus 
displayed the rapid dye decolorization of up to 90.39% in 6 h of incubation, 
whereas other 3 Pleurotus species acquired additional time for dye degra-
dation. Investigations revealed that the occurrence of influential enzymatic 
machinery of WRF could effectively destroy the recalcitrant and toxic dyes. 
Yao et al. [91] determined the in-vitro decolorization capability of three 
physically different azo dyes by the extracellular ligninolytic enzymes. The 
results designated that only basic enzyme extract MnP, but not LiP and Lac, 
played a decisive part in the decolorization of azo dyes. The dye decoloriza-
tion ability of orange IV and orange G along with crude MnP was mark-
edly heightened to 76 and 57% respectively, after 20 min of reaction at pH 
4 and temperature level of 35°C. However, very less (8%) decolorization 
of Congo red dye was noted. Medium containing higher concentration of 
MnP activities was more vibrant in the detoxification of the various indus-
trial dyes than those with high Lac activity [92]. Gomes and coworkers, 
[93] investigated the potential of crude ligninolytic enzymes obtained from 
cultivation of different WRF for the decolorization of physically dissimilar 
textile dyes and obtained 70% of colour removal of RBBR and cybacron 
blue 3GA after incubation for 6 hours. The findings specified that enzymes 
from these basidiomycetes have competence to decolorize diverse chemical 
classes of dyes, since efficient color removal was found for RBBR, cybacron 
3GA, orange II and crystal violet, which belong to azo dye, antraquinone, 
triazyne and tri methyl methane, respectively. Narkhede et al. [94] screened 
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13 phenol tolerant isolates from 51 rotted wood samples ligninolytic enzyme 
production. Finally, the isolates were studied for Remazol brilliant blue R 
decolorization with promising outcome. The role of MnP in dye decoloriza-
tion was examined by some in-vitro tests with MnP enzymes. For this pur-
pose, the dyes were made to react with partly purified MnP. Decolorization 
was detected only in the existence of manganese ions, MnP and H

2
O

2
. On 

the other hand, degradation of dyes was not observed in the absence of any 
of these components in the reaction mixture. Although some dyes showed 
very less decolorization with MnP that could be enhanced by optimizing 
reaction parameters for each dye. Enzymatic decolorization can also be 
improved by using ionic surfactants, such as Tween 80, Tween 20 etc.

For example, the activity was raised to 84.6% by the use of sol-gel matrix 
encapsulated MnP from G. lucidum versus free MnP of its initial activity 
after 10 periodic oxidation cycles and decolorized Magna (94.6%), Crescent 
(99.2%), Chenab (78.5%) and Arzoo (89.6%) textile effluents. An increase 
reaction time was another very crucial factor in the process of decolor-
ization process [58]. Jamal et al. [10] immobilized MnP onto calcium 
alginate pectin gel. The result was again in favor of increased storage stabil-
ity in comparison with the free MnP. The complex (entrapped) retained 
59.6% of the initial activity after 50 days of development. Furthermore, the 
restrained complex decolorized Disperse Red 19 and Disperse Red 19 with 
Disperse black 9 mixtures (91.2% and 82.1%, correspondingly).

Boer et al. [95] studied the decolorization and degradation of several 
synthetic textile dyes by WRF Lentinula (Lentinus) edodes enzymes to 
decolorize. After incubation period of 18 days the fungus entirely decol-
orized congo red, amido black, methyl green, trypan blue, methyl vio-
let, remazol brilliant blue R, ethyl violet and Poly R478 at 200 ppm. High 
MnP activity with very low LiP and Lac activities were perceived in the 
cultures. The presence of manganic ions and H

2
O

2 
in the medium mark-

edly increased the decolorization rate in vitro. These data suggest that MnP 
appears to have capability to decolorize artificial dyes.

Kariminiaae-Hamedaani et al. [96] decolorized 12 different diazo, azo 
and anthraquinone dyes using a lately secluded WRF, strain L-25. A high 
decolorization efficiency of 84.9–99.6% was achieved by fungus-producing 
highly efficient MnP enzyme as its major ligninolytic enzyme. At the 
beginning the fungal cells became colored by absorbing dye during the 
decolorization. However, this color vanished when MnP was concealed by 
the strain. At the end of cultivation, the activity of MnP in the cultures was 
over 1.0 U/mL. Temporarily, MnP produced by strain L-25 was used for 
the enzymatic decolorization of the dyes thus authorizing the aptitude of 
the enzyme for decolorization.
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Of most recent, Ratanapongleka and Phetsom, [97] carried out a study to 
degrade different dye structures by crude ligninolytic enzyme. The enzyme 
showed good decolorization efficiency of 85% in 2 h toward Acid Blue 80. 
They also determined the reaction kinetics and Michaelis-Menten behavior 
of the enzyme on Acid Blue 80 and resulted that the initial rate of decol-
orization depended on the dye concentration. In a variation on theme, 
Rodriguez and coworkers, [98] tested 23 industrial dyes for decoloriza-
tion by enzymatic machinery of WRF and found that only Lac activity was 
associated with decolorization. Furthermore, two Lac iso-enzymes from 
Trametes hispida were purified, and applied for decolorization study. Thus 
from these findings it can be concluded that crude Lac from L. polychrous 
have obvious potential for decolorization especially anthraquinonic dye.

8.12.3 Dye Removal by Immobilized Ligninolytic Enzymes

Dyes are coloring substances with varied biochemical constructions. More 
than 100,000 different dyes and dye-stuff pigments are available around 
the world in different industrial units and most of them are unaffected to 
water, light exposure or chemical substances. It is the responsibility of tex-
tile industry to market dyes and the industrial wastes are measured by gov-
ernments due to ecological concerns. Consequently, ligninolytic enzymes 
are of particular interest and are preferred for the development of biologi-
cal processes because of their potential to degrade various types of toxic 
dyes. Therefore, the immobilized lignonolytic enzymes could be subju-
gated in dye decolorization, for other reasons like easy operation, recycling 
of the enzyme and the cost effective nature [99].

Many stimulating examples of dye decolorization are described below 
using different immobilization supports by ligninolytic enzymes. Inspite of 
the various applications of ligninolytic enzymes, the most important one 
is its ability to decolorize and degrade industrial dyes. Kandelbauer et al. 
[100] specifics the decolorization of several dyes with Trametes modesta 
Lac restrained by covalent binding to Al

2
O

3
 pellets. The alumina was previ-

ously silanized with 3-aminopropyltriethoxysilane (APTES) and activated 
with glutaric dialdehyde. The decolorization was trailed online via spectro-
scopic sensors engrossed in the employed reactor. Several anthraquinonic, 
that is, Lanaset Blue 2R, Terasil Pink 2GLA and azo dyes were proficiently 
decolorized, indicating that this system of bioremediation is not limited to 
few structural groups. Preferentially, azo dyes containing having hydroxyl 
groups in the ortho or para position compared to the azo bonded dyes 
were oxidized. On the similar grounds, alumina was also employed for the 
Lac immobilization from T. hirsuta and applied for the decolorization of 
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other dyes like methyl green and (RBBR). Another way to use Al
2
O

3
 pellets 

were silanization with APTES following by activation with GLU to immo-
bilize Lac covalently, coated with PAH and poly Sodium 4-styrenesulfo-
nate (PSS). Using such immobilized Lac, methyl green was decolorized to 
a greater level than RBBR. However, RBBR was also decolorized by using 
immobilized Lac that was covalently bonded in pre-silanized controlled 
porosity-carrier beads (CPC-silica) previously activated by GLU. It was the 
enzymatic activity inspite of the adsorption property of the dye onto the 
carrier that was responsible for the decolorization of RBBR. Additionally, 
the permanence of the Lac was also reasonably upgraded [101].

Another Lac immobilization support that has been tested for dye treat-
ment was magnetic chitosan beads. In this case, T. versicolor Lac was 
covalently bonded through epichlorhydrin, to improve its thermal and 
operational stability. The Reactive Yellow 2 (80%) and Reactive Blue 4 
(55%) were effectively decolorized by this Lac in batch reactors. Several 
anthraquinonic dyes, namely Disperse Blue 3, RBBR and the indigoid dye 
Acid Blue 74 were decomposed better than the azo dyes like Reactive Black 
5 and Acid Red 27 using Lac immobilized on CPC-silica beads through 
GLU. However, the toxicity of the solution was increased during decoloriza-
tion of the anthraquinonic dyes as compared to azo and indigoid dyes that 
were proven to be less toxic. Consequently, it must be taken into account 
while making use of these dyes for decolorization and detoxification [102].

The consideration of another immobilization direction from environ-
mental prospects by using entrapment of Lac is on the way. Lu et al. [103] 
selected an alginate-chitosan complex membrane as a supporting matrix 
to immobilize Lac. The best settings for immobilization were 0.3% chi-
tosan, 2% CaCl

2
 and a 1:8 of enzyme: alginate, causing in a charging effi-

ciency and immobilized return of 88.12% and 46.93%, correspondingly. 
The lower activity and substrate affinity was presented by immobilized 
Lac but along with the better stability to thermal and acidic denaturation. 
In fact, the increase in the stability gave us an advantage in Alizarin Red 
decolorization either in the presence or absence of a Lac mediator. Under 
batch conditions, entrapped alginate with Polyborus rubidus Lac despoiled 
about 80% of a dye in 5 days. Likewise, a profitable Lac from Denilite II 
S using alginate-gelatin matrix with polyethylene glycol (PEG) was also 
immobilized to effectively decolorize Reactive Red B-3BF. The Lac stability 
was improved by the addition of PEG [31]. Phetsom et al. [33] immobi-
lized Lentinus polychrous Lac in Copper, Zinc and Calcium alginate. The 
immobilized Lac was tested for high thermal conditions compared to free 
enzyme. Copper and Zinc alginate bio-particles has shown relatively good 
approach toward stability and activity for RBBR, indigo carmine, methyl 
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red and bromophenol blue than free Lac. Zhao et al. [104] employed mag-
netic properties of Fe

3
O

4 
particles covered by alginate, modified with acyl 

chloride groups on the surface. The higher thermal and reusability prop-
erties were shown by immobilized Lac. After treatment of 12 hours, 39% 
and 22% of Congo red dye was oxidized by immobilized and free Lac, cor-
respondingly. In the same way, poly acrylamide-N-isopropylacrylamide 
(P AAm-NIPA) hydrogel with semi-interpenetrating networks (semi-
IPNs) of alginate was employed to immobilize T. versicolor Lac, that gave 
improvements in storage stability and in the decolorization of Acid Orange 
52. Later on, Makas et al. [105] used semi-IPNs prepared from carrageenan 
with either poly acrylamide-acrylic acid (P AAm-AA/κ-car) or poly acryl-
amideitaconic acid (P AAm-IA/κ-car). The immobilized enzyme in the 
above-mentioned hydrogel systems retained more than 80% of its original 
activity when stored for 42 days, while the activity reduces to 50% after 
ten uses in a batch system. Methyl orange resulted in 35% decolorization 
after 6 hours of treatment for both systems as it was selected as a target dye, 
which rose up to 70% if ABTS was employed as reaction mediator.

The non-porous polymer poly glycidyl methacrylate/ethylenegly-
col dimethacrylate (poly GMA/EGDMA) with the insertion arm 1, 
6-diaminohexane (DAH) was activated by GLU and covalently bound to 
the R. vernicifera Lac. The efficiency of the resulted immobilized Lac was 
reduced for the sake of gain in stability. Additionally, Reactive Red 120 was 
competently degraded [64]. An operative decolorization of indigo carmine 
was also performed by C. unicolor Lac immobilized in meso-structured 
siliceous cellular foams (MCFs). The T. versicolor and Pycnoporus cinnaba-
rinus Lac were immobilized in magnetic macroporous cellulose beads by 
making use of aldehydic groups as a support. This system of Lac immobili-
zation was proved better and has shown positive results in anthraquinone 
and azo dye decolorization.

It should be kept in mind that only few examples of Lac adsorption are 
cited in the literature. For instance, T. versicolor Lac was adsorbed on mag-
netic beads modified with poly (4- vinylpyridine) or chelated with Copper 
ions to decolorize Reactive Green 19, Reactive Brown 10 and Reactive Red 
2. The immobilized Lac on the glass beads Lac derived from Pseudomonas 
sp. SU-EBT displayed 97% and 90% Congo red (100 mg/L) decolorization 
activity after 12 and 60 hours, correspondingly, at pH 8 and 40 °C. It has 
also shown lasting storage stability at 40 °C for 192 hours. The immobi-
lized Lac showed high thermal stability arises from the presence of cova-
lent bonded nature that is associated with the attachment of enzyme to the 
glass beads, which basically enhances biocatalyst conformational rigidity 
compared to non-immobilized Lac [106].
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Immobilization of the T. hirsuta Lac on alumina primarily increases the 
thermal stabilities and its tolerance against some enzyme inhibitors like 
halides, dyeing additives and copper chelators. At 50 mM NaCl, the Lac 
lost 50% of its activity while the 50% inhibitory concentration (IC50) of the 
immobilized enzyme was 85 mM. The triarylmethane, indigoid, azo and 
anthraquinonic dyes were degraded by the Lac. The decolorized wastes 
with immobilized Lac could be employed for staining tenacity.

For the first time, Cristovao et al. [107] used green coconut fiber (cheaply 
available) successfully to immobilize marketable Lac by adsorption in the 
improved settings. A high decolorization percentage of all tested reactive 
textile dyes RB5, RB114, Remazol Black B, Reactive Yellow 15 (RY15), 
Levafix Brilliant Blue E-BRA, Reactive Yellow 176 (RY176), Remazol Yellow 
GR, Reactive Red 239 (RR239), Remazol Yellow 3RS, Remazol Brilliant 
Red 3BS and Reactive Red 180 (RR180) for decolorization by the immo-
bilized enzyme were obtained. The technique of immobilization permitted 
enzyme reuse with high operational stabilities and enhanced its stability 
that can be further employed as a potential lead in wastewater treatment.

Lu et al. [77] employed alginate-chitosan microcapsules for Lac immo-
bilization. Though, the substrate affinity and activity displayed by immobi-
lized Lac was lower than the free enzyme, it upgraded its stability to other 
parameters counting on thermal and acidic grounds. The immobilized Lac 
catalyzation efficiently decolorized Alizarin Red. A capability of immo-
bilized enzymes obtained from Trametes versicolor U97 or Pestalotiopsis 
sp. NG007 showed high decolorization efficiency for three textile dyes 
Lefavix Blue 16 (LB16), Reactive Remazol Navy 4 (RRN4) and Reactive 
Remazol Violet 9 (RRV9) in a vertical bioreactor system. Immobilization 
was conducted using a double layer of alginate bead (1.5% w/w) and crude 
enzymes. The decolorization rate was accelerated when a mediator 2, 2, 
6, 6-tetramethylpiperidin-1-yl oxyl (TEMPO) was used in immobilized 
enzyme of U97 or a Tween 80 was used in NG007. Reaction with glutar-
aldehyde (0.6%) for 4 h maintained the longevity and reusability of the 
beads. The study suggests that double layer immobilized enzyme in a bio-
reactor system has a terrific potential strategy for treating the textile dye 
effluents [108].

Shamsuria et al. [109] reported the degradation of dye malachite green 
oxalate using sol-gel Lac at the 3rd hour were 45% and 31% respectively. 
The optimum pH and temperature for sol-gel Lac against their degradation 
capacity respectively was at pH 5 and 40oC. Pezzella et al. [110] success-
fully immobilized a crude Lac from Pleurotus ostreatus on an inexpensive 
permeable silica material and tested for RBBR decolorization in a fluid-
ized bed reprocess container. A maximum conversion degree of 56.1% 
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was accomplished at reactor space-time of 4.2 hours in the continuous 
laboratory equipment. Stability and catalytic parameters of the immobi-
lized Lac were also measured in association with the soluble counterparts. 
It revealed an increase in stability despite of reduction in the catalytic 
presentations.

The partially purified Lac from Fusarium sp. immobilized in sodium 
alginate beads efficiently decolorized nine different textile dyes with maxi-
mum in Blue M2R (BM2R), Black-B (BB) and Orange M2R (OM2R) fol-
lowed by minimum decolorization activity in Yellow MR(YMR), Red BSID 
(RBSID), Manenta MP (MMP), Blue MR (BMR), Orange 3R (O3R) and 
Brown GR (BGR) decolorization. Sadighi and Faramarzi, [111]accom-
plished decolorization of Congo red by making use of immobilized Lac via 
chitosan nanoparticles on the surface of glass beads. Glass surface func-
tionalization was attained by using NaOH, glutaraldehyde and 3-amino-
propyltriethoxysilane (APES). Fourier Transform Infrared Spectroscopy 
(FT-IR) was applied to investigate the presence of different functional 
groups attached on the glass beads. The immobilization technique caused 
an increased thermal stability, reusability, reliability and longer lifetime 
of the enzyme. Thermal stability of the nano-scaled immobilized enzyme 
augmented up to near boiling temperature. Additionally, 98% of initial 
decolorization activity of the nano-particulated immobilized enzyme was 
reserved after 25 consecutive sequences.

Thakur et al. [112] entrapped extracellular Lac enzyme produced from 
Cercospora sp. SPF-6, in calcium alginate beads with maximum immo-
bilization efficiency of 72.42% and enzyme activity of 0.617 U/bead. The 
maximum 84.31% decolorization of methyl orange dye was observed at 30 
C at pH 2.5 in 30 min. Immobilized enzyme system preserved 50% of its 
competence even after the span of seven consecutive feedback cycles.

The Lac from Myceliophthora thermophila was covalently immobilized 
on Sepabeads EC-EP3 and Dilbeads NK triggered with epoxy groups. The 
enzyme immobilized on EC-EP3 exhibited distinguished activity (203 U/g) 
along with highly improved features, that is, pH stability, temperature sta-
bility and better storage time but resistance to organic solvents was remain 
unaffected. In addition, good operational stability has been shown by the 
biocatalyst, maintaining 84% of its initial activity even after the period of 
17 cycles of oxidation of ABTS. The Lac immobilized in EC-EP3 retained 
41% activity in the decolorization of Methyl Green in a fixed-bed reactor 
after span of five cycles [42]. The immobilized Lac was applied to the decol-
orization of Reactive Black 5, Methyl Orange, Acid Blue 25, Methyl Green, 
Remazol Brilliant Blue B and Acid Green 27 in the presence or absence of 
the redox mediator.
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Poly (methyl methacrylate-co-glycidyl methacrylate) (poly (MMA-co-
GMA)) cryogels were used for covalent attachment of Lac from Trametes 
versicolor. The thermal-stability of the immobilized Lac > free Lac. 
Immobilized Lac could be used for 10 time’s successive reuse with no sig-
nificant decrease in its activity. Also, these Lac immobilized cryogels were 
successfully used for the decolorization of Procion Red, Reactive Brown 
10, Reactive Green 5, Reactive Green 19, Alkali Blue 6B, Cibacron Blue 
F3GA and Brilliant Blue 6 [113].

Peralta-Zamora et al. [99] investigated by making use of immobilized 
Lac, the decolorization of Remazol Brilliant Blue R, Reactive Orange 122, 
Remazol Black B and Reactive Red 251 dyes within 30 min and decolor-
ization capacities were found to be 35–45%, 10%, 10–30%, and 5–55%, 
respectively. Jamal et al. [10] evaluated the effectiveness of Ca-alginate 
entrapped peroxidase for dye color removal from aqueous solution. The 
resulted entrapped enzyme removed dyes color up to 90.6% and 81.1% 
from dispersed 19 and dye mixture (dispersered 19  disperse black 9) 
respectively in repeated two reactor batch system. Entrapped enzyme was 
successfully recyclable for ten cycles in dye color removal. The findings 
suggested the usefulness of immobilized enzyme for dye color removal 
from industrial effluent.

Qiu et al. [22] exploited nano-porous gold (NPG) as a support mate-
rial for LiP immobilization. The ideal temperature of the immobilized LiP 
was recorded as 40 °C, which is 10 °C higher than that of free LiP. After 
incubation span of 2 hours at 45 °C, free LiP was completely deactivated 
while 55% of the initial activity of the immobilized LiP was still reserved. 
Furthermore, a huge and long lasting LiP activity was attained through 
in-situ release of H

2
O

2
 by a co-immobilized enzyme glucose oxidase. The 

present co-immobilization system was established to be very operative for 
the decolorization of rhodamine B, fuchsine and pyrogallol red.

Mirzadeh et al. [14] immobilized Lac (purified from Paraconiothyrium 
variabile) on permeable silica globules and appraized for the decoloriza-
tion of Acid Blue 25 and Acid Orange 7. Immobilized Lac represented 
higher temperature and pH stability 76% and 64% for Acid Orange 7 and 
Acid Blue 25 was decolorized, correspondingly after 65 minutes period of 
incubation. The activity of Acid Blue 25 and Acid Orange 7 was reduced 
by 26% and 31% respectively after the span of 9 cycles of decolorization.

8.12.4 Degradation of Lipids

Lipases are widely distributed in prokaryotes and eukaryotes in nature, 
but only microbial lipases have commercial importance [80]. Bacterial 
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lipases are greatly used in food and dairy industry for milk fat hydroly-
sis, flavor enhancement, cheese ripening, and lipolysis of cream and but-
ter fat. Moreover used in textile industry to enhance fabric absorbency, 
while in detergent industry as additive or supplement in washing powder 
[120], for various trans esterification reactions [121] and for synthesis of 
biodegradable compounds or polymers. Simultaneously, the enzymes are 
being employed in paper and pulp industry, as a catalyst for manufacturing 
various products used in cosmetic industry, in biodiesel synthesis [122], in 
pharmaceutical industry and in degreasing of leather.

Lipid-based pollution is a major issue in recent years not only in Pakistan 
but also in all over the world. Furthermore Oil spills are causing major haz-
ards to the environment. Petroleum fuel spills from tank failure, pipeline 
ruptures, different production storage and transportation accidents are 
speculated as the most frequent organic pollutant of soil and aquatic envi-
ronment and have been grouped as hazardous wastes due to their cyto-
toxic, carcinogenic and mutagenic effects on human. Micro-organisms 
are considered marvelous agents, who play a significant character in the 
degradation of lipids pollutants, found in soil and water etc. [123]. The 
application of lipase-producing microorganisms for degradation of waxy 
materials into wastewater treatment system (Table 8.6) is found satisfac-
tory. A number of microorganisms like molds, bacteria and yeasts have 
been found to be capable of total degradation of oil wastewater [124]. 
These microorganisms can be applied for the treatment of industrial as 
well as domestic wastewater containing lipids pollutants.

Biodiesel has been considered the most effective energy alternative. At 
present biodiesel has been commercially carried out using alkaline cata-
lyst. Lipases have been found to be active in trans esterification process 
leading to production of biodiesel, which may be proved to be environ-
mental friendly and economical. This involves use of immobilized lipases 
through various techniques [125].

Boundaries of the industrial usage of these enzymes have chiefly been 
due to their high production costs. The production of these enzymes at 
high levels and in a virtually purified form can be abridged by molecular 
technologies.

8.12.5 Degradation of Miscellaneous Compounds

The applications of enzymes in various sectors have been shown in 
Table 8.7. Lipases have found versatile applications in pharmaceutical 
industry. Specifically, preparation of homochiral compounds being used 
against HIV and synthesis of alkaloids, anti-tumor agents, vitamins and 
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Table 8.7 Application of enzymes in different industrial sectors.

Food Industry

Lac Phenolic emission from the food and beverage, 

Ascorbic acid determination

Sugar beet pectin gelation

[135]

LiP Source of natural aromatics

Production of vanillin

[136]

MnP Production of natural aromatic flavors [136, 137]

Pulp and paper industry

Lac Depolymerization of lignin, Delignify wood pulps, 

Bleaching of kraft pulps

[138, 139]

LiP Decoloriment of kraft pulp

Mill effluents

[138]

MnP Kraft pulp bleaching [137]

Textile industry

Lac Textile dye degradation and bleaching [42, 93, 137]

LiP

MnP

Bioremediation

Lac Biodegradation of xenobiotics, Polycyclic aromatic 

hydrocarbons(PAHs)degradation

[137, 139]

LiP Degradation of azo, heterocyclic, reactive and poly-

meric dyes, Mineralization of environmental con-

taminants, Xenobiotic and pesticides degradation

[139, 138]

MnP PAH’s degradation, Synthetic dyes, Bleach from 

paper-producing plants, DDT, PCB, TNT

[139]

Organic synthesis, Medical, Pharmaceutical, Cosmetics and 

Nanotechnology Applications

Lac Polymers production, Coupling of phenols and 

steroids, Medical agents, Carbon-nitrogen bonds 

construction, Complex natural products synthe-

sis, Personal higienic products, Biosensors and 

bioreporters

[41, 42, 139]

(Continued)
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Table 8.7 Cont.

Organic synthesis, Medical, Pharmaceutical, Cosmetics and 

Nanotechnology Applications

LiP Functional compounds synthesis

Cosmetics and dermatological for skin

Bioelectro-catalytic activity at atomic resolution

[140]

MnP Acrylamide polymerization

Polymer styrene degradation

Direct electron transfer (DET)

[20]

antibiotics are fundamental applications of lipases [133]. Furthermore, 
bacterial lipase treatment has been found to intensify the designing of 
cotton fabrics. Bacterial lipases have been analyzed for the efficiency as 
a scouring agent for raw cotton fabrics in order to eliminate the natural 
hydrophobic substances found in the fiber [134].

8.12.6 Xenobiotics and Industrial Effluents

It is normally decided in current scenario that xenobiotic substances are 
posing huge hurdles in wastewater treatment because these novel sub-
stances are nonbiodegradable and habitually resilient to the process of 
degradation by chemical and biological methods. Owing to high compe-
tence and cost-effective degradation of the environmental pollutant, ligni-
nolytic enzymes (LiP, MnP and Lac) well-thought-out to be an alternative 
bioremediation treatment and are often used for the management of pol-
luted environments [140]. The immobilization of these enzymes produce 
greater working stability and resilience of the enzyme and may leads to the 
possibility, in some cases, of its use in a constant process thus permitting 
biocatalysts to be used at larger scale [67]. The degradation of aromatic 
compounds by immobilized ligninolytic enzymes are discussed in below 
mentioned text to illustrate this point. For example, immobilized LiP is 
quite well-known for their ability to mineralize a diversity of intractable 
aromatic compounds and to oxidize a number of PAH and other pheno-
lic compounds. Previously, Cornwell et al. [140] testified an immobiliza-
tion of LiP on porous ceramic supports did not unfavorably affect LiP’s 
stability and showed a incredible prospective for degradation of ecologi-
cally tenacious aromatics compounds. Color removal from kraft waste by 
“CNBr-sepharose 4B” immobilized LiP was investigated. The immobilized 
LiP upgraded the decolorization by a factor of 2.9. LiP immobilized on 
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activated silica produced 65% chemical oxygen demand reduction (COD), 
20% mineralization and 12% decolorization. The immobilized LiP exhib-
ited 70% decolorization, 55% total phenol removal and a total organic car-
bon (TOC) reduction of 15% in 3 hours of treatment on Amberlite IRA-400 
resin [99]. Grabski et al. [141] immobilized MnP isolated from Lentinula 
edodes on azlactone-functional copolymer covalently, derivatized with eth-
ylenediamine and 2-ethoxy-1-ethoxycarbonyl-1, 2-hihydroquinoline as a 
coupling reagent. This enzyme was engaged in a 2-stage immobilized MnP 
bioreactor for catalytic production of chelate Mn-III and oxidation of chlo-
rophenol subseqently.

Of most recent, Asgher and Iqbal. [118] immobilized purified MnP 
(2.1-fold) secluded using sol-gel matrix of trimethoxysilane and prop-
lytetramethoxysilane from solid state culture of Pleurotus ostreatus IBL-
02. They achieved 100% decolorization within a short span of time textile 
industry effluents, for example, Nishat textile (NIT), Sitara textile (SIT) and 
Crescent textile (CRT). Lower K

M
, higher V

max
, hyper-activation, improved 

acidic and thermal stability up to 70 °C, were increased catalytic structures 
of the presently sol-gel immobilized MnP.

8.12.7 Degradation of Aromatic Compounds

Liu et al. [142] reported the use of carbon-based mesoporous magnetic 
composites (CMMC) in phenol for immobilization of Lac and for the 
removal of p-chloro-phenol. Magnetic bio-separation technology was 
combined with the immobilized enzyme made the separation easier and 
also helped in easy recovery of the catalyst and made the process cost-
effective. Significantly broader pH and temperature profile was shown by 
Lac immobilized on CMMC than the free enzyme. The similar kind of 
behavior was noticed for Lac immobilized on polyacrylonitrile (PAN), one 
of the most widely processed support having good mechanical attributes, 
high tensile strength, solvent and abrasion resistance [143]. The kinetic 
parameters of reactions catalyzed by Lac immobilized on CMMC desig-
nated less similarity for the substrate compared to free enzyme. However, 
the immobilized enzyme during 12 hours incubation period utilized 78% 
and 84% of phenol and p-chlorophenol, correspondingly [143]. A simi-
lar kind of statements regarding high efficiency of degradation was per-
ceived by [144]. Lac immobilized on magnetic Copper chelated silica 
support detached penta-chlorophenol with 82.9% competence, whereas 
87% efficiency of 2,4,6-trichlorophenol removal in 4 hours conjugation of 
the enzyme onto the surface of polyacrylonitrile electrospun fibrous mem-
brane was noticed [144].
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The dilapidation of particular hydroxylated aromatic compounds was 
directed by R. vernicifera Lac immobilized in fiber membranes. With the 
exception of 2-hydroxy-decahydronaphthalene, the effective degradation 
of 3, 4-dimethylphenols, 2-hydroxy-1, 2, 3, 4- tetrahydronaphthalene, 
4-ethylphenol and 4-hydroxybiphenyl was achieved, extending from 50 to 
100% with 2 days of handling. Mohajershojaei et al. [145] studied phenol 
degradation with immobilized Lac from R. vernicifera in a polypropylene 
membrane that was adapted with chromic acid and consequently activated 
by ethylenediamine and GLU. The distinguished outcomes of this work 
were the improvement in the pH and thermal stability of the insoluble 
enzyme and narrower pH-activity outline of the soluble Lac compared 
with the immobilized Lac. Lac from T. versicolor was immobilized in 
kaolinite that was functionalized by APTES and GLU and was then tested 
for its ability to degrade PAH. In the existence of the mediator ABTS, 80% 
of anthracene and benzo[a]pyrene (BaP) was corroded. Later, the same 
authors used kaolinite and SBA-15 for the immobilization of T. versicolor 
Lac, attaining high thermal stability and pH along with the effective oxi-
dation of BaP, signifying again the potential of Lac for PAH remediation. 
Similarly, SBA-15 support was later used for the immobilization of T. ver-
sicolor Lac by adsorption and covalent binding methods. The covalently 
attached Lac to aminopropyl and aminobutyl functionalized SBA-15 
degraded naphthalene with 35% and 39% in 5 hours correspondingly [99].

The degradation of phenolic compounds was established by immobilized 
Lac. For the degradation of 2, 4-dichlorophenol, Coriolus versicolor Lac was 
immobilized by adsorption on activated carbon followed by entrapment 
into calcium alginate gels. Better thermal and pH stability were presented 
by immobilized Lac compared to free enzyme and achieved a dechlorina-
tion efficiency of 99.5% during 8 recurrent batch reactions. Bisphenol A 
(BPA), an endocrine disruptor regularly found in effluents from industry 
was also degraded by T. versicolor Lac that had been covalently bonded to 
nylon membranes attached with glycidyl methacrylate and phenylenedi-
amine as a insertion. In another study, Lac was encapsulated in the sol-gel, 
and its thermal and storage stability was improved. The kinetic parameters 
indicated that the tested Lac had higher affinity for Trichlorophenol than 
Dichlorophenol, and the maximum concentration of chlorophenol that 
could be tolerated by the immobilized Lac was comparatively high [146].

The oxidation of phenol, p-chlorophenol and aniline was verified with 
a Lac from T. versicolor that had been immobilized by ionic adsorption 
using poly (hydroxyethylmethacrylate)-glycidylmethacrylate aminated 
poly (HEMA-g-GMA) as a support material, ensuing the effective phenol 
degradation with recovery of 71% of the activity. Ordered mesoporous 
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materials (OMMs) were employed to immobilize Lac for the oxidation of 
caffeic acid, protocatechuic acid, sinapic acid and ferulic acid from OMW 
[46]. The use of the cross-linked C. polyzona Lac was also reported in the 
literature, for the degradation of nonyl phenol p353NP, BPA and triclosan 
[17]. CLEAs of T. versicolor, T. villosa and Agaricus bisporus formed with 
PEG and GLU have also been lately considered mainly in the aerobic oxi-
dation of linear aliphatic alcohols [13]. Chitosan was also chosen as a sup-
port material for the immobilization of C. versicolor Lac through covalent 
bonding using GLU. A degradation efficiency of 65% was attained for 2, 
4-dichlorophenol (2, 4-DCP) after 6 sets of operation. The activity of the 
immobilized Lac was found less than compared to the free Lac but the sta-
bility was undoubtedly improved [146].

The Streptomyces psammoticus Lac entrapped in calcium alginate beads 
reserved 42.5% Lac activity. On the other hand, copper alginate beads 
proved a superior support for Lac immobilization by retaining 61% of the 
activity. Reusability of the immobilized matrix was studied for up to 8 con-
secutive runs for duration of 6 hours for each. After the initial run, the 
immobilized system removed 72% of the color and 69.9% of total phenolics 
from the phenol model solution [147].

The immobilized P. ostreatus MnP fraction by making use of hydropho-
bic sol-gel entrapment comprising tetramethoxysilane (T) and propyltri-
methoxysilane (P) reserved 82% and 75% of its distinctive activity at pH 4 
and temperature of 70 oC, correspondingly. The immobilized MnP exhib-
ited 100% decolorization 4 dissimilar textile industrial wastes within the 
shortest span of time. A lower KM, higher Vmax, hyper-activation, and 
improved acidic and thermal resistance up to 70 °C were the novel catalytic 
features of the sol-gel immobilized MnP, signifying that it may be a prob-
able contender for biotechnological applications predominantly for textile 
bioremediation purposes [148].

Combined versatile cross-linked enzyme aggregate (combi-CLEA) 
was formed by oncomitantly cross-linked after aggregation of 3 oxida-
tive enzymes Lac from Trametes versicolor, versatile peroxidase (VP) from 
Bjerkandera adusta and glucose oxidase (GOD) from Aspergillus niger c. 
The constructed biocatalyst exerted higher resistance to harsh conditions 
(high temperature and low pH) and activity at room temperature were 
improved after insolubilization. Then, these combi-CLEAs were used for 
the elimination of pharmaceutically active compounds (PhACs) pres-
ent in a filtered effluent of a community wastewater handling plant. The 
combi-CLEA has shown the ability to transform efficiently the nonsteroi-
dal anti-inflammatory drugs acetaminophen, naproxen, mefenamic acid, 
diclofenac and indometacin. Globally, combining these enzymes able to 
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realize cascade conversions of different substrates allows the generation 
of biocatalysts with expanded substrate ranges as well as operating condi-
tions [149].

Very recently, Rahmani et al. [150]) measured the immobilization of 
Lac (Trametes versicolor) on CPC silica beads and removal of two sulfon-
amides, sulfathiazole (STZ) and sulfamethoxazole (SMZ). At the raised 
temperature of 70 °C, immobilized Lac detached 71.7% of STZ and 53% 
of SMZ compared to free Lac. 63.3% and 82.6% of the initial activity of the 
immobilized Lac toward SMZ and STZ persisted, correspondingly after 
10 sets of removal tryouts. Long-established higher affinity of immobilized 
Lac toward STZ was confirmed by the lower Km value for STZ (0.056 mM) 
equated to that of SMZ (0.096 mM).

The suitability of these biocatalysts for continuous treatment of different 
industrial effluents was evaluated from different features of immobilized 
ligninolytic enzymes like stability and reusability on different carriers. In 
a recent study, Iqbal and Asgher, [119] used TMOS and PTMS composed 
xerogels of different hydrophobicities to immobilize a purified novel MnP 
from an aboriginal WRF strain Trametes versicolor IBL-04 and achieved 
92.2% immobilization efficiency. The resulting immobilized MnP retained 
a high activity of 82 and 75% at pH 4 and 80°C when incubated at varying 
pH and temperatures for 24 h. The stability and reusability of the immobi-
lized MnP was demonstrated by oxidation of MnSO4 for up to 10 continu-
ous cycles. Shelf life contor discovered that enzyme may keep their activity 
without losing a bit of it for time period of 60 days at 25 °C. The immo-
bilized MnP was verified against dissimilar textile effluents to explore the 
industrial applicability of MnP produced by G. lucidum. The industrial 
effluents were decolorized to different extents after being incubated for 4 
hours (with a maximum efficiency of 99.2%). The maximally decolorized 
waste was examined for formaldehyde and nitroamines and it was declared 
that the toxicity parameters were underneath the acceptable boundaries.

8.13  Conclusions

Lipases are ubiquitous enzymes found in both prokaryotes and eukaryotes; 
however microbial enzymes have significant importance due to their fun-
damental role in lipids biodegradation. Lipases transmit innovative reac-
tions in both non-aqueous and aqueous media. Moreover these enzymes 
have distinctive properties like easy management and availability, high sta-
bility, broad substrate tolerance under different conditions of temperature 
and types of solvents, which make Lipases more popular. Therefore they 



300 Advanced Materials for Wastewater Treatment

have immense industrial and biotechnological applications where they 
reveal amazing versatility in their catalytic behavior. A diversity of genes 
have been isolated, recognized and characterized in microorganisms (bac-
teria, fungi, yeast), by which lipases are produced in them.

A variation in artificial dyestuffs unrestricted by the textile industry car-
riage a threat to ecological safety. The greatest immediate environmental 
concern with regard to water quality appears due to release of textile and 
dye-house effluent may cause abnormal coloration of the surface water and 
directly affects the aquatic vegetation and wildlife.

Many biological systems play a significant character in the biodegrada-
tion of textile dye effluents and reduce its toxicity. Lately, several reports 
emphasized that microbial systems not only help in degradation and decol-
orization but also detoxify dyes, thus giving an essential green procedure 
over chemical decomposition procedures.

The unique direction for application of this enzyme technology has 
attracted much curiosity with regard to decolorization, degradation and 
detoxification of azo dyes from wastewater. This attempt is an excellent 
alternative strategy to conventional physicochemical treatments. The pro-
duction of free radicals by oxido-reductive enzymes is responsible for com-
plex series of spontaneous cleavage reactions. It is probable that enzymatic 
treatment will be the most effective for the highest concentrations of target 
contaminants. This delivers a complete foundation for the development of 
cost-effective Lac-based processes that are equally good for use in indus-
trial and ecofriendly biotechnology applications.

The degradation of textile dyes by Lac immobilized on surface of porous 
glass beads revealed that anthraquinone and indigoid dyes were degraded 
more quickly than the azo dyes. Though, Lac treatment was more effective 
at decolorizing the anthraquinone dyes while the less for azo and indigoid 
dyes. These results validate (to enzymatically decolorize a range of different 
dye classes and reduce dye toxicity in a single step) the potential and limi-
tations of using immobilized Lac. Lac from Trametes modesta immobilized 
on aluminum oxide pellets established that this remediation system is not 
restricted to a certain structural group of dyes. The maximally decolor-
ized effluent toxicity level was found to be below the permissible limits 
indicated by formaldehyde and nitroamines toxicity parameters.
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Abstract
Biochar is a porous material that is produced by pyrolysis, that is, thermal heating 

under oxygen limited conditions. The potential of biochar has been investigated 

in various fields like wastewater treatment, soil treatment/improvement, organic/

inorganic pollutant (like metals, dyes, fluoride, phenol, dyes and pesticide etc.). 

The cost of preparation of biochar is high, so, the researchers have drawn their 

attention toward the preparation of low cost plant derived biochar. Biochar as 

adsorbent for pollutant removal have been proved in various studied due to high 

carbon content, low ash content, large surface area, and high porosity. The present 

review explores the biochar application in various pollutants removal from aque-

ous solutions and soil treatments.

Keywords: Biochar, pollutant, heavy metal, soil treatment, pyrolysis

9.1  Introduction

Biochar is carbonic material which is synthesized through pyrolysis of plant 
and agricultural derived biomass having oxygen functional and aromatic 
groups [1]. Recently, biochar has been emerged as multipurpose product 
for pollutant remediation from aqueous solution and for soil amendment. 
The wide applicability of biochar is depends on its structural and chemi-
cal properties. Biochar is generally considered as a precursor of activated 
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carbon [2]. Slow pyrolysis of biochar leads to its low cost in nature. The 
chemical modification and impregnation increases biochar efficiency as 
adsorbent. The low cost of biochar production may be a good alternative 
source of costly activated carbon, graphene and carbon nanotubes [3]. The 
feedstock of biochar materials are generally derived from plant, agricul-
tural, forest and industrial waste. In addition, the use of waste material as 
biochar conversion not only solve waste disposal problem but other hand 
improve plant management and environmental protection [4].

Most of the studies have revealed that biochar has excellent ability to 
remove pollutant like heavy metals, dyes, fertilizer, organic waste from 
aqueous solution [5, 6]. The biochar is produced in solid material by pyrol-
ysis (slow and fast), gasification and hydrothermal carbonization.

Heavy metals are introduced in the environment due to unsuitable treat-
ment of industrial wastewater. These are highly toxic, non-biodegradable 
and pose threat to living organisms even at lower concentrations [7, 8]. 
The metals such as cadmium, lead, zinc, nickel, copper, mercury and chro-
mium are considered as hazardous pollutants. The metal oxidant species 
like Cr(VI), Cr(III), Cu(II),Cd(II), Hg(II), Pb(II) and Zn(II) are present in 
industrial wastewater. These metal pollutant species are released by indus-
tries like leather and tanning, energy production, pigment and battery 
manufacturing, mining, pharmaceutical, metallurgical and electroplating. 
Industrial wastewater bearing metal species should be treated before release 
into environment. Conventional technologies like chemical precipitation, 
electrolysis, electrolytic recovery, ion exchange resins, reverse osmosis, flo-
tation, coagulation, electrochemical are not capable in removing metal ion 
when it present in lower concentration moreover, the techniques are highly 
cost prohibitive [9, 10].

Biosorption technique successfully remediate heavy metals, dyes, pes-
ticide, phenol, and other toxic pollutants from soil, sediment, surface and 
groundwater and industrial wastewater. The biochar also act as a potential 
precursor as soil fertilizer and also aids in sequestering atmospheric CO

2 

concentration [11]. According to Ahmed et al. [12], the average price range 
of biochar was $ 0.09 Kg 1 (Philippines) to $8.85 Kg 1 (UK). Biochar can be 
prepared by pyrolysis, that is, thermal heating. Due to cost effective nature 
of biochar preparation there is need to focus on low cost plant derived 
biochar. Cellulosic and lignin rich woody biomass (e.g., wood, bark, shells, 
peels, straw, bagasse) derived biochar have high aromatic composition, 
low ash content, large surface area and highly porous in nature [13] which 
makes the biochar as a potential adsorbent. The current chapter focuses 
and summarizes recent investigation and applications of plant-based bio-
char in various type of pollutant removal.
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9.2 Preparation Methods of Biochar

9.2.1 Pyrolysis

Pyrolysis is the most popular method of biochar preparation. It is the pro-
cess by which organic matter (solid or liquid) undergo thermal decompo-
sition in the absence of oxygen or in presence of little oxygen. It is chemical 
process where heat treatment generally breakdown larger molecule into 
smaller ones. The conversion process of biochar either slow or fast is 
depends on parameter like temperature, heating rate and vapor residence 
time [14, 15].

9.2.2 Slow Pyrolysis

This process leads to char production where biomass is heated slowly. The 
maximum char yield is obtained upto 30–35% by low biomass heating rate 
( 50 °C/min) with residence time for biomass upto minutes to several 
hours. The moderate pyrolysis occurs between temperature ranges from 
300 to 700 °C.

9.2.3 Fast Pyrolysis

Fast pyrolysis done at different operating conditions (short residence time, 
2 s, high heating rate, above 200 K/min). It results into low char yield but 

high yield of bio-oil [16].

9.2.4 Gasification

Gasification is process to convert biomass into gaseous mixture (viz., syn-
gas, CO, CO

2
, H

2
, CH

4
 and hydrocarbons) by treatment of oxidising agent 

under high temperature (>700 °C) [16]. Gasification agent (air, steam and 
oxygen) or mixture of gases used primarily. The operating conditions of 
gasification are biomass feed rate, type of oxidising agent, and temperature. 
In this process, syngas and ash are the main by-products. The advantage of 
gasification is the conversion of biomass source into liquid fuels.

9.2.5 Hydrothermal Carbonization

Hydrothermal carbonization (HTC) involves the conversion of biomass 
into biochar at moderate temperature 180–370 °C with high pressure 
(1.5–22 MPa) in water [17]. The reaction time is generally 1 min to several 
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hours, but most of the material conversion performed upto 20 min reac-
tion time [18]. The hydrochar is final product in HTC, has higher energy 
density equivalent to coal (15–30 MJ/Kg). Hydrochar can be utilized in 
carbon sequestration, wastewater treatment and soil improvement. The 
biochar yield, volatile matter production decreases at higher temperature 
but char carbon content increases [19].

9.3  Physico-chemical Characterization 
of Plant-Based Biochar

The application of any biochar depends on its physico-chemical properties 
which are governed by pyrolysis conditions and feedstock. The plant mate-
rials are used as biosorbent for remediation of toxic pollutants (Table 9.1). 
The main physico-chemical parameter are pH, ash content, moisture con-
tent, bulk density, elemental analysis, BET (Brunauer, Emmett and Teller), 

Table 9.1 Plant material used for biochar production.

Agricultural 

products

Forest 

waste

Industrial 

plant 

waste Weeds Other

Corn straw Pine wood Sugarcane 

bagasse

Sea weed Aquatic plants

Peanut shell Pine 

needle

Paper waste Lantana spp. Salt marsh

Coir pith Cactus 

fiber

Hemp fiber Onopordom 

heteracanthom

Miscanthus 

sacchariflorus

Rice husk Douglas fir Coffee 

grounds

Leersia 

hexandra

Black cherry

Cotton seed 

hull

Willow 

chips

Sawdust Ageratum spp

Soyabean 

stover

Eucalyptus Pomace Artemisia 

vulgaris

Wheat straw

Cassawa waste

Zea mays
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FTIR (Fourier Transform Infrared Spectroscopy), SEM (Scanning Electron 
Microscopy), EDX (Energy Dispersive X-ray). The physico-chemical char-
acterization of various biochar materials are given in Table 9.2.

9.3.1 pH

pH plays important role in the uptake of pollutants from aqueous media. The 
anions and cations, dye, and metal uptake are depends on pH characteristics 
of biochar. Anions removal occurs rapidly with decrease in pH and cation 
uptake increases with increasing pH. At lower pH, H+ ions compete with 
metals, which decreases metal uptake. At higher pH, the soluble hydroxyl 
formation takes place which decreases metal uptake [20]. The competitions 
of H

3
O+ ions are also depend on solution concentrations and type of metal 

ions. In aqueous media, exchange of anions and cations, and availability of 
active ites on adsorption is depends on solution pH. pH of biochar found 
alkaline (8.7–12) and hydrochar possess acidic (4.4–6.0) nature [21].

9.3.2  Ash Content

Ash content in biochar constitutes inorganic matter as residue (metals, 
dyes) and impurities after pyrolysis. Percentage of ash content in biochar is 
highly dependent on type of feedstock and pyrolysis temperature. Santos 
et al. [22] observed that biochar of pine needle has lower ash content 
(1.23–1.80%). Mary et al. [23] found ash percentage in biomass ranged 
from 3.50–18.86%.

9.3.3  Moisture Content

Biochar adsorption capacities are higly interrelated on moisture content. 
The higher level of moisture in biochar increases cost for transportation 
per unit of biochar. Santos et al. [22] prepared biochar by slow pyrolysis, 
they evaluated lower moisture content (0.9–1.8%). The moisture content in 
argan shells biochar was 0.97% [24].

9.3.4  Bulk Density

Bulk density is the mass of biochar occupied divided by its total volume. 
Bulk of biochar decreases with temperature, due to porous formation on 
surface [25]. Biochar employed to decrease the bulk density and increase 
moisture content in agricultural soil [26]. According to Rafiq et al. [27] 
temperature increases in pyropysis generally increase in carbon content 



318 Advanced Materials for Wastewater Treatment
T

ab
le

 9
.2

 
P

h
ys

ic
o

ch
em

ic
al

 c
h

ar
ac

te
ri

st
ic

s 
o

f 
p

la
n

t-
d

er
iv

ed
 b

io
ch

ar
.

B
io

ch
ar

 t
yp

e

P
yr

o
ly

si
s 

te
m

p
er

at
u

re
 

°C

M
o

is
tu

re
 

co
n

te
n

t
C

 %
H

%
N

%
S

%
O

%
A

sh
%

B
E

T
 

su
rf

ac
e 

ar
ea

R
ef

er
en

ce

C
o

tt
o

n
 s

ee
d

 h
u

ll
2

0
0

5
1

.9
6

.0
0

.6
0

–
4

0
.5

0
3

.1
[3

1
]

O
ak

 b
ar

k
4

5
0

7
1

.2
5

2
.6

3
0

.4
6

–
1

2
.9

9
1

1
.1

[3
2

]

S
o

ya
b

ea
n

 s
tr

aw
4

0
0

4
4

.1
0

–
2

.3
8

–
–

–
[3

3
]

B
am

b
o

o
 (

B
B

n
)

–
6

5
.1

7
0

.0
5

0
.9

6
0

.8
8

–
9

.1
[3

4
]

B
ag

as
se

 (
B

B
g)

–
59

.1
9

0.
46

0.
19

0.
81

–
1

7
.2

[3
4]

R
u

b
b

er
 w

o
o

d
 

sa
w

d
u

st

7
0

0
4

3
.2

7
6

.8
3

0
.3

9
–

–
–

[3
5

]

D
ew

 m
el

o
n

 p
ee

l
45

0
83

.2
3.

12
0.

2
–

1
3

.4
7

1
4

.2
3

[3
6]

P
in

e 
co

n
e

5
0

0
6

7
.8

8
3

.8
9

0
.5

5
0

.0
1

2
2

.0
7

2
.1

3
[3

8
]

O
ra

n
ge

 p
ee

l
–

–
4

1
.8

6
.4

1
.0

–
4

7
.9

2
.9

–
[3

8
]

R
es

id
u

al
 w

o
o

d
–

–
4

5
.8

6
.1

0
.3

–
4

4
.0

3
.8

–
[3

8
]

C
o

rn
 s

to
ve

r
5

0
0

1
.7

2
9

.5
1

.6
0

.6
0

.0
2

7
.9

5
9

.3
8

.5
[3

9
]

C
o

rn
 s

to
ve

r
6

0
0

1
.8

3
1

.4
2

.0
0

.6
0

.0
3

9
.2

5
5

.7
3

.3
[3

9
]

C
o

rn
 s

to
ve

r
7

3
2

1
.0

2
1

.8
0

.1
0

.4
0

.0
2

3
.4

7
3

.6
1

4
.3

[3
9

]

Sw
it

ch
 g

ra
ss

4
5

0
2

.6
3

7
.5

2
.2

0
.5

0
.1

6
8

.9
4

9
.6

1
5

.6
[3

9
]



Plant-Based Biochar in Pollutant Removal 319

Sw
it

ch
 g

ra
ss

5
0

0
2

.4
4

0
.7

1
.9

0
.5

0
.1

3
1

.0
5

4
.5

1
6

.8
[3

9
]

Sw
it

ch
 g

ra
ss

5
5

0
2

.9
4

2
.2

1
.9

0
.5

0
.1

7
4

.9
4

9
.0

2
6

.2
[3

9
]

R
ed

 o
ak

5
0

0
2

.2
6

2
.0

2
.7

0
.6

0
.0

2
9

.8
2

3
.4

3
.8

[3
9

]

M
ix

ed
 h

ar
d

w
o

o
d

~
4

0
0

3
.6

7
9

.2
2

.4
0

.5
0

.0
1

1
1

.0
6

.7
8

.1
[3

9
]

W
o

o
d

 w
as

te
~

8
0

0
4

.0
7

6
.6

1
.3

0
.5

0
.0

1
4

.2
1

6
.7

5
.8

[3
9

]

R
ap

es
ee

d
–

–
5

2
.2

5
8

.0
6

3
.9

1
–

3
5

.7
8

5
.7

3
–

[4
1

]

R
ap

es
ee

d
4

0
0

–
5

7
.9

5
3

.4
3

5
.4

3
–

3
3

.1
3

1
9

.2
8

 ±
 0

.4
8

–
[4

1
]

R
ap

es
ee

d
5

0
0

–
6

1
.9

8
1

.9
2

4
.3

2
–

3
1

.7
8

2
3

.3
5

 ±
 0

.5
5

–
[4

1
]

R
ap

es
ee

d
5

5
0

–
6

7
.2

9
1

.7
5

4
.7

5
–

2
6

.2
1

2
4

.9
4

 ±
 0

.6
4

–
[4

1
]

R
ap

es
ee

d
7

0
0

–
7

0
.4

1
1

.2
4

3
.2

4
–

2
5

.1
1

2
6

.8
 ±

 0
.7

2
–

[4
1

]

R
aw

 P
C

 b
io

ch
ar

2
1

6
3

.1
2

6
7

.8
8

3
.8

9
0

.5
5

<
0

.0
1

2
2

.0
7

2
.1

3
6

.6
0

[3
7

]

Z
n

-l
o

ad
ed

 P
C

 

b
io

ch
ar

2
5

6
3

.0
8

7
1

.2
1

3
.0

3
0

.5
1

<
0

.0
1

2
0

.4
3

2
.1

4
1

1
.5

4
[3

7
]

P
ea

 p
o

d
–

7
.0

 ±
 1

.4
0

3
9

.3
2

4
.7

5
2

.4
0

0
.2

3
5

3
.3

0
3

.5
0

 ±
 1

.4
0

–
[2

3
]

C
au

li
fl

o
w

er
–

1
8

.8
6

 ±
 1

.3
0

3
1

.8
0

3
.2

0
4

.0
1

1
.5

9
5

9
.4

0
1

8
.8

6
 ±

 1
.3

0
–

[2
3

]

O
ra

n
ge

 p
ee

l
–

5
.5

0
 ±

 0
.7

0
4

0
.4

3
4

.8
3

1
.5

6
0

.2
7

5
2

.9
0

5
.5

0
 ±

 0
.7

0
–

[2
3

]



320 Advanced Materials for Wastewater Treatment

(45.5 to 64.5 %), vice versa, oxygen content decreases. Higher pyrolysis 
temperature leads to loss of oxygen content but increase in nitrogen con-
tent [28].

9.3.5  Elemental Analysis

Elemental analysis represents the elemental profile of biochar. C, H, N, S 
(O) are generally analyzed by elemental analyser.

9.3.6  BET (Brunauer, Emmett, and Teller)

The surface area of biochar was determined by using the BET method. 
Ahmad et al. [29] found that pyrolysis process increased the BET surface area 
of biochar upto 99.8%. The maximum surface area for MBC and BC were 
198.359 and 164.731 m2/g, respectively. High temperature treated biochar 
exhibit higher BET surface area, but not more than activated carbon [30].

9.3.7  SEM and EDX

SEM (Scanning Electron Microscopy) is effective tool to study the surface 
morphology of biochar while, EDX (Energy Dispersive X-Ray) charac-
terize elemental composition of material. SEM-EDX studies help in the 
understanding of organic and inorganic chemistry of biochar. SEM studies 
give the detail of porous structure formation on biochar by the reduction 
of volatile and metal content in char particle.

9.3.8  FTIR

FTIR (Fourier Transform Infrared Spectroscopy) helps in the identification 
of the functional groups present on the surface of the biochar. Generally, 
FTIR spectra recorded at wavelength between 400 and 4000 cm 1.

9.4 Biochar for Heavy Metal Removal

Karim et al. [4] used banana derived biochar for Cr(VI) removal in aqueous 
solutions. The banana biochar yield was obtained 66 and 40 % at 300 °C and 
500 °C, respectively. They observed that maximum monolayer adsorption 
was 91.18 and 54.06 % (at pH-2, 50 ml/L initial concentration and 2 g/L 
dose) for BC-300 and BC-500, respectively. Gharbani- Lee et al. [43] com-
pared heavy metal adsorption by peat and peat moss derived biochar. It was 
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found that peat moss biochar showed highest uptake for metal like Pb(81.3 
mg/g), Cd(39.8 mg/g) and Cu(18.2 mg/g), respectively. Peat moss biochar 
were prepared by different range of pyrolysis (Temperature, 400–1000 °C) 
for 30–90 min. The biochar prepared at 800 °C was most efficient for Cu and 
Pb removal. Komkiene and Baltrenaite [44] found that biochar produced by 
scots pine and silver birch efficiently reduces concentration of heavy metal 
contaminated water. The copper(II) removal was observed to be 128.7 μg/g 
on silver birch and for lead(II) on silver birch, and scot pines were varied 
from 1.29 to 3.77 μg/g and 2.37 to 4.49 μg/g, respectively. The zinc removal 
on scot pine was found to be 107.0 μg/g. Usman et al. [45] have taken date 
palm biochar for Cd(II) removal from aqueous solutions. They prepared 
date palm biochar at two temperature viz. 300 °C(BC-300) and 700 °C(BC-
700) as sorbents. The highest Cd uptake capacity was found by BC-700 
(43.58 mg/g) than BC-300 (26.96 mg/g) at pH 2. Shen et al. [46] performed 
removal of nickel metal ions from aqueous solution by four standard biochar. 
The biochar prepared at 500 and 700 °C from wheat straw pellets (WSP 500, 
WSP 700) and rice husk (RH 500, RH 700). The maximum uptake capacities 
were found in the order of WSP700>WSP500>RH700>RH550. Astragalus 
membranaceus redidue was utilized as magnetized biochar for uptake of 
chromium in batch experiments. The maximum Cr (VI) removal was found 
to be 23.85 ± 0.23 mg/g at pH 2 [46]. Canna indicia, Pennisetum purpureum 
schum derived biochar were investigated for the sorption of Cd(II) ions. The 
wetland derived plant biomasses were heated upto 500 °C for biochar prepa-
ration. Similar metal removal efficiencies were noticed by C. Indica (125.8 
mg/g) and P. Purpurreum Schum (119.3 mg/g) [47]. The applications of 
plant-based biochar are given in Figure 9.1.

9.5 Biochar for Dye Removal

Mi et al. [48] utilized cetyltrimethylammonium bromide (CTAB) modi-
fied corn stalk biochar for adsorption of orange (II) in aqueous solutions. 
They found that the removal efficiency of anionic dye orange (II) uptake 
increased from 46.9 % of the raw corn stalk biochar to 99.7 % of the CTAB 
modified cornstalk biochar. The maximum monolayer adsorption capacity 
was found to be 26.9 mg/g by Langmuir model at 298 K. Leng et al. [49] 
prepared biochar from rice husk by using different solvents. The biochar 
produce with water (WBC) or water/ethanol (WEBC) and ethanol as sol-
vent (EBC) was found rich in functional groups. EBC adsorption capaci-
ties were found higher (32.5–67.6 mg/g) than WBC and WEBC. It was 
observed that electrostatic attraction was major force for dye uptake.
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The peanut shell KOH activated biochar was explored in the removal of 
methylene blue. The impregnation ratio of biochar was 1.5:1, at 800 °C of 
activation temperature and 90 min of the holding time in activation. The 
monolayer adsorption capacity of peanut shell was 208 mg/g [50]. A sta-
ble cornstalk biochar modified with cetyltrimethylammonium bromide 
(CTAB) for removal of orange (II) as a target organic pollutant [48]. Sewu 
et al. [51] prepared biochars from rice straw, wood chip and Korean cabbage 
for cationic dye removal. Congo red (CR) and crystal violet (CV) were used 
as sorbate. They observed that Korean cabbage biochar has 4.8 times more 
adsorption capacity than activated carbon. Langmuir adsorption capacity of 
Korean cabbage, rice straw and wood chips were 1304, 620.3 and 195.6 mg/g, 
respectively. Biochar from sugarcane bagasse was tested for adsorptive 
removal of 2,4,6-trichlorophenol. The biochar exhibits 361.77 m2/g methy-
lene blue surface area and 50.47 % fixed carbon. Further, SEM images con-
firm the cylindrical, porous structure formation on surface of biochar. The 
maximum uptake capacity, q

m
, was found to be 253.38 mg/g [52].

9.6 Biochar for Fluoride Removal

Fluoride is present in groundwater naturally and it is essential element for 
human health, play key role in development of bones and dental enamel 
[53]. Excessive fluoride consumption causes adverse effects like bone and 
dental fluorisis, lesions of the endocrine glands, thyroid and liver toxic-
ity [54]. Raw and activated biochar prepared from Colcocasia esculenta 
stem was assessed for fluoride uptake by Mukherjee and Halder [55]. 

Water management

Stability

Crop yield

Carbon sequestration

Metal/dye uptake

Composting

Economical

Soil fertility

Biochar

Figure 9.1 Schematic overview of plant-based biochar applications.
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The fluoride uptakes were shown by raw biomass and biochar were 33.00 
and 72.82 %, respectively at laboratory conditions: pH 4.25, temperature 
63.75 °C, adsorbent dosage of 20 g/L and contact time of 180.75 minutes. 
Mohan et al. [56] studied the effect of slow pyrolysis for the removal of 
fluoride from groundwater by using magnetic and non-magnetic corn 
stover biochar. Maximum fluoride removal occurs at pH 2. The raw corn 
biomass biochar showed the adsorption capacity 6.42, 5.17 and 5.00 mg/g 
at 25, 35, 45 °C, respectively, while magnetic biochar adsorption capacities 
were 4.11, 3.45 and 3.41 at 25 °C temperature.

9.7  Biochar for Persistent Organic Pollutant Removal

Persistent organic pollutants (POPs) are based chlorinated toxic organic 
compounds which are harmful to the environment due to persistant in 
nature. These are generally low water solubility, hydrophobic, lipophilic 
chemicals. POPs substances are also called “Dirty dozen”. It includes 
12 POPs substances (aldrin, endrin, chlordane, DDT, HCB, PCBs, diel-
drin, heptachlore, mixer, toxaphene, polychlorinated dibenzo-p-dioxins, 
polychlorinated dibenzofurans). The application of POPs in current world 
is in pesticide and pharmaceutical industries.

Uncontrolled or excessive use of pesticide can pose threat to the ecosys-
tem. The pesticide sorption technique is a efficient technique that applied in 
the treatment of soil, sediment, surface and groundwater [57]. Various bio-
char material hav been tested for pesticide sorption by many authors [58, 59].

9.8 Biochar for Other Pollutant Removal

Liu et al. [60] applied biochar for removal of tetracycline from aqueous 
solution. In the study, they found that the alkali treated biochar showed 
maximum removal performance (58.8 mg/g) than other biochar. Hafshejani 
et al. [61] prepared biochar from sugarcane bagasse and tested for nitrate 
removal from aqueous solution. The biochar prepared at 300 °C temper-
ature having higher stable organic matter. The maximum nitrate uptake 
was 28.21 mg/g at pH 4.64, 60 min contact time and with an adsorbent 
dose of 2 g/L. In the adsorption study, they also found that carbonate ions 
have shown maximum and chloride ions shown minimum influence on 
nitrate removal. Essandoh et al. [62] used pine wood fast pyrolysis biochar 
for removal of salicylic acid and ibuprofen from aqueous solutions. The 
biochar was prepared by incorporated Mg-Fe layered double hydroxide 
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(MgFe-LDH) particle into wheat straw biochar in aquoues phase. An 
X-ray diffraction pattern confirms the LDH particle deposition on straw 
biochar surface. The found the maximum nitrate removal capacity of 24.8 
mg/g at doses of 5–10 g/L. Vithanage et al. [63] investigated the potential 
of biochar produced from tea waste and rice husks for removal of carbo-
furon in batch studies. The rice husk and tea waste into biochar at 700 °C. 
The experimental study was performed at 25, 35 and 45 °C, 5–100 mg/L, 
dose 1 g/L at pH 5.0. The removal capacities of rice husk biochar (RHBC) 
and tea waste biochar (TWBC) were 25.2 and 10.2 mg/g by pseudo-second 
order kinetic model, respectively.

9.9 Biochar for Soil Treatment/Improvement

Biochar is excellent tool for soil amendment, it can enhance soil struc-
ture, reduce methane emission from soil and nitrous oxide, decreases farm 
chemicals leaching into aquifers [64], For soil enhancement, compost pre-
pared biochar have advantages over wood derived biochar [64]. Biochar 
also helps in the improvement of soil biological and microbial community. 
Ultimately, the enhance soil properties increases the nutrition, water reten-
tion capacity and crop productivity [65].

Bamminger et al. [66] studied the biochar application for the carbon 
sequestration and mitigation of greenhouse gas (GHGs) emissions. They 
performed incubation experiment with an arable soil with and without 
N-rich addition. After 37 days, they found that biochar significant uptake 
CO

2 
(~42%), as well as NH

4
+N and NO

3
 concentrations. Sun et al. [65] 

conducted experiments to study the effects of biochar on Saeda salsa 
growth and properties of saline soil in Yellow river delta. They used three 
types of biochar viz. wheat straw biochar(WS), corn stalk biochar (CS), 
and peanut shell biochar (PS) with application rates (5, 10, 20 g/Kg). They 
observed that S. salsa growth rate increased from 11.7 to 115% under WS 
application at a application range of 5–10 g/Kg. The biochar effects on S. 
salsa growth varied in the order of PS > WS > CS.

9.10 Conclusion

Biochar has been emerged as precursor of activated carbon. The biochar 
can be widely applied in removal of various types of pollutants such as 
heavy metals, dyes, POPs, and also for soil amendments. The feasibility and 
applicability of biochar also depends on pyrolysis temperature, retention 
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time, type of feedstock and pollutant concentration. Physico-chemical 
characterizations revealed that biochar possess good characteristics and 
properties close to that of activated carbon. In soil improvement and CO

2
 

sequestration, biochar exhibit good potential. The chemical modification 
like treatment with acid, alkali and impregnations can improve its efficiency 
as adsorbents. Further, pilot scale researches are required to enhance its 
wide applications and to reduce its negative impacts on environment.
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Abstract
Nowadays, there is an increasing concern related to the pollution of surface waters 

(e.g., rivers and lakes) with organic molecules such as pharmaceuticals and per-

sonal care products. Among the various methods that are being investigated, oxi-

dation processes are receiving a great attention because of their ability to degrade 

organics in water. This chapter deals with two promising oxidation technologies: 

ferrate(VI) and photocatalysis. A review on the research progress related to the 

oxidation of organics by ferrate(VI) (FeO
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organic molar ratios), kinetic studies (second-order reaction rate constants) and 

pH dependency. Application and performance of Fe(VI) in wastewater treat-
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recent developments in photocatalytic degradation of water pollutants. The lat-

est advances not only include the different innovative methods used for photo-

catalytic reactions but also the different materials and their modifications used as 

photocatalysts. The combination of Fe(VI) and photocatalysis to degrade organic 
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10.1  Introduction

The increasing disparity between the demand and availability of clean 
water is becoming a pressing issue across the globe. Population growth 
and industrialization have profoundly intensified water demand through 
time. There are around 4 billion people worldwide who are suffering from 
little or no clean water supply while millions of people die every year from 
severe water borne diseases [1]. Thus, there is an urgent need to develop 
sustainable wastewater treatment technologies to not only meet the cur-
rent water needs but also to maintain clean water resources for the next 
generations.

Nowadays, there is an increasing discharge of “new” organic com-
pounds, also known as emerging pollutants, in the water and wastewater 
streams, such as pharmaceuticals and personal care products (PPCPs) and 
endocrine disrupting compounds (EDCs). These PPCPs and EDCs have 
been detected in influents and effluents of wastewater treatment plants 
(WWTP) of many countries worldwide, ending up in surface waters (i.e., 
rivers, lakes and oceans), resulting in negative environmental and socio-
economic impacts [2–6]. Thus, there is an increasing interest in developing 
technologies to be used as alternative or addition to conventional biologi-
cal wastewater treatment processes to enhance the removal of emerging 
organic contaminants.

Among the various treatment technologies that are being studied, 
oxidation processes are receiving a great attention because of their abil-
ity to degrade organics in water. The last decades, chemical oxidants (e.g., 
ferrate(VI), chlorine, permanganate, etc.) and advanced oxidation pro-
cesses (e.g., photocatalysis, UV/H

2
O

2
, UV/O

3
, UV/H

2
O

2
/O

3
, H

2
O

2
/Fe3+, 

H
2
O

2
/Fe2+ (UV/H

2
O

2
/Fe3+, UV/H

2
O

2
/Fe2+, etc.) have been investigated 

for the degradation of organics in water [7–19]. This chapter deals with 
ferrate(VI) (FeO

4
2 , Fe(VI)) and photocatalysis as environmentally-friendly 

oxidation processes for the removal of emerging organic pollutants from 
water.

Several chemical oxidants have been studied for water and wastewater 
treatment applications because of their oxidation and disinfection proper-
ties. The presence of emerging organic pollutants in the secondary effluent 
of WWTP, increases the discussions on upgrading the WWTP with addi-
tional treatment steps such as absorption and oxidation treatment tech-
nologies [7], to reduce the discharge of emerging pollutants to the surface 
waters. Selective chemical oxidants such as chlorine, chlorine dioxide and 
ozone, have been studied for disinfection of drinking water and oxidation 
of micropollutants [7]. Chlorine is the most commonly used disinfectant 
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worldwide [9]. Chlorine dioxide was suggested to reduce the formation 
of chlorinated by-products during the disinfection of wastewater by chlo-
rine [7]. However, the accumulation of chlorite and chlorate as oxidation 
by-products of chlorine dioxide, resulted in regulations to minimize the 
dose of the oxidant that is applied for wastewater treatment [11]. Ozone, 
which also reacts with the same moieties (electron-rich) as other selective 
oxidants, has been also used to oxidize contaminants in water [15]. Both 
chlorine and ozone react with bromide to form carcinogenic bromate ion 
and brominated by products [11]. Fe(VI), an iron-based chemical, acts as 
oxidant, disinfectant and coagulant (Fe(VI) is reduced to Fe(III) initiat-
ing coagulation), without the formation of brominated and chlorinated 
by-products.

As already mentioned, many studies have been carried out on advanced 
oxidation processes (AOPs) for degradation of emerging organic pollut-
ants. Advanced oxidation processes can be largely defined as the oxida-
tion process where a highly reactive, non-selective radical is being used 
as the oxidants/reacting species [18]. For the water purification processes 
the radical which has congregated the greatest attention for AOPs is the 
hydroxyl (OH.) radical [18]. In most of the advanced oxidation processes 
the hydroxyl radical is being produced in-situ and has a strong non-selec-
tive oxidizing ability with standard potential of 2.80 V against standard 
hydrogen electrode [13]. Such AOPs involve the utilization of individual 
or combination of UV light, hydrogen peroxide, ozone, sunlight, Fe3+, Fe2+, 
etc. [13, 18]. Another group of compounds which are being significantly 
reviewed for their competency of producing hydroxyl radical in the pres-
ence of light energy, is the semiconducting materials. The efficacy of the 
semiconducting materials for advanced oxidation processes have been 
intricately conferred in the later sections of this chapter.

The individual use of chlorine and UV light is well known in water 
treatment processes for their disinfection properties. However, when used 
together, they are considered as an effectual means of AOP for treating 
organic hazardous materials [10]. It has been reported that in UV/chlo-
rine system both hydroxyl and chlorine radicals are being formed as the 
reacting species [10]. Another example of AOP is Fenton or FeII/H

2
O

2 
[13]. 

When H
2
O

2
 reacts in the outer surface of FeII, it forms hydroxyl radical [12]. 

Whereas, the reaction between FeIII and H
2
O

2
 produces hydroperoxyl radi-

cal (HO
2
) along with the hydroxyl radical [12]. A more recent approach to 

advance oxidation processes is the use of metals or metalloids along with 
UV light. However, the efficiency of such processes to produce hydroxyl 
radical largely depend on the selected metals/metalloids and their ability 
to absorb light energy [18]. Several metal nanoparticles are being studied 
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nowadays for their use in AOPs, for example, copper nanoparticles, sele-
nium nanoparticles, etc. [18]. 

Figure 10.1 shows the road map of the chapter. In the first part of this 
chapter, the methods used to synthesize Fe(VI) salts as well as analytical 
techniques used to characterize solid and liquid Fe(VI) are reviewed. Also, 
the methodology usually used for the kinetic investigation of oxidation 
of organics by Fe(VI) is discussed. Moreover, a comprehensive literature 
review on the kinetics (second-order reaction rate constants) of oxidation 
of PPCPs and EDCs by Fe(VI) and stoichiometry of the Fe(VI)-organic 
reactions (Fe(VI) to organic molar ratio) as a function of pH is presented. 
Results of studies related to the application and performance of Fe(VI) in 
wastewater treatment are also presented. 

The second part of this chapter encompasses another water purification 
technology: Photocatalysis. The detailed mechanism and the efficiency of 
photocatalysis have been discussed in this section. Besides, the principle 
behind a photocatalytic reactor and the comparisons between different 
reactors have also been explained. Finally, the different materials used as 
photocatalysts have been elucidated. Several new modifications of photo-
catalysts have also been included along with their several advantages and 
disadvantages. 

The combination of Fe(VI) and photocatalysis to degrade organic 
contaminants is also briefly reviewed and discussed. Future prospective, 
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Ferrate(VI) and Photocatalysis as Oxidation Processes 335

research directions and required improvements are discussed for both oxi-
dation processes, that is, Fe(VI) and photocatalysis. 

10.2  Ferrate(VI)

10.2.1  Introduction

Iron is one of the most abundant metals on earth, offering valence states of 
from 0 to VI, thus playing an important role in a wide range of areas from 
physiology to (bio)chemical and industrial processes [14]. In the past few 
decades, there has been an increasing interest in the tetraoxy high-valent 
iron(VI), known as ferrate(VI) (Fe(VI), FeO

4
2-), as a potential green mol-

ecule for organic synthesis, iron batteries, disinfection of viruses and bacte-
ria, and water and wastewater treatment [14, 20–25]. Fe(VI) is a powerful 
oxidant, leaving Fe(III) after its application initiating a coagulation process. 
As a result, Fe(VI) is a multipurpose water treatment chemical [23], acting 
as an oxidant, disinfectant and coagulant with a single dose and mixing 
unit process. The redox potentials of Fe(VI) compared to common oxidants 
used in water and wastewater treatment is given in Table 10.1. Fe(VI) has 
the highest redox potential of +2.20 V under acidic conditions (Table 10.1).

Fe(VI) is unstable in aqueous solutions. In other words, Fe(VI) reacts 
with water and molecular oxygen is formed as a product of this reaction 
(Eqn. 10.1) [23]. It was recently shown that hydrogen peroxide (H

2
O

2
) 

is also formed from the self-decay of Fe(VI) in phosphate buffered solu-
tion [30]. The rate of Fe(VI) self-decomposition depends on the pH, tem-
perature, initial Fe(VI) concentration, water constituents and the physical 
properties of the Fe(III) oxides/hydroxides formed during the Fe(VI) deg-
radation [14]. The self-decomposition of Fe(VI) should be considered for 
kinetic investigation of Fe(VI) oxidation reactions [14], to measure true 
kinetic rate constants. 

 2FeVIO
4

2–  5H
2
O  2FeIII + 1.5O

2
 + 10OH– (10.1)

Several reactions may occur during the oxidation of an organic com-
pound (X) by Fe(VI) [23, 31]: i) 1-e  and/or 2-e  transfer to form Fe(V) 
and/or Fe(IV), ii) reaction of Fe(V) and/or Fe(IV) with X, iii) Fe(VI), 
Fe(V) and Fe(IV) self-decompositions, and iv) reaction of Fe(II)/Fe(III)/
Fe(IV)/Fe(V) with oxygen species, that is, H

2
O

2
 formed from self-decom-

positions. It is known that Fe(V) is 2–4 orders of magnitude more reactive 
than Fe(VI) probably because of its partial free radical character [27].
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10.2.2  Synthesis

Different approaches were investigated to produce Fe(VI) salts (e.g., 
NaFeVIO

4
 and K

2
FeVIO

4
). The main methods used for the synthesis of 

sodium and potassium Fe(VI) are the electrochemical, wet chemical and 
dry thermal methods that are discussed below.

10.2.2.1  Electrochemical Synthesis

In this method, highly concentrated KOH or NaOH is used as the electro-
lyte [32]. Cast iron is used as the anode (iron source) and it is dissolved and 
then it is oxidized to form K

2
FeO

4 
[26]. The reactions that take place are 

presented below (Eqns. 10.2–10.5) [26, 29, 32].

Table 10.1 Redox potentials for oxidants/disinfectants used in water and waste-

water treatment [26–29].

Oxidant/disinfectant Reaction E°, V

Chlorine Cl
2
(g) 2e 2Cl 1.36

Hypochlorite HClO H++2e Cl H
2
O 1.48

ClO H
2
O 2e Cl 2OH 0.84

Chlorine dioxide ClO
2
(aq) e ClO

2
0.95

Perchlorate ClO
4

8H+ 8e Cl 4H
2
O 1.39

Ozone O
3

2H+ 2e O
2

H
2
O 2.08

O
3

H
2
O 2e O

2
2OH 1.24

Hydrogen peroxide H
2
O

2
2H+ 2e 2H

2
O 1.78

H
2
O

2
2e 2OH 0.88

Dissolved oxygen O
2

4H+ 4e 2H
2
O 1.23

O
2

2H
2
O 4e 4OH 0.40

Permanganate MnO
4

4H+ 3e MnO
2

2H
2
O 1.68

MnO
4

8H+ 5e Mn2+ 4H
2
O 1.51

Ferrate(VI) FeO
4

2 8H+ 3e Fe3+ 4H
2
O 2.20

FeO
4

2 4H
2
O 3e Fe(OH)

3
5OH 0.72
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Anode reaction: 

 Fe + 8OH   FeO
4

2  + 4H
2
O + 6e  (10.2)

Cathode reaction: 

 2H
2
O  H

2
  2OH   2e  (10.3)

Overall reactions: 

 Fe + 2OH  + 2H
2
O  FeO

4
2  + 3H

2
 (10.4)

 FeO
4

2  + 2K+  K
2
FeO

4
 (10.5)

The main advantage of the electrochemical method is the use of electrons 
as clean reactants to produce Fe(VI) [27]. However, the yield of the process is 
relatively low (<50%) and there are challenges related to the separation of the 
solid product [27]. Moreover, the addition of the produced Fe(VI) solution 
to water usually results in high pH (>11) [29]. A yield higher than 50% was 
obtained using mixed NaOH-KOH solutions on production of solid potas-
sium Fe(VI) [33]. In Table 10.2, the efficiency and the operational conditions 
of typical electrochemical production of Fe(VI) reported in different studies, 
are presented. The in situ electrochemical generation of Fe(VI) has been also 
investigated [32, 34].

Table 10.2 Efficiency and operational conditions of electrochemical production 

of ferrate(VI).

Efficiency (%) Operational conditions Ref.

15 Raw iron

current density = 10 A/m2 [NaOH] = 16.5 M

[35]

27 Steel

current density = 10 A/m2 [NaOH] = 16.5 M

[35]

50 Cast iron

current density = 10 A/m2 [NaOH] = 16.5 M

[35]

35 Steel (0.1%C)

current density = 36 A/m2 [NaOH] = 16 M

[36]

38 Steel (0.3%C)

current density = 46.19 mA/cm2 [NaOH] = 12 M

[37]



338 Advanced Materials for Wastewater Treatment

10.2.2.2  Wet Chemical Method

In the presence of sodium hydroxide, Fe(III) salt (e.g., FeCl
3
) reacts with 

sodium hypochlorite producing sodium Fe(VI) (Na
2
FeO

4
) [38]. The reac-

tions that take place are presented below (Eqns. 10.6 and 10.7) [27]:

 2FeCl
3
 + 3NaOCl + 10NaOH  2Na

2
FeO

4
 + 9NaCl + 5H

2
O (10.6)

 Na
2
FeO

4 
+ 2KOH  K

2
FeO

4
 + 2NaOH (10.7)

The yield (in terms of potassium Fe(VI)-K
2
FeO

4
) of this procedure is 

10%–15% and after numerous separation steps, a solid potassium Fe(VI) 
(>90% purity) can be obtained. Because of the high solubility of Na

2
FeO

4
 

in NaOH solutions, it is difficult to obtain solid sodium Fe(VI) (Na
2
FeO

4
) 

[29]. A yield of potassium Fe(VI) up to 75% was achieved by replacing the 
sodium hydroxide with the potassium hydroxide [39]. In that case the for-
mation of Na

2
FeO

4 
was avoided. Ozone instead of hypochlorite can be also 

used to prepare Fe(VI) [40].

10.2.2.3  Dry Thermal Method

Potassium Fe(VI) can be produced by calcination of ferric oxide-potassium 
peroxide mixture at 350–370 °C or by oxidizing the iron oxide using sodium 
peroxide at 370 °C, under dry oxygen conditions [26, 27, 29]. Moreover, 
galvanizing wastes were used to produce sodium Fe(VI), by mixing them 
with ferric oxide at 800 °C. Then, the mixture was cooled down, stirred 
with solid sodium peroxide, and heated gradually for few minutes [26, 29]. 
The yield of the dry thermal method is usually less than 50% [27]. The dry 
synthesis is considered as an old and expensive method due to the required 
high temperatures [29]. Solid sodium Fe(VI) was produced using caustic 
soda (instead of potassium hydroxide) and sodium hypochlorite (instead 
of calcium hypochlorite), which are cheaper [41]. 

10.2.3  Characterization

Different analytical techniques were investigated to characterize solid and 
liquid Fe(VI). Fourier transform infrared (FTIR) spectroscopy, X-ray dif-
fraction, X-ray absorption near edge structure (XANES) and Mössbauer 
spectroscopy are used to characterize solids salts of Fe(VI) [23, 31]. The reac-
tions of Fe(VI) with chromium(III) and arsenic(III) to form chromate(VI) 
and arsenate respectively, can be used as volumetric methods to quantify 
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Na
2
FeVIO

4
 and K

2
FeVIO

4
 in solutions [40]. Furthermore, electrochemical 

techniques including cyclic voltammetry and potentiometry are also avail-
able methods for Fe(VI) quantification in solutions [42, 43]. In addition, a 
fluorescence method by means of Fe(VI) reaction with scopoletin (fluores-
cence agent) is also used to determine Fe(VI) in acidic solutions [44].

Among the various analytical techniques, three colorimetric methods 
(Iodide, ABTS and Direct) are mainly used for the quantification of Fe(VI) 
in solutions related to water treatment. Fe(VI) solutions have a charac-
teristic purple color with a maximum absorbance at 510 nm and a molar 
absorptivity ( ) of 1150 M 1 cm 1 [40]. Thus, the direct colorimetric method 
is widely used for quantification of Fe(VI) in alkaline solutions where 
Fe(VI) is more stable, to investigate the kinetics of the reaction of Fe(VI) 
with organic molecules. A typical spectra of potassium Fe(VI) in Milli-Q 
water is shown in Figure 10.2. The interference with water constituents and 
the dependency on the pH and Fe(VI) stability are the main limitations of 
the direct colorimetric method [40]. 

The ABTS colorimetric method is based on the reaction of Fe(VI) with 
the 2,2 -azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS). A stable 
radical cation (ABTS ) is formed showing peak absorbance at 415 nm [45]. 
The reaction of ABTS with Fe(VI) is very fast making the method suitable 
for determining Fe(VI) also in natural waters at a concentration range of 
0.03–35 M [45]. The Iodide colorimetric method is based on the reac-
tion of Fe(VI) with sodium iodide (NaI), to produce I

3
 – that shows peak 
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Figure 10.2 Spectra of ferrate(VI) in Milli-Q water.
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absorbance at 351 nm [40]. The minimum detection limit of this method 
is 0.25 M Fe(VI) and the method is also suitable for determining Fe(VI) 
in tap water [40]. A comparison of the three commonly used colorimetric 
methods is given in Table 10.3.

10.2.4  Oxidation

10.2.4.1  Kinetics of the Oxidation of Organics by Ferrate(VI)

Kinetic studies on the oxidation of a broad range of inorganic and organic 
compounds have been carried out to understand different reactions and 
the Fe(VI)-related chemistry [31, 46–49]. Nowadays, there is an increas-
ing interest in oxidation of emerging organic pollutants such as pharma-
ceuticals and personal care products (PPCPs) and endocrine distributing 
compounds (EDCs) by Fe(VI), because of the increasing concerns related 
to their negative effects on the aquatic environment [14, 29, 50]. 

Most of the kinetic studies of oxidation of organic compounds (X) by 
Fe(VI) have been carried out using a stopped-flow spectrometry tech-
nique. The reactions of Fe(VI) with X follow overall second order kinetics, 
that is, first order with respect to each reactant, Fe(VI) and X, as it has been 
shown in many studies with different organic molecules (Eqn. 10.8) [31]:

 
d

dt
kapp

Fe VI
Fe VI X  (10.8)

where 
d Fe VI

dt
 is the rate of the loss of Fe(VI), [Fe(VI)] and [X] are the 

Table 10.3 Spectrophotometric methods for ferrate(VI) determination in water 

[29, 40, 45].

Method Reaction

Wavelength, 

 (nm)

Molar 

absorptivity, 

 (M 1 cm 1) pH

Direct – 510  1150 Basic

ABTS Fe(VI)  2ABTS  

Fe(III)  ABTS   

ABTS
oxidized

415 34000 Acetic to 

neutral

Iodide Fe(VI)  3I   

Fe(III)  I
3

351 29700 5.5–9.3
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concentrations of Fe(VI) and X respectively, and k
app

 is the apparent reac-
tion rate constant. The reactivity of Fe(VI) with X is mostly investigated 
under pseudo first-order conditions, with X in excess ([Fe(VI)] << [X]), 
following the Fe(VI) concentration with time [23]. The rate constants are 
mostly calculated as a function of pH. 

Apparent second-order reaction rate constants (k
app

) of the reaction of 
Fe(VI) with selected PPCPs and EDCs at room temperature (23 ± 2 °C) are 
presented in Table 10.4. Kinetic studies were mostly carried out at neutral 
to slightly basic pH range of 7.0–9.0 which is relevant to water treatment 
processes and regulatory criteria. In addition, the instability of Fe(VI) in 
acidic conditions prevents kinetic investigations at low pH levels. 

Generally, the rate constants of Fe(VI) oxidation reactions increase with 
decreasing pH (Table 10.4). This pH dependency of k

app
 can be explained 

by the acid dissociation constants (K
a
) expressed as pK

a
 (Eqns. 10.9–10.11) 

[31, 68]:

 H
3
FeO

4
+  H+ + H

2
FeO

4
 pK

a1 
= 1.6 (10.9)

 H
2
FeO

4
  H+ + HFeO

4
 pK

a2 
= 3.5 (10.10)

 HFeO
4

  H+ + FeO
4

2  pK
a3 

= 7.3 (10.11)

Fe(VI) has triprotonated (H
3
FeVIO

4
+), diprotonated (H

2
FeVIO

4
), mono-

protonated (HFeVIO
4

) and deprotonated (FeVIO
4

2 ) species depending on 
pH (Eqns. 10.9–10.11). The speciation of Fe(VI) at different pH values is 
given in Figure 10.3. Species (acid-base) of ionizable compounds are also 
used to explain the trend of increasing reaction rates by decreasing the 
pH [50].

The second-order reaction rate constants show that Fe(VI) (selective 
oxidant) reacts preferably with electron-rich organic moieties such as 
phenolic, organosulfur and polycyclic aromatic compounds [7]. The k

app
 

of the oxidation of PPCPs and EDCs range from 0.1 × 100 (ibuprofen) to 
7.9 × 103 (tetrabromobisphenol A) M 1 s 1 at a pH relevant to wastewater 
treatment process and room temperature (Table 10.4).

10.2.4.2  Stoichiometry

Information regarding the kinetics of oxidation of pollutants is useful to 
understand these reactions and compare the ability of different oxidants to 
oxidize pollutants in water. However, a higher k of an oxidant than a dif-
ferent one, does not necessarily mean higher oxidative transformation of 
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Table 10.4 Apparent second-order rate constants (k
app

) of the oxidation of 

PPCPs and EDCs by Fe(VI) at room temperature.

PPCP/EDC Structure pH k
app 

(M 1 s 1) Ref.

Triclosan 7.0 1.1 103 [50]

7.5 102 [51]

Bisphenol A 7.0 6.4 102 [50, 52]

8.0 4.1 102 [50]

Sulfamethoxazole 7.0 1.8 103 [50]

1.3 103 [53]

8.0 7.7 101 [50]

Atenolol 8.0 0.7 101 [7]

Diclofenac 7.0 1.3 102 [50]

1.2 101 [54]

8.0 3.2 101 [50]

11.0 2.5 100 [54]

Ibuprofen 8.0 0.1 100 [55]

<0.1 100 [7]

1.2 10–1 [56]

9.0 1.5 10–2 [56]

Ciprofloxacin 7.0 4.7 102 [50]

8.0 1.7 102 [50]

1.1 102 [56]

9.0 6.4 101 [56]

(Continued)
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Table 10.4 Cont.

PPCP/EDC Structure pH k
app 

(M 1 s 1) Ref.

Enrofloxacin 7.0 4.6 101 [50]

8.0 2.4 101

Carbamazepine 7.0 6.7 101 [50]

8.0 1.6 101

Octylphenol 7.0 1.2 103 [57]

8.0 0.3 103

Nonylphenol 7.0 1.1 103 [58]

8.0 2.7 102

9.0 1.0 102

Tetrabromobisphenol 

A

7.0 7.9 103 [59]

10.0 3.3 101

17α-Ethinylestradiol 7.0 7.3 102 [50, 52]

8.1 102 [14, 60]

8.0 4.5 102 [50]

(Continued)
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Table 10.4 Cont.

PPCP/EDC Structure pH k
app 

(M 1 s 1) Ref.

Estrone 7.0 1.0 103 [14, 60]

17β-estradiol 7.0 7.6 102 [50]

1.1 103 [14, 60]

8.0 4.6 102 [50]

Estriol 7.0 1.2 103 [14, 60]

Sulfisoxazole 7.0 1.5 103 [14, 53]

Sulfamethazine 7.0 1.0 × 103 [14, 53]

Sulfamethizole 7.0 4.1 × 102 [14, 53]

Sulfadimethoxine 7.0 0.8 × 102 [46, 53]

(Continued)
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Table 10.4 Cont.

PPCP/EDC Structure pH k
app 

(M 1 s 1) Ref.

Tetracycline 7.0 3.0 × 102 [14]

Amoxicillin 7.0 2.8 × 103 [61]

Ampicillin 7.0 1.1 × 103 [61]

4.2 × 102 [62]

8.5 5.0 × 101 [62]

Cloxacillin 7.0 1.2 × 102 [62]

8.5 2.4 × 101

Penicillin G 7.0 1.1 × 102 [62]

8.5 1.8 × 101

Cephalexin 7.0 6.9 × 102 [62]

8.5 7.4 × 101

Amoxicillin 7.0 7.7 × 102 [62]

8.5 1.6 × 102

(Continued)
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Table 10.4 Cont.

PPCP/EDC Structure pH k
app 

(M 1 s 1) Ref.

2-amino-2-phenyl-

acetamide

7.0 2.9 × 102 [62]

8.5 3.4 × 101

3-methylcrotonic acid 7.0 2.3 × 100 [62]

8.5 0.5 × 100

3,5-dimethylisoxazole 8.0 1.7 × 10–1 [62]

Trimethoprim 7.0 4.0 × 101 [14, 63]

Propranolol 8.0 2.0 × 101 [64]

Tramadol 7.0 1.4 × 101 [65]

8.0 7.4 × 100

Diatrizoic acid 7.0 5.5 × 100 [66]

(Continued)
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Table 10.4 Cont.

PPCP/EDC Structure pH k
app 

(M 1 s 1) Ref.

Benzophenone-3 8.0 8.2 × 101 [67]

4-Methylphenol 7.0 6.9 × 102 [50]

8.0 3.3 × 102

Buten-3-ol 7.0 1.2 × 101 [50]

8.0 3.0 × 100

Phenol 7.0 7.7 × 101 [52]
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Figure 10.3 Speciation of ferrate(VI) [31].
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the organic molecule, because of the competition for oxidants with target 
organic compound and wastewater matrix (i.e., ions and organic matter) 
[7]. For example, the hydroxyl radical, a powerful non-selective oxidant, 
generally reacts much faster with organics than Fe(VI) (k  > k

Fe(VI)
). 

However, the aforementioned competition is more obvious for hydroxyl 
radicals and this competition remains unchanged during the oxidation 
process because hydroxyl radicals react non-selectively with other water 
constituents. That was shown in the oxidation of electron-rich moiety 
compounds by selective oxidants (including Fe(VI)) and hydroxyl radicals 
where the oxidative transformation of these organic molecules was higher 
in the case of selective oxidants than hydroxyl radicals [7]. Thus, the exper-
imental investigation of the stoichiometry of the Fe(VI)-organic reactions 
is critical to optimize the required oxidant dose and to evaluate the abil-
ity of Fe(VI) to remove organics in water. Table 10.5 shows the required 
Fe(VI) to organic (X) molar ratios for complete removal of an organic in 
water, at a relevant to water treatment pH range and room temperature.

Although the effect of the pH on the rate constants of Fe(VI) reaction 
with contaminants is clear (the higher the pH the lower the rate con-
stant due to the fact that Fe(VI) is a stronger oxidant upon protonation; 
Figure 10.3 and Table 10.4), the effect of the pH on the oxidative trans-
formation of contaminants by Fe(VI), after complete reaction, is mostly 
negligible at the pH range of 7.0–9.0. However, three explanations have 
been reported in the literature so far to explain any observed effect of the 
pH on the removal of pollutants by Fe(VI): (i) when the removal is higher 
at the higher pH (e.g., pH 9), this is due to the fact that Fe(VI) is more sta-
ble at pH 9, and the Fe(VI)’s self-decomposition is diminished resulting in 
higher Fe(VI) exposure, (ii) when the removal is high at low pH (e.g., 7.0), 
this is due to the fact that Fe(VI) is a stronger oxidant upon protonation 
and this is consistent with the effect of the pH on the rate constants, and 
(iii) when the effect of the pH on the removal of the contaminant is not 
significant, this is probably due to the high reactivity of Fe(VI) with the 
contaminant [56], that makes the effect of the pH, usually at the pH range 
7.0–9.0, to be negligible. The effect of the pH on the removal of contami-
nants by Fe(VI) can be seen in recently reported studies that show different 
or negligible effect of the pH on the oxidative transformation of organics 
by Fe(VI). Yang et al. studied the oxidation of tetrabromobisphenol A and 
bisphenol A by Fe(VI) [59]. In both cases, around 10% higher removal had 
been obtained at pH 8 compared to pH 7, and that was explained with the 
higher stability of Fe(VI) at pH 8 resulting in higher Fe(VI) exposure [59]. 
Casbeer et al. investigated the oxidation of tryptophan by Fe(VI) at pH 7 
and 9 and around 10% higher removal was observed at pH 9 compared 
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Table 10.5 Stoichiometry of oxidation of organic molecules by Fe(VI) at room 

temperature.

Compound (X) Structure pH

[Fe(VI)]/

[X] 

(mol/

mol) Ref. 

Flumequine 7.0 >50 [69]

Enrofloxacin 7.0 15 [69]

7.0 17 [70]

Norfloxacin 7.0 10 [69]

Ofloxacin 7.0 15 [69]

Marbofloxacin 7.0 20 [69]

Ciprofloxacin 7.0 13 [70]

(Continued)
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Table 10.5 Cont.

Compound (X) Structure pH

[Fe(VI)]/

[X] 

(mol/

mol) Ref. 

Acetaminophen 6.0–9.0 25 [71]

Sulfamethoxazole 7.0–9.0 4 [72]

9.0 4 [53]

Bisphenol A 7.0 8 [73]

7.0 15 [59]

8.0 10

9.4 5 [74]

9.2 4 [60]

Tetrabromobisphenol A 7.0 6.3 [59]

8.0 3.8

Tryptophan 7.0 and 

9.0

4 [75]

Benzophenone-3 8.0 25 [67]

Amoxicillin 7.0 4.5 [76]

(Continued)
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Table 10.5 Cont.

Compound (X) Structure pH

[Fe(VI)]/

[X] 

(mol/

mol) Ref. 

Ampicillin 7.0 3.5 [76]

Propranolol 9.0 6 [64]

Trimethoprim 9.0 5 [63]

1H-benzotriazole 8.0 30 [77]

5-methyl-1H-

benzotriazole

8.0 30 [77]

5,6-dimethyl-

1H-benzotriazole 

hydrate

8.0 30 [77]

5-chloro-1H-

benzotriazole

8.0 30 [77]

(Continued)
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Table 10.5 Cont.

Compound (X) Structure pH

[Fe(VI)]/

[X] 

(mol/

mol) Ref. 

1-

hydroxybenzotriazole

8.0 30 [77]

Triclosan 7.0 10 [51]

Cetylpyridinium chloride 9.2 1 [78]

Glycine 9.0 1 [79]

Methyl mercaptan 9.0 4.6 [80]

Thiosemicarbazide 9.0 2 [80]

Thiourea 9.0 2.7 [81]

(Continued)
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Table 10.5 Cont.

Compound (X) Structure pH

[Fe(VI)]/

[X] 

(mol/

mol) Ref. 

Thioacetamide 9.0 2.7 [27, 

82]

4-Chlorophenol 9.2 5 [83]

N-

methylhydroxylamine

8.0–11.0 0.5 [84]

N-

phenylhydroxylamine

8.0–11.0 0.5 [84]

(Continued)
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Table 10.5 Cont.

Compound (X) Structure pH

[Fe(VI)]/

[X] 

(mol/

mol) Ref. 

3-Mercapto-l-propane 

sulfonic acid

8.4–10.2 1 [85]

2-Mercaptonicotinic 

acid

8.4–10.2 0.5 [85]

Benzenesulfinate 9.0 0.7 [86]

Methionine 9.0 0.7 [86]

Dimethyl sulfoxide 9.0 0.7 [86]

Methyl cysteine 9.2–10.4 0.7 [87]

(Continued)
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Table 10.5 Cont.

Compound (X) Structure pH

[Fe(VI)]/

[X] 

(mol/

mol) Ref. 

Cystine 8.4–9.9 1.3 [87]

Cysteine 8.9–10.2 1 [87]

Aniline 9.0–10.0 0.5 [88]

3-Mercaptopropionic 

acid

9.0–11.0 1.5 [89]

2- 

Mercaptoethanesulfonic 

acid

8.7–10.0 2 [89]

2-Mercaptobenzoic acid 9.6–10.4 0.7 [89]

(Continued)
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Table 10.5 Cont.

Compound (X) Structure pH

[Fe(VI)]/

[X] 

(mol/

mol) Ref. 

1,4-Thioxane 9.0–9.8 1 [90]

Amitriptyline 9.0 20 [91]

Nortriptyline 9.0 15 [91]

to pH 7 [75]. The oxidation of bisphenol A by Fe(VI) has been also inves-
tigated by Han et al. at various pHs and around 10% higher removal was 
reported at pH 7 compared to pH 9 [92], which is in contrary to the previ-
ous reported study related to bisphenol A. The authors stated that this is 
due to the fact that Fe(VI) is a stronger oxidant upon protonation [92]. 
The aforementioned differences in oxidative transformation of organics at 
the pH range of 7.0–9.0 are very small (<10%) and within experimental 
and analytical errors. On the other hand, in all the cases mentioned above, 
the determined rate constants were higher at lower pH [59, 75, 92], as was 
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expected. Zhou and Jiang have recently investigated the degradation of cip-
rofloxacin by Fe(VI) at the pH range of 6–9, and reported that the effect of 
the pH on the removal of ciprofloxacin is not significant due to the high 
reactivity of Fe(VI) with ciprofloxacin [56].

10.2.4.3  Application and Performance of Ferrate(VI) 
in Wastewater Treatment

With one dose of Fe(VI), oxidation, disinfection, and coagulation take 
place, which makes Fe(VI) very attractive for wastewater treatment. The 
results of selected studies that show the Fe(VI)’s ability to treat PPCPs and 
EDCs in wastewater are summarized in Table 10.6.

Fe(VI) can play a multipurpose role in the treatment of wastewater. In 
Tables 10.7–10.10, the performance of Fe(VI) in removal of TCOD (total 
chemical oxygen demand), TSS (total suspended solids), TBOD (total 

Table 10.6 Removal of PPCPs and EDCs spiked in real wastewater by Fe(VI).

Contaminant (X) Experimental conditions % Removal Ref.

17 -ethinylestradiol, 

-estradiol and bisphe-

nol-A in Lake Zurich 

water (DOC  1.6 mg/L)

Dose: 0.5 mg Fe(VI)/L

contact time  30 min

pH  8

[X]
0
  0.15 M

99 [52]

17 -ethinylestradiol, 

-estradiol and 

bisphenol-A in Kloten 

wastewater (DOC  5.3 

mg/L)

Dose: 2 mg Fe(VI)/L

contact time  30 min

pH  8

[X]
0
  0.15 M

99 [52]

naproxen, paracetamol, 

diclofenac, carbam-

azepine and triclosan 

in wastewater (DOC  

5 mg/L)

Dose: 10 mg Fe(VI)/L

contact time  1–5 min

pH  7

[X]
0
  100 g/L

~100 [93]

sulfamethoxazole, diclof-

enac, and carbamazepine 

in wastewater (DOC  

5.1 mg/L)

Dose: 5 mg Fe(VI)/L

contact time  3–5 h

pH  7

[X]
0
  0.2–1 M

>85 [50]
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Table 10.7 Hailsham North Wastewater Treatment Plant of Southern Water Ltd 

of UK – Pilot scale – performance at 0.03 mg of online and electrochemically 

produced Fe(VI)/L [36].

0.03 mg Fe(VI)/L TSS TCOD TBOD TP

Untreated raw sewage (mg/L) 730 1125 388 18.5

Treated raw sewage (mg/L) (calculated) 153.3 562.5 271.6  8.1

Average %Removal  79  50  30 56

Contact time = 30 min

Table 10.8 Performance of commercial and electrochemically produced (using 

NaOH and KOH) Fe(VI) – samples taken from Wastewater Treatment Plant 

Degremont, in Culiacan city, in Mexico [37].

Fe(VI) commer-

cial (supplied 

by Sigma–

Aldrich)

Fe(VI) (obtained 

from NaOH)

Fe(VI) 

(obtained 

from KOH)

Conditions – Steel (0.3%C)

density = 

46.19 mA/cm2 

[NaOH] = 12M

Steel (0.3%C)

density = 

46.19 mA/cm2 

[KOH] = 12M

Dose (mg/L) 40 40 16

%COD removal 17 50 51

pH of treated 

wastewater

7.4 10.8 12.6

Untreated wastewater: TCOD  454 mg/L, Contact time  15 min

Table 10.9 Performance (in removal of DOC) of Fe(VI) in comparison with 

ferric sulfate [24].

Ferrate(VI) Ferric sulfate

Dose (mg/L) 20 20

%DOC removal 70 45

Untreated fluvic acid model water: DOC=12.4 mg/L, Contact time = 20 min
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biochemical oxygen demand), TP (total phosphorous) as well as DOC 
(dissolved organic carbon) is presented.

10.2.5  Future Directions

Nowadays, the activation of oxidants to enhance the oxidative transforma-
tion of organics is receiving a great attention. For example, researchers put 
efforts into investigating the activation of peroxymonosulfate, manganese, 
hydrogen peroxide and persulfate [95–98]. In the case of Fe(VI), limited 
work has been done so far related to its activation. Interestingly, the activa-
tion of Fe(VI) by acids (e.g., HCl and HNO

3
) to enhance significantly the 

transformation of organics at lower Fe(VI) dose and shorter contact times, 
was recently demonstrated [99]. However, more investigation is needed to 
understand the mechanism of the acid-activation of Fe(VI) and test it on 
different compounds with different moieties.

Compared to the kinetic studies of oxidation of PPCPs and EDCs by 
Fe(VI) that are available in the literature, the effect of water constituents 
such as ions and organic matter on the oxidative transformation of these 
compounds was not excessively studied. Moreover, the toxicity of the 
Fe(VI)-treated water compared to the untreated water has to be evaluated 
by doing toxicity assessments, especially in the cases that no mineraliza-
tion of the contaminant was observed. The identification of possible inter-
mediates will help to understand the mechanisms of these reactions and 
the Fe(VI)-related chemistry in water.

Fe(VI) is a powerful oxidant that can be used to oxidize organics in 
water. The synthesis, instability and storage of Fe(VI) are still typical issues. 
Any improvement on these aspects will be beneficial for the further devel-
opment and application of the Fe(VI) water treatment technology. 

Table 10.10 Performance of Fe(VI) in comparison with aluminum and ferric 

sulfate [94].

Aluminum sulfate Ferric sulfate Ferrate(VI)

pH 6.75–7.48 6.75–7.48 7

Optimum dose (mg/L) 8 22 22

% TSS removal 91 95 94

% TCOD removal 7 18 32
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10.3  Photocatalysis

10.3.1  Introduction

Diverse methods of advanced oxidation processes are being studied for 
the degradation of various organic pollutants. Among them, heteroge-
neous photocatalysis is congregating an immense prominence due to its 
high competence for addressing enormous number of organic pollutants. 
The following sections will be concentrating on the basic principles behind 
photocatalysis, various approaches of the method and different types of 
photocatalysts used for the process.

10.3.1.1  General Concept of Photocatalysis

In heterogeneous photocatalysis a semiconducting material is being used as a 
catalyst. There are several semiconducting materials that can be used as cata-
lyst for photocatalysis, such as TiO

2
, ZnO, Fe

2
O

3
, CdS, GaP and ZnS. These 

compounds have shown their effectiveness in degrading several persistent 
organic pollutants, water pathogens and disinfection by-products [100]. In 
the photocatalytic processes, reactive hydroxyl radical and superoxide ions 
are formed which react with pollutants degrading them to carbon dioxide 
and water. Furthermore, few advantageous qualities of photocatalysis have 
increased its potential as a water treatment process such as the fact that the 
process can be carried out at ambient temperature and pressure and it is a 
low-cost process [100]. 

Among the different semiconductors used for photocatalysis, as men-
tioned earlier, TiO

2
 is the most widely used one due to its high stability, 

non-toxicity, corrosion resistance and insolubility in water, excellent opti-
cal transparency (both visible and infrared light) and low cost [101]. TiO

2
 

is excited in the wavelength range from 330 nm to 390 nm, and remains 
stable even after few cycles of the photocatalytic process [100]. On the 
other hand, CdS and GaP both degrade after a single photocatalytic reac-
tion [100]. However, there are few limitations related to the use of TiO

2
 

which hinders the process from being commercially used. First, the sepa-
ration of the catalyst after its use is a major concern for TiO

2
. Moreover, 

due to its very small particle size and high surface area-to-volume ratio, it 
has a high tendency to agglomerate, thereby reducing the active sites and 
its optical efficiency [100]. Another major disadvantage of TiO

2
 is its wide 

band gap. All these issues related to catalysts and how they can be over-
come are discussed in the following sections of this chapter.
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10.3.1.2  Basic Principle of Photocatalysis

Photocatalytic reactions can be defined as a photo induced reaction that is 
being accelerated by the addition of a catalyst [102]. As already mentioned, 
in heterogeneous photocatalysis a solid semiconducting material is being 
used as a catalyst. When light energy is incident on these catalysts, they 
absorb the light energy. When the absorbed light energy (h ) is higher 
than their bandgap (E

bg
), an electron (e ) from the conduction band of the 

catalyst gets transmitted to its valence band producing a hole (h+). Hence a 
pair of e  and h+ is being produced [103]. This is called the excited state of 
the catalyst. The formed e  acts as a strong reducing agent ( 0.5 to 1.5V) 
and the valence band h+ acts as a strong oxidizing agent ( 10 to 3.5V) 
[101]. This h+ reacts with either water or hydroxyl anion (OH ) to form 
hydroxyl radical (OH ). Hydroxyl radical (non-selective oxidant) reacts 
with the target pollutant as well as with the possible intermediates formed, 
resulting in mineralization of the organic carbon (formation of CO

2
, H

2
O 

and mineral acids) [101]. Generally, the hydroxyl radical reactions occur at 
the surface of the catalyst [104, 105].

As it was stated earlier, TiO
2
 is the most widely used semiconductor 

for photocatalytic processes. The bandgap of TiO
2
 (anatase) is 3.2 eV and 

that of TiO
2
 (rutile) is 3.0 eV [100]. When the absorbed light energy (h ) 

on TiO
2
 becomes higher than its band gap, it goes to the excited state. The 

reaction mechanism with TiO
2
 is shown in Eqns. 10.12 and 10.13 [106]:

 TiO TiO (e h )2

hv, 380 nm

2  (10.12)

 h OH OHad ad

.  (10.13)

The overall photocatalytic degradation process is summarized in 
Eqn. 10.14 [106]:

 

Organic Pollutant O

CO

2

Semiconductor + UV-A Light

2 H O mineral acid2
 (10.14)

The first step of any photocatalytic process is the adsorption of pollutant 
molecule on the surface of catalyst where the actual reaction takes place. 
In order to differentiate between removal of the organic due to adsorption 
and photocatalytic oxidation, the molecule is first allowed to get adsorbed 
on the catalyst and once adsorption equilibrium is reached, the reaction 
solution is exposed to light. This type of adsorption usually follows one of 
the two types of adsorption isotherm: Langmuir or Freundlich adsorption 
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isotherm. In Langmuir adsorption model the following assumptions are 
taken into consideration [107]:

a. All adsorption sites are identical
b. Each adsorption site can adsorb only one adsorbate molecule
c. The sites are not energetically independent on the adsorbed 

quantity.

This model is presented in Eqn. 10.15 [107]:

 Q Q
Lc

Lc
max

1
 (10.15)

where, Q is the solid concentration of the adsorbate, Q
max

 is the maximum 
adsorption capacity of the adsorbent, L is the affinity of the adsorbate of 
the adsorbent and Q

max
. L corresponds to a constant K

d
, called distribu-

tion coefficient [107]. Equation 15 can be linearized to the following form 
(Eqn. 10.16) [107]:

 
Q

c
Q L LQmax *  (10.16)

In most of the cases adsorption on solid surface follows Freundlich 
adsorption isotherm [21]. This isotherm is represented by Eqn. 10.17 [107]:

 Q F Cn*  (10.17)

Eqn. 10.17 can also be linearized to Eqn. 10.18:

 logQ logF nlogC  (10.18)

where, Q is the adsorbed quantity of the adsorbate, C is the remained 
quantity of the adsorbate, F and n are two constants [107].

In few recent studies, it has been shown that the efficiency of pho-
tocatalytic process is not only confined to the degradation of emerging 
organic pollutants, but it is also equally competent in microbial disin-
fection [108]. The fact that microorganisms can also be deactivated by 
photocatalysis was first established in 1985 [109]. The study was done on 
E. Coli bacteria. Till then, several studies have been carried out on pho-
tocatalytic disinfection processes. From these studies, though not very 
clear, but we have also come to know different mechanisms involved 
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in these photocatalytic disinfection processes. Although microbial cells 
consist of different lipids, proteins, nucleic acids (DNA and RNA) and 
polysaccharides, which can be attacked by hydroxyl radical, in most of 
the cases these compounds are surrounded by a rigid cell wall. Hence 
it can be assumed that the first step of the disinfection process is the 
disintegration of the cell wall [108]. From a study on the components 
of microbial cells, it has come to our knowledge that around 96% of 
a cell’s dry mass consists of organic macromolecule [110]. Around 3% 
of the dry weight includes all types of monomers, such as amino acids, 
sugars and nucleotides and rest 1% includes inorganic ions [110]. In dif-
ferent studies, it has been shown that the photocatalytically generated 
(OH.) can successfully attack and completely damage the primary struc-
tures of amino acids [111, 112] and DNA [113]. Moreover, few target 
sites have also been identified where the photocatalytic attack can take 
place. These target sites have been broadly classified as intracellular and 
extracellular target sites [108]. The major extracellular target sites are 
peptidoglycan, lipids and polysaccharides. The intracellular target sites 
mainly include enzymes, coenzymes and nucleic acid.

10.3.2  Design Parameters of Photocatalysis

The catalysts used in photocatalytic processes are mostly chemically inert, 
non-hazardous, inexpensive and can be reused for quite a few times. 
Moreover, the low energy requirement of the process makes it economi-
cally viable. The average energy requirement of a photocatalytic reaction 
is as low as 1–5 W/m2 [114]. Sometimes, with few modifications of the 
catalyst, the activation energy can also be sourced from natural sunlight, 
which makes the process more cost effective and environmentally-friendly. 
Table 10.11 shows a comparison between estimated cost of different water 
treatment processes [115].

Despite of the many potentialities of photocatalysis, there are few factors 
for which the process has not yet been commercially utilized in industries.

In a broader view, two facts can be stated which hinders the use of 
this technology commercially: i) the low photocatalytic efficiency with 
respect to the photoreactor configuration and (ii) the lack of instances 
and guidelines of the process from being scaled up commercially [103]. 
Moreover, TiO

2
 in a photocatalytic process can be used not only as a 

slurry but also as immobilized. Both design techniques have their own 
pros and cons. When TiO

2
 is being used as a slurry then number of active 

sites are far higher than the immobilized catalyst. Hence the activation 
rate is higher. But filtration of the catalyst at the end of the process is a 
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challenge due to the fine particle size of the catalyst. Hence the rate of 
recyclability decreases and the cost of a membrane increases. In case 
of immobilized TiO

2
, no filtration is required after the application. 

However, due to the immobilization of the catalyst, the number of active 
sites decreases, thereby reducing the catalyst activity. There are several 
studies which addresses these reactor design and catalyst parameters to 
enhance the efficiency of the process [116–119]. The following sections 
will expound some of those design parameters for photocatalysis.

10.3.2.1  Different Aspects of Design Parameters

In conventional chemical reactor design the parameters which are 
mostly contemplated are mass transfer, mixing rate, flow pattern, reac-
tion kinetics, catalyst fixing, temperature regulator, reactant – catalyst 
contact, etc. [114]. However, in photocatalytic reactor design the most 
important design factor is the catalyst illumination factor because the 
higher the illumination the more the catalyst activation, hence the 
water treatment efficiency of the process is higher [114]. According 
to a study the volume of a photocatalytic reactor can be expressed by 
Eqn. 10.19 [114]: 

 V
QXC

r
in  (10.19)

where, Q is the volumetric flowrate, V
r
 is the reactor volume, X is the 

fractional desired conversion,  is the illuminated catalyst surface area in 
contact with reaction liquid and  is the average mass destruction rate. 

Table 10.11 Estimated cost of different water treatment processes [115].

Capacity Cost in USD

M3/hr Activated carbon UV/O
3

Photocatalysis

5.0 7.8 13.0 9.9

18.0 4.3 6.3 4.4

36.0 3.2 4.9 3.2

145.0 2.2 3.8 2.3

385.0 2.0 3.1 2.0
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According to Eqn. 10.19, one can say that V
r
 will be small when  and  are 

substantially high [114].
In recent years, different types of reactors have been patented for photo-

catalysis. These reactors can be generally catagorized into four categories 
[116]: (i) the slurry type reactor where the catalyst is being suspended 
in a form of slurry [106, 120], (ii) the immersion type where the light 
source is being immersed into the reactor [117], (iii) the external type 
where the light source is placed outside the reactor [121], and (iv) the dis-
tributive type where the reactor includes a reflector and light conductors 
[118]. Most of the reactors established till date are a type of slurry reactor 
[116]. Few immobilized reactors are also being used. Most of these reac-
tors are of the type of external reactor [116]. Generally in these types of 
external reactors the catalyst is being immobilized on the reactor walls, 
internal pipe lines, on semipermeable membranes, glass wool matrix or 
on the ceramic membranes [119]. Considering the shapes, the reactors 
can be either helical or shallow cross flow basins or spiral or optical fibre 
[116]. However, till date all these reactors are designed for small scale and 
for  large scale applications only multiple number of small units can be 
used [116]. The  values of these different types of reactors are shown in 
Table 10.12 [116].

10.3.2.2  Reactor Design Limitations Along with Proposed Solution

There are few challenges that need to be addressed before designing a pho-
tocatalytic reactor. As already mentioned, the volume of the reactor (V

r
) 

can be minimized if the average mass destruction rate ( ) is quite high. In 
other words we can say that if the destruction rate is high we will need less 
amount of catalyst to be activated and hence the required reactor volume 
will be less [114]. A high value of  can be achieved by modifying the cata-
lyst [114]. The catalyst modification for higher efficiency of photocatalysis 
is discussed in the following sections.

Another major challenge of designing a photoreactor is the requirement 
of a large amount of catalyst to be activated inside the reactor [114]. Even 
if the effective surface area of the catalyst is very high, then also the catalyst 
can be present in the reactor in the form of a thin film. This eventually 
restricts the efficiency of the reactor. Moreover, due to this limitation the 
retention time of the reactor also eventually increases [114]. Hence the 
efficacy of a reactor increases by addressing these two issues. 

One of the new concepts of photocatalytic reactor is the hollow tube 
reactor or multiple tube reactor (MTR) [114]. In this type of reactor, hol-
low tubes have been used as light conductors and this reactor satisfies most 
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of the conditions for scaling it up. In this reactor a high surface area of the 
catalyst have been achieved at a relatively low reactor volume. Infact, 70–100 
folds of surface area has been accomplished per m3 of the reactor volume 
as compared to the Classical Annular Reactor (CAR) [114]. In this innova-
tive reactor design, the light enters through one side of the hollow tube and 
being reflected through out the length of the tube. During these reflections 
the light is being exposed to the immobilized catalyst coated on the outer 
surface of the tube. Since the cylindrcal surface area is quite huge (200 times 
than the light entrance area), a large amount of catalyst can be illuminated by 
this method [114]. 

There are other two conventional reactors, called Clasical Annular 
Reactor (CAR) and tube light reactor (TLR), which are also being used for 
photocatalyst. In CAR a single lamp is placed in a tube or annulus through 
which the reactant solution passes through and the outer layer of the inner 
annulus are being coated with the catalyst [114]. A CAR has 0.099 m outer 
daimeter, 0.065 m of inner diameter and 0.77 m of length. The TLR is an 
immersion type reactor which consists of 21 lamps. They have a very nar-
row diameter of 0.0045 m and catalyst is coated on its surface. The lamp 
is immersed inside the reactor liquid [114]. A comparison study of these 
three reactors is given in Table 10.13 [114].

10.3.3  Photocatalysts

Photocatalysts play the most crucial role in any photocatalytic reaction. 
This is the compound on which the overall process efficiency and capability 
is dependent on. The light energy requirement for the process and the type 
of light required (UV or visible) is also determined by the photocatalyst 

Table 10.13 Comparison of reactor specifications of CAR, TLR, and MTR[114].

Specifications CAR TLR MTR 

Volume of reactor, m3 3.48 × 10–3 5.36 × 10–4 1.23 × 10–3

Catalyst surface are, m2 0.18 0.15 0.51

Parameter, k, m2/m3 69 618 1087

Volumetric flow rate, m3/S 8.42 × 10–5 1.67 × 10–5 3.00 × 10–5

Electrical energy input, W 400 126 40

Scale-up possibilities No Yes Yes

Ref. [121] [114] [114]



368 Advanced Materials for Wastewater Treatment

used in the process. From the inception of photocatalysis, semiconducting 
materials have been used as catalysts. Semiconducting materials can be 
difined as the compound whose electrical conductivty is in between that of 
a conductor and an insulator. The conduction band of any semiconducting 
material is either half filled or empty, so that when it absorbs light energy, 
an electron from their valence band gets excited and are promoted to the 
conduction band. Hence the conduction band produces one electron (e ) 
and the valence band produces one hole (h+). This is the basic principle of 
the excitation of semiconductors. The imparative factor here is the light 
energy. Every semiconductor has its characteristic band gap, that is, the 
energy difference between the valence band and conduction band. The 
absorbed light energy should be higher than the band gap of the semicon-
ductor to get excited. Different semiconducting materials along with their 
different band gaps are presented in Table 10.14 [122].

So far, TiO
2
 is the most widely used photocatalyst [122]. Another widely 

used catalyst is ZnO. However, regardless of these advantages of TiO
2
 there 

are certain limitations of this compound which restricts its use in the com-
mercial scale. In Table 10.14, we can see that the band gap of TiO

2
 is quite 

high (3.2 eV) and hence the wavelength of light energy required to excite it is 
less than 387 nm. Consequently UV light is needed to excite TiO

2
 molecule. 

The similar kind of constraints also exist for ZnO. Now, we can only make a 
process more environmentally friendly, by using sunlight as its energy source. 
However, sunlight contains only around 5% UV light and the rest of it is 
mostly visible light. Hence for solar photocatalysis, where the photocatalysis 

Table 10.14 Common semiconductors used in photocatalysis [122].

Semiconductor

Band 

gap 

(eV)

Wavelength 

(nm)

Light 

absorp-

tion

Valence 

b and 

(V vs. 

NHE)

Conduction 

b and (V 

vs. NHE)

TiO
2

3.2 387 UV 3.1 −0.1

SnO
2

3.8 318 4.1 0.3

ZnO 3.2 387 3.0 −0.2

ZnS 3.7 335 1.4 −2.3

WO
3

2.8 443 Visible 3.0 0.4

CdS 2.5 496 2.1 −0.4

CdSe 2.5 729 1.6 −0.1
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is done solely by sunlight, only a very small portion of the sunlight can be 
utilized for catalyst excitation. That not only decreases the effciency of the 
process but also makes it energetically ineffcicient. Hence, further modifica-
tion of TiO

2
 is required so that it can absorb the visible region of solar spec-

trum. Several modification techniques on semiconductors have already been 
studied and their few details have been outlined in the following section.

10.3.3.1  Doping of TiO
2

One of the most expansively studied method to overcome the above men-
tioned inadequecy of TiO

2
 is doping of the semiconductor with some other 

ions, that is, imparting defect on TiO
2
 structures. It can be doped either by 

anions or cations to sensitize the catalyst toward visible light. The doping of 
TiO

2
 not only helps to sinsitize it toward visible light but also helps preven-

tion of electron (e ) and hole (h+) recombination. Different types of doping 
of TiO

2
 are explained below.

10.3.3.1.1 Cation Doped TiO
2

One of the most extensively used method for doping TiO
2
 is cation doping. 

Doping of TiO
2
 with different types of cations like rare earth metals, noble 

metals, poor metals, and transition metals has been investigated in the past 
few years [123, 124]. The reasons behind the increased efficiency of photo-
catalysis of a cation doped catalyst are as follows[125–127]:

It increases the light absorption range of the catalyst. Doped 
TiO

2
 can be effciently activated by the visible range of solar 

spectrum, thereby making the process energetically efficient.
The generated radicals by this process has a higher redox 
potential than the radicals generated from normal TiO

2
.

It prevents the recombination of conduction band electron 
and valence band hole, which eventually increases the quan-
tum efficiency of the process.

Another phenomenon can also explain the increased photocatalytic 
activity of cation doped TiO

2
 [128, 129]. If TiO

2
 is being doped with a 

lower oxidation state cation (e.g., Fe3+) (conduction p-type), to maintain 
the electrical neutrality, electrons from valence band are being removed. 
As a result, conduction band hole is produced eventually. This way, the 
number of e  and h+ produced increases, thereby increasing the efficacy of 
photocatalysis. In another way, if TiO

2
 is being doped with higher oxida-

tion state cation (e.g., Nb5+) (condution n-type), to maintain the electrical 
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neutrality, excess electron are placed in the empty conduction band of 
TiO

2
. This eventually also increases effciency of photocatalysis.

One of the foremost example of cation doping is doping of rare earth 
metals on TiO

2
. The rare earth metals essentially includes Scandium (Sc), 

Yttrium (Y) and 15 lanthanoids [122]. According to the previous studies, 
the presence of incomplete 4f and empty 5d orbitals in these metals actu-
ally increases the rate of photocatalysis [123]. According to another study 
[130], Cerium (Ce) can be successfully used as a rare earth metal for dop-
ing on TiO

2
. There are few definite advantages of using Ce for this purpose. 

It helps to prevent the size increase of TiO
2
 after doping. Hence, the crys-

tallite size of TiO
2
 decreases, thereby increasing the specific surface area 

of the catalyst and eventually increasing its photocatalytic activity [130]. 
Moreover, the formed redox pair (Ce3+/Ce4+) basically acts as an electron 
scavenger. Hence it can trap the electron generated from TiO

2
, preventing 

the recombination of electron and h+. Consequently that increases the effi-
cacy of the photocatalysis process. Among rare earth metals, Gadolinium 
(Gd) has also been identified as a very efficient doping cation for TiO

2 

[131]. When Gd3+/TiO
2
 pair is being prepared by sol-gel method, it pro-

vide a catalyst with lowest band gap and highest surface area [131].
Several studies have been carried out till date on doping of TiO

2
 with 

several noble metals and almost all of these studies have shown promising 
results [122]. Noble metals like Osmium (Os), Palladium (Pd), Ruthenium 
(Ru), Rhodium (Rh), Silver (Ag), Iridium (Ir), Platinum (Pt) and Gold 
(Au) have shown their excellence in photocatalytic activity when doped on 
TiO

2
 [122]. Besides, all these metals have excellent resistance to corrosion 

[123]. The activity of silver doped TiO
2
 has been studied with different 

model compounds like Rhodamine 6G Dye [132], Methylene Blue [133], 
Methylene Orange [134]. In all these studies it has been shown that the 
activity of TiO

2
 increases due to presence of silver and hence the rate of 

degradation of these model compounds also increases with Ag doped TiO
2
 

[132–134]. The increased activity of Ag doped TiO
2 
can be attributed to the 

increased specific surface area of the doped catalyst [123]. Also, the Ag on 
TiO

2
 surface acts as an electron trap which ultimately hinders the recom-

bination of e  and h+ and increases the photocatalytic activity [132, 133]. 
Doping of TiO

2
 has also extensively being studied with transition met-

als. Based on IUPAC nomenclature, a transition metal can de defined as an 
element which consists of an incomplete d subshell [122]. Transition met-
als like Iron (Fe), Cobalt (Co), Nickel (Ni), Manganese (Mn), Chromium 
(Cr), Vanadium (V), Copper (Cu), Zinc (Zn), and Zirconium (Zr) have 
been studied for their catalytic activity when doped with other photocat-
alysts [122]. It can be concluded that transition metals, when doped on 
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TiO
2
, are effective in transferring the light absorption from UV to visible 

region. However, the photocatalytic activity of transition metal doped cat-
alyst depends on few factors like the type of transition metal, the concen-
tration of metal and their microstructural characteristics [135].

10.3.3.1.2 Anion Doped TiO
2

Another promising method for catalyst doping is the anion doping. Anion 
doping primarily increases the photocatalytic activity of TiO

2
 by inhibiting 

the recombination of formed e  and h+. Anions like Carbon (C) [136, 137], 
Nitrogen (N) [138, 139], Sulfur (S) [140, 141], and Iodine (I) [142] have 
been extensively studied for their doping efficiencies on TiO

2
. From these 

studies it is evident that minimising the recombination of e  and h+ is more 
promising in anion doped TiO

2
 than in cation doped [143, 144]. It has also 

been shown that the morphology and eventually the photocatalytic activity 
of TiO

2
 is greatly enhanced by anion dopings [145]. The band gap of anion 

doped TiO
2
 has been found to be much lesser than that of normal TiO

2
 

[146]. As a result, these doped catalysts can be effectively activated by the 
use of visible spectrum of solar light.

Among these anions, carbon doping of TiO
2
 has gathered much atten-

tion due to few reasons. When the carbon molecule is being introduced 
into the TiO

2
 structure, it leads to a new state (C 2p) close to the valence 

band edge of TiO
2
 (O 2p). Accordingly, the conduction band of TiO

2
 shifts 

and results in a lower band gap [147–149]. Also, the specific surface area of 
the carbon doped catalyst becomes higher than the normal catalyst. Hence 
the photocatalytic activity increases due to increased number of active sites. 
This increased activity has been studied on tricholoro acetic acid, where it 
has been found that the degradation of the model compound is much more 
efficient under solar light with carbon doped TiO

2
 than normal TiO

2
 [149]. 

This increased efficiency of carbon doped TiO
2
 is mainly due to the rapid 

formation of superoxide (O2-) anion and hydroxyl radical (OH.) under vis-
ible light [147–149]. Nitrogen is also gathering an immense importance for 
doping on TiO

2
 because of its more environment friendliness than other 

doping anions [148].

10.3.3.2  Coupled Semiconductors

In recent years, another approach is being immensely studied which is 
called the coupled semiconductors [122], where a semconductor is being 
coupled with another one to decrease their band gap effectively. In this 
approach, a high band gap semiconductor like TiO

2
 is being coupled with 

a low band gap semiconductor [150]. When a low band gap semiconductor 
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having a more negative conduction band is being coupled with TiO
2
, the 

formed electron can be injected from the low band gap semionductor to 
TiO

2
, thereby activating the TiO

2
 molecule [150]. However, the effective-

ness of the process depends on the potential differences of conduction and 
valence bands of the two semiconductors [151]. It can also be said that this 
electron transfer will be more successful if the conduction band of TiO

2
 

is more anodic than the other semiconductor [152]. In other words, the 
valence band of the second semiconductor must be more cathodic than 
TiO

2
 [152].

The coupled semiconductors which are primarily used for water treat-
ment are M

x
O

y
/TiO

2
 and M

x
S

y
/TiO

2
 [152]. An example of M

x
S

y
/TiO

2
 sys-

tem is CdS/TiO
2
. In this system, CdS has a lower band gap of 2.4 eV and it 

is one of the most extensively studied coupled semiconductor [153]. Both 
the conduction band and the valence band are higher than that of TiO

2
 

[150]. This system has been used to study the degradation of phenazopyri-
dine where 75% degradation of the model compound has been achieved 
after 60 min of light irradiation [154]. In this study, a solar lamp (400–
800 nm, 0.0212 W/cm2) has been used as the source of light energy [154]. 
Another example of M

x
S

y
/TiO

2
 system is CdSe/TiO

2
. CdSe has a band gap 

as low as 1.74 eV and has been identified as another promising element for 
semiconductor coupling with TiO

2
 [155]. The efficiency of the system has 

been studied for degradation of 4-Chlorophenol. More than 30% degrada-
tion and more than 20% removal of total organic carbon has been achieved 
under solar light [155].

An example of M
x
O

y
/TiO

2
 system is SnO

2
/TiO

2
 or ZnO/TiO

2
. Both the 

systems have been used for the degradation study of methyl orange dye 
[150, 156]. It has been found that SnO

2
/TiO

2
 can degrade methyl orange 

to up to 95% under visible light [150]. Similarly for ZnO/TiO
2
 the deg-

radation has been found to be 98.1% under visible light [156]. Another 
example of M

x
O

y
/TiO

2
 system is WO

3
/TiO

2
 which received a lot of atten-

tion in photo-electrochemistry in recent years [153]. The band gap of WO
3
 

is 2.8 eV [157], hence it can be excited by the visible light. Besides, the 
upper edge of the valence band and the lower edge of the conduction band 
of WO

3
 are lower than that of TiO

2
. Hence, after light activation of WO

3
 

the generated h+ can be transferred from WO
3
 to TiO

2
 [158]. However, the 

preparation technique of WO
3
/TiO

2
 is quite critical and for that reason 

SnO
2
/TiO

2
 system is gathering even more attention [150]. These results 

clearly show the potentiality of using coupled semiconductors over normal 
semiconductors.
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10.3.3.3  Dye-Sensitized Catalyst

Another new approach for catalyst modification is the dye-sensitization 
of semiconductors. This is an incredibly promising approach that is being 
extensively studied in these days [159]. In this process, a dye molecule 
is being incorporated into the TiO

2
 molecule. The dye so selected that it 

can absorb visible light. A dye molecule get chemisorbed on the surface 
of TiO

2
. When visible light is being incident on the dye/TiO

2
 system, the 

chemisorbed dye molecule absorbs the visible light and gets excited. The 
excited state of dye can be of two types. In one type the excited dye throws 
an electron to the conduction band of TiO

2
, which is called the anodic dye 

sensitization [160]. In the second type, after the excitation of dye, it gener-
ates a hole (h+) and injects it to the valence band of TiO

2
. This type of dye-

sensitization is called cathodic dye sensitization [161]. In most of the cases, 
anodic dye has been used for photocatalysis. The anodic dye sensitization 
process is shown in Eqns. 10.20 and 10.21. When the visible light energy 
is incident on a dye, it absorbs the light energy (h ) and gets excited (S*) 
(Eqn. 10.20). This excited dye then injects an electron (e-) to the conduc-
tion band of TiO

2
 (Eqn. 10.21), thereby exciting the TiO

2
 molecule. Hence, 

the catalyst is getting excited by using visible light [159].

 S h S*
 (10.20)

 S S eCB

*
 (10.21)

The excited dye molecule ultimately takes an electron from an elec-
tron donor present in the system. The electron donor can be a molecule 
or a mediating redox couple in a regenerative cell [159]. For example, 
Triethanol amine or EDTA can be used as an electron donating agent.

The type of dye effective for dye-sensitized photocatalysis depends on 
several factors. Few of them are listed below [160]:

surface anchoring group
energy levels
ground state redox potential

Phosphates and carboxylic anchoring groups have been found to have 
strong covalent bond with the semiconductors. A strong covalent bond 
finally intensifies the electronic coupling between the molecular orbital of 
dye and the semiconductor, which eventually increases the electron trans-
fer rate between them [162].
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There are many dyes that can be used as sensitizers for semiconduc-
tors. Porphyrins, coumarins, phalocyanines, carboxylate derivatives of 
anthracine are few examples of such sensitizers [159]. Other than these, 
transition metal dyes are also being extensively studied nowadays due to 
their strong dye-sensitization properties. The transition metal dyes have 
been proved to be the best for dye-sensitization process [163]. Transition 
metals such as Ru(II), Fe(II), and Os(II) have shown their excellect prop-
erties as dyes. These metals can form a d6 complex and can undergo a 
strong charge tranfer absoption through out the entire visible range 
[163]. Primarily, Ru(II) polypyridines complexes are used for photoca-
talysis [159]. However, all these transitions metal dyes consist of heavy 
metals which is not environmentally friendly. Besides, the systhesis pro-
cess of these dyes is very complex and expensive. Hence, a new approach 
to dye sensitization is the use of natural dyes and replacement of heavy 
metal dyes. The natural dyes can be extracted from fruits, flowers, leaves 
and vegetables [159]. Table 10.15 shows few examples of these natural 
dyes [159].

Table 10.16 shows the comparative efficiencies of different modified 
photocatalysts on phenol degradation [167]. From Table 10.16, it is evident 
that by the process of dey-sensitization we can succesfully run the photoca-
talysis process under visible solar light. The efficiency of the process is also 
quite high as compared to the other photocatalytic processes. 

Table 10.15 Extracts used as natural dyes for dye-sensitization [159].

Extract source Ref.

Rosella [164]

Blue Pea [164]

Jaboticaba’s skin [165]

Chaste tree fruit [166]

Mulberry [166]

Cabbage – palm fruit [163]

Java palm [163]

Pomegranate seeds [163]
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10.3.4  Challenges and Future Prospects of Photocatalysis

Heterogeneous photocatalysis can gather an immense importance in 
future water treatment processes due its enormous potential of addressing 
several water contaminants, microbes and emerging pollutants. However, 
this process could not be commercialized till date due to few limiting fac-
tors. There are a few uncertainites that need to be addressed related to 
photocatalysis. For example, the replacement of UV light with solar light 
will significantly decreases the cost of the process while it will be more 
enviromentally friendly. Although a lot of work has been done for the 
development and understanding of the photocatalytic processes, specific 
improvements are needed particularly in the following areas:

The generation of new catalyst systems that can be activated 
by visible spectrum of solar light, thereby making the pro-
cess more sustainable.
Increasing the environment friendliness and sustainability 
of the photocatalyst.
Designing an effective solar photo reactor that can be scaled 
up to the commercial uses.

10.4  Combination of Photocatalysis 
(UV/TiO

2
) and Ferrate(VI)

A limiting factor of photocatalysis is the potential recombination of con-
duction band electron (e

cb
) and the valence band hole (h

vb
), on TiO

2
 sur-

face, that result in process inefficiencies [174–177]. Fe(VI) can play the 
role of electron scavenger, solving the problem of the recombination of 
conduction band electrons with the holes, that happens in photocatalysis, 
to result in higher efficiency of the oxidation process [175]. In addition to 
this, the Fe(V) produced by the reduction of Fe(VI), which is 2 to 4 orders 
of magnitude more reactive than Fe(VI), has a great potential for remedia-
tion of pollutants [178]. Limited work related to the removal of organic 
pollutants in water using the combination of Fe(VI) and heterogeneous 
photocatalysis has been carried out [176, 177]. In Table 10.17, examples 
of enhanced oxidation of pollutants by photocatalysis-Fe(VI) system are 
presented. These studies show evidence for the enhancement of the photo-
catalytic oxidation in the presence of Fe(VI).

The concentration of dimethyl phthalate (DMP) decreased very slowly 
by TiO

2
/UV photocatalysis or Fe(VI) alone indicating a clear selectivity of 
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Fe(VI) oxidation to DMP [177]. On the other hand, the concentration of 
DMP decreased rapidly by TiO

2
/UV in the presence of Fe(VI). This dra-

matic enhancement effect of Fe(VI) is probably due to the oxidation of 
DMP by the produced Fe(V) and Fe(IV) species [175]. Moreover, these 
results demonstrate a synergetic effect of Fe(VI) and photocatalysis. In the 
case of DBP, the results emphasize the important role of Fe(VI) in enhanc-
ing the oxidation of DBP. BPA was oxidized by several oxidants (hydroxyl 
radicals, Fe(VI), and Fe(V)) and the recombination of electron/hole pairs 
was inhibited [174]. The degradation of ammonia using the Fe(VI)/photo-
catalysis system has been also studied. Although the %removal of ammonia 
was low, the study showed that the photocatalytic oxidation of ammonia 
has been enhanced by Fe(VI) [178].

10.5 Conclusions

There is an urgent need to develop greener wastewater treatment technolo-
gies due to the increased discharge of organic emerging pollutants to the 
water streams. The last few decades, Fe(VI) and photocatalysis received 
a great attention because of their ability to degrade organics in water. 
Researchers put a lot of efforts on the kinetic investigation of Fe(VI)-
organic reactions as well as on the stoichiometry of the reactions to deter-
mine required Fe(VI) to organic pollutant molar ratios, showing the ability 
of Fe(VI) to remove a wide range of organics from water, leaving a non-
toxic Fe(III) as a by-product initiating coagulation, in a multi-action Fe(VI) 
water treatment process. Studies related to the effect of water constituents, 
identification of oxidized products and the evaluation of the toxicity of 
the Fe(VI)-treated water are needed for the further development of the 
Fe(VI) technology. Compared to other chemical oxidants, little work has 
been done on the activation of Fe(VI) to enhance the oxidation process. 
Importantly, the activation of Fe(VI) by simple acids to enhance the oxida-
tive transformations of organics at lower Fe(VI) to organic molar ratios 
and shorter contact time was recently reported [99]. At the same time, an 
enormous number of studies have also been carried out on photocatalysis 
due to its potential efficiency on the water pollutant degradation. The pro-
cess can be carried out without the use of any hazardous toxic chemicals 
and in most of the cases the final product is innocuous carbon dioxide 
and water. This is the foremost reason behind the enormous prominence 
of photocatalytic processes. Moreover, few recent studies have also shown 
that by different modifications of the photocatalysts, the process can be 
made visible-solar-light driven, which further enhances the importance of 
the process in future. 
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Abstract
The composites-based on agricultural waste gained much attention due to their 

efficient adsorption efficiencies. Composites were seen as an adsorbent for differ-

ent types of pollutant remediation and sugarcane bagasse composite was exempli-

fied for the adsorption of Congo Red (CR) dye. Sugarcane bagasse composites 

with chitosan aniline, polyaniline, polypyrrole, chitosan pyrrole and starch were 

prepared and used for dye adsorption. The effect of process variables, that is, com-

posites doses, pH, contact time, CR initial concentration and temperature on dye 

adsorption were studied. The pseudo-second-order kinetic model and Freundlich 

isotherm fitted well to the CR dye adsorption data and intraparticle diffusion was 

the dye adsorption rate limiting step. The maximum dye adsorption was achieved 

using 180 mg/L CR initial concentration at 40 0C temperature for 60 min contact 

time using 0.05 g adsorbent doses in the pH range of 2–6 (pH was variable for 

different composites). Thermodynamic study revealed that the CR dye adsorption 

process was endothermic, spontaneous and energetically stable onto sugarcane 

bagasse composites. Results revealed that sugarcane bagasse-based composites 

have potential for the adsorption of dyes, which could possibly be used for the 

adsorption of dyes from textile wastewater.

Keywords: Biocomposites, biomolecules, sugarcane bagasse, adsorption 

mechanism
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11.1  Introduction

Biocomposites have been emerged as alternative, efficient and environ-
mental friendly adsorbents for the remediation of water pollution and dyes 
from textile industry [1–3]. Due to limited resources, the wastewater treat-
ment is a challenge, especially in developing countries. Worldwide annual 
production of dyes is approximately 0.7 million tons and textile industry 
generates huge quantities of complex chemical substances as a part of 
unused materials including dyes. To produce 1 kg of textile about 200 L of 
water is consumed and an average sized textile mill having a production of 
about 8000 kg of fabric per day consumed about 1.6 million L water [4]. 
The chemicals present in the wastewater cause harm to both human health 
and the environment (sunlight passage through the water, photosynthe-
sis, increase the biological oxygen demand and affect the aquatic life) 
[5, 6]. Respiratory diseases, dermatitis, asthma, changes in their immuno-
globulin, colon and rectum cancers and bladder cancer in textile workers 
is reported [7]. Discharge of the colored effluent into water bodies also 
reported to be toxic to aquatic organisms [8]. Recently, number of stud-
ies have been performed to evaluate the toxicity of textile wastewater and 
textile wastewater and dyes revealed toxic nature (cytotoxic, genotoxic and 
mutagenic) to living organisms [9, 10]. Therefore, to ensure environmental 
safety, the treatment of textile wastewater is the urgent need of the era. 
Different physico-chemical methods have been used for the remediation 
of textile wastewater [11–33]. However, adsorption using biocomposites 
have attracted the attention of scientific community for the removal of 
metals, dyes and other pollutant from wastewater since biocomposites are 
efficient adsorbents. A composite is a combination of two or more com-
ponents, in which one component acts as a reinforcing agent and other 
provides compatible matrix [34, 35], which are also low cost, efficient and 
environmental friendly and have been prepared and successfully used for 
the adsorption of dyes, metal and various other inorganic and inorganic 
pollutants [34, 35]. 

Recently, biocomposites have gained much attention for the adsorption 
of dyes from wastewater. The biocomposites application to remove dyes, 
metal ions etc in wastewater is shown in Tables 11.1–11.3. To date, different 
types of composites have prepared and used for remediation of pollutants 
[34–36], that is, magnetic chitosan/poly (vinyl alcohol) hydrogel beads 
[37], glutamic acid modified chitosan magnetic composite [38], ferro-
fluid modified peanut husks [39], magnetic -Fe

2
O

3 
cross-linked chitosan 

composite [40], starch functionalized magnetic MWCNT [41], magneti-
cally modified spent coffee grounds [42], chitosan suppoted CNT-MNPs 
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Table 11.1 Adsorption capacities of various composites for the adsorption of 

dyes and present investigation (polyaniline, starch, polypyrrole, chitoson/aniline 

and chitoson/pyrrole composites).

Adsorbents Dyes q
e
 (mg/g) Ref.

Polyaniline-coated 

nylon-6 nanofibers

methyl orange 370 [55]

hydroxyapatite/chitosan 

composite

Congo red 769.0  [56]

Graphene oxide (GO) 

and polyacrylamide 

(PAM)

Methylene blue (MB) 

and Rhodamine 

6G

292.84 & 288 [57]

Starch functionalized 

magnetic MWCNT

Methyl orange 135.6 [41]

Fe
3
O

4
@graphene 

nanocomposite

Methylene blue, 

Congo red

45.27, 33.66  [58]

Cross-linked poly-

hedral oligomeric 

silsesquioxane

Methyl orange 237.5 [59]

Polymer modified mag-

netic nanoparticles

Alkali blue 6B, 

Crystal violet

22, 208.3 [44]

Ethylenediamine-

modified magnetic 

chitosan nanoparticles

Acid orange 10, Acid 

orange 7

1017, 1214 [60]

Nano-Fe3O4/carboxyl-

functionalized baker’s 

yeast composites

Methylene blue 141.75 [61]

Chitosan suppoted 

CNT-MNPs

Acid red 18 809.9 [43]

Magnetic biocomposite 

(metal chlorides and 

aquatic macrophytes)

Metanil yellow dye 90.91 [62]

magnetically modified 

spent coffee grounds

Acridine orange, 

Amido black 10B, 

Bismark brown, 

Congo red, Crystal 

red, Malachite 

green, Safranin-O

73.4, 1.24, 

69.2, 9.43, 

68.1, 43, 59, 

[42]

(Continued)
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Table 11.1 Cont.

Adsorbents Dyes q
e
 (mg/g) Ref.

Core-shell nano-ZnO/

pollen grain (n-ZnO/

PG) biocomposite

Malachite green 145.9 [63]

Ferrofluid modified pea-

nut husks

Bismarck brown, 

Safranin-O, 

Crystal violet, 

Acridine orange

95.3, 86.1, 

80.9, 71.4

[39]

Aminoguanidine 

modified MNPs

Acid green 25, Acid 

violet 43, Acid 

orange 20, Acid 

red 27, Methyl blue

95.2, 137, 120, 

83.3, 165

[46]

Mango stone 

biocomposite

crystal violet - [64]

Magnetic zeolite/iron 

oxide nanocomposite

Reactive orange 16 1.1 [65]

Magnetic N-lauryl chito-

san nanocomposite

Remazol red 198 267 [66]

Magnetic 

γ-Fe
2
O

3
crosslinked 

chitosan composite

Methyl orange 29.83 [40]

Magnetic ferrite 

nanoparticle alginate 

composite

Basic red 18, Basic 

blue 41, Basic 

blue 9

56, 25, 106 [45]

polyurethane/chitosan 

composite foams

Acid Violet 48 30 [47]

ionic liquid-coated 

Fe3O4@chitosan@

graphene oxide

methylene blue 262 [48]

amphoteric chitosan/

gelatin composite 

microspheres

Acid red 337 748.50 [48]

Glutamic acid modified 

chitosan magnetic 

composite

Methylene blue, 

Crystal violet, 

Light yellow 7GL

180, 375.4, 

217.3

[38]

(Continued)
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Table 11.1 Cont.

Adsorbents Dyes q
e
 (mg/g) Ref.

Bioadsorbent-modified 

ostrich bone wastes 

Methyl orange 90% [67]

Chitosan/

montmorillonite

Congo red 53.42 [49]

Chitosan/polyurethane Acid violet 48 30 [47]

Polyaniline (PANI)-

Fe
2
O

3
 nano-composite

Acid violet 19 7.7 mg/g [68]

Chitosan/activated clay Methylene blue 330 [51]

Chitosan/activated clay Reactive dye RR222 1912 –

Chitosan/bentonite Malachite green 435 [50]

Chitosan/oil palm Reactive blue 19 909.1 [52]

Chitosan coated mag-

netic iron oxide

Congo red 56.66 [69]

Magnetic chitosan/poly 

(vinyl alcohol) hydro-

gel beads

Congo red 470.1 [37]

Calcium alginate/

multi-walled carbon 

nanotubes

Methylene blue and 

methyl orange

79.7% and 

80.2%

[70]

Surfactant Doped 

Polyaniline/MWCNTs 

Composite

Brilliant green  434.78 [53]

Eggshell with a polymer 

mixture of alginate 

and polyvinyl alcohol

C.I. Remazol 

Reactive red 198

46.9 [71]

Composites of polyani-

line, starch, polypyr-

role, chitosan aniline 

and chitosan pyrrole 

using peanut waste

Crystal violet 100.6 mg/g [72]

Polypyrrole Composite Acid orange10 243.9 [73]

(Continued)
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Table 11.1 Cont.

Adsorbents Dyes q
e
 (mg/g) Ref.

Polyaniline Nano 

Composite

Reactive Dye 143.59 [74]

Modified corn pith Malachite green 488.3 [75]

Gum ghatti and acrylic 

acid-based graft 

co-polymers

Methylene blue and 

rhodamine B 

909.09, and 

819.67

[76]

Polyaniline lignocellulose 

composite

Congo red 1672.5  [77]

Chitosan–silica compos-

ite aerogels

Congo red 150 [78]

Chitosan/Rectorite 

Composite

Congo red 73.8  [79]

Sugarcane bagasse com-

posite with starch 

Congo red 101.50 Present 

study

Sugarcane bagasse 

composite with 

polypyrrole 

Congo red 89.10 Present 

study

Sugarcane bagasse com-

posite with polyaniline 

Congo red 90.20 Present 

study

Sugarcane bagasse com-

posite with chitosan 

pyrrole 

Congo red 93.50 Present 

study

Sugarcane bagasse com-

posite with chitosan 

aniline 

Congo red 105.20 Present 

study

[43], polymer modified magnetic nanoparticles [44], magnetic ferrite 
nanoparticle alginate composite [45], aminoguanidine modified MNPs 
[46], polyurethane/chitosan composite foams [47], chitosan/polyurethane 
[47], amphoteric chitosan/gelatin composite microspheres [48], chitosan/
montmorillonite [49], chitosan/bentonite [50], chitosan/activated clay & 
chitosan/activated clay [51], chitosan/oil palm [52] and surfactant doped 
polyaniline/MWCNTs composite [53] have been reported to be an efficient 
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Table 11.2 Adsorption capacities of various composites for the adsorption of 

metal ions and present investigation (polyaniline, starch, polypyrrole, chitoson/

aniline and chitoson/pyrrole composites).

Adsorbents Metal ions q
e
 (mg/g) Ref.

Lignosilicate (LS) composite Ni(II) 38.74% [80]

Calcium alginate beads and 

compsoites with 1) glu-

taraldehyde, 2) Aspergillus 

caespitosus and 3) A. 

caespitosus 

Pb(II) 398.4, 413.8, 

651.6 and 670

[81]

Guar gum–nano zinc oxide Cr(VI) 55.56  [82]

Biocomposite of mango Cr(VI) – [83]

alginate and gelatin cross-

linked with Ca2+, Ce3+ and 

Zr4+ ions namely Ca@

AlgGel, Ce@AlgGel and 

Zr@AlgGel composites

Cr(VI) 19.40, 24.50 and 

25.40 

[84]

macro marine algae (Jania 

rubens) and yeast 

(Saccharomyces cerevisiae) 

immobilized on silica gel

U(VI) – [85]

Nano-hydroxyapatite 

(n-HAp) with chitin and 

chitosan

Fe(III) 4238, 5800 and 

6.753 mg/kg

[86]

Bentonite composite 

with Eriobotrya japonica 

Cu(II) – [34]

Alumina/alginate (AlAlg) 

composite

Cr(VI) 17.45 [87]

Chitosan-montmorillonite 

(KSF-CTS): 

Montmorillonite (KSF-Na), 

CTS and KSF-CTS 

biocomposite

Cu(II) 86%, 85% and 

84%

[88]

Chitosan-nanoclay composite Cr(VI) 128.43 and 

21.83 mg/g

[89]

(Continued)
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Table 11.2 Cont.

Adsorbents Metal ions q
e
 (mg/g) Ref.

Bionanocomposites of 

fungus-Fe
3
O

4
 

Sr(II), Th(IV) and 

U(VI)

100.9, 223.9 and 

280.8 

[90]

Cellulosic biopolymers-based 

graft copolymers

Cu2+, Zn2+, Cd2+, 

Pb2+ 

1.209, 0.9623, 

1.2609 and 

1.295 mmol/g

[91]

Nano-sized hydroxyapatite 

(nHAp) into alginate 

polymer

Pb(II) 270.3 mg/g [92]

Alumina/chitosan (AlCs) 

composite

Cr 8.62 mg/g [93]

Hydrogel modified by trieth-

ylene tetra amine (TETA-

NBC) and β-cyclodextrin

Hg(II) 407.9 mg/g [94]

Sulfonated plant gum-

mushroom biocomposite

Ag(I) and Zn(II) 137.8 and 

287.9 mg/g

[95]

Cellulose-graft-

polyacrylamide/

hydroxyapatite composite 

hydrogels

Cu(II) 175 mg [96]

Fungal dead biomass com-

posite with bentonite

Ni(II) and Zn(II) 161 and 

78.5 mg/g

[35]

Chitosan (CT) and halloysite 

nanotubes biopolymer 

Cu(II) 10.55 mg/g [97]

Groundnut husk modified 

with Guar Gum

Pb(II), Cu(II) and 

Ni(II)

absorbents. In view of excellent dye adsorption properties of composites 
[54], the biocomposites received much attention as an adsorbent. So far, 
it was hypothesized that the composites of biopolymer with biomass may 
offer excellent adsorption properties and the principle objectives were 
to prepare composites of polyaniline, starch, pyrrole, chitosan aniline 
and chitosan pyrrole with sugarcane bagasse biomass and to check their 
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Table 11.3 Adsorption capacities of various composites for the adsorption of 

ions and organic compounds.

Adsorbents Adsorbate q
e
 (mg/g) Ref.

Chitosan supported bentonite 

(CSBent) composites (Zr@

CSBent, Fe@CSBent and Ca@

CSBent)

Phosphate ion 40.86, 22.15 

and 13.44

[98]

Chitosan/bentonite, chitosan/

titanium oxide, and chitosan/

alumina

Nitrate ion 35.68 and 

43.62, and 

45.38

[99]

-Al
2
O

3
 with MgO nanocrystals Fluoride ion 5.6  [100]

Alginate (Alg) bioencapsulating 

nano-hydroxyapatite

Fluoride ion 3870 mg/kg [101]

Chitosan and activated carbon 

nanocomposite 

Phenol 409 [102]

silica gel/chitosan (SGCS) and 

cerium loaded silica gel/chito-

san (Ce-SGCS) composites

Fluoride ion 4821 ad 

3470 mg/kg, 

[103]

Chitin/chitin-based biocomposite Fluoride ion 85%, 84% [104]

Lanthanum complex onto imino-

diacetic acid and chitosan

Fluoride ion 17.50 mg/g [105]

Vineyard pruning waste 

entrapped in calcium alginate 

beads

P, K, N–NH
4
, 

SO
4
, TN, TC 

and PO
4

– [106]

Graphene oxide doped calcium 

alginate

Ciprofloxacin 18.45 to 

39.06 mg/g

[107]

adsorption behaviors toward CR dye (Figure 11.1(a)) dye. Different pro-
cess variables, that is, pH, dye initial concentration, contact time, compos-
ites doses and temperature were optimized for maximum dye adsorption. 
Moreover, kinetics, equilibrium modelling and thermodynamic studies 
were performed in order to understand the adsorption nature and mecha-
nism of CR dye adsorption onto composites. 
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11.2  Material and Methods

11.2.1  Chemical, Reagent and Instruments

The chemical and reagent, that is, HCl (37%), aniline (≥99.5%), for-
mic acid (≥95%), pyrrole (98%), chitosan (≥85%), starch (CAS Number 
9005-84-9, Molecular Weight 342.30/mole), acetic acid (≥99.99%), NaOH 
(50%), methanol (99.8%), ammonium persulfate (≥98%) were purchased 
from Sigma-Aldrich (St. Louis, Missouri, US). Commercial garde CR dye 
was kindly supplied by Director, Harris Dye and Chemical, Faisalabad, 
Pakistan. Ultra pure water with a resistivity of 18.2 MΩ cm from Milli-Q 
system (Millipore) was used for the preparation of solutions. The siever 
(OCT-DIGITAL 4527-OI), orbital shaker incubator (PA 250/25.H), ana-
lytical balance (Shimadzu, AW 220), pH meter (HI-8014 Hanna), grinder 
(Moulinex, France) and spectrophotometer (CE Cecil 7200, UK) were 
used throughout the study (otherwise stated).

Figure 11.1 (a) Structure of Congo Red; (b) biomasses screening for Congo Red dye 

adsorption (sugarcane baggase, peanut hull, cotton stick, and rice bran).
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11.2.2  Biomass Collection and Preparation

Sugarcanes bagasse, rice bran, peanut hull and cotton stick were collected 
from Shakarganj Sugar Mill Jhang, Iqbal Rice Mills, local market (Faisalabad) 
and former field, respectively. Collected material was washed with distilled 
water to remove dust and impurities and dried for a week in sunlight followed 
by 36 h oven drying at 60 °C. Dried biomasses were grinded in an electric 
ball mill, sieved and fractions of 0.25 mm were selected, screened for adsorp-
tion of CR and sugarcane bagasse was used for composites preparation.

11.2.3  Composites Preparation

The composites of bagasse were prepared with polyaniline, starch, pyrrole, 
chitosan aniline and chitosan pyrrole. The polyaniline/bagasse composite 
was prepared with slight modification following reported method [72, 108, 
109]. Briefly, 5 mL aniline was dissolved in 1M HCl (50 mL), then, ammo-
nium per disalfate was added drop wise with constant stirring. Then, 1 g 
of bagasse powder was mixed and stirred for 3 h and placed in refrigerator 
at 4 °C for 24 h, filtered and washed with water, dil HCl and methanol. 
Finally, prepared mass was dried at 50 °C for 48 h in an oven. For starch 
composite with bagasse, 6% starch solution was dissolved in 50 mL water, 
stirred for 15 min and 250 mL solution of ammonium per disalfate in HCl 
was added drop wise while keeping mixture in ice bath and 1 g of bagasse 
powder was added. Stirred the mixture for 30 min and placed at room 
temperature until the color turns dark green. Mixture was filtered and 
washed with water and methanol and dried at 50 °C for 48 h in an oven. 
For polypyrrole composite preparation, a slight modification was done in 
reported method [110], a 0.5 M FeCl

3
 solution was added slowly (4 h) at 

room temperature in 10 mL pyrrole solution (0.2 M). Then, 1 g of bagasse 
powder was added and stirred the mixture for 3 h. Mixture was filtered and 
washed with water and methanol and dried at 50 °C for 48 h in an oven. 
For chitosan pyrrole composite with bagasse preparation, chitosan (1.0 
g) was dissolved in 20 mL dilute acetic acid solution of 2.5% (v/v). Then, 
10 mL CdCl

2
 with concentration of 5 g/L was added into the chitosan solu-

tion and stirred for 60 min [111] and then, 10 mL pyrrole solution (0.2 M) 
was added. Finally, 2.0 g bagasse powder was added and stirred for 1 h and 
placed overnight at room temperature. The obtained mixture was filtered 
and washed with water and methanol and dried at 50 °C for 48 h in an oven. 
For chitosan aniline composite with bagasse, chitosan (1.0 g) was dissolved 
in 20 mL dilute acetic acid solution of 2.5% (v/v). Then, 10 mL CdCl

2
 with 

concentration of 5 g/L was added into the chitosan solution and stirred for 
60 min and then 5 mL aniline was dissolved in 1M HCl (50 mL) and added 
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in chitosan solution, mixed thoroughly and then, 2.0 g bagasse powder was 
added and stirred for 1 h and placed overnight at room temperature. The 
obtained mixture was filtered and washed with water and methanol and 
dried at 50 °C for 48 h in an oven.

11.2.4  Dye Solution Preparation

The dye stock solution of was prepared by adding 1 g dye in 1000 mL ultra-
pure water. The working concentrations (10–200 mg/L) were prepared by 
dilution of stock solution. The solution was scanned from 190–900 nm for 

max
 measurement (505 nm) of CR dye.

11.2.5  Adsorption Experiments

The adsorption experiments were conducted in 250 mL in Erlenmeyer 
flasks in temperature controlled rotary shaker at 120 rpm. Different pro-
cess variables, that is, pH (4–12), composites dose (0.05–0.30 g), contact 
time (5–120 min), dye initial concentration (5–200 mg/L) and temperature 
(30–60 °C) were investigated. The pH of the medium was adjusted using 
0.1N solutions of NaOH/HCl. To study individual effect parameters, one 
variable was varied, while others keep fixed. The CR dye residual concen-
tration was determined by measuring absorbance at 505 nm. The linearity 
of dye concentration was checked by measuring the absorbance at 

max
 and 

the amount of dye adsorbed onto unit mass of adsorbent was calculated by 
concentration difference method (Eqn. 11.1). [112].

 qe

C C x
v

m

0
1000

 (11.1)

where, q
e 
is

 
adsorption capacity (mg/g), C

0
 is the initial concentration of 

dye (mg/L), C is the concentration of dye at time “t” (mg/L), V is the vol-
ume of solution (mL) and m is the adsorbent dose (g).

11.3  Results and Discussion

11.3.1  Screening of Adsorbents

Different biomasses were screened for CR adsorption, that is, rice bran, 
peanut hull, cotton stick and sugarcane baggase. Screening of biomass was 
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conducted using 0.1 g adsorbents, temperature 30 0C, dye initial concentra-
tion 50 mg/L, contact time 1 h and shaking speed 120 rpm and responses, 
thus obtained are shown in Figure 11.1(b). Among four types of adsor-
bents, sugarcane bagasse showed better efficiency of the adsorption of CR 
dye. Peanut hull, cotton stick, sugarcane bagasse and rice bran showed the 
adsorption capacities of 36.88, 33.25, 38.05, and 31.77 (mg/g), respectively. 
Therefore, composites of polyaniline, starch, pyrrole, chitosan aniline and 
chitosan pyrrole were prepared with bagasse and subjected to detail study 
for the adsorption of CV dye. Previous studies revealed that composites 
performed better for the adsorption of pollutant from wastewater versus 
individual agricultural-based adsorbents since composites provide rein-
forcement and compatible matrix and resultantly, offer excellent adsorp-
tion properties [113].

11.3.2  Effect of pH

The CV dye adsorption capacities of native biomass and composites of 
polyaniline, starch, polypyrrole, chitosan aniline and chitosan pyrrole was 
studied in the pH range of 4–12 (Figure 11.2(a)). The CV dye adsorption 
behavior was found variable. However, at any pH value, the composites 
showed better adsorption capacities. Ploypyrrole, polyaniline and starch 
composites showed higher CV adsorption at pH 4, whereas native bagasse 
and chitosan aniline furnished highest CV adsorption at pH 5 and chitisan 
pyrrole reponse was good at pH 6. At all other pH values, the CV adsorp-
tion capacities for all adsorbents were low, which revealed that pH range of 
4–6 is best for the adsorption of CV onto composites under investigation, 
that is, the adsorption capacities were recorded to be 24.98, 23.85, 23.0, 
18.36, 17.18 and 16.33 (mg/g) at pH 4, whereas these values were 21.35, 
20.92, 18.13, 19.24, 23.01 and 17.93 (mg/g) at pH 6 and decreased to 13.2, 
13.7, 11.79, 10.79, 10.8, and 9.99 (mg/g) at pH 12 for polypyrrole, starch, 
polyaniline, chitosan aniline, chitosan pyrrole composites and native 
bagasse biomass, respectively. Since pH affect the surface binding-sites and 
chemistry of aqueous solution and initial pH of the solution can affect the 
degree of ionization of the dye and charge on adsorbent surface, which 
are responsible for variable CV adsorption on adsorbent as a function of 
pH. The adsorbents used for CV adsorption are composed biopolymers, 
which have different functional groups and are responsible for dye bind-
ing on adsorbent surface. Thus, the CR adsorption onto composites may 
be explained on the basis of electrostatic interaction and chemical reac-
tion between the adsorbent and dye ions. At lower pH, strong electrostatic 
attraction may exist between the positively charged surface of adsorbent 
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and the negatively charged sulfonic acid group of CR dye. At higher pH, 
the number of positively charged sites decreases and negatively charged 
sites increases. A negatively charged surface does not favor the adsorption 
of dye anions due to electrostatic repulsion. At the same time, the pres-
ence of excess hydroxyl ions at higher pH conditions might compete with 
the dye anions for the adsorption sites. At higher pH hydroxyl ions may 
compete with the dye anions and hence a slow reduction in dye uptake 
was observed. However, a small amount of dye adsorption under alkaline 

Figure 11.2 CR dye adsorption on composites (bagasse with polyaniline, starch, pyrrole, 

chitoson/aniline and chitoson/pyrrole) and baggase native rice biomass; A: Effect of pH; 

B: Effect of adsorbent dose.

4 5 6

(a)

(b)

7 8 9 10 11 12

10

12

14

16

18

20

22

24

26

q
e

 (
m

g
/g

)

pH

0.05 0.10 0.15 0.20 0.25 0.30

10

15

20

25

30

35

q
e

 (
m

g
/g

)

Dose (g)

Polypyrrole
Strach
Polyaniline
Chitosan aniline
Chitosan pyrrole
Native

Polypyrrole
Strach
Polyaniline
Chitosan aniline
Chitosan pyrrole
Native



Agro-Industrial Wastes Composites as Novel Adsorbents 405

condition is correlated to chemisorption on dye ions onto adsorbent [49, 
78]. Secondly, the functional groups are involved in the dye adsorption 
process and pH affects the functional groups and resultantly, the forces 
between adsorbate and adsorbent may change [114, 115]. Similar trend 
for the adsorption of dyes on composites have been reported previously, 
that is, adsorption of cationic dye on magnetic -carrageenan/PVA nano-
composite hydrogels [116], adsorption of acid violet 19 dye onto poly-
aniline-Fe

2
O

3
 magnetic nano-composite [117], removal of reactive dye 

using sewage sludge derived activated carbon [118], crystal violet and 
Light yellow 7GL onto glutamic acid modified chitosan magnetic com-
posite [38], methyl orange onto epichlorohydrin magnetic alginate beads 
[119], brilliant blue FCF onto organosilane functionalized Fe

3
O

4 
compos-

ite [120] and cationic dyes onto humic acid-immobilized amine modified 
polyacrylamide/bentonite composite [121]. So for, present investigation 
revealed that bagasse composites with polypyrrole, polyaniline, chitosan 
aniline and chitosan pyrrole and starch higher potential for CR adsorption 
under acidic pH range. 

11.3.3  Effect of Composites Dose

The effect of composites doses were checked in the range of 0.05–0.3 g/100 mL 
of dye solution. Overall, trend of all types of adsorbent was similar for CV 
adsorption and 0.05 mg composite doses furnished higher CV dye adsorp-
tion. Composites showed significantly higher CV adsorption versus native 
biomass. The composites adsorption capacities were found in following 
order; polypyrrole > starch > polyaniline > chitosan aniline > chitosan 
pyrrole > native biomass (Figure 11.2(b)). At 0.05 g doses, the adsorp-
tion capacities were 35.31, 32.74, 32.56, 30.86, 30.69 and 28.66 (mg/g) and 
these values reduced to 14.71, 12, 10.99, 10.6, 10.41, and 9.49 (mg/g) at 
0.30 g adsorbent dose for polypyrrole, starch, polyaniline, chitosan ani-
line, chitosan pyrrole and native biomass, respectively. It is reported that at 
at higher adsorbent dose, the surface area may decreased due to aggrega-
tion of adsorbent particles and resultantly, the availability of active sites 
become limited and dye binding efficiency is decreased [34, 35, 115, 122]. 
The increased adsorbent dose at constant dye concentration and volume 
lead to saturation of available active sites because most of the binding sites 
are blocked due to aggregates formation and low surface area [123, 124]. 
For effective adsorption, equilibrium is established between adsorbate and 
adsorbent. Other than nature of functional group on different adsorbents, 
the competition of the dye ions for limited available binding sites, elec-
trostatic interactions, overlapping or aggregation of adsorption sites, low 
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surface area, interference between binding sites and lower ions contact at 
higher adsorbent densities might be the reasons for low dye adsorption at 
higher adsorbent dose [34, 35, 114, 122, 125].

11.3.4  Effect of Contact Time

The effect of contact time was studied in the range of 5–120 min for all types 
of adsorbent and responses, thus obtained are shown in Figure  11.3(a). 
It was observed the CV dye adsorption onto native and composites was 
very fast initially, slowed down after 30 min and equilibrium shortly after 
50–60 min. At equilibrium, the adsorption capacities were found out to be 
35.55, 32.55, 32.7, 30.67, 30.83 and 28.96 (mg/g) for polypyrrole, starch, 
polyaniline, chitosan aniline, chitosan pyrrole and native biomass, respec-
tively. Previously, it was reported that the native agricultural waste bio-
masses attained equilibrium after longer contact time [12, 14, 112, 114, 
115, 126, 127] and those of composites attained the equilibrium in shorter 
duration [35, 128] and similar trend observed in present investigation and 
equilibrium was reached in shorter duration with very fast adsorption 
initially followed by the little slower adsorption till equilibrium reached 
within 50–60 min for different composites. Further increase in contact 
time did not increase the adsorption and the lower adsorption rate at the 
latter stage may be due to the difficulty faced by dye ions to occupy the 
remaining vacant active sites and intraparticle diffusion process [35, 128]. 
This behavior of adsorption as function of contact time may be explained 
as the sites were freely available to bind ions and in second phase, already 
exhausted sites may repel the coming ions as well as the concentration 
gradient between adsorbate and adsorbent also decreased with time [129, 
130]. Similar finding have been document previously that with the passage 
of time the adsorption process decreased [35, 128].

11.3.5  Effect of Initial Concentration

The CV dye concentration in the range of 25 to 200 mg/L was stud-
ied for the evaluation of dye initial concentration effect on adsorption 
using native biomass, polyaniline, starch, chitosan pyrrole, polypyrrole 
and chitosan aniline composites and results thus, obtained are shown in 
Figure 11.3(b). By increasing the dye initial concentration, the adsorption 
capacities increased and reached maximum for the initial concentration of 
175 mg/L and beyond this concentration the effect was insignificant. The 
adsorption capacities of 20.31, 19.77, 19.14, 16.02, 19.92, and 17.19 (mg/g) 
were observed for 25 mg/L initial dye concentration, whereas these values 
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reached to 138.54, 147.85, 139.11, 142.05, 129.02 and 94.4 (mg/g) for 175 
mg/L dye initial concentration in case of for polypyrrole, starch, polyani-
line, chitosan aniline, chitosan pyrrole and native biomass, respectively and 
beyond this concentration there was no considerable change in adsorption 
for all types of adsorbents. Previously, similar adsorption trends using dif-
ferent composites have been reported by researchers [37–46, 60, 65, 66]. 
The enhanced dye adsorption at higher concentration was due to the driv-
ing forces to overcome mass transfer resistance of dye ions between the 
liquid and solid phases [35, 122, 128]. At extremely higher initial concen-
tration, the available binding sites saturated and the adsorption depends 
on the initial concentration [112] and the probability of interaction of ions 
with binding sites becomes limited, which restricted the adsorption pro-
cess. Therefore, for effective adsorption, the ions in solution that interact 
with the binding sites are important that depends upon initial concen-
tration. Therefore, the adsorption sites were unsaturated initially and at 
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higher concentration the competition between ions and available binding 
sites increased and hence, the complexation of ions was difficult, which 
reduced the adsorption of dye slightly [35, 122, 128]. Therefore, the con-
centration of both adsorbate and adsorbent are important, which must 
be in equilibrium for effective adsorption [115]. In present investigation, 
it was observed that composites showed significantly higher dye adsorp-
tion versus native biomass and adsorption trend was in following order; 
starch > chitosan aniline > polyaniline = polypyrrole > chitosan pyrrole > 
native biomass. 

11.3.6  Effect of Temperature

The effect of temperature was studied in the range of 30–60  °C on CV 
adsorption on to native biomass, polyaniline, starch, chitosan pyrrole, 
polypyrrole and chitosan aniline composites and results, thus recorded 
are shown in Figure 11.3(c). Removal of CV showed temperature depen-
dent behavior initially and at higher temperature the dye adsorption was 
insignificant. The CV adsorption capacities were recorded to be 34.62, 
33.99, 28.49, 31.02, 28.14 and 30.28 (mg/g) at 30 0C, whereas these values 
increased to 49.22, 48.83, 44.14, 46.37, 43.36 and 46.13 (mg/g) for 45 °C for 
for polypyrrole, starch, polyaniline, chitosan aniline, chitosan pyrrole and 
native biomass, respectively and at 60 °C, the adsorption capacities were 
49.22, 49.02, 43.75, 46.33, 43.44 and 46.06 (mg/g) for polypyrrole, starch, 
polyaniline, chitosan aniline, chitosan pyrrole and native biomass, respec-
tively, which revealed that the adsorption of dye remained constant and 
adsorbent showed stability at higher temperature. Adsorption data trend 
indicates an endothermic process up to certain temperature and then the 
adsorption was independent at higher temperature, which revealed stability 
of composites. The favorable effect of moderate temperature on dye adsorp-
tion might be due to re-orientation of cell wall components of adsorbent, 
the ionization of chemical moieties on the cell wall, increased rate of adsor-
bate diffusion across the external boundary layer and inside the pores of 
the adsorbate particles because liquid viscosity decreases as temperature 
increased [122, 131]. The stability of dye adsorption at extreme higher tem-
peratures, that is, 60 °C might be attributed to stable nature of composite, 
which hold the adsorbed dye ions strongly, however, the studies undertaken 
using native biomasses showed that at higher temperature, the adsorption 
was decreased and author’s correlated it with damaging of active sites, the 
weakening of adsorptive forces between active binding sites of the adsor-
bent and the adsorbate species [34, 35, 114, 132]. It is also reported that ear-
lier adsorbed ions on a surface tend to desorbs from the surface at elevated 
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temperatures [133]. Other researchers also observed a similar temperature 
effect on adsorption [132, 134, 135] and observed that adsorption increased 
up to certain temperature and then, decreased. Composite of based on dif-
ferent moieties also showed similar trend for dyes adsorption as a function 
of temperature, that is, polypyrrole composite [73], polyaniline nano com-
posite [74] and chitosan-cotton composite [136]. 

11.3.7  Kinetic Study

Bagasse native biomass, polyaniline, starch, chitosan pyrrole, polypyr-
role and chitosan aniline composites data was subjected to pseudo-first-
order and pseudo-second-order kinetic models. These models are useful 
for the determination of rate of adsorption for the removal of pollutant 
form aqueous solution to the adsorbent and deduce the relation between 
amounts of dye adsorbed as a function of time. Pseudo-first-order kinetic 
model differential equation is shown in Eqn. 11.2 and linear form is given 
in Eqn. 11.3. 

 d d k q qqt t e t/ 1  (11.2)

 log
.

q q logq
k

t
e t e

1

2 303
 (11.3)

where, q
e
 is the adsorption efficiency (at equilibrium), q

t
 is the adsorption 

at time t, and k
1 
is the rate constant of pseudo first order.

Pseudo-second-order kinetic model differential form is shown in Eqn. 
11.4, whereas linear form is presented in Eqn. 11.5.

 d d k q qqt t e t/ ( )2

2
  (11.4)

 t q k q qt e e/ / /1 12

2
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where, q
e
 is the adsorption efficiency (at equilibrium), q

t
 is the adsorp-

tion efficiency at time t and k
2
 is the rate constant of pseudo-second-order 

kinetic model.
The data obtained in case of kinetic models for native and compos-

ite adsorbents is plotted and plots are shown in Figure 11.4(a–f) and 
Figure 11.5(a–f), respectively, for pseudo-first-order and pseudo-second-
order kinetics models. The q

e
 estimated from experimental data did not 

correlate with the pseudo-first-order kinetic model for CV adsorption on 
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to native and composite adsorbents and the R2 values (0.66, 0.67, 0.66, 0.59, 
0.74 and 0.53 for polypyrrole, polyaniline, starch, chitosan pyrrole, poly-
aniline, chitosan aniline, and native) were also not acceptable, leading to 
the assumption that the CR data did not fit well with the pseudo-first order 
kinetics model. In case of pseudo second order kinetic model, the R2 val-
ues (0.99, 0.99, 0.99, 0.99, 0.99 and 0.99 for native, starch, chitosan aniline, 
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polyanilne, polypyrrole and chitosan pyrrole, respectively) were also found 
to be enough high and the q

e
 values determined experimentally, coin-

cided well with the modelled values, which revealed that CR dye adsorp-
tion on to native and polypyrrole, chitosan pyrrole starch, polyaniline and 
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chitosan aniline composites followed pseudo-second-order kinetic model. 
Similar kinetics trends have also been reported previously for different 
dyes adsorption onto composites such as chitosan supported CNT-MNPs 
[43], magnetic chitosan/poly (vinyl alcohol) hydrogel beads [37], chitosan/
polyurethane [47], polyurethane/chitosan composite foams [47], glutamic 
acid modified chitosan magnetic composite [38], chitosan/oil palm [52], 
ethylenediamine-modified magnetic chitosan [60], chitosan/montmoril-
lonite [49], chitosan/activated clay [51], chitosan/bentonite [50], ferrofluid 
modified peanut husks [39], and magnetic N-lauryl chitosan nanocom-
posite [66].

11.3.8  Intraparticle Diffusion Model

During adsorption process different steps are involved, that is, movement 
of dye molecules toward the biosorbent surface, the adsorbed species dif-
fuses on surface followed by interior pores diffusion (intraparticle diffu-
sion) and then, interacts with binding sites. The possibility of intrapaticle 
diffusion was examined using the intraparticle diffusion model, which 
assumes that during the adsorption process, the adsorbed amount is pro-
portional to the square root of the contact time. The relation for interapar-
ticle diffusion model is shown in Eqn. 11.6 [137].

 q K tt d

1 2/
 (11.6)

where, K
d
 is the intraparticle diffusion constants, which gives an idea about 

the thickness of the boundary layer and plots between q
t 
and t0.5 for native 

biomass, polyaniline, starch, chitosan pyrrole, polypyrrole and chitosan 
aniline composites are shown in Figure 11.6(a–f), respectively, for the con-
tact time changing from 20 to 120 min. For all types of adsorbents, linear 
curves are obtained, which revealed direct relationship of qe with contact 
time, which revealed that that the CR dye uptake varies in proportional 
to t0.5. Good linearization of dye adsorption data observed for adsorbents 
under investigation revealed the intraparticle diffusion is the rate-limiting 
step. The R2 values for native biomass, chitosan aniline, chitosan pyrrole, 
starch, polyaniline, polypyrrole were recorded to 0.72, 0.86, 0.76, 0.82, 
0.83, and 0.81, respectively. 

11.3.9  Isotherm Modelling

Isotherm models are helpful in understanding the adsorption mechanism, 
which assume the adsorption of adsorbate as a function of equilibrium 
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concentration. Langmuir adsorption model assumes that adsorption 
occurs at specific homogeneous adsorption sites within the adsorbent and 
intermolecular forces decrease rapidly with the distance from the adsorp-
tion surface [112, 114, 115]. The model further based on the assumption 
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that all the adsorption sites are energetically identical and adsorption 
occurs on a structurally similar binding site. The Langmuir adsorption 
isotherm is represented in Eqn. 11.7 and linear form of this isotherm is 
expressed in Eqn. 11.8. 

 q
q b C

b C
e

max e

e1
 (11.7)
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where, q
max

 (mg/g) is maximum adsorption capacity and b (L/mg) is 
Langmuir constants related to the heat of adsorption.

Freundlich isotherm model can be used to describe the sorption on 
heterogeneous surfaces as well as a multilayer sorption. It assumes that 
the uptake of adsorbate ion occurs on a heterogeneous adsorbent surface. 
The Freundlich isotherm model is empirical in nature which assumes that 
the stronger binding sites are occupied first and that the binding strength 
decreases with increasing degree of site occupation. The non liner and 
linear forms of Freundlich isotherm model are shown in Eqns. 11.9 and 
11.10, respectively. 

 q K Ce f e

n1/
 (11.9)

 log logq logK
n

Ce F e

1
  (11.10)

where, K
f
 and n are the Freundlich model constants designated as adsorp-

tion capacity and adsorption intensity, respectively, which can be obtained 
from slope and intercept of the plot of logq

e
 versus logC

e
. C

e
 is the residual 

concentration of solute in solution (mg/L), q
e
 is the amount of adsorbate 

adsorbed by a unit mass of adsorbent at equilibrium (mg/g). The value of n 
in the range of 1–10 is another benchmark to assess the adsorbent–adsor-
bate interaction. 

The Freundlich and Langmuir isotherm models plots are shown in 
Figures 11.7(a–f) and Figure 11.8(a–f) for native biomass, polyaniline, 
starch, pyrrole, chitosan aniline and chitosan pyrrole composites. The 
R2 and equilibrium experimental data showed that the R2 value for the 
Freundlich model were enough high and acceptable to explain the CR dye 
equilibrium adsorption data, whereas the R2 values in case of Langmuir 
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isotherm model were not appreciable high since this isotherm is unable 
to explain the CR dye adsorption onto native biomass, polyaniline, starch, 
pyrrole, chitosan aniline and chitosan pyrrole composites. The Freundlich 
isotherm model described the adsorption on heterogeneous surface and 
is not restricted to the formation of monolayer. The values of R2 in case of 
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Figure 11.7 (A–F) Langmuir isotherm model curves (Ce/qe (g/L) versus Ce (mg/L)) CR 

adsorption on composites (bagasse with polyaniline, starch, pyrrole, chitoson/aniline and 

chitoson/pyrrole) and native bagasse biomass.
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Freundlich isotherm model were greater than those obtained for Langmuir 
model and also q

e
 values were close to experimentally determined values, 

which indicate that the Freundlich isotherm model explained well CR 
adsorption on to native and composites adsorbents. 
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Figure 11.8 (A–F) Freundlich isotherm model curves CR adsorption on composites 

(bagasse with polyaniline, starch, pyrrole, chitoson/aniline and chitoson/pyrrole) and 

native bagasse biomass.



Agro-Industrial Wastes Composites as Novel Adsorbents 417

11.3.10  Thermodynamic Study

The thermodynamic parameters, that is, Gibbs free energy (ΔG0), enthalpy 
(ΔH0) and entropy (ΔS0), were calculated using relations shown in Eqns. 
11.11–11.13 [138] in order to understand the nature of the CR dye adsorp-
tion on to native and composite adsorbents. 

 K
C

c
e

e

q
 (11.11)

 G RTlnKc

0
 (11.12)

 lnK
S

R

H

RT
c

0 0

 (11.13)

where, K
c
, q

e
 and C

e
 are representing the equilibrium constant, adsorp-

tion at equilibrium (mg/L) and dye concentration at equilibrium (mg/L). 
Arrhenius plot was used to calculate the ΔH0 and ΔS0 values [139]. The 
thermodynamic results calculated for CR dye adsorption for native bio-
mass, polyaniline, starch, polypyrrole, chitosan aniline and chitosan pyr-
role composites are shown in Table 11.4 and Arrhenius plot are shown 
in Figure 11.9. The native ΔG° values recorded for native biomass, poly-
aniline, polypyrole, starch and chitosan pyrole composites, respectively 
indicate that the CR adsorption process was spontaneous in nature. ΔH° 
values for native biomass, polyaniline, starch, polypyrrole, chitosan aniline 
and chitosan pyrrole composites were positive, which revealed the endo-
thermic nature of CR dye adsorption. This was also in line with effect of 
temperature study that CR dye adsorption onto different composites and 
native biomass increased with temperature and then, became stable at 
higher temperature. The positive values ΔS° for native biomass and com-
posites suggests that there was an increase in randomness at the solid/solu-
tion interface and similar trend has been reported for dye adsorption [140]. 
These finding implies that the CR dye adsorption process was energetically 
stable, spontaneous and CR adsorbed onto composites by chemical inter-
action [141] and composites are efficient absorbents and could possibly be 
used for dyes adsorption from wastewater [111]. 

To date, chitosan along with other composites have been prepared and 
employed for the adsorption of pollutants. Different kinds of substances 
have been used to prepare composites, that is, montmorillonite, polyure-
thane, activated clay, bentonite [50], poly vinyl alcohol, poly vinyl chloride 
[142], oil palm ash [52] and perlite [143] and agricultural waste biomasses 
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Table 11.4 Thermodynamics parameters of congo red dye adsorption on native 

and composites adsorbents.

Adsorbents

Temperature 

K

ΔG°  

kJ/mol

ΔH°  

kJ/mol

ΔS°  

J/mol.K

Native 303 −26584.69    

308 −27062.76    

313 −27540.82 2386.11 95.6132

318 −28018.89    

323 −28496.95    

333 −29453.09    

Starch 303 −42663.13    

308 −43435.11    

313 −44207.08 4118.55 154.395

318 −44979.06    

323 −45751.03    

333 −49420.05    

Polyaniline 303 −21634.06    

308 −22023.95    

313 −22413.84 1993.49 77.9787

318 −22803.74    

323 −23193.63    

333 −23973.42    

Polypyrrole 303 −45229.81    

308 −46047.16    

313 −46864.51 4301.597 163.47

318 −47681.86    

323 −48499.21    

333 −50133.91    

(Continued)
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[34]. The composite adsorption efficiency depends upon various factors. 
For example pH, as it can either form gel or dissolve depending on the 
pH values [144]. So far, by preparing composites with suitable agent can 
enhance the adsorption capacities of composite. It is reported that chito-
san/bentonite composites had a much lower surface area as compared to 
bentonite [145], more protons and protonation was observed when chi-
tosan combined with oil palm ash, which can increase the electrostatic 
attractions between the negatively charged dyes and the positively charged 
active binding sites on the adsorbent surface [52]. Chitosan/kaolin/-Fe

2
O

3
 

composites revealed pores and pleats on the surface which provided active 
sites for dye entrapment [142]. Present investigation also revealed that 
composites showed good efficiencies for the adsorption of MG dye and the 
adsorption capacities were in line with reported composites, that is, 470.1 
mg/g Congo Red—magnetic chitosan/poly (vinyl alcohol) hydrogel beads 
[37], 180, 375.4 and 217.3 (mg/g) Methylene Blue, Crystal violet and Light 
yellow 7GL—glutamic acid modified chitosan magnetic composite [38], 
29.83 mg/g Methyl—magnetic γ-Fe

2
O

3 
crosslinked chitosan composite 

[40], 73.4, 1.24, 69.2, 9.43, 68.1, 43 and 59 (mg/g) Acridine Orange, Amido 

Table 11.4 Cont.

Adsorbents

Temperature 

K

ΔG°  

kJ/mol

ΔH°  

kJ/mol

ΔS°  

J/mol.K

Chitosan pyrole 303 −20450.75    

308 −20818.41    

313 −21186.08 1829.66 73.5327

318 −21553.74    

323 −21921.40    

333 −22656.73    

Chitosan aniline 303 −27245.52    

308 −27736.68    

313 −28227.85 2518.99 98.2327

318 −28719.01    

323 −29210.17    

333 −30192.50    
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Black 10B, Bismark Brown, Congo Red, Crystal Red, Malachite Green, 
Safranin-O—magnetically modified spent coffee grounds [42], 95.3, 86.1, 
80.9 and 71.4 (mg/g) Bismarck Brown, Safranin-O, Crystal Violet, Acridine 
Orange—ferrofluid modified peanut husk [39], 1017 and 1214 (mg/g) 
Acid orange 10 and Acid orange 7—ethylenediamine-modified magnetic 
chitosan nanoparticles [60], 809.9 mg/g Acid red 18—chitosan suppoted 
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Figure 11.9 ln Kc versus 1/T (Arrhenius plot) for thermodynamic study.
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CNT-MNPs [43], 267 mg/g Remazol red 198—magnetic N-lauryl chito-
san nanocomposite [66], 262 mg/g Methylene Blue—ionic liquid-coated 
Fe

3
O

4
@chitosan@graphene oxide [48], 748.50 mg/g Acid Red 337—

amphoteric chitosan/gelatin composite microspheres [48], 330 mg/g 
methylene blue—chitosan/activated clay [51], 435 mg/g Malachite Green—
chitosan/bentonite [50], 909.1 mg/g Reactive blue 19—chitosan/oil palm 
[52], 243.9 mg/g Acid Orange10—polypyrrole composite [73] and 143.59 
mg/g Reactive Dye—polyaniline nano composite [74]. The higher adsorp-
tion capacities of composites have been correlated with modification and 
stability of active sites on the surfaces since combination of two types of 
material provide reinforcement and stability in case of good compatibility 
[113] and resultantly, the physico-chemical characteristics of composites 
are enhanced that offer excellent adsorption capacities versus native/un-
modified biomasses/adsorbents [112, 146–152]. Hence, composites (poly-
aniline, starch, polypyrrole composites with RB biomass) showed excellent 
affinity for MG dye adsorption and could be used for the adsorption of 
dyes from textile wastewater. 

11.4  Conclusion

The composites of sugarcane bagasse with polyaniline, starch, pyrrole, chi-
tosan aniline and chitosan pyrrole were prepared and employed successfully 
for the adsorption of Crystal Violet dye and maximum dye adsorption was 
achieved at 180 mg/L CR initial concentration, 40 °C temperature, 60 min 
contact time, 0.05 g adsorbent doses and 2–6 pH’s (variable for different 
composites). Pseudo-second-order kinetic model, Freundlich isotherm 
and intraparticle diffusion model fitted well to the CR dye adsorption data. 
CR dye adsorption process was endothermic, spontaneous and energeti-
cally stable. In view of enhanced dye adsorption, the composites could pos-
sibly be used for dyes removal from textile wastewater. 
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A Review on the Removal of Nitrate 
from Water by Adsorption on Organic–

Inorganic Hybrid Biocomposites
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Abstract
Increasing nitrate concentration in water resources due to increased anthropo-

logical activities is a potential risk to public health worldwide. Among the unit 

operations involving water treatment, adsorption process is an economical and 

environmentally friendly treatment technique with ease of operation, simplicity 

of design, allows nitrate recovery, and feasibility to implement in field conditions 

and in point of use treatment systems. Various conventional and nonconventional 

adsorbents have been used for the removal of nitrate from water. In this chapter, a 

list of various adsorbents from literature is surveyed and their adsorption capaci-

ties under various operational conditions are compared. This survey showed that 

chitosan-based adsorbents, especially organic–inorganic hybrid biocomposites, 

have good potential for the nitrate removal from water.

Keywords: Biosorption, biocomposite, nitrate removal, fixed-bed

12.1  Introduction

A wide variety of chemicals generated from different sources and dis-
charged into the environment in potentially harmful concentrations and 
have been considered as a growing water pollution problem [1, 2]. Nitrate 
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is possibly one of the most widespread chemical contaminants in water 
resources imposing a serious threat to drinking water supplies and pro-
moting eutrophication and has become a prime concern on a global scale 
[3–5]. Although nitrate is a common nitrogenous compound, anthropo-
logic activities contributed immeasurably to the imbalances in the nitro-
gen cycle and resulted in alarmingly increased levels of nitrate in drinking 
water sources and other water bodies [5, 6]. Agriculture is a major con-
tributor of nitrate to surface waters and groundwater pollution due to the 
excessive and long-term use of chemical fertilizers and animal manures 
on cropland [7, 8]. More than 80 pounds of nitrogen per acre per year 
may leach into groundwater beneath irrigated lands, usually as nitrate [7]. 
Other sources which have led to the higher nitrate contamination of water 
sources include chemical industries, waste from explosive industries, agri-
cultural and urban runoff, intensive animal husbandry, dairy operations, 
discharge from wastewater and sewage, septic tank systems, leachate from 
landfills, and automobiles emissions [6].

12.1.1  Risks Associated to High Level of Nitrate in Water

Almost 90% of the rural population uses groundwater for domestic pur-
poses and people in rural areas are at the highest risk from excess fertilizer 
use [9]. The epidemiological studies show that drinking water is the main 
source of nitrate and intake of water with high nitrate concentrations has 
considerable health effects [3]. The toxicity of nitrate to humans is mainly 
attributable to its in vivo reduction to nitrites. Ingested nitrate is reduced to 
nitrite, which binds with hemoglobin to form methemoglobin by oxidation 
of ferrous iron (Fe2+) in hemoglobin to ferric form (Fe3+). This prevents or 
reduces the ability of blood to transport oxygen and leads methemoglobi-
naemia, the so-called “blue-baby syndrome” which is dangerous especially 
in infants causes cyanosis, asphyxia and consequently to death, at higher 
concentrations [3–14]. This is the primary adverse health effect associated 
with human exposure to high level of nitrate in water. Moreover, the reduc-
tion of nitrate to nitrite in the alimentary canal and nitrite readily reacts 
with amide and amino compounds to generate N-nitroso compounds 
(NOC), most of which are potentially carcinogenic for humans [10–17]. 
Other diseases associated with intake of high concentration of nitrate in 
water are hypertension, increased infant mortality, central nervous sys-
tem birth defects, diabetes, weakness, mental depression, headache, diar-
rhea, spontaneous abortions, and changes to the immune system [3, 10]. 
High nitrate concentrations in water bodies contribute to eutrophication 
and this can lead to the development of anoxic conditions by depleting 
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dissolved oxygen, increase in plant and animal biomass, and affects the 
biodiversity. It has a great environmental, societal, and economic impact 
on the commercial and recreational fisheries [19–21]. 

The increased demand for water purity in both industrial and domestic 
use leads to a strict regulation of the water pollutants. The World Health 
Organization (WHO) and US Environmental Protection Agency (USEPA) 
set the Maximum Contaminant Level (MCL) of nitrate ions in drinking 
water to be 50 mg/L and 45 mg/L as NO

3
, respectively [10, 16, 22] and 

many countries have formulated their own MCLs according to their domes-
tic conditions. 

12.1.2  Technologies for the Removal of Nitrate from Water

The removal of nitrate from water is necessary to meet regulated con-
centrations in order to protect human health and the environment and 
has been a subject of extensive academic and industrial research. Nitrate 
cannot be easily removed from water by coagulation and filtration due to 
its high stability and solubility, as well as its low potential for co-precip-
itation. Numerous technologies are currently available to remove nitrate 
from water. Ion exchange, reverse osmosis, and electrodialysis are the 
most widely used methods, however; nitrate is not converted into harm-
less compounds but only concentrated and produce a brine waste that still 
requires treatment [23–27]. Moreover; reverse osmosis and electrodialysis 
are an energy intensive treatment and these methods have high capital 
operation costs. Biological denitrification is commonly used for the treat-
ment of municipal and industrial wastewater [22–30]. It can treat large 
volumes of high concentration nitrate and it can reduce nitrate to nontoxic 
forms. However, this process has several disadvantages since it is difficult 
to handle and leads to the production of undesirable by-products [22]. 
Biological denitrification relies on bacteria. Therefore, Substrate addition 
is necessary and downstream treatment is usually required to remove con-
tamination. Moreover, the startup time takes weeks so it is not suitable 
for intermittent operations [23–30]. Chemical denitrification [31–36] is 
another method to remove nitrate from water. However, this method has 
several limitations, such as generation of byproducts, such as ammonia 
and sludge which need post treatment, high operational cost, pH con-
straints, lack of full scale systems, and materials are not reusable [32–33]. 
Electrochemical reduction [37–44], and catalytic reduction [45–62] are the 
recent evolving methods in which nitrate is converted into harmless end 
products (nitrogen gas) without generating secondary wastes. However, 
both reduction methods are not without limitations. In electrochemical 
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nitrate reduction, electrode fouling, operational difficulty, and extensive 
energy requirement are the main challenges. In catalytic reduction, gen-
eration of ammonia and use of precious metals as active metal for catalysis 
and hydrogen gas as reducing agent increases the capital and operating 
cost of the reduction process. 

Adsorption technology, the focus of this thesis, is an economical and 
environmentally friendly treatment technique with ease of operation, 
simplicity of design, allows nitrate recovery, and feasibility to implement 
in field conditions and in point of use treatment systems. Furthermore, 
this process can remove multiple pollutants from water and wastewater 
[63–67]. Table 12.1 gives the summary on the advantages and disadvan-
tages of currently available nitrate removal technologies. 

Table 12.1 Nitrate removal.

Technology Advantage Disadvantage 

Ion exchange Stable, fast removal, 

easily automated, 

cost-effective, 

low-maintenance, 

nondestructive

Requires treatment or disposal 

of brine waste, suitable only 

for small – and medium-

scale operations, may pro-

duce toxic by-products, not 

good for waters with high 

total dissolved solids (i.e., 

groundwater only) 

Reverse osmosis Good for waters with 

high total dissolved 

solids content, 

no by-products, 

nondestructive 

Expensive – energy intensive and 

large capital costs, inefficient 

nitrate removal, requires 

treatment or disposal of 

concentrate 

Electrodialysis Good for waters with 

high total dissolved 

solids content, 

no by-products, 

nondestructive

Expensive – energy intensive and 

large capital costs, inefficient 

nitrate removal, requires 

treatment or disposal of 

concentrate 

Chemical High removal, zero-

valent iron for 

in-situ treatment, 

efficient, destructive 

method 

pH sensitive, no reuse of mate-

rial, High operational cost, 

production of by-products.

(Continued)
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Table 12.1 Cont.

Technology Advantage Disadvantage 

Electrochemical Selective toward 

nontoxic by-product 

(i.e., N
2
), destructive 

method

Electrode fouling, operational 

difficulty, energy intensive

Catalytic Selective toward 

nontoxic by-product 

(i.e., N
2
), efficient, 

destructive method 

Catalyst fouling, expensive met-

als, reductant such as H
2
 

Biological Produces a nontoxic 

by-product, suitable 

for large applica-

tions, can handle 

high concentrations, 

destructive method 

Electron donor and carbon 

source required, requires 

downstream treatment (e.g., 

ozonation), high-mainte-

nance, long start-up times, 

pH and temperature sensi-

tive, requires biomass waste 

disposal.

Adsorption Economical, ease of 

operation, simplicity 

of design

Requires saturated/spent 

adsorbent disposal. Removal 

efficiency varies with different 

adsorbents.

12.2  Adsorbents for the Removal of Nitrate 
from Water

Adsorption technology has been found as an economical successful 
method for the removal of various types of inorganic anions [23, 24, 63, 
64, 68–70]. Adsorbents used for water treatment are either of natural ori-
gin or synthetic. Various types of carbonaceous adsorbents have investi-
gated for the removal of nitrate from water [71–78]. However, activated 
carbon is quite expensive and has low affinity toward inorganic pollutants. 
Moreover, processing of activated carbon is quite expensive and has nega-
tive environmental impact. On the other hand, various kinds of materials, 
such as activated waste sepiolite [64], silica materials [78], surfactant mod-
ified bentonite [79], layered double hydroxides (LDHs) [80–85], zeolites 
[86–91], modified sugar cane bagasse [92], and agricultural wastes [93–97] 
have been used for the removal nitrate from water. However, modification 
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and production process of such materials consumes great quantity of 
energy and chemicals which intern involving environmental costs. 

Recently, great attention has been driven toward the natural materials 
and their derivative products, such as cellulose, lignin, starch, alginate, gel-
atin, chitin, and chitosan for the removal of aquatic pollutants [98–102]. 
Among these biomaterials, chitosan has received wide attention in the 
environmental engineering field as effective biosorbents for the removal 
of various aquatic pollutants. Chitosan is a natural amino polysaccharide 
produced from N-deacetylation of chitin, a major component present 
in crustacean shells from crabs, shrimps, and insects, and is the second 
most abundant natural amino polysaccharide after cellulose [98–107]. The 
unique features of chitosan include, being readily available, low cost, non-
toxic, biodegradability, biocompatibility, and reactive as well as adsorp-
tive properties, resulting from the presence of high contents amino and 
hydroxyl functional groups in the polymer chain [98–108].

However, chitosan in its original form is not suitable for practical use 
due to its sensitivity to wide range of pH and relatively low sorption per-
formance. Moreover, chitosan has poor morphological properties and low 
mechanical stability, which cause a significant pressure drop which would 
affect filtration, possible obstruction, and is difficult to regenerate in the 
packed column operation, and finally, these properties restrict its field 
applications [109]. Chitosan needs certain modifications to overcome the 
abovementioned limitations to increase the stability of the material in acid 
media (good mechanical properties, etc.), and to enhance the sorption 
performance, including sorption capacity, selectivity, good diffusion and 
hydrodynamic behavior [23, 90, 110, 111]. The easy separation from real 
effluent after treatment and the cost effectiveness of the sorbents preparation 
are also important. Thus, chitosan modification by introducing the desired 
properties in physical, chemical, and mechanic properties is key issues in 
order to enhance its contaminant sorption capacity, to improve its affinity 
for the specific ions, to change the selectivity series for ion sorption, and to 
alter the optimum pH range. Modification of chitosan molecule by graft-
ing, cross-linking, or functionalization for forming composites leads to the 
formation of chitosan derivatives with superior properties, [24, 108–114]. 

Chatterjee and Woo [115] conducted batch adsorption experiments 
for the removal of nitrate using chitosan hydrobeads. The same authors 
[116] reported the adsorption of nitrate onto cross-linked and conditioned 
chitosan beads. A. Sowmya and Meenakshi [117] studied of the removal of 
nitrate ion from water using quaternized chitosan beads (QCB) which is 
produced through the reaction of cross-linked chitosan beads and glycy-
dyl trimethyl ammonium chloride (GTMAC). The same authors [118] 
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investigated the application of protonated cross-linked chitosan beads 
(PCB) and carboxylated cross-linked chitosan beads (CCB) for the removal 
of nitrate from water. Jiang et al. [119] synthesized Fe

3
O

4
/ZrO

2
/chitosan 

composite and studied its ability to adsorb nitrate. Hu et al. [120] synthe-
sized granular chitosan-Fe3+ complex through precipitation method and 
studied its performance on nitrate adsorption from water. On the other 
hand, Rajeswari et al. [121] investigated the removal of nitrate ions using 
polyethylene glycol/chitosan and polyvinyl alcohol/chitosan composites in 
a series of batch experiments. Moreover, C. Feng et al. [122] prepared gran-
ular chitosan-Fe(III)-Al(III) complex and tested its application for removal 
of nitrate water. Recently, Vahdatpoora et al. [123] prepared a series of chi-
tosan/Zeolite Y/Nano Zirconium oxide (CTS/ZY/Nano ZrO

2
) nanocom-

posites and demonstrated its application for the removal of remove nitrate 
from water.

Higher nitrate adsorption capacity, high nitrate selectivity, economic fea-
sibility, availability, reusability, and good chemical stability and mechanical 
integrity are desirable characteristics of adsorbent to be effective in water 
treatment system for practical applications. The recent report [124] on the 
investigation of biosorption of nitrate from water using chitosan-based 
organic–inorganic biocomposites indicated that inorganics materials, such 
as bentonite, titanium oxide, and alumina are an attractive immobiliza-
tion inorganic materials for chitosan due to their environmental benig-
nity, low cost as well as chemical and mechanical stability. In this report, 
chitosan-based organic–inorganic hybrid biocomposites, such as chitosan/ 
bentonite, chitosan/ titanium oxide, and chitosan/ alumina (ChBT, ChTi, 
and ChAl respectively) were prepared and characterized. Stability of ChBT, 
ChTi, and ChAl increased with increase in cross-linker and inorganic dos-
age. Batch adsorption studies were conducted and the operating param-
eters were optimized and the amounts of nitrate adsorbed on ChBT, ChTi, 
and ChAl were 35.68 and 43.62, and 45.38 mg/g, respectively. Adsorption 
capacities increased with the increase in temperature from 283 K to 313 K 
and decreased above 313 K. Also, the amounts of nitrate adsorbed on the 
three adsorbents were found to decrease at higher cross-linker dosage. 
Among the three adsorbents, ChAl has shown highest stability and perfor-
mance in all operating conditions. A typical preparation method of metal-
organic composites for the case of ChAl is shown in Figure 12.1.

Equilibrium studies were carried out in the temperature range of 283 
to 313 K and found that the Freundlich isotherm fitted well to the experi-
mental data with the highest correlation coefficient (R2) and least chi-
square (

2
) values for all the adsorbents used. Results from thermodynamic 

study revealed that the magnitude of ΔG° highly dependent of the type of 
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isotherm constants from which equilibrium constant derived. The values 
of thermodynamic parameters show that adsorption process was sponta-
neous and endothermic for all adsorbents used with increased randomness 
at the solid liquid interface. Mechanism of nitrate adsorption process was 
physisorption. The kinetics of adsorption process was better described by 
a pseudo-second-order equation. A continuous nitrate adsorption study 
on ChBT, ChTi, and ChAl biocomposites was conducted in a fixed-bed 
column at temperature of 298 ± 2 K and at the solution pH of 6.8 ± 0.2. 
Nitrate removal efficiency increased with increase in bed height and 
decreased with increase in influent nitrate concentration and flow rate. The 
breakthrough time increased with increase in bed height. Thomas, Yoon-
Nelson, Clarks, and BDST models described the adsorption process well. 
The best performance for nitrate removal from water was obtained using 
ChAl biocomposite.

Table 12.2 shows summary some of the results, as well as operation con-
ditions used, reported in the literature for nitrate removal from water by 
adsorption process. Some values are not indicated in the table because that 
information was not available in the original reference. Literatures indi-
cated that chitosan is a promising adsorbent material for the removal of 
nitrate from water. However, chitosan his not without limitations and needs 
modification to improve its chemical and mechanical stability, as well as to 
enhance its adsorption capacity and reusability. Cost and environmental 
considerations are critical issues and one should not ignore these during 
modification of chitosan. Therefore, there is a need to explore an alterna-
tive low-cost, environmental friendly and effective modification method.

Figure 12.1 Preparation of ChAl composite.

Chitosan powder

Crosslinking
agent

Mixing (stir for 24 h)

Sonication

Crosslinking

Rinsing

Acid treatment

Separation and washing

Drying

Alumina
powder

Acetic acid (5% v/v)



A Review on the Removal of Nitrate from Water by Adsorption 441
T

ab
le

 1
2

.2
 

Su
m

m
ar

y 
o

f 
ad

so
rb

en
ts

 f
o

r 
n

it
ra

te
 r

em
o

va
l.

A
d

so
rb

en
t

T
em

p
 

(°
C

)
p

H

T
im

e 

(m
in

)

A
d

so
rp

ti
o

n
 

ca
p

ac
it

y 

(m
g

/g
)

A
d

so
rp

ti
o

n
 

is
o

th
er

m

Th
er

m
o

d
yn

am
ic

s 

n
at

u
re

K
in

et
ic

s 
m

o
d

el
R

ef
.

S
ep

io
li

te
 b

y 
ac

ti
va

te
d

 H
C

l
3

0
6

.7
5

3
8

.1
6

 
F

re
u

n
d

li
ch

–
p

se
u

d
o

-s
ec

o
n

d
-

o
rd

er

[6
4

]

Z
n

C
l 2

 A
ct

iv
at

ed
 c

ar
b

o
n

3
5

6
.5

8
6

0
4

1
.2

L
an

gm
u

ir
E

n
d

o
th

er
m

ic
 a

n
d

 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[7
1

]

C
o

m
m

er
ci

al
 a

ct
iv

at
ed

 c
ar

b
o

n
1

0
–

1
0

 m
in

1
.2

2
 

L
an

gm
u

ir
–

–
[7

2
]

W
h

ea
t 

st
ra

w
 c

h
ar

co
al

1
5

–
1

0
 

1
.1

0
 

–
–

–
[7

2
]

M
u

st
ar

d
 s

tr
aw

 c
h

ar
co

al
1

5
–

1
0

 
1

.3
0

 
–

–
–

[7
2

]

A
ct

iv
at

ed
 c

ar
b

o
n

 c
lo

th
 (

A
C

C
)

2
5

7
6

0
1

2
5

.8
5

L
an

gm
u

ir
–

–
[7

3
]

Z
n

C
l 2

 t
re

at
ed

 c
o

co
n

u
t 

gr
an

u
la

r 

ac
ti

va
te

d
 c

ar
b

o
n

2
5

3
–

1
0

–
1

0
.2

 
F

re
u

n
d

li
ch

E
n

d
o

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[7
5

]

F
u

n
ct

io
n

al
iz

ed
 C

N
T

2
5

7
1

4
4

0
1

4
2

.8
6

L
an

gm
u

ir
 a

n
d

 

F
re

u
n

d
li

ch

–
p

se
u

d
o

-s
ec

o
n

d
-

o
rd

er

[7
6

]

B
am

b
o

o
 p

o
w

d
er

 c
h

ar
co

al
1

0
1

2
0

 
1

.2
5

 
L

an
gm

u
ir

–
–

[7
7

]

B
am

b
o

o
 c

h
ar

co
al

3
0

2
–

4
–

6
.4

5
L

an
gm

u
ir

–
–

[7
7

]

C
h

em
ic

al
ly

 m
o

d
ifi

ed
 b

io
ch

ar
 

4
.6

4
6

0
 

2
8

.2
1

L
an

gm
u

ir
 

E
n

d
o

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

P
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[7
8

]

(C
on

ti
n

u
ed

)



442 Advanced Materials for Wastewater Treatment

T
ab

le
 1

2
.2

 
C

o
n

t.

A
d

so
rb

en
t

T
em

p
 

(°
C

)
p

H

T
im

e 

(m
in

)

A
d

so
rp

ti
o

n
 

ca
p

ac
it

y 

(m
g

/g
)

A
d

so
rp

ti
o

n
 

is
o

th
er

m

Th
er

m
o

d
yn

am
ic

s 

n
at

u
re

K
in

et
ic

s 
m

o
d

el
R

ef
.

A
m

m
o

n
iu

m
-f

u
n

ct
io

n
al

iz
ed

 

m
es

o
st

ru
ct

u
re

d
 s

il
ic

a

2
5

<
8

6
0

4
6

.5
F

re
u

n
d

li
ch

E
xo

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

–
[7

8
]

H
D

T
M

A
 m

o
d

ifi
ed

 

Q
L

D
-b

en
to

n
it

e

3
0

5
.4

1
0

2
0

1
4

.7
6

–
–

–
[7

9
]

Z
n

-A
l 

C
h

lo
ri

d
e 

L
D

H
s

2
5

6
4

0
4

1
.7

7
–

E
n

d
o

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

–
[8

1
]

M
g-

A
l-

C
l 

h
yd

ro
ta

lc
it

e
2

5
 ±

 2
6

4
0

4
1

.7
8

–
E

n
d

o
th

er
m

ic
 a

n
d

 

sp
o

n
ta

n
eo

u
s

–
[8

2
]

C
a-

A
l-

C
l 

h
yd

ro
ta

lc
it

e
–

6
4

0
3

7
.6

5
–

E
n

d
o

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

P
se

u
d

o
-fi

rs
t-

o
rd

er
[8

3
]

L
ay

er
ed

 d
o

u
b

le
 h

yd
ro

xi
d

es
2

1
 

~
8

.5
2

4
0

2
0

–
3

5
 

L
an

gm
u

ir
–

–
[8

4
]

C
al

ci
n

ed
 h

yd
ro

ta
lc

it
e-

ty
p

e 

co
m

p
o

u
n

d
s

2
5

 
–

1
4

4
0

6
1

.7
–

1
4

7
.0

L
an

gm
u

ir
–

–
[8

5
]

F
u

n
ct

io
n

al
iz

ed
 z

eo
li

te
2

0
–

1
2

0
1

1
.4

F
re

u
n

d
li

ch
–

p
se

u
d

o
-s

ec
o

n
d

 

o
rd

er

[8
6

]

Su
rf

ac
ta

n
t-

m
o

d
ifi

ed
 z

eo
li

te
2

5
5

–
6

1
4

4
0

6
.0

7
L

an
gm

u
ir

–
–

[8
9

]

C
h

it
o

sa
n

 c
o

at
ed

 z
eo

li
te

4
–

2
0

7
4

3
2

0
3

7
.2

–
4

5
.8

8
–

–
–

[9
0

]



A Review on the Removal of Nitrate from Water by Adsorption 443
C

et
yl

p
yr

id
in

iu
m

 b
ro

m
id

e 

(C
P

B
) 

m
o

d
ifi

ed
 z

eo
li

te

2
5

–
9

0
 

9
.3

6
 

L
an

gm
u

ir
, 

F
re

u
n

d
li

ch
 

an
d

 D
-R

E
xo

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

 

o
rd

er

[9
1

]

M
o

d
ifi

ed
 s

u
ga

r 
ca

n
e 

b
ag

as
se

2
5

–
30

 
18

,5
02

F
re

u
n

d
li

ch
E

n
d

o
th

er
m

ic
 a

n
d

 

n
o

n
-s

p
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

 

o
rd

er

[9
2

]

A
m

in
e-

gr
aft

ed
 c

o
rn

 c
o

b
 

–
6

.5
–

49
.9

F
re

u
n

d
li

ch
–

E
lo

vi
ch

 m
o

d
el

[9
3]

A
m

in
e-

gr
aft

ed
 c

o
co

n
u

t 
co

p
ra

–
6

.5
–

5
9

.0
F

re
u

n
d

li
ch

–
E

lo
vi

ch
 m

o
d

el
[9

3
]

Su
ga

rc
an

e 
b

ag
as

se
30

 
–

28
80

87
.4

2
L

an
gm

u
ir

–
–

[9
4]

R
ic

e 
h

u
ll

 
3

0
1

4
4

0
7

4
.4

L
an

gm
u

ir
–

–
[9

5
]

P
in

e 
b

ar
k

 a
n

io
n

 e
xc

h
an

ge
r

3
0

1
4

4
0

6
5

.7
2

L
an

gm
u

ir
–

–
[9

5
]

R
aw

 w
h

ea
t 

re
si

d
u

e
2

5
 

2
0

 
1

.2
4

F
re

u
n

d
li

ch
–

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[9
6

]

M
o

d
ifi

ed
 w

h
ea

t 
re

si
d

u
e

2
5

 
–

2
0

 
1

2
8

.9
6

F
re

u
n

d
li

ch
–

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[9
6

]

Z
r(

IV
)-

lo
ad

ed
 s

u
ga

r 
b

ee
t 

p
u

lp
3

0
 

6
.0

–
6

3
 

–
–

–
[9

7
]

Z
r(

IV
)-

lo
ad

ed
 s

u
ga

r 
b

ee
t 

p
u

lp
3

0
 

6
.0

–
6

3
 

–
–

–
[9

7
]

C
h

it
o

sa
n

 h
yd

ro
b

ea
d

s
3

0
5

1
4

4
0

9
2

.1
L

an
gm

u
ir

E
xo

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

 

o
rd

er

[1
1

5
]

C
o

n
d

it
io

n
ed

 c
ro

ss
-l

in
k

ed
 c

h
it

o
-

sa
n

 b
ea

d
s

3
0

5
1

4
4

0
1

0
4

.0
L

an
gm

u
ir

–
–

[1
1

6
]

C
h

it
o

sa
n

 b
ea

d
s

3
0

5
1

4
4

0
9

0
.7

L
an

gm
u

ir
–

[1
1

6
]

(C
on

ti
n

u
ed

)



444 Advanced Materials for Wastewater Treatment
T

ab
le

 1
2

.2
 

C
o

n
t.

A
d

so
rb

en
t

T
em

p
 

(°
C

)
p

H

T
im

e 

(m
in

)

A
d

so
rp

ti
o

n
 

ca
p

ac
it

y 

(m
g

/g
)

A
d

so
rp

ti
o

n
 

is
o

th
er

m

Th
er

m
o

d
yn

am
ic

s 

n
at

u
re

K
in

et
ic

s 
m

o
d

el
R

ef
.

Q
u

at
er

n
ar

y 
am

in
e 

m
o

d
ifi

ed
 

ch
it

o
sa

n
 b

ea
d

s

3
0

6
–

9
3

0
2

4
F

re
u

n
d

li
ch

E
xo

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

 

o
rd

er

[1
1

7
]

F
u

n
ct

io
n

al
iz

ed
 c

h
it

o
sa

n
 b

ea
d

s
3

0
5

–
7

1
2

0
1

1
3

.1
F

re
u

n
d

li
ch

E
xo

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[1
1

8
]

F
e 3

O
4
/Z

rO
2
/c

h
it

o
sa

n
2

5
3

1
4

4
0

 
8

9
.3

L
an

gm
u

ir
–

p
se

u
d

o
-fi

rs
t-

o
rd

er
[1

1
9

]

G
ra

n
u

la
r 

ch
it

o
sa

n
-F

e3
+
 c

o
m

p
le

x
5

0
5

.0
1

2
0

 
8

.3
5

 
L

an
gm

u
ir

-

F
re

u
n

d
li

ch

E
xo

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[1
2

0
]

P
E

G
/c

h
it

o
sa

n
 

30
3

4
0

50
.6

8
F

re
u

n
d

li
ch

E
n

d
o

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[1
2

1
]

P
V

A
/c

h
it

o
sa

n
30

3
40

35
.0

3
F

re
u

n
d

li
ch

E
n

d
o

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[1
2

1
]

G
ra

n
u

la
r 

ch
it

o
sa

n
-F

e(
II

I)
-

A
l(

II
I)

 c
o

m
p

le
x

1
5

3
–

5
8

.4
5

F
re

u
n

d
li

ch
–

p
se

u
d

o
-fi

rs
t-

o
rd

er
[1

2
2

]

C
h

it
o

sa
n

 /
Z

eo
li

te
 Y

/N
an

o
 Z

rO
2

 

n
an

o
co

m
p

o
si

te

3
5

3
6

0
 

2
3

.5
8

 
F

re
u

n
d

li
ch

–
p

se
u

d
o

-s
ec

o
n

d
-

o
rd

er

[1
2

3
]

C
h

it
o

sa
n

/t
it

an
iu

m
 o

xi
d

e
3

0
6

1
8

0
7

0
.9

4
F

re
u

n
d

li
ch

E
n

d
o

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[1
2

4
]

C
h

it
o

sa
n

/a
lu

m
in

a
3

0
6

1
8

0
8

2
.0

4
F

re
u

n
d

li
ch

E
n

d
o

th
er

m
ic

 a
n

d
 

sp
o

n
ta

n
eo

u
s

p
se

u
d

o
-s

ec
o

n
d

-

o
rd

er

[1
2

4
]



A Review on the Removal of Nitrate from Water by Adsorption 445

12.3  Models for Adsorption Process 

Adsorption is a surface phenomenon and widely used fundamental phys-
icochemical process in practice to remove substances from fluid phases 
(gases or liquids). When the fluid and solid surface comes into contact, 
the solutes accumulated on the surface of the solid [65, 125–127]. The 
solute that accumulated on the surface of the solid is called adsorbate, 
whereas, the solid on which the adsorption occurs is known as adsorbent 
[65, 68, 125–127]. Interaction between the solute and solid surface can 
be by physical attraction (physisorption) or chemical reaction (chemi-
sorption). Physisorption is reversible and the force of attraction existing 
between adsorbate and adsorbent are weak Van der Waal forces and it 
has low enthalpy of adsorption i.e. ΔH adsorption is less than 40 kJ/mol 
[125–127]. Physisorption takes place with formation of multilayer of 
adsorbate on adsorbent and it is not site-specific. Conversely, the force 
of attraction in chemisorption is an ionic or covalent bond formation 
between the adsorbate molecules and the atoms of the functional groups 
of the adsorbent. The chemisorption is irreversible, site specific with for-
mation of monolayer of adsorbate on adsorbent, and has high enthalpy of 
adsorption. Typically, adsorption equilibrium is not established instan-
taneously. The mass transfer from the solution to the adsorption sites 
within the adsorbent particles is constrained by mass transfer resis-
tances that determine the time required to reach the state of equilib-
rium [65, 125–127].

In water treatment, adsorption has been proved as an efficient removal 
process for a multiplicity of solutes [65]. Adsorption process can be con-
ducted in batch and continuously flow fixed-bed dynamic system. Batch 
adsorption studies provide useful information on the application and 
investigation of characteristics of a particular adsorbent for the removal 
of specific contaminant for preliminary screening of the systems before 
running more costly tests. In practice, application of adsorption system is 
usually performed in a continuously flow fixed-bed dynamic system and 
in order to treat large volume treated of water using a defined quantity of 
adsorbent [23, 24, 125–129].

12.3.1  Batch Adsorption Models 

Evaluation of equilibrium adsorption isotherms, kinetics, and ther-
modynamics parameters has a vital role in systematically understand-
ing the adsorption process of various pollutants in water solutions [65, 
126, 130].
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12.3.1.1  Adsorption Isotherms and Models

Adsorption isotherm is of fundamental importance in the adsorption 
process to describe the association between the equilibrium concentra-
tion of adsorbate in the solution and solid phase concentrations at con-
stant temperature [65, 68, 110]. The knowledge of adsorption equilibrium 
data provides the basis for assessing the adsorption processes and helps 
to understand the nature of interaction between adsorbate and adsorbent, 
to investigate the adsorption properties, to understand the adsorption 
mechanism, to evaluate the potential applicability of biosorbents, and to 
predict maximum adsorption capacity [65, 68, 110, 131, 132]. The adsorp-
tion isotherm indicates how the adsorbent distribute between the liquid 
phase and solid phase when the adsorption process reaches an equilibrium 
state. These are information is of importance in the design of design and 
optimization of adsorption system used for removal of pollutants from 
aqueous solution [133, 134]. There are a number of batch adsorption equi-
librium isotherm models which have been used to explain the adsorption 
of solute on to the adsorbent. Some of them are Langmuir, Freundlich, 
the Sips, the Redkich-Peterson, Temkin, Redlich-Peterson and Dubbinin-
Radushkevitch isotherm models [110, 130, 135–137]. 

12.3.1.2  Langmuir Isotherm

Langmuir (1918) originally introduced a model for the homogeneous and 
monomolecular adsorption of gases on the energetically homogeneous sur-
faces [137, 138]. The basic assumptions of theoretical Langmuir sorption 
isotherm model underlying that the adsorbed species are attached to the 
surface at definite localized sites and all the adsorption sites are energeti-
cally identical. Moreover, the model assumes that there is no interaction 
between neighboring adsorbed adsorbate molecules. This model is now 
widely used for the characterization of adsorption of ions from solution. 
The Langmuir isotherm is expressed as follows [138]:

 q
q K C

K C
e

m L e

L e1
 (12.1)

The linear form of Langmuir equation is given as:

 
C

q K q

C

q
e

e L m

e

m

1
 (12.2)
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where, q
e
 is adsorption capacity at equilibrium (mg/g), C

e
 is concentra-

tion of nitrate in the solution at equilibrium (mg/L), q
m

 is the maximum 
adsorption capacity (mg/g), and K

L
 is the Langmuir constant related to 

the energy of adsorption represents the degree of adsorption affinity the 
adsorbate (L/mg). The parameters K

L
 and q

m
 can obtained from the slope 

and intercept of the plot of C
e
/q

e
 against C

e
. To predict the favorability of 

adsorption, the Langmuir isotherm is expressed in terms of a dimension-
less constant separation factor or equilibrium parameter, R

L
 [139].

 R
K C

L

L O

1

1
 (12.3)

where, C
o
 = the highest initial adsorbate concentration, b = the Langmuir’s 

adsorption constant (L/mg). The value of R
L
 indicates the type of the iso-

therm to be either unfavorable (R
L
 > 1), linear (R

L
 = 1), favorable (0 < R

L
 < 1) 

or irreversible (R
L
 = 0) [134, 139].

12.3.1.3  Freundlich Isotherm

Freundlich adsorption isotherm model [140] is an empirical relation 
between liquid phase and solid phase solute concentrations, and this is 
applicable for multilayer adsorption with non-uniform distribution of 
adsorption heat and affinities over the heterogeneous surface. Unlike the 
Langmuir isotherm, the Freundlich isotherm describes the mathematical 
relationship for non-ideal and reversible adsorption process. The Freundlich 
empirical equation is expressed as [140]:

 q K Ce f e

n1/
 (12.4)

A linear form of this expression is:

 lnq lnK
n

lnCe f e

1
 (12.5)

where, C
e
 is concentration of solute in the liquid phase at equilibrium (mg/L), 

q
e
 is amount of solute adsorbed on the surface of adsorbent (mg/g). K

f
 (mg/g) 

(L/mg)1/n and n (dimensionless) are the Freundlich constants calculated from 
the intercept and slope of linear plots of Eqn. (12.5). The value of K

f
 constant is 

an indication of theoretical adsorption capacity. The value of n is an indicates 
the favorability and intensity adsorption process and surface heterogeneity of 
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the system [134]. If 1 < n < 10, this indicates favorable adsorption, and n = 1 
characterizes a linear adsorption phenomenon [134, 140–142]. 

12.3.1.4  Temkin Isotherm

The Temkin isotherm assumes that the fall in the heat of adsorption is 
linear rather than logarithmic as stated by Freundlich. The heat of sorption 
of all the molecules in the layer would decrease linearly with coverage due 
to adsorbate/adsorbent interactions [137]. The Temkin isotherm has been 
used in the following form:

 q
RT

b
ACe eln( )  (12.6) 

A linear form of the Temkin isotherm can be expressed as:

 q
RT

b
A

RT

b
Ce eln( ) ln( )  (12.7)

 
RT

b
B  

This model can be linearized as follows:

 q B A B Ce eln( ) ln( )  (12.8)

where A and B are the Temkin isotherm constant (L/g) and heat of sorp-
tion (J/mol) respectively. R is the gas constant (J/mol.k), b is the Temkin 
isotherm constant linked to the energy parameter, B. The constants B and 
A can calculated from the slope and intercept linear plot of q

e
 against ln(C

e
) 

respectively [137]. 

12.3.1.5  Dubinin–Radushkevich (D–R) Isotherm

The Dubinin–Radushkevish (DR) isotherm assumes that sorption has a 
multilayer character with heterogeneity of surface energies. The adsorp-
tion data was applied to the D–R model to distinguish between physi-
cal and chemical adsorption. The Dubinin–Radushkevich model can be 
expressed as follows [135, 137, 143]:

 q q RT
C

e m

e

exp ln
DR 1

1
2

 (12.9)
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Eqn. (12.9) is expressed in short form as follows:

 q qe mexp( )DR( )2
 (12.10)

Linear form of D–R isotherm equation is given as:

 ln lnq qe m DR

2
 (12.11)

where q
m

 is the adsorption capacity (mg/g) and 
DR

 is the activity coefficient 
related t1o adsorption energy (mol2/kJ2) and  is Dubinin–Radushkevich 
isotherm constant (Polanyi potential). The values of 

DR
 and q

o
 were com-

puted from the slope and intercept of the plot ln(q
e
)

 
against 2, respectively. 

Polanyi potential,  can be calculated by the equation:

 RT
C

e

ln 1
1

 (12.12)

where T is the temperature (K) and R is the gas constant (kJ/ mol.K). The 
mean adsorption energy (E) is defined when one mole of ion is transferred 
from infinity in solution to the surface of the adsorbent. It is calculated 
from the 

DR
 value using the following equation:

 E
1

2 DR

 (12.13)

If the value of E lies between 8 and 16 kJ/mol the sorption process is a che-
misorption one, while values of below 8 kJ/mol indicate a physical adsorp-
tion process [143–145]. 

12.3.1.6  Sips Isotherm

The Sips isotherm is derived from the limiting behavior of the Langmuir 
and Freundlich isotherms [146, 147]. At low adsorbate concentrations, 
this model reduces to the Freundlich isotherm, while at high concentra-
tions it determines a monolayer adsorption capacity characteristic like the 
Langmuir isotherm. The Sips model equation is expressed as [146–148]:

 q
q K C

K C
e

m S e

n

S e
n

s

1

1

1

 (12.14)
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1 1 1 1

1

q q K C qe m S e

n

m

s

 (12.15)

where K
S
 (L/mg) and q

m 
(mg/g) are the Sips equilibrium constant and max-

imum adsorption capacity values and n
s
 is the dimensionless heterogeneity 

factor. If the value of n
s
 is between 0 and 1, the system is described as het-

erogeneous. If n
s
  1, the Sips equation reduces to the Langmuir equation 

and it indicates a homogeneous adsorption process [146–148]. 

12.3.1.7  Redlich–Peterson Isotherm 

The Redlich–Peterson model is a three-parameter isotherm, which syn-
dicates elements of the Langmuir and Freundlich isotherms in a single 
equation and compensates the imprecisions [146–148]. The adsorption 
mechanism is unique and does not follow ideal monolayer adsorption 
characteristics. Redlich-Peterson model is given as:

 q
K C

C
e

e

e

RP

RP
RP1

 (12.16)

where K
RP

 is the Redlich–Peterson adsorption capacity constant (L/g), 
RP

 
is the R-P isotherm constant and 

RP
 is the exponent between 0 and 1. 

If 
RP

 = 1, the R-P equation reduces to the Langmuir isotherm equation 
and if 

RP
 = 0, it is closer to the Freundlich equation [146–148]. 

12.3.1.8  Thermodynamic Parameters 

Thermodynamic considerations are important in order to predict the feasi-
bility of the process and to understand the nature of the adsorption [149]. 
The free energy change (ΔG0) is a critical factor for determining the degree 
of spontaneity of the adsorption process; a higher negative value of ΔG0 
indicates a more energetically favorable adsorption. In the adsorption study, 
it is essential to establish the adsorption mechanisms (i.e., either chemi-
cal or physical). Thermodynamic parameters of adsorption, including the 
Gibbs energy change (ΔG0), the enthalpy change (ΔH0), and the entropy 
change (ΔS0) provide information concerning the type and mechanism of 
the adsorption process [65, 131]. The adsorption enthalpy in the case of 
physisorption is mostly lower than 40 kJ/mol. Chemisorption is based on 
chemical reactions between the adsorbate and the surface sites, and the 
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interaction energies are therefore in the order of magnitude of reaction 
enthalpies (>40 kJ/mol). It has to be noted that the differentiation between 
physisorption and chemisorption is widely arbitrary and the boundaries are 
fluid [65]. It is noticeable that evaluation of ΔG°, ΔH°, and ΔS° is directly 
affected by the thermodynamic equilibrium constant (K

C
; dimensionless). 

In adsorption thermodynamics, the equilibrium constant K
C
 can be derived 

from the constants of various adsorption isotherms (i.e., Langmuir and 
Freundlich) or the partition coefficient. The different estimation approaches 
might lead to great variations in the thermodynamic parameters; therefore, 
the most appropriate approaches should be recommended. 

Changing in temperature will change the equilibrium capacity of the 
adsorbent for a particular adsorbate. At equilibrium conditions, free 
energy of adsorption process is defined as follows: 

 G RTlnKo

C  (12.17)

where, ΔG° is the standard free energy change (kJ/mol), R is the ideal gas 
constant (8.314 J/mol.K), and T is temperature (K) and K

C 
is equilibrium 

constant. 
The Gibbs Helmholz equation is expressed as:

 

G

T

T

H

T
P

0
0

2  (12.18)

Substituting Eqn. (12.17) into Eqn. (12.18), the van’t Hoff equation is 
obtained as follows [149]:

 
lnK

T

H

T
C

P

0

2  (12.19)

where ΔH° is the change in the standard enthalpy. Integrating Eqn. (12.19) 
for T at a constant pressure, the following equation is attained:

 RTlnK H TRYC

0
 (12.20)

where Y is the integration constant. The relationship between the standard 
Gibbs free surface energy change, standard enthalpy change and standard 
entropy change (ΔS°) is as follows:

 G H T S0 0 0
 (12.21)
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From Eqns. (12.17), (12.19), and (12.21) the following equation is 
attained:

 lnK
S

R

H

RT
C

o o

 (12.22)

where ΔH° is the standard enthalpy change (kJ/mol) and ΔS° is the standard 
entropy change (kJ/mol.K). The enthalpy change (ΔH°) and the entropy 
change (ΔH°) can be determined from the slope and intercept of a plot of 
ln K

C
 against 1/T of Eqn. (12.22). 

12.3.1.9  Adsorption Kinetics

Adsorption process is a time dependent process and adsorption equilibrium 
is not established instantaneously [65]. This phenomenon can be described 
by adsorption kinetics [134]. In adsorption process, there are a number of 
steps of mass transfer and adsorption rate is typically determined by slow 
mass transfer processes from the liquid to the solid phase [65, 150–152]. 
Understanding the kinetics of the sorption process the different rate equa-
tion is used to fit the experimental data for any kind of sorption. Pseudo-first-
order, pseudo-second-order, and intraparticle diffusion models are most 
commonly used models in the kinetic study of adsorption process [150–153].

Legergren proposed the simplest empirical kinetic model at the end of 
19th century [152, 153]. The model is associated with the kinetics of one-
site adsorption governed by the rate of the surface reaction. The equation 
is given as:

 
dq

dt
k q qt

e t1( )  (12.23)

where, q
t
 and q

e
 are amount the solid phase concentrations (mg/g) at time 

and at equilibrium, respectively and k
1
 is equilibrium rate constant of 

pseudo-first-order adsorption (1/min). 
After integration with the initial condition q

t
 = 0 and t = 0; we obtain the 

linearized form of this equation:

 ln q q lnq k te t e( ) 1  (12.24)

The value of the sorption rate (k
1
) can be calculated from linear regres-

sion analysis or from the slope of the linear plot of experimental data in 
ln(q

e
  q

t
) vs. t.
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The pseudo-second-order equation is the most widely used rate equa-
tion for the sorption of a solute from a liquid phase. The experimental 
adsorption data can also be tested for pseudo-second-order kinetics equa-
tion. The commonly represented pseudo-second-order adsorption equa-
tion [152–154] is:

 
dq

dt
k q qt

e t2

2( )  (12.25)

Integrating the Eqn. (12.25) for the boundary conditions of t = 0 to t = t 
and q

t
 = 0 to q

t
 = q

t
 gives:

 
1 1

2
q q q

k t
e t e

 (12.26)

Eqn. (12.26) can be rearranged to obtain Eqn. (12.27), the expression 
used to calculate the amount of adsorbate on the surface of the adsorbents 
at any time, t. 

 q
q t

q t
t

ek

e

2

2

1
 (12.27)

Eqn. (12.27) is linearized form to obtain the following expression:

 
t

q k q

t

qt e e

1

2

2  (12.28)

When t approaches to 0, Eqn. (12.25) can be simplified to Eqn. (12.29) which 
is the expression to calculate the initial adsorption rate, h, (mg/g min). 

 h k qe2

2
 (12.29)

Substituting Eqn. (12.29) in to Eqn. (12.28), the linearized pseudo-
second-order kinetic equation can be expressed as follows:

 
t

q h

t

qt e

1
 (12.30)
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where q
t
 is the amount of adsorbate on the surface of the adsorbents 

(mg/g) at any time, t; k
2
 is the pseudo-second-order rate constant (g/mg 

min); and q
e
 is the amount of anions adsorbed at equilibrium (mg/g) and 

h is the initial sorption rate. The value of q
e
 (1/ slope), k (slope2/intercept), 

and h (1/intercept) of the pseudo-second-order equation can be found out 
experimentally by plotting t/q

t
 against t.

In adsorption process, there are multiple steps involving transport of the 
solute molecules from the aqueous phase to the surface of the solid partic-
ulate, followed by diffusion of the solute molecules into the pore interiors 
[150, 152]. The most commonly applied pore-diffusion model is the intra-
particle diffusion model [150]:

 q k
t

Ct d

1

2  (12.31)

where, k
d
 is intraparticle diffusion rate constant (mg/g min1/2). The k

d
 is 

the slope of straight line portions of the plot of q
t
 vs. t1/2. If the plot yields 

straight line passing through the origin and the slope gives the rate con-
stant k

d
, intra-particle diffusion is the rate controlling step of adsorption 

process. If there is a deviation of the straight line from the origin indicates 
that this process is not the only controlling step [99, 150].

12.4  Column Study

Although batch adsorption studies provide useful information on the 
application and investigation of characteristics of a particular adsorbent 
for the removal of specific waste constituents, experimental are only lim-
ited to investigate the characteristics of the adsorbent and preliminary 
screening of the systems before running more costly tests. Results obtained 
from equilibrium data cannot easily applied directly to continuous process 
and may not give accurate scale up information in the column operation 
system [23, 24, 128, 129]. Therefore, continuous column experiments are 
also necessary to obtain practical operational information with respect to 
the application of a particular adsorbent for the removal of contaminants 
from water [155]. In practice, application of adsorption system is usually 
carried out in the fixed bed adsorption mode. In this process, adsorbent 
is continuously in contact with fresh solution, which results in maximum 
loading of the sorbent at constant solute concentration and therefore effi-
cient utilization of adsorbent. Continuous process is simple to operate and 
can be controlled easily, can be easily scaled up from a laboratory-scale 
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procedure, and it is economical process [156, 157]. In addition, large vol-
ume of water can be continuously treated using a defined quantity of adsor-
bent. Moreover; continuous adsorption study can be used to identify the 
feasibility of the adsorbent under continuous loading [128, 158]. Further, 
in order to obtain basic engineering data for the design of the application 
process, it is essential to study the continuous flow system [159]. 

Adsorption within the frequently used fixed-bed adsorbers is not only 
a time dependent but also a spatial-dependent process. The dependence 
on time (t) and space (z) is referred to as adsorption dynamics or column 
dynamics [65].

 q F t z( , )   (12.32)

 C F t z( , )   (12.33)

The adsorption equilibrium is the basis of all adsorption models. To pre-
dict adsorption dynamics, information about adsorption equilibrium as 
well as about adsorption kinetics is necessary. 

12.4.1  Breakthrough Curve Analysis 

The performance of fixed-bed adsorption column is described by the con-
cept of the breakthrough curve [156]. A breakthrough curve is obtained by 
plotting normalized concentration, defined as the ratio of effluent adsor-
bate concentration (C

t
) to the influent adsorbate concentration (C

0
) as a 

function of time of treatment or volume of effluent for a given bed vol-
ume [18, 156]. The breakthrough time and the shape of the breakthrough 
curve are important characteristics for determining the operation and the 
dynamic response of an adsorption column. These determine the opera-
tion life span of the bed and regeneration time and thus directly affect the 
feasibility and economics of the adsorption process, [129, 160, 161]. The 
profile of breakthrough curves and parameters are dependent on column 
operating conditions such as influent concentration, flow rate, and depth 
of bed. Experimental determination the effects of these parameters on 
breakthrough curves is very important to evaluate the performance of the 
column and to and to develop scale up procedures [162]. Parameters and 
profile of breakthrough curve determine the operation life span of the bed 
and regeneration time. A plot breakthrough curve is expressed in terms 
of normalized concentration, defined as the ratio of effluent adsorbate 
concentration (C

t
) to the influent adsorbate concentration (C

0
) as a func-

tion of time or volume of effluent for a given bed volume [18, 156]. Time 
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equivalent to total or stoichiometric capacity and time equivalent to usable 
capacity (breakthrough time) are given in equations (1) and (2) respec-
tively [163]

 t
C

C
dtt

t

t

t

0 0

1
total

 (12.34)

 t
C

C
dtb

t

t

b
b

0 0

1  (12.35)

where t
t
 is exhaustion time, t

b
 is breakthrough time at which C

t
 = C

b
 (for the 

present system, C
b
 = 50 mg/L). The total adsorbed nitrate quantity (q

total
) in 

the column for a given influent concentration and flow rate can be calcu-
lated using Eqn. (12.36) [156].

 q QC
C

C
dt

t

t

t
total

total

0

0 0

1   (12.36)

where Q is the volumetric flow rate (L/h), C
0
 is the influent nitrate concen-

tration (mg/L) and t
total

 is the total flow time (min), respectively.
The equilibrium nitrate adsorption capacity of the column, q

e
 (mg/g), 

can be calculated using Eqn. (12.37)

 q
q

M
e

total
  (12.37)

where M is the amount of the adsorbent packed in the column (g). The 
total amount of nitrate entering the column, (W

total
) in grams can be found 

out with the help of Eqn. (12.38)

 W C Qtetotal 0   (12.38)

where t
e
 = exhaustion time (h). The total percentage removal of nitrate (R) 

can also be found from the ratio of total adsorbed quantity (q
total

) to the 
total amount sent to column (W

total
) as [163]:

 R
q

W
(%) total

total

  (12.39)
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The total effluent volume (V
e
) and breakthrough volume (V

b
) can be 

estimated as follows:

 V Qte e   (12.40)

 V Qtb b   (12.41)

where, V
e
 is total effluent volume up to exhaustion time (L), total effluent 

volume up to breakthrough time (L), Q is volumetric flow rate (L/h) t
e
 is 

exhaustion time (h), and t
b
 is breakthrough time (h).

The mass transfer zone (MTZ) is the length of the adsorption zone in 
the column, shows the efficiency in the use of adsorbents in the column 
can be calculated as follows [163, 164]:

 MTZ H
t t

t
e b

e

  (12.42)

where, H is total depth of the adsorbent in the column (cm), t
e
 is exhaus-

tion time (h), and t
b
 is breakthrough time (h).

The time of contact between the liquid phase and the solid adsorbent is 
called Empty Bed Contact Time (EBCT) which measures the critical depth 
and the contact time for an adsorbent. It can be calculated using Eqn. (12.43).

 EBCT
V

Q
  (12.43)

where V is volume of fixed bed (L) and Q flow rate (L/h). 

12.4.2  Models of Column Studies

Successful design of a continuous fixed bed column adsorption process 
requires prediction of breakthrough curve parameters for the effluent 
under given specific operating conditions. Several such models have been 
used in the literature to characterize the performance of fixed bed for the 
removal contaminants from water and wastewater are presented here [128, 
156, 162, 165].

12.4.2.1 Adams-Bohart Model

Adams–Bohart model [166] based on the surface reaction theory assumes 
that equilibrium is not instantaneous and explains that the kinetics is 
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controlled by external mass transfer in the initial part of adsorption. This 
model is also based on the postulate that the adsorption rate is proportional 
to the residual capacity of adsorbent and the solute concentration. This 
model established the fundamental equations describing the relationship 
between C

t
/C

0
 and t in a continuous system. The Adam’s–Bohart model is 

used for the description of the initial part of the breakthrough curve. The 
mass transfer rates obey the following equations:

 
q

t
k qCAB b  (12.44)

 
C

Z

k

U
qCb AB

O

b  (12.45)

Some assumptions are made for the solution of these differential equa-
tion systems: When the differential equation systems solved, the following 
equation is obtained with parameters k

AB
 and N

0
 assuming that the concen-

tration field is considered to be low and when t ∞, q N
0
, 

 ln
C

C
k C t

k N H

U
t

AB
AB

0

0
0

0

 (12.46)

where, C
0
 and C

t
 are the influent and effluent adsorbate concentration 

(mg/L), N
0
 is the saturation concentration (mg/L), k

AB
 is the kinetic con-

stant (L/mg .h), U
0
 is the linear velocity calculated by dividing the flow rate 

by the column section area (cm/h), H is the bed depth of column (cm), and 
N

0
 is the saturation concentration (mg/L). The values of N

0
 and k

AB
 can be 

obtained from the intercept and slope the linear plot of ln(C
t
/C

0
) against 

time (t). 

12.4.2.2  Thomas Model

Description of the dynamic behavior of adsorption of adsorbate onto the 
adsorbent is important for successful design of a continuous fixed-bed 
adsorption column process. Thomas model is one of the most commonly 
and a widely used kinetic model in the to predict the performance of col-
umn operations [167]. This model can be applied to evaluate the adsorp-
tion rate constant and maximum uptake of the adsorbate. This model can 
be applied to evaluate the adsorption rate constant and maximum uptake of 
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the adsorbate [167]. The model assumes that the adsorption is described by 
a pseudo second-order reaction rate principle which reduces a Langmuir 
isotherm at equilibrium. The model has the following form [165–168]:

 
C

C
exp k

q M C V

Q

t

0 0 0

1

1 Th

 (12.47)

The above equation can be linearized to give,

 ln
C

C

k C M

Q
k C

V

Qt

0 0
01 Th

Th  (12.48)

 ln
C

C

k C M

Q
k C t

t

0 0
01 Th

Th  (12.49)

where, k
Th

 is the Thomas rate constant (L/h.mg); q
0 

is the equilibrium 
adsorbate uptake per g of the adsorbent (mg/g); C

0
 is the influent adsor-

bate concentration (mg/L); C
t 
is the effluent concentration at time t (mg/L); 

M is the mass of adsorbent (g), V is the throughput volume (L), and Q is 
the flow rate (L/h). The value of C

t
/C

0
 is the ratio of outlet and influent 

adsorbate concentrations. The values of k
Th 

and q
o
 were determined from 

the intercept and slope of the linear plot of ln[(C
o
/C

t
) 1] against time (t).

12.4.2.3  Yoon and Nelson Model

The Yoon-Nelson model was derived based on the assumption that the rate 
of decrease in the probability of adsorption of adsorbate molecule is pro-
portional to the probability of the adsorbate adsorption and the adsorbate 
breakthrough on the adsorbent [169]. Yoon-Nelson kinetic model is one 
of the simplest model used to predict the exhaustion time and the behav-
ior of adsorption process for a given adsorbate concentration. The Yoon 
and Nelson equation applied to a single component system is expressed as 
[156, 169]:

 
C

C k t
t

e

1

1 exp[ ]YN ( )
 (12.50)
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The linearized form of the Yoon and Nelson model is as follows:

 ln
C

C C
k t kt

t0

YN YN  (12.51)

where k
YN

 is the rate velocity constant (L/h),  is the time in required for 
50% adsorbate breakthrough (h). The values of  and k

YN
 can be determined 

from the intercept and slope of the plot linear plot of ln [C
t
/(C

0
  C

t
)] against 

sampling time (t), respectively.
The derivation of Eqn. (12.40) was based on the definition that 50% 

breakthrough occurs at t = . Therefore, if the breakthrough curve is sym-
metrical then the adsorption bed should be completely saturated at t = 2 . 
Accordingly, the following equation can be obtained for a given bed [156, 
170, 171] 

 q
C Q

M

C Q

M
0

0 01

2

2( )
 (12.52)

This equation also permits one to determine the adsorption capacity of 
the column (q

0
) as a function of inlet adsorbate concentration (C

0
), flow rate 

(Q), adsorbent quantity in the column (M) and 50% breakthrough time ( ) 
by using the Yoon–Nelson model [156, 170, 171].

12.4.2.4  Clark Model

Clark [172] defined a new model by combining the concept of Freundlich 
equation and the mass transfer. The model is used for the simulation of 
breakthrough curves and the equation is as follows [165, 170–173]:

 U
dC

dZ
k C CO

b
a b e( )  (12.53)

where k
a
 is the mass transfer coefficient (min−1). Clark resolved this system 

and obtained the following solution:
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C
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n
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1

1

1

1 1
 (12.54)
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 (12.55)
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b

n

rtb0

1

1
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 r n
k

U
vT( )1

0

 (12.57)

The migration velocity of the concentration front in the bed can be 
determined from the relationship below,

 v
U C

N C
0 0

0 0

 (12.58)

where k
T
 is the mass transfer coefficient in (h 1), v is the migration velocity 

of the concentration front in the bed (cm/h), U
0
 is the gas flow rate (cm/h) 

and N
0 
is the adsorptive capacity (mg adsorbate /L adsorbent).

The linearized form of Clark equation is:

 ln
C

C
rt lnA

n

0

1

1  (12.59)

where C
0
 is the influent adsorbate concentration (mg/L); C

t
 is the effluent 

concentration at time t (mg/L), C
b
 is the outlet concentration at break-

through, t
b
 is the breakthrough time (h), A and r are Clark parameters. n 

is Freundlich parameter which can be evaluated from batch equilibrium 
experiments. The values of the Clark parameters, A and r are determined 
from the slope and the intercept of the linear plots of ln((C

0
/C

t
)n 1  1) ver-

sus t of the experimental data., enabling the prediction of the breakthrough 
curve according to the relationship between C/C

0
 and t in Eqn. (12.55) 

[165, 172]. 

12.4.2.5  The Wolborska Model

The Wolborska model is also used for the description of adsorption dynam-
ics using mass transfer where diffusion mechanisms are involved in the 
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range of the low concentration breakthrough curve [173, 174]. The mass 
transfer in the fixed bed sorption is described by the following equations: 

 
C

t
U

C

z

q

t
D

q

z
0

2

2  (12.60)

 
q

t
v

q

z
C Ca b s( )  (12.61)

where C is the adsorbate concentration in the liquid phase (g/L). t is time (h), 
U

o
 is the linear flow rate (cm/h), q is the adsorbate concentration in the solid 

phase (mg/g ), C
s
 is the adsorbate concentration at the solid/liquid interface 

(mg/L), D is the axial diffusion coefficient (cm2/h), v is the migration rate 
(cm/h), and βa is the kinetic coefficient of the external mass transfer (h 1). 

Assuming that C
S
 << C

b
, v << U

o
 and axial diffusion is negligible, 

Wolborska solved the above differential equations and found the following 
solution in the original variables,

 ln
C

C

C

N
t

U
Ht a a

0

0

0 0

 (12.62)

For column dynamics with axial dispersion [173, 174]:

 a

U

D

D

U
0

2

0

0

22
1

4
1  (12.63)

where, 
0
 is the external mass transfer coefficient with a negligible axial 

dispersion coefficient D. Wolbraska observed that in short beds or at high 
flow rates of solution through the bed, the axial diffusion is negligible 
and a  

0
. The expression of the Wolborska solution is equivalent to the 

Adams–Bohart relation if the coefficient k
AB

 is equal to 
a
/N

0
. By plotting 

ln(C
t
/C

0
) versus t of the experimental data, the resulting curve would be 

linear should the Wolborska model solution fit the data. 

12.4.2.6  Bed Depth Service Time (BDST) Model

The BDST model gives relationship between bed height (H) and service time 
(t) in terms of process concentrations and other adsorption parameters. 
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The BDST model constants can be for scaling up of the process for other 
flow rates and concentrations without additional tests. It is used to evalu-
ate the column performance for any bed length using the data of known 
bed depth. The modified version of the equation used in this evaluation is 
given as [175]:

 t
N H

C u K C

C

C
o

o o

o

t

1
1ln   (12.64)

where, C
0
 and C

t
 (mg/L) are the influent and effluent nitrate concentration, 

K  is the kinetic constant BDST model (L/mg.h), u is the linear velocity 
(cm/h) calculated by dividing the flow rate by the column cross-section 
area, H is the bed depth of column (cm), and N

0
 is the saturation concen-

tration (mg/L). The values of N
0
 and K  can be calculated from the inter-

cept and slope the linear plot of time (t) against bed depth of column (H).

12.5  Conclusion 

Excess concentration of nitrate water can lead to plausible health problems 
to the public and affects biodiversity due to eutrophication. The currently 
available nitrate removal techniques are found to be costly, inefficient, 
and generate secondary pollution by generating byproducts. Adsorption 
technique is a cost-effective and feasible method for the removal of nitrate 
from water. Higher nitrate adsorption capacity, high nitrate selectivity, 
economic feasibility, availability, reusability, and good chemical stabil-
ity and mechanical integrity are desirable characteristics of adsorbent to 
be effective in water treatment system for practical applications. Several 
adsorbent materials, such as carbonaceous, oxides and minerals, modified 
agricultural and industrial wastes have been widely used for the removal 
of nitrate from water. However, modification and production process of 
such materials consumes great quantity of energy and chemicals which 
intern involving environmental costs. Therefore, there is a need for low 
cost, eco-friendly, and sustainable materials for the removal of nitrate 
from water. Chitosan has received wide attention in the environmental 
engineering field as an effective adsorbent for the removal of several water 
contaminants. However, chitosan in its original form is not suitable for 
practical use due to its poor chemical and mechanical stability. Moreover, 
chitosan has very low density and needs a large volume of fix-bed for con-
tinuous adsorption system. These properties restrict its field application. 
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Therefore, chitosan needs certain modifications to improve its chemical 
and mechanical stability, as well as to enhance its adsorption capacity and 
reusability. Cost and environmental considerations are critical issues and 
one should not ignore these during modification of chitosan. Therefore, 
there is a need to explore an alternative low-cost, environment friendly 
and effective modification method. Inorganics materials, such as benton-
ite, titanium oxide, and alumina are an attractive immobilization inorganic 
materials for chitosan due to their environmental benignity, low cost as 
well as chemical and mechanical stability.

The application and performance of chitosan-based organic–inorganic 
hybrid biocomposites were investigated. In future, these studies can be 
extended to real water and wastewater. Most of the studies reported in the 
literature on the removal of nitrate from water using various adsorbents 
focused on batch equilibrium studies. However, batch studies are only 
limited to investigate the characteristics of the adsorbent and the results 
obtained cannot easily applied directly to continuous process. Therefore, 
continuous column experiments are also necessary to obtain practical 
operational information with respect to the application. Moreover, most 
of the studies on the application of various materials investigated for the 
removal of nitrate from synthetic water. In future, these studies can be 
extended to real water and wastewater. 

Nomenclatures

A Temkin isotherm constant (L/g)

a Total interfacial area of the particles (cm2)

B Temkin isotherm constant related to heat of 

sorption

(J/mol)

B
t

Biot number –

b Temkin isotherm constant linked to the energy 

parameter

–

C
a

Equilibrium adsorbate concentration on the 

adsorbent

(mg/L)

C
b

Breakthrough concentration (mg/L)

C
e

Equilibrium concentration of adsorbate (mg/L)

C
o

initial concentration of adsorbate (mg/L)
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C
s

Adsorbate concentration at the solid/liquid 

interface

(mg/L)

D Axial diffusion coefficient (cm2/h)

D
i

Intraparticle diffusion (cm2/min )

d
p

Mean particle diameter (cm)

E sorption energy (kJ/mol)

EBCT Empty Bed Contact Time (h)

H Total depth of the bed (cm)

k
1

Pseudo-first-order rate constant (1/min)

k
2

Pseudo-second-order rate constant (g/mg min)

k
AB

Adams-Bohart model kinetic constant (L/mg .h)

k
d

Intraparticle diffusion rate constant (min0.5)

K
D

Adsorption distribution coefficient (L/g)

K
f

Freundlich constant (mg/g) (L/mg)
1/n

k
f

initial external mass transfer coefficient (cm/min)

K
L

Langmuir constant (L/mg)

K
RP

The Redlich-Peterson adsorption capacity (L/g)

K
P

Partition coefficient –

K
S

The Sips equilibrium constant (L/mg)

k
Th

Thomas rate constant (L/h.mg)

k
YN

Yoon-Nelson rate velocity constant (h 1)

K
α

Kinetic constant BDST model (L/mg.h)

M Mass of biosorbent (g)

M
S

Biosorbent mass concentration in the solution (g/cm3)

MTZ The mass transfer zone (cm)

N
o

Adsorption capacity (mg/L)

n Freundlich constant related to adsorption 

intensity

–

n
s

The Sips heterogeneity factor –
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q
e

Equilibrium adsorption capacity (mg/g)

q
e,m

Model equilibrium adsorption capacity (mg/g)

q
m

Langmuir maximum adsorption capacity (mg/g)

q
t

Adsorption capacity at any time, t (mg/g)

q
0

Maximum equilibrium nitrate adsorption 

capacity from Thomas model

(mg/g)

q
total

Total amount of nitrate adsorbed (mg)

R Gas constant ( J/mol.K)

R2 Correlation coefficient –

R
L

Separation factor or equilibrium parameter –

R Total percentage removal of nitrate (%)

t
b

Breakthrough time (h)

t
e

Exhaustion time (h)

T Contact time (min)

T Temperature (K)

U
0

Linear velocity (cm/h)

V Migration velocity of the concentration front in 

the bed

(cm/h)

V Volume of the bed (L)

V
b

Breakthrough volume (L)

V
e

Total effluent volume (L)

V Volume of the solution (L)

W
tot

Total amount of nitrate sent to the column (mg)

ΔGo Standard free energy change (kJ/mol)

ΔHo Standard enthalpy change (kJ/mol)

ΔSo Standard entropy change (kJ/mol.K)

RP
The R-P isotherm constant –

a
External mass transfer coefficient (h 1)

o
External mass transfer coefficient with a negligible 

axial dispersion coefficient
(h 1)
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RP
The R-P isotherm parameter –

Polanyi sorption potential –

2 Chi-square –

Density of water (g/L)

app
Apparent density of biosorbent (g/cm3)

Time in required for 50% adsorbate breakthrough (h)
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Abstract
The main purpose of this chapter is to address the conditions in which improve-

ments on the surface area and surface reactivity of zero-valent iron nanosized 

particles (ZVI NPs) can be achieved. A synthesis method based on liquid-phase 

reduction (LPR) under selected conditions was adopted. Transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction 

(XRD) and gas adsorption (using BET isotherm) confirmed the changes on the 

size of the ZVI NPs, when ultrasonic irradiation (UI) was used. The NPs prepared 

with and without UI were tested in a removal procedure of nitrate from contami-

nated waters. A L-8 Taguchi experimental design was utilized to investigate the 

efficiency of the synthesized NPs. Nitrate concentrations were determined by ion 

chromatography and considered as response data. The results indicated that the 

reactivity of the NPs was significantly higher for NPS prepared under UI. The 

investigation of the mechanisms involved in nitrate reduction demonstrated that 

ammonium ions were the dominant end-product. Furthermore ammonium ions 

could be precipitated as struvite (NH
4
 MgPO

4
·6H

2
O), a valuable fertilizer, and also 

*Corresponding author: Elisabete.costa@ua.pt
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a good candidate for the removal of environmental contaminants such as heavy 

metals.

Keywords: Zero valent iron nanoparticles, ultrasonic irradiation, nitrate 

decontamination, struvite

13.1 Introduction

Several pathways are responsible for nitrate contamination of water 
resources such as industrial effluents and agricultural diffuse sources [1]. 
The concentration of nitrate in polluted waters is generally high enough to 
constitute a major challenge for the environment (e.g., eutrophication of 
aquifers) and human health [2, 3] and also to produce direct toxic effects 
on aquatic organisms [4].

Within European Union, the recommended limit for nitrate concen-
tration in drinking freshwaters to prevent the eutrophication is 25 mg/L 

[5]. So, adopting efficient and cost effective methods for the treatment of 
nitrate contaminated waters is of high importance. 

So far, some physicochemical [6] and biological [7, 8] methods have 
been utilized for the removal of nitrate from the contaminated waters. 
Most of these methods have not been widely adopted on full-scale appli-
cations due to economic and technical difficulties [9]. Table 13.1 presents 
the results of some recent studies on the chemical and biological methods 
applied for the removal of nitrate from the polluted waters and wastewaters 
as well as the main mechanisms involved.

In this regard, the application of nanoscale zero-valent Iron (nZVI) 
 particles for the treatment of various organic and inorganic pollutants 
has considerably increased in recent years thanks to the developments 
achieved in the field of the synthesis and characterization of nanosized 
materials [10, 11]. 

There are two main type of methods for the synthesis of nanomate-
rials. Top-down methods such as ball milling [20] can convert the bulk 
materials to nanosized building blocks. However, bottom-up techniques 
such as microemulsion [21], inert gas condensation [22], chemical vapor 
condensation [23], liquid flame spray [24], gas-phase [12, 13] and liquid-
phase reduction [14, 15] are the dominant methods used for the synthe-
sis of nanosized zero-valent iron particles (nZVI). This particular type of 
metal nanoparticle is gaining a growing interest for applications aimed to 
the decontamination of polluted waters as is the case of nitrate removal 
from contaminated effluents [29, 30]. It offers significant advantages as 
compared to other competing single nanoparticles (NPs) or NP-based 
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composites including zero-valent copper NPs [31], zinc hydroxide NPs 
[32], nano-copper-loaded titania [33], zero-valent iron supported on 
treated activated carbon [34], titanium electrode [35], Chitosan/Zeolite 
Y/Nano ZrO

2
 nanocomposite [36], SiO

2
-FeOOH-Fe nanostructures [37], 

Fe0/Pd/Cu nanocomposite [38] and alumina supported nano zero-valent 
zinc [39]. Low toxic effects [40], high efficiency [41] and lower cost are the 
attributes in favor of nZVI as decontamination agents. 

However, there is a need of cost effective methods for the synthesis of 
such nanomaterials with enhanced properties. Sonochemistry as a simple, 
fast and environmentally friendly method [42] is able to promote the syn-
thesis of nanostructures mainly because it favors the formation of a large 
number of nuclei in the precipitating medium. Sonochemistry is mediated 
through a hot spot mechanism, where the powerful ultrasound irradiation 
(UI) (20 KHz – 10 MHz) causes cavitation which involves the formation, 
growth, and instantaneous implosive collapse of bubbles in a liquid [43]. 
The potential of UI will be here exploited in terms of its ability to enhance 
the specific surface area of the synthesized nanoscale materials, aiming at 
enhanced surface activity. As reported in literature, very often nanosized 
particles have incipient crystallinity. From the point of view of pratical 
applications implying the use and reuse of nanoparticles in polluted solu-
tions, robust nanoparticles with dissolution endurance are highly desired. 
In this regard particles crystallinity becomes an issue of interest. In order 
to improve the amorphous or incipient crystalline structure of NPs, high 
temperature annealings are often used which normally favor the growth 
or strong agglomeration of the NPs, hence resulting in a substantial loss 
of surface area. So, investigating a reliable and cost effective methodology 
that might ensure both characteristics to the synthesized particles, that 
is, high crystallinity and large specific surface area, will be of primordial 
importance. 

Taguchi method, also called robust design method, is a statistical method 
developed by Genichi Taguchi who formulated a special set of design 
guidelines for factorial experiments with a large potential of applications 
[44]. This method was firstly developed in order to improve the quality of 
manufactured products. More recently, it has been also successfully applied 
in some scientific areas such as materials science and engineering [45] and 
biology [46, 47]. Taguchi’s design of experiments allows to identify the 
main parameters affecting a certain production process and their interplay 
with a minimum number of experiments [48]. The orthogonal array (OA) 
is the basis for the arrangement of the experimental variables. OA allows to 
design the experiment with a minimum number of test runs while keeping 
the accuracy of the experiment [49].
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In the context of a nitrate removal process, the end-products are also 
of high importance in terms of environmental and economic consider-
ations. In the present study, in order to recover the nitrogen from nitrate 
polluted waters, nitrate removal mechanisms were studied when nanoscale 
zero-valent Iron prepared under ultrasonic irradiation (nZVIUI) particles 
were utilized. The results suggested an eco-friendly process for the recov-
ery of ammonium magnesium phosphate hexahydrate (AMP), struvite 
(NH

4
MgPO

4
·6H

2
O), as a valuable product which can be used as a fertilizer 

containing nitrogen (N) and phosphorous (P) [50]. 

13.2  Materials and Methods

13.2.1  Experimental

13.2.1.1 Reagents

Ferric chloride (FeCl
3
.6H

2
O) (99%), sodium borohydride (NaBH

4
)

 
(≥98.0%) 

were purchased from Sigma-Aldrich and used for the NZVI synthesis. 
Potassium nitrate (KNO

3
)

 
(99.0%) was also purchased from Riedel-de Haën 

and used to prepare a nitrate stock solution. Magnesium chloride hexahy-
drate (MgCl

2
.6H

2
O) (>99.0%) and sodium phosphate dibasic (Na

2
HPO

4
) 

(99.95%) were also purchased from Sigma-Aldrich for the synthesis of struvite. 
Hydrochloric acid (HCl, 37%) and sodium hydroxide (NaOH) (≥98.0%) were 
purchased from JMGS, Portugal and used for pH control. All the solutions were 
prepared with deionized water. 

13.2.1.2  Synthesis Protocol

Liquid-phase reduction is one of the most popular methods for the syn-
thesis of nanoscale zero-valent Iron particles, being highly cited in the 
recent decades [51–61]. The synthesis of the zero-valent iron nanomate-
rials (nZVILPR and nZVIUI) was carried out in a 500 mL three-open neck 
flask reactor. The central neck was housed with a mechanical overhead 
stirrer (IKA Eurostar 40), operating at 250 rpm. 0.1 M solution of sodium 
borohydride was prepared by dissolving an appropriate amount of NaBH

4
 

in 100 ml of deionized water. This solution was added to an ethanolic solu-
tion of FeCl

3
, using a Watson Marlow (120U/R) peristaltic pump which 

ensured a constant addition rate, at ambient temperature. After delivering 
the whole borohydride solution, the resulting mixture was stirred in the 
reactor for more 10 minutes. The synthesis involving ultrasonic irradiation 
was carried out in a 100 mL glass beaker, sonicated under an ultrasound 
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probe (Hielscher, UP200s W, 24 kHz). Sonication amplitude was adjusted 
to 40% providing a theoretical dissipation rate of 80 W. The resulting pre-
cipitated particles were washed with absolute ethanol to remove water and 
impurities. Magnet collection was used for separating the precipitates from 
the liquid solution. Then the collected particles were dried overnight at 
50 °C, in air atmosphere. 

For the crystallization of struvite, equimolar amounts of Na
2
HPO

4
 

and MgCl
2
.6H

2
O were added to a three-open neck flask reactor contain-

ing NH
4

+ (as a result of nitrate reduction mechanism). Various pHs were 
adopted as initial pH to investigate the effects of initial pH on struvite 
crystallization. The solution was kept under magnetic stirring for 1 h at 
250 rpm. The resulting white powder was collected using vacuum filtra-
tion, then washed with deionized water several times and finally dried at 
50 °C for 12 h.

13.2.2 Characterization

X-ray diffraction (XRD, Rigaku, Geigerflex, Japan) analysis was performed 
using a scan rate of 2° 2θ/min from 30° to 110° 2θ, to access the crystalline 
nature of the precipitated products. The crystallite size and lattice strain 
of the particles was determined through Scherrer equation (Eqn. (13.1)):

 d K / cos   (13.1) 

where d is the average crystallite size, K is a dimensionless shape factor,  
is the wavelength of the X-ray used,  is the full-width at half maximum 
intensity (FWHM) of the sample, and  is the Bragg angle. To access par-
ticle morphology scanning electron microscopy (SEM) was carried out with 
Hitachi S4100 coupled to energy dispersive X-ray spectroscopy (EDS). In the 
case of nanosized particles, morphology analysis was carried out by transmis-
sion electron microscopy (TEM, Hiatchi H9000na, Japan) being SAED images 
acquired as well. Nitrogen adsorption-desorption isotherms of the synthe-
sized particles were measured using a Micromeritics equipment, Gemini 
V2 (USA). The specific surface areas of the particles were calculated based 
on BET equation.

The stability of the nanoparticles prepared under UI against dissolu-
tion at various pHs was also evaluated. 10 mg of the nanoparticles were 
dispersed in 100 mL of deionized water previously purged with Argon gas 
for 2 hrs to minimize the dissolved oxygen (DO). The initial pH of the 
suspension was adjusted to different values, from 1.5 to ~7. The suspen-
sion was sonicated for 10 min under an ultrasonic cleaning bath (Branson, 



Nitrate Removal and Nitrogen Sequestration 485

1510E-MT) with a theoretical dissipation rate of 70. The suspension was 
then shaked for 30 min using a platform shaker (Edmund Bühler, KL2) 
fixed at 200 rpm. After vacuum filtration of the suspension, the collected 
solids particles were dried in an oven at 100 °C for 4 h. The weight of the 
dried particles was used to determine the amount of the dissolved mate-
rials under the various pHs. Regarding the yields of the two synthesis 
methods (with and without application of UI), the dried products result-
ing from each process were waited and the results used for estimating the 
respective yields. 

13.2.3 Taguchi Design and Reactivity Analysis

A Taguchi L8 statistical design (Table 13.2) including 4 reaction time levels 
(30 min, 60 min, 90 min, and 120 min) and 2 levels for NMs (nZVILPR and 
nZVIUI) with no initial pH control was utilized with the aim of comparing 
the reactivity of the materials prepared under different conditions regarding 
nitrate removal, with and without assistance of ultrasonic irradiation. L and 
8 are referring to Latin square and the number of experiments, respectively 
[48]. Signal-to-noise (S/N) ratio (larger is better) was used to optimize 
the specific surface area. “Signal” and “noise” represent the desirable and 
undesirable values for the response data, respectively [48]. Eqn. (13.2) was 
employed to calculate the S/N ratio where Y

i
 is the response data of the 

Taguchi statistical design, and n is the number of experiments [62, 63]. 

Table 13.2 L8 orthogonal array of experiments.

Run

Reaction 

time 

(min)

Sample 

identifi-

cation

Mean 

nitrate 

removal

S/N (dB) 

nitrate 

removal

Mean nitrite 

produc-

tion

S/N (dB) 

nitrite 

produc-

tion

1  30 nZVILPR 87.42 38.83 0.26 −11.64

2  30 nZVIUI 92.25 39.30 0.24 −12.42

3  60 nZVILPR 88.30 38.92 0.34 −9.37

4  60 nZVIUI 93.10 39.38 0.18 −14.61

5  90 nZVILPR 91.73 39.25 0.36 −8.91

6  90 nZVIUI 94.44 39.50 0.18 −14.87

7 120 nZVILPR 93.55 39.42 0.33 −9.48

8 120 nZVIUI 95.31 39.58 0.17 −15.56
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Batch tests for nitrate reduction were conducted in a three-necked flask. 
The reactor was filled with 450 mL of nitrate solution (200 mg of nitrate 
per liter of solution). Then, 50 mL of NZVI suspension containing 0.6 g 
of nanoparticles was added to the reactor and continuously stirred with a 
mechanical stirrer (IKA Eurostar 40) at 200 rpm. Before being added to the 
reactor containing nitrate, the nanoparticles suspension was sonicated in 
an ultrasonic cleaning bath (Branson, 1510E-MT) for 10 min. Aliquots of 
the suspension were withdrawn periodically from the reactor, filtered and 
then immediately analyzed. Nitrate, nitrite and ammonium ion concentra-
tions were measured by ion chromatography using a Dionex, ICS-3000 ion 
chromatography system, USA. The concentrations of nitrite and ammo-
nium ions are evaluated because these compounds are envisaged as pos-
sible products from nitrate removal reactions, depending on the operating 
mechanism. Hence, in order to investigate the products from the nitrate 
reduction process using nano zero-valent Iron, the NO

3
 solution after 

being treated for 12o min with nZVI prepared under UI was sampled and 
analyzed by Raman spectroscopy using a T64000 Jobin Yvon SPEX spec-
trometer, with an Ar laser ( 532 nm) as excitation font. The spectrum 
was obtained in a back-scattering geometry, between 0 and 4000 cm 1. For 
struvite precipitation, the remaining solution was filtered using vacuum 
filtration, and then added under stirring with stoichiometric amounts of 
Na

2
HPO

4 
and MgCl

2
.6H

2
O solutions. Appropriate amounts of 1% NaOH 

solution were added when pH adjustments were required. The solution 
was stirred for 30 min and then the white precipitate readily formed was 
collected using vacuum filtration. The resulting dried powder was charac-
terized as stated in 13.3.2.2. 

13.3 Results and Discussion

13.3.1 Characterization

Figure 13.1 presents the XRD pattern of both type of particles synthesized 
in the present work, that is, particles prepared under liquid-phase reduc-
tion (nZVILPR) or under the combination of liquid-phase reduction and 
ultrasonic irradiation (LPRUI). As observed peaks of different intensities 
are detected at various 2  positions, which can be assigned to zero-valent 
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iron according to JCPDS No. 07-71-3763 [64]. The crystallite size calcu-
lated for both type of particles were quite similar, that is, 13 and 12 nm for 
nZVILPR and LPRUI respectively, thus indicating that the application of UI 
did not penalize the crystallinity of nZVI particles. This may reflect the 
benefits of local temperature increase of the reaction media induced by 
ultrasonic irradiation [11]. 

Figure 13.2 (a–d) presents the TEM images of the synthesized zero-
valent iron particles (with and without UI). Both types of particles present a 
spherical shape with a nanometric size, and appear aligned as chains which 
are randomly arranged as aggregates (Figure 13.2(a) and (b)). Such shapes 
for nZVI have been also reported by previous studies [26, 64–66]. It could 
be also noticed that the average diameter of the particles obtained under 
UI is smaller than that of the particles not submitted to UI (Figure 13.2 
(c) and (d)). Furthermore the SAED patterns of the two type of particles 
samples presented as insets in the Figure 13.2 ((c) and (d)) do not exhibit 
significant differences, thereby indicating that the crystallinity of precipi-
tated particles is not affected by UI. This reasoning is in line with the crys-
tallite size results previously commented. 
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Figure 13.1 XRD patterns of the samples prepared under liquid-phase reduction (nZVILPR) 

and under a combination of liquid-phase reduction-ultrasonic irradiation (nZVIUI). 
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The values of the specific surface area of the particles nZVILPR and nZVIUI 
are 21 and 26 m2/g, respectively. These results indicate that nZVI particles 
prepared under UI have a lower size than the particles prepared without UI. 
Also it was observed that the yield of nZVIUI process is higher (17%) than 
that of nZVILPR. Altogether these results suggest that UI favored the forma-
tion of a larger number of nuclei which growth could not proceed to the same 
extent as that reached by the less nuclei formed under normal precipitation 
conditions (LPR) [43, 67, 68]. The higher nucleation rate is probably induced 
by the high-speed jets or shock waves produced by collapsing bubbles that 
result from ultrasonic cavitation in the reaction media [11, 42]. Regarding 
the positive impact of UI on the precipitation yield, it was also reported by 
Barbosa et al. (2013) [69] when producing nano-hydroxyapatite by a wet 
chemical method. Considering that UI enhances the molecular movement in 
the liquid medium, the likelihood of species collision in the reaction medium 
increases as well under UI, hence favoring the mass transport necessary for 
particles growth and ultimately the precipitation yield achieved during the 
precipitation experiment, that is, 17% higher yield for the synthesis of the 
particles under ultrasonic irradiation in this study [67, 68]. 

(b)(a)

(d)(c)

Figure 13.2 TEM images and SAED patterns of the prepared samples without (a and c) 

and with (b and d) ultrasonic irradiation. 
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Figure 13.3 shows the adsorption-desorption isotherms of the prepared 
samples. As observed the particles precipitated under UI present a hysteretic 
adsorption-desorption isotherm of type IV (according to IUPAC classifica-
tion) which indicates these particles as being mesoporous. The hysteresis free 
isotherm of the particles prepared in absence of UI belongs to the type II, 
which is characteristic of non-porous materials. Also the amount of adsorbed 
nitrogen is larger in the case of the mesoporous nanoparticles, reflecting 
their larger specific surface area calculated based on BET equation. The role 
of UI as porosity enhancer was already reported and attributed to the ability 
of ultrasonic waves for inhibiting particle pore blocking due to micro-jet, 
shock-wave and micro-streaming phenomena occurring during UI [70]. 

13.3.2 Reactivity of nZVI

13.3.2.1  Statistical Analysis

Tables 13.2 and 13.3 present the values of the responses, that is, of the 
particles reactivity, for each individual set of experiments and the over-
all results, respectively, expressed in terms of nitrate removal percentage, 
and of the calculated S/N ratios corresponding to the designed Taguchi L8 
orthogonal array. The optimal level of each factor is that corresponding 
to the highest S/N ratio [62]. Among three existing S/N ratios (smaller 
is better, higher is better and nominal is better), the reactivity of the par-
ticles was analyzed in terms of larger is better S/N quality characteristic. As 
shown in Table 13.2, the optimal values of reactivity were exhibited by the 
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Figure 13.3 Nitrogen Adsorption-desorption isotherms of the nZVI and nZVILPR samples.



490 Advanced Materials for Wastewater Treatment

nanoparticles that were obtained under UI [70]. The variation of optimal 
values with the reaction time is depicted in Figure 13.4. In this figure, the 
observed nitrate removal percentages corresponding to the experimental 
variables including reaction time (in 4 levels) and the type of the nano-
materials (in 2 levels) and the S/N ratios belonging to different sets of the 
experiments are presented. Also, the concentration of the nitrite produced 

Table 13.3 Signal to noise ratio, factor effect and ranking for each factor.

Factor/

level

Reaction 

time 

(min)

S/N (dB) 

nitrate 

removal

S/N (dB) 

nitrite 

pro-

duc-

tion NMs

S/N (dB) 

nitrate 

removal

S/N (dB) 

nitrite 

produc-

tion

 30 39.07 −12.03 nZVILPR 39.11 −9.85

 60 39.15 −11.99 nZVIUI 39.44 −14.37

 90 39.38 −11.89

120 39.15 −12.52

E
f

4.59 0.63 3.53 4.52

Rank 1 2 2 1

NMsReaction time (min)

M
e

a
n

 o
f 

S
N

 r
a

ti
o

s

30
(a) (b)

60 90 120 LPR LPR-UI

39.1

39.2

39.3

39.4

39.5

Figure 13.4 S/N ratios of the reaction time effect on the nitrate removal (a) and the S/N 

ratios belonging to different types of nanomaterials used including nZVILPR and nZVIUI 

(b). The circles represent the optimal levels of the factors.
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as a result of nitrate removal process and the effects of the studied experi-
mental variables including reaction time and the type of the nanomaterials 
were investigated as presented in Table 13.2 and Figure 13.5. It should be 
stated that in the actual conditions of the experiments in which the pH was 
not controlled, the concentration of the nitrite produced in the reaction 
media was always less than 1% of the nitrate removed. In Table 13.3, the 
highest effect factor (E

f
) is a parameter defined as the difference between 

the maximum and the minimum S/N ratio. E
f
 is a statistically important 

output that qualifies the relative importance of the factors. The values of E
f
 

are presented in Table 13.3. 
According to the  results of the Taguchi design, there are statistically 

differences between the different levels of the reaction time and also 
between the types of the nanomaterials. Both reaction time and the type 
of nanomaterials have significant effects on the nitrate removal efficiency 
(E

f
4.59 and 3.53 for the reaction time and the type of the NMs, respec-

tively), as response data. The output of the Taguchi experimental design 
thus confirm that the nanomaterials prepared under ultrasonic irradia-
tion present a better performance toward nitrate removal as compared to 
the nanomaterials prepared under a conventional liquid-phase reduction 
process.

From Figure 13.4 and Table 13.2 it is evident that the application of ultra-
sonic irradiation during nZVI synthesis could improve the nitrate removal 

NMsReaction time (min)
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Figure 13.5 S/N ratios of effects of the reaction time (min) (a) and the types of 

nanomaterials (including nZVILPR and nZVIUI) (b) on the nitrite production as a possible 

end-product of the nitrate removal by nano zero-valent iron particles. 
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from the contaminated waters. The better performance of (nZVIUI) is 
attributed to their larger area for the involved reactions, whereas a smaller 
area will be available in the case of nZVILPR particles, hence explaining the 
observed differences in NO

3  
removal. 

Hwang et al [71] achieved a nitrate removal of ~50% using nZVI par-
ticles having a specific surface area of 45.4 m2/g after 3 hr of reaction. In 
the present study, using the same weight ratio of nZVI particles to nitrate 
as the authors did (6.7), a higher nitrate removal, that is, 92% could be 
already obtained just after 30 min. In addition to the differences in the 
synthesis conditions, which affect the crystal structure and morphology of 
the nanomaterials, the pre-sonication applied to the nanomaterials before 
the nitrate removal test may also be a factor contributing for the higher 
removal efficiency reached in this study. The effects of such pre-treatments 
have been also referred by Wang et al [64] in a process of bromate removal 
from the solution using nZVI particles. 

13.3.2.2  Nitrate Removal Reaction: Mechanisms and Pathways

(1) Nitrate Removal Mechanisms under Uncontrolled pH
Following Yang & Lee (2005) [72], the main end-products of the reduction 
process of nitrate by zero-valent Iron are suggested to be nitrogen gas and 
ammonium ion according to the following reaction pathways:

 NO Fe H Fe NH H O3

0 2

4 24 10 4 3  (13.3)

 2 5 12 5 63

0 2

2 2NO Fe H Fe N H Og( )   (13.4)

 10 6 3 5 6 30

3 2 2 3 2Fe NO H O Fe O OH N g( )  (13.5)

In addition to the above mentioned pathways, the eqns. (13.6) and (13.7) 
may account for the production of nitrite in the reaction solution [73, 74].

 Fe NO H Fe NO H O0

3

2

2 22  (13.6)

 Fe NO H O Fe NO H O0

3 3

2

2 22 3  (13.7)

For accessing the effective mechanisms involved in the removal of 
nitrate using nZVIUI, Raman spectroscopy of the nitrate solution (in the 
actual condition of uncontrolled pH) after 2 hrs of reaction was performed 
at room temperature, being the results shown in Figure 13.6. 
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The sharp peak around 400–450 cm-1 can be attributed to hematite 
( -Fe

2
O

3
) [72, 75]. Other iron compounds may also form in the reaction 

media. According to Cowan (1997) [76] the vibration at 798 cm 1 is attrib-
uted to Fe-18O

2
. Also, a peak appearing around 1160 cm 1 is assigned to 

-FeOOH [77]. It may be thus concluded that reduction processes of the 
metallic iron to different iron oxides is taking place.

As the amount of nitrite formed in the reaction medium was very low 
(corresponding to ~1% of nitrate removed as measured by ion chromatog-
raphy), it can be suggested that the conversion of nitrate to nitrite is not the 
dominant mechanism accounting for the removal of nitrate from solution, 
although a chemical reduction mechanism is confirmed. Hence, it can be 
anticipated that other mechanisms which lead to the release of N

2
 or to 

ammonia as chemical reduction products are also taking place [72]. This 
can be confirmed by the Raman spectrum (Figure 13.6) where the peaks 
at 3332 and 1452 cm 1 are assigned to NH

4
+ stretch and NH

4
+ deforma-

tion, respectively [78]. A medium intensity band can also observed around 
1450 cm 1 [79, 80]. In addition, peaks associated to the presence of nitrite in 
the solution are also identified in the Raman spectrum. In this regard, the 
peak at 1056 cm 1 corresponds to NO

2
 [81]. The formation of N

2
 as an end-

product of the nitrate reduction by nano zero-valent Iron is also confirmed 
by the presence of the relevant Raman shift around 2325 [82] and 2331 cm 1 

[83, 84]. There are also Raman bands around 3555, 3385 and 3821 cm 1 
which can be assigned to water stretching vibrations [85, 86]. In addition, a 
peak at 2912.5 cm 1 is attributed to the HOH stretching vibration of water 
hydrogen bonded to the anions in the solution [87, 88]. According to these 
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results reported in this section, it can be thus concluded that the various 
nitrate removal mechanisms underlying the eqns. (13.3)–(13.7) are at play. 
However nitrite is not a dominant product; hence eqns. (13.6) and (13.7) 
are contributing less for the overall nitrate conversion into new products. 

(2) Nitrate Removal Mechanisms under Initial Acidic pH
Recent studies have reported that when the pH decreases from 7 to 3, the 
removal of nitrate and generation of NH

4
+ in the reaction medium increases 

[89]. Batch experiments under the same conditions used for the reactivity 
tests (3.2) were performed except the initial pH which was adjusted to an 
acidic pH value (pH 4) at which the iron nanoparticles were experimen-
tally confirmed to not dissolve. The concentrations of nitrite, nitrate and 
ammonium ions were measured periodically, being the results presented 
in Figure 13.7 ((a) and (b)).

As observed in Figure 13.7(a), the removal of nitrate, increases rapidly 
with time, especially during the first 5 minutes of the reaction when the pH 
(4) increases to 6.8. In fact, ~54% of nitrate is removed during this period. 
After that nitrate removal still keeps increasing but at a much lower rate, 
reaching a plateau of ~95.5% after 60 minutes. The pH variation is now rel-
atively weak, changing from 6.8 to the final value of 7.2 that is reached after 
30 min of reaction. In Figure 13.7(b) the curves describing the concentra-
tion of nitrite and ammonium ions produced during the removal process 
of nitrate are depicted. As observed the concentration of NO

2
 – is slightly 

higher (it corresponds to 4% of nitrate conversion) than that measured 
under uncontrolled pH condition (<1% of nitrate conversion). It can be 
anticipated according to Eqns. 13.6 and 13.7 that under sufficient amount 
of H+ ions the formation of nitrite can take place. However, nitrite can also 
be converted to NH

4
+ according to the following equation [90]:

 NO Fe H Fe NH H O2

0 2

4 23 8 3 2   (13.8)

This may be the main cause of the slight reduction of NO
2

 concentra-
tion between 10 min to 20 min of the reaction. However, nitrogen mass 
balance shows that the production of ammonium ion is the predominant 
mechanism of the nitrate removal by the synthesized nano zero-valent iron 
under initial acidic pHs. As shown in the Figure 13.7(b), the concentra-
tion of ammonium ions has a high increase rate during the initial period, 
following a variation trend similar to that exhibited by the nitrate removal 
and accounting for about 87% of the reaction products while nitrite is 
~4% of the nitrate removal products. This also suggests that N

2 
could also 

account for the balance. 
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It is known that ammonium ions can induce some toxic effects on the 
environment leaving organisms [91–93]. Hence, it is worthy to explore 
environmentally friendly methods for immobilizing this compound. 

Struvite (MgNH
4
PO

4
·6H

2
O) has been widely studied in the literature 

due to its importance for agriculture applications and natural processes, 
medicine, and environment protection [94]. Through the precipitation 
of struvite, essential elements such as nitrogen and phosphorous can be 
recovered from the treatment medium for further applications. The forma-
tion of struvite can take place in the presence of ammonium ion (NH

4
+) 

through the following equation [95]:

 Mg NH HPO MgNH PO H2

4 4

2

4 4  (13.9)

According to Eqn. 13.9, the crystallization of struvite results in the 
release of H+ to the medium. So, the low pHs inhibit the formation of 
struvite [95]. J. Wang, Song, Yuan, Peng, & Fan (2006) [96] indicated that 
equimolar ratio of Mg/N/P (1:1:1) is considered an optimum value for the 
crystallization of struvite. Also, it has been mentioned in the literature that 
pH values between 8.5 to 9.25 are optimum for the crystallization of stru-
vite [96, 97]. 

So, the initial pH for the crystallization of struvite in the present process 
of nitrate removal was adjusted to 8.5. Equimolar amounts of Na

2
HPO

4
 

and MgCl
2
.6H

2
O were added to the solution resulting from nitrate reduc-

tion. The pH of the solution decreased slightly, to 8.2 probably as a result 
of the release of H+ ions in the medium. However, when the initial pH was 
set to 5 (acidic environment), or to 12 (basic environment) no struvite pre-
cipitation took place. The inhibition of the struvite crystallization at pH 12 
may be related to the fact that, at this pH the ammonium ions are present 
as NH

3 
[98].

The XRD pattern of the obtained white precipitate during struvite syn-
thesis process is shown in Figure 13.8(a). The XRD peaks and their intensi-
ties matched the reference values of pure struvite (JCPDS: 04-010-2894) 
as also stated by the recent studies [99]. The EDX pattern of the prepared 
materials is also presented in Figure 13.8(b) confirming the presence of N, 
Mg, O, and P elements in the composition of the material.

Figure 13.9 shows the SEM pictures of the obtained struvite crystals. 
The SEM images clearly show that the obtained crystals are predominantly 
elongated rectangular bars of different lengths (typically 10 to 20 microns) 
which is a morphology also observed by Zhang, Ding, & Ren (2009) [100].

The present results thus confirm that struvite may be readily obtained by 
a simple precipitation process at room temperature.
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13.4 Conclusion

This study was performed in order to study the effects of the ultrasonic irra-
diation on the properties and reactivity of the synthesized ZVI nanomate-
rials. The combination of sonochemistry and liquid-phase reduction under 
certain synthesis conditions resulted in promoting lower sized NMs which 
higher surface area under UI, while maintaining particle crystallinity. The 
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Figure 13.9 SEM images of the struvite prepared in this study.
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experimental data based Taguchi approach for nitrate reduction reflect the 
effects of the enhanced properties on the reactivity of the nanomaterials 
obtained under ultrasonic irradiation which account for ~96% of nitrate 
removal from solution after 30 min of reaction time. Chemical reduction 
mechanisms leading to the release of ammonium ions as reduction reac-
tion products was confirmed as the dominant mechanism accounting for 
nitrate removal. The precipitation of struvite was proposed in this study 
to recover the nitrogen from nitrate polluted waters. The higher synthesis 
yield of the sample prepared under ultrasonic irradiation compared with 
the materials synthesized from non-irradiated solutions can also satisfy 
economic considerations. 

Acknowledgments

Thanks are due, for the financial support to CESAM (UID/AMB/50017), to 
CICECO-Aveiro Institute of Materials, POCI-01-0145-FEDER-007679 
(FCT Ref. UID/CTM/50011/2013), to FCT/MEC through national 
funds, and the co-funding by the FEDER, within the PT2020 Partnership 
Agreement and Compete 2020. Thanks are also due to FCT for the doc-
toral scholarship Nº SFRH/BD/103695/2014 for the first author. 

References

1. Arauzo, M., Martínez-Bastida, J.J., Environmental factors affecting diffuse 

nitrate pollution in the major aquifers of central Spain: groundwater vul-

nerability vs. groundwater pollution. Environ. Earth Sci., 73(12), 8271–8286, 

2015.

2. Sutton, M., Howard, C., Erisman, J., Bleeker, B.G.A., Grennfelt, P., van 

Grisven, H., B. Grizzetti, European nitrogen assessment (ENA). Cambridge 

university press, 2011.

3. Camargo, J.A., Alonso, A., Salamanca, A., Nitrate toxicity to aquatic animals: 

a review with new data for freshwater invertebrates. Chemosphere, 58(9), 

1255–1267, 2005.

4. Baker, J.A., Gilron, G., Chalmers, B.A., Elphick, J.R., Evaluation of the effect 

of water type on the toxicity of nitrate to aquatic organisms. Chemosphere, 

168, 435–440, 2017.

5. European Commission, Nitrates Directive (91/676/EEC) Status and trends 

of aquatic environment and agricultural practice, Development guide for 

Member States’ reports. Directorate General for Environment, Brussels, 

2000.



Nitrate Removal and Nitrogen Sequestration 499

6. Majlesi, M., Mohseny, S.M., Sardar, M., Golmohammadi, S., 

Sheikhmohammadi, A., Improvement of aqueous nitrate removal by using 

continuous electrocoagulation/electroflotation unit with vertical monopolar 

electrodes. Sustain. Environ. Res., 2–5, 2016.

7. Rajeswari, M., Seenivasagan, R., Prabhakaran, P., Rajakumar, S., Ayyasamy, 

P.M., Lab scale process on the removal of nitrate in ground water enriched 

with denitrifying bacterium and starch as a sole carbon source. J. Water 

Process Eng., 13, 189–195, 2016.

8. Wang, B., Liu, S., Li, F., Fan, Z., Removal of nitrate from constructed wetland 

in winter in high-latitude areas with modified hydrophyte biochars. Korean 

J. Chem. Eng., 34(3), 717–722, 2017.

9. Kamali, M., Gameiro, T., Costa, M.E., Capela, I., Anaerobic digestion of pulp 

and paper mill wastes – an overview of the developments and improvement 

opportunities. Chem. Eng. J., 298, 162–182, 2016.

10. Kamali, M., Gomes, A.P.D., Khodaparast, Z., Seifi, T., Review on recent 

advances in environmental remediation and related toxicity of engineered 

nanoparticles. Environ. Eng. Manag. J., 15, 923–934, 2016.

11. Xu, H., Zeiger, B.W., Suslick, K.S., Sonochemical synthesis of nanomaterials. 

Chem. Soc. Rev., 42, 2555–2567, 2013.

12. Divband Hafshejani, L., Hooshmand, A., Naseri, A.A., Mohammadi, A.S., 

Abbasi, F., Bhatnagar, A., Removal of nitrate from aqueous solution by modi-

fied sugarcane bagasse biochar. Ecol. Eng., 95, 101–111, 2016.

13. Xu, J., Pu, Y., Qi, W.K., Yang, X.J., Tang, Y., Wan, P., Fisher, A., Chemical 

removal of nitrate from water by aluminum-iron alloys. Chemosphere, 166, 

197–202, 2017.

14. Ghazouani, M., Akrout, H., Jomaa, S., Jellali, S., Bousselmi, L., Enhancing 

removal of nitrates from highly concentrated synthetic wastewaters using 

bipolar Si/BDD cell : optimization and mechanism study. JEAC, 783, 28–40, 

2016.

15. Abolghasem Alighardashi, S.S., Removal of nitrate from synthetic aqueous 

solution and groundwater in a continuous pilot system using chemical activated 

carbon derived from walnut shell. Water Pract. Technol., 11, 784–795, 2016.

16. Jo, E.Y., Park, S.M., Yeo, I.S., Cha, J.D., Lee, J.Y., Kim, Y.H., Lee, T.K., Park, 

C.G., A study on the removal of sulfate and nitrate from the wet scrubber 

wastewater using electrocoagulation. 57(17), 7833–7840, 2016.

17. Nur, T., Shim, W.G., Loganathan, P., Vigneswaran, S., Kandasamy, J., Nitrate 

removal using Purolite A520E ion exchange resin : batch and fixed-bed col-

umn adsorption modelling. Int. J. Environ. Sci. Technol., 12, 1311–1320, 2015.

18. Zhang, H., Jiang, J., Li, M., Yan, F., Gong, C., Wang, Q., Biological nitrate 

removal using a food waste-derived carbon source in synthetic wastewater 

and real sewage. J. Environ. Manag., 166(3), 407–413, 2016.

19. Bartucca, M.L., Mimmo, T., Cesco, S., Del Buono, D., Nitrate removal from 

polluted water by using a vegetated floating system. Sci. Total Environ., 542, 

803–808, 2016.



500 Advanced Materials for Wastewater Treatment

20. Li, S., Yan, W., Zhang, W., Solvent-free production of nanoscale zero-valent 

iron (nZVI) with precision milling. Green Chem., 11, 1618–1626, 2009.

21. Zolfaghari, Z., Tavasoli, A., Tabyar, S., Pour, A.N., Enhancement of bimetal-

lic Fe-Mn/CNTs nano catalyst activity and product selectivity using micro-

emulsion technique. J. Energy Chem., 23, 57–65, 2014.

22. Xiang, X., Xia, F., Zhan, L., Xie, B., Preparation of zinc nano structured par-

ticles from spent zinc manganese batteries by vacuum separation and inert 

gas condensation. Sep. Purif. Technol., 142, 227–233, 2015.

23. Kim, J.-C., Lee, J.-W., Park, B.-Y., Choi, C.-J., Characteristics of Fe/SiO2 

nanocomposite powders by the chemical vapour condensation process. 

J. Alloys Compd., 449(1–2), 258–260, 2008.

24. Makel, J.M., Keskinen, H., Forsblom, T., Keskinen, J., Generation of metal 

and metal oxide nanoparticles by liquid flame spray process. J. Mater. Sci., 39, 

2783–2788, 2004.

25. Chen, S., Zhang, Y., Han, W., Wellburn, D., Liang, J., Liu, C., Synthesis and 

magnetic properties of Fe
2
O

3
-TiO

2
 nano-composite particles using pulsed 

laser gas phase evaporation-liquid phase collecting method. Appl. Surf. Sci., 

283, 422–429, 2013.

26. Nurmi, J.T., Tratnyek, P.G., Sarathy, V., Baer, D.R., Amonette, J.E., 

Pecher, K., Wang, C., Linehan, J.C., Matson, D.W., Penn, R.L., Driessen, M.D., 

Characterization and properties of metallic iron nanoparticles: spectroscopy, 

electrochemistry, and kinetics. Environ. Sci. Technol., 39, 1221–1230, 2005.

27. Efecan, N., Shahwan, T., Eroğlu, A.E., Lieberwirth, I., Characterization of the 

uptake of aqueous Ni2+ ions on nanoparticles of zero-valent iron (nZVI). 

Desalination, 249, 1048–1054, Dec. 2009.

28. Hwang, Y., Lee, Y.-C., Mines, P.D., Huh, Y.S., Andersen, H.R., Nanoscale 

zero-valent iron (nZVI) synthesis in a Mg-aminoclay solution exhibits 

increased stability and reactivity for reductive decontamination. Appl. Catal. 

B Environ., 147, 748–755, 2014.

29. Peng, L., Liu, Y., Gao, S., Chen, X., Xin, P., Dai, X., Evaluation on the nanoscale 

zero valent iron based microbial denitrification for nitrate removal from 

groundwater. Nat. Publ. Gr., 1–11, 2015.

30. Liu, Y., Li, S., Chen, Z., Megharaj, M., Naidu, R., Influence of zero-valent 

iron nanoparticles on nitrate removal by Paracoccus sp., Chemosphere, 108, 

426–432, 2014.

31. Lucchetti, R., Onotri, L., Clarizia, L., Di Natale, F., Di Somma, I., 

Andreozzi, R., Marotta, R., Removal of nitrate and simultaneous hydrogen 

generation through photocatalytic reforming of glycerol over “in situ” pre-

pared zero-valent nano copper/P25. Appl. Catal. B Environ., 202, 539–549, 

2017.

32. R. Kamaraj, A. Pandiarajan, S. Jayakiruba, M. Naushad, and S. Vasudevan, 

Kinetics, thermodynamics and isotherm modeling for removal of nitrate 

from liquids by facile one-pot electrosynthesized nano zinc hydroxide, 

J. Mol. Liq., 215, 204–211, 2016.



Nitrate Removal and Nitrogen Sequestration 501

33. R. Lucchetti, A. Siciliano, L. Clarizia, D. Russo, I. Di Somma, F. Di Natale, M. 

Guida, R. Andreozzi, and R. Marotta, Sacrificial photocatalysis: removal 

of nitrate and hydrogen production by nano-copper-loaded P25 titania. 

A kinetic and ecotoxicological assessment, Environ. Sci. Pollut. Res., 24(6), 

5898–5907, 2017.

34. A. M. E. Khalil, O. Eljamal, T. W. M. Amen, Y. Sugihara, and N. Matsunaga, 

Optimized nano-scale zero-valent iron supported on treated activated car-

bon for enhanced nitrate and phosphate removal from water, Chem. Eng. J., 

309, 349–365, 2017.

35. X. Ma, M. Li, C. Feng, W. Hu, L. Wang, and X. Liu, Development and reac-

tion mechanism of efficient nano titanium electrode: Reconstructed nano-

structure and enhanced nitrate removal efficiency, J. Electroanal. Chem., 782, 

270–277, 2016.

36. A. Teimouri, S. G. Nasab, N. Vahdatpoor, S. Habibollahi, H. Salavati, and 

A. N. Chermahini, Chitosan/Zeolite Y/Nano ZrO
2
 nanocomposite as an 

adsorbent for the removal of nitrate from the aqueous solution, Int. J. Biol. 

Macromol., 93, 254–266, 2016.

37. B. Ensie and S. Samad, Removal of nitrate from drinking water using nano 

SiO2-FeOOH-Fe core-shell, Desalination, 347, 1–9, 2014.

38. H. Liu, M. Guo, and Y. Zhang, Nitrate removal by Fe0/Pd/Cu nano-compos-

ite in groundwater, Environ. Technol., 35(7), 917–924, 2014.

39. H. B. Ahmad, Y. Abbas, M. Hussain, N. Akhtar, T. M. Ansari, M. Zuber, K. M. 

Zia, and S. A. Arain, Synthesis and application of alumina supported nano 

zero valent zinc as adsorbent for the removal of arsenic and nitrate, Korean J. 

Chem. Eng., 31(2), 284–288, 2014.

40. M. Bhuvaneshwari, D. Kumar, R. Roy, S. Chakraborty, A. Parashar, A. 

Mukherjee, N. Chandrasekaran, and A. Mukherjee, Toxicity, accumulation, 

and trophic transfer of chemically and biologically synthesized nano zero valent 

iron in a two species freshwater food chain, Aquat. Toxicol., 183, 63–75, 2017.

41. F. Fu, D. D. Dionysiou and H. Liu, The use of zero-valent iron for groundwa-

ter remediation and wasterwater treatment: a review, J. Hazard. Mater., 267, 

194–205, 2014. 

42. J. H. Bang and K. S. Suslick, Applications of Ultrasound to the Synthesis of 

Nanostructured Materials, Adv. Mater., 22, 1039–1059, 2010.

43. R. Feng, Y. Zhao, C. Zhu, and T.J. Mason, Enhancement of ultrasonic 

cavitation yield by multi-frequency sonication, Ultrason. Sonochem., 9, 231–

236, Oct. 2002.

44. R. S. Rao, C. G. Kumar, R. S. Prakasham, and P. J. Hobbs, The Taguchi meth-

odology as a statistical tool for biotechnological applications: A critical 

appraisal, Biotechnol. J., 3(4), 510–523, 2008.

45. S. Naghibi, M. A. Faghihi Sani, and H. R. Madaah Hosseini, Application of 

the statistical Taguchi method to optimize TiO2 nanoparticles synthesis by 

the hydrothermal assisted sol-gel technique, Ceram. Int., 40(3), 4193–4201, 

2014.



502 Advanced Materials for Wastewater Treatment

46. U. Özdemir, B. Özbay, I. Özbay, and S. Veli, Application of Taguchi L32 

orthogonal array design to optimize copper biosorption by using Spaghnum 

moss, Ecotoxicol. Environ. Saf., 107, 229–235, 2014.

47. G. Al, U. Özdemir, and Ö. Aksoy, Cytotoxic effects of Reactive Blue 33 on 

Allium cepa determined using Taguchi’s L8 orthogonal array, Ecotoxicol. 

Environ. Saf., 98, 36–40, 2013.

48. N. Daneshvar, A. R. Khataee, M. H. Rasoulifard, and M. Pourhassan, 

Biodegradation of dye solution containing Malachite Green: Optimization 

of effective parameters using Taguchi method, J. Hazard. Mater., 143(1–2), 

214–219, 2007.

49. Y. J. Kim, J. Heo, K. S. Park, and S. Kim, Proposition of novel classification 

approach and features for improved real-time arrhythmia monitoring, 

Comput. Biol. Med., 75, 190–202, 2016.

50. S. A. Lobanov and V. Z. Poilov, Treatment of wastewater to remove ammo-

nium ions by precipitation, Russ. J. Appl. Chem., 79(9), 1473–1477, 2006.

51. Z. Yang, H. Xu, C. Shan, Z. Jiang, and B. Pan, Effects of brining on the corro-

sion of ZVI and its subsequent As(III/V) and Se(IV/VI) removal from water, 

Chemosphere, 170, 251–259, 2017.

52. X. Guo, Z. Yang, H. Dong, X. Guan, Q. Ren, X. Lv, and X. Jin, Simple combina-

tion of oxidants with zero-valent-iron (ZVI) achieved very rapid and highly 

efficient removal of heavy metals from water, Water Res., 88, 671–680, 2016.

53. B. Casentini, F. T. Falcione, S. Amalfitano, S. Fazi, and S. Rossetti, Arsenic 

removal by discontinuous ZVI two steps system for drinking water produc-

tion at household scale, Water Res., 106, 135–145, 2016.

54. P. Devi and A. K. Saroha, Simultaneous adsorption and dechlorination of 

pentachlorophenol from effluent by Ni-ZVI magnetic biochar composites 

synthesized from paper mill sludge, Chem. Eng. J., 271, 195–203, 2015.

55. Z. Zhang, J. Liu, X. Cao, X. Luo, R. Hua, Y. Liu, X. Yu, L. He, and Y. Liu, 

Comparison of U(VI) adsorption onto nanoscale zero-valent iron and red 

soil in the presence of U(VI)-CO
3
/Ca-U(VI)-CO

3
 complexes, J. Hazard. 

Mater., 300(6), 633–642, 2015.

56. L. Liang, X. Guan, Y. Huang, J. Ma, X. Sun, J. Qiao, and G. Zhou, Efficient 

selenate removal by zero-valent iron in the presence of weak magnetic field, 

Sep. Purif. Technol., 156, 1064–1072, 2015.

57. Y. Lubphoo, J. M. Chyan, N. Grisdanurak, and C. H. Liao, Nitrogen gas selec-

tivity enhancement on nitrate denitrification using nanoscale zero-valent 

iron supported palladium/copper catalysts, J. Taiwan Inst. Chem. Eng., 57, 

143–153, 2014.

58. Y. Georgiou, K. Dimos, K. Beltsios, M. A. Karakassides, and Y. Deligiannakis, 

Hybrid polysulfone-Zero Valent Iron. membranes: Synthesis, characteriza-

tion and application for AsIII remediation, Chem. Eng. J., 281, 651–660, 2015.

59. M. A. Salam, O. Fageeh, S. A. Al-Thabaiti, and A. Y. Obaid, Removal of 

nitrate ions from aqueous solution using zero-valent iron nanoparticles sup-

ported on high surface area nanographenes, J. Mol. Liq., 212, 708–715, 2015.



Nitrate Removal and Nitrogen Sequestration 503

60. X. Zhou, B. Lv, Z. Zhou, W. Li, and G. Jing, Evaluation of highly active 

nanoscale zero-valent iron coupled with ultrasound for chromium(VI) 

removal, Chem. Eng. J., 281, 155–163, 2015.

61. R. Fu, Y. Yang, Z. Xu, X. Zhang, X. Guo, and D. Bi, The removal of chromium 

(VI) and lead (II) from groundwater using sepiolite-supported nanoscale 

zero-valent iron (S-NZVI), Chemosphere, 138, 726–734, 2015.

62. R. Norouzbeigi and S. Majdabadi Farahani, Modified combustion synthe-

sis of Nano-NiFe2O4: Optimization using Taguchi experimental design, 

J. Magn. Magn. Mater., 384, 289–295, 2015.

63. K. Do Kim, D. N. Han, and H. T. Kim, Optimization of experimental 

conditions based on the Taguchi robust design for the formation of nano-

sized silver particles by chemical reduction method, Chem. Eng. J., 104(1–3), 

55–61, 2004.

64. Q. Wang, S. Snyder, J. Kim, and H. Choi, Aqueous ethanol modified nanoscale 

zerovalent iron in bromate reduction: synthesis, characterization, and reac-

tivity, Environ. Sci. Technol., 43(9), 3292–3299, 2009.

65. L. Li, M. Fan, R. C. Brown, J. (Hans) Van Leeuwen, J. Wang, W. Wang, Y. 

Song, and P. Zhang, Synthesis, Properties, and Environmental Applications 

of Nanoscale Iron-Based Materials: A Review, Crit. Rev. Environ. Sci. Technol., 

36, 405–431, 2006.

66. H. Woo, J. Park, S. Lee, and S. Lee, Effects of washing solution and drying 

condition on reactivity of nano-scale zero valent irons (nZVIs) synthesized 

by borohydride reduction, Chemosphere, 97, 146–152, Feb. 2014.

67. E. B. Flint and K. S. Suslick, The temperature of cavitation, Science, 253, 

1397–1399, 1991.

68. A. Shui, W. Zhu, L. Xu, D. Qin, and Y. Wang, Green sonochemical synthe-

sis of cupric and cuprous oxides nanoparticles and their optical properties, 

Ceram. Int., 39, 8715–8722, 2013.

69. M. C. Barbosa, N. R. Messmer, T. R. Brazil, F. R. Marciano, and A. O. Lobo, 

The effect of ultrasonic irradiation on the crystallinity of nano-hydroxyap-

atite produced via the wet chemical method, Mater. Sci. Eng. C. Mater. Biol. 

Appl., 33, 2620–2625, 2013.

70. H. Li, M. Zhu, Y. Pang, H. Du, and T. Liu, Influences of ultrasonic irradiation 

on the morphology and structure of nanoporous Co nanoparticles during 

chemical dealloying, Prog. Nat. Sci. Mater. Int., 26(6), 562–566, 2016.

71. Y.-H. Hwang, D.-G. Kim, and H.-S. Shin, Effects of synthesis conditions on 

the characteristics and reactivity of nano scale zero valent iron, Appl. Catal. 

B Environ., 105(1–2), 144–150, Jun. 2011.

72. G. C. C. Yang and H. L. Lee, Chemical reduction of nitrate by nanosized iron: 

Kinetics and pathways, Water Res., 39(5), 884–894, 2005.

73. C. P. Huang, H. W. Wang, and P. C. Chiu, Nitrate reduction by metallic iron, 

Water Res., 32, 2257–2264, 1998.

74. S. Choe, Y. Chang, K. Hwang, and J. Khim, Kinetics of reductive denitrifica-

tion by nanoscale zero-valent iron, Chemosphere, 41, 1307–1311, 2000.



504 Advanced Materials for Wastewater Treatment

75. D. L. a. de Faria, S. V. Silva, and M. T. de Oliveira, Raman microspectroscopy 

of some iron oxides and oxyhydroxides, J. Raman Spectrosc., 28(February), 

873–878, 1997.

76. P. J. A. Cowan, Inorganic Biochemistry: An Introduction, 2nd ed. New York: 

Wiley-VCH, 1997.

77. J. T. Keiser, C. W. Brown, and R. H. Heidersbach, Characterization of the pas-

sive film formed on weathering steels, Corros. Sci., 23(3), 251–259, 1983.

78. S. E. W. N.B. Colthup, L.H. Daly, Introduction to Infrared and Raman 

Spectroscopy, Second. New York: Academic press, 1975.

79. A. Ianoul, T. Coleman, and S. A. Asher, UV resonance Raman spectroscopic 

detection of nitrate and nitrite in wastewater treatment processes, Anal. 

Chem., 74(6), 1458–1461, 2002.

80. H. A. Szymanski, Raman Spectroscopy: Theory and Practice. Springer Science 

& Business Media, 2012.

81. S. Higuchi, W. Treatment, and E. Division, Determination of nitrite ion in 

waste and treated waters by resonance Raman spectrometry, Water Res., 14, 

747–752, 1980.

82. C. Klinke, R. Kurt, J.-M. Bonard, and K. Kern, Raman spectroscopy and field 

emission measurements on catalytically grown carbon nanotubes, p. 6, 2005.

83. N. Huang, M. Short, J. Zhao, H. Wang, H. Lui, M. Korbelik, and H. Zeng, Full 

range characterization of the Raman spectra of organs in a murine model, 

Opt. Express, 19(23), p. 22892, 2011.

84. R. Ganoe and R. J. DeYoung, Remote Sensing of Dissolved Oxygen and 

Nitrogen in Water Using Raman Spectroscopy, NASA Rep., 2013.

85. R. L. Frost, A. López, R. Scholz, and Y. Xi, Vibrational spectroscopy of the 

borate mineral priceite : implications for the molecular structure, Spectrosc. 

Lett., 48, 101–106, 2015.

86. B. A. Kolesov, Raman spectra of single H2O molecules isolated in cavities of 

crystals, J. Struct. Chem., 47(1), 21–34, 2006.

87. R. L. Frost, W. N. Martens, and K. L. Erickson, Thermal decomposition of the 

hydrotalcite thermogravimetric analysis and hot stage raman spectroscopic 

study, 82, 603–608, 2005.

88. R. Li, Z. Jiang, Y. Guan, H. Yang, and B. Liu, Effects of metal ion on the 

water structure studied by the Raman O-H stretching spectrum, J. Raman 

Spectrosc., 40(9), 1200–1204, 2009.

89. D. Kim, Y. Hwang, H. Shin, and S. Ko, Kinetics of Nitrate Adsorption and 

Reduction by Nano-scale Zero Valent Iron ( NZVI ): Effect of Ionic Strength 

and Initial pH, 20, 175–187, 2016.

90. Y. H. Huang and T. C. Zhang, Kinetics of Nitrate Reduction by Iron at Near 

Neutral pH, J. Environ. Eng., 128(7), 604–611, 2002.

91. R. Esteban, I. Ariz, C. Cruz, and J. F. Moran, Review: Mechanisms of 

ammonium toxicity and the quest for tolerance, Plant Sci., 248, 92–101, 

2016.



Nitrate Removal and Nitrogen Sequestration 505

92. Moreno-Marín, F., Vergara, J. J., Pérez-Llorens, J. L., Pedersen, M. F., and 

Brun, F. G , Interaction between ammonium toxicity and green tide develop-

ment over seagrass meadows: A laboratory study, PLoS One, 11(4), 2016.

93. W. L. Pan, I. J. Madsen, R. P. Bolton, L. Graves, and T. Sistrunk, Ammonia/

Ammonium Toxicity Root Symptoms Induced by Inorganic and Organic 

Fertilizers and Placement, Agron. J., 108(6), p. 2485, 2016.

94. V. V. Vol’khin, D. A. Kazakov, G. V. Leont’eva, Y. V. Andreeva, E. A. Nosenko, 

and M. Y. Siluyanova, Synthesis of struvite (MgNH4PO4·6H2O) and its use 

for sorption of nickel ions, Russ. J. Appl. Chem., 88(12), 1986–1996, 2015.

95. S. H. Lee, R. Kumar, and B. H. Jeon, Struvite precipitation under chang-

ing ionic conditions in synthetic wastewater: Experiment and modeling, 

J. Colloid Interface Sci., 474, 93–102, 2016.

96. J. Wang, Y. Song, P. Yuan, J. Peng, and M. Fan, Modeling the crystallization of 

magnesium ammonium phosphate for phosphorus recovery, Chemosphere, 

65(7), 1182–1187, 2006.

97. N. O. Nelson, R. L. Mikkelsen, and D. L. Hesterberg, Struvite precipitation in 

anaerobic swine lagoon liquid: Effect of pH and Mg:P ratio and determina-

tion of rate constant, Bioresour. Technol., 89(3), 229–236, 2003.

98. S. Körner, S. K. Das, S. Veenstra, and J. E. Vermaat, The effect of pH variation 

at the ammonium/ammonia equilibrium in wastewater and its toxicity to 

Lemna gibba, Aquat. Bot., 71(1), 71–78, 2001.

99. I. Merino-Jimenez, V. Celorrio, D. J. Fermin, J. Greenman, and I. Ieropoulos, 

Enhanced MFC power production and struvite recovery by the addition of 

sea salts to urine, Water Res., 109, 46–53, 2017.

100. T. Zhang, L. Ding, and H. Ren, Pretreatment of ammonium removal from 

landfill leachate by chemical precipitation, J. Hazard. Mater., 166(2–3), 

911–915, 2009.



507

Index

Acetone, 181

Acrylamide, 205

Acrylonitrile, 205

Actinomycete, 183, 193

Activated carbon, 175

Activated sludge, 171, 178, 179, 183, 

185–189, 192, 193, 197, 210, 211, 

214, 215, 219

Additives, 35

Adsorbents, 35

Adsorption, 59, 265

Freundlich, 361–362 

Langmuir, 361–362

Adsorption experiments, 402

Adsorption kinetics, 71

Aerobic degradation, 171, 198

Algal biosrbents, 103–106

Allochtonous plants, 

adventitious, 228

cultivated, 228

established plants, 228

invasive plants, 228

naturalized plants, 228

non-cultivated, 228

sub-spontaneous plants, 228

Ammonium ions, 479, 486, 494,  

496, 498

Amoebae, 178, 218

Anaerobic degradation, 171, 189

Aquatic weeds, 173

Aqueous media, 31

Archaebacterial, 175

Arsenic Concentration in Water, 2–3

Arsenic Toxicity and Mechanism, 6–10

alternation in the gene expression, 9

arsenic impairs pathways of glucose 

catabolism, 

binding to sulfhydryl group, 7–8

oxidative stress, 6–7

replacement of phosphate group, 

8–9

Ash content, 317

Aspergillus, 108, 110–111, 119

ATP, 190, 191

Auxiliaries, 29

Bacillus, 111, 113–114

Bacteria, 111

Bacteria biosorbent, 111–114

BET (Brunauer, Emmett, and Teller) 

method, 320

Bioaugmentation, 207, 109, 211

Biochar, 

for dye removal, 321–322

for fluoride removal, 322–323

for heavy metal removal, 320–321

for other pollutant removal, 

323–324

for persistent organic pollutants 

(POPs) removal, 323

for soil amendment, 324

overview, 313–314

plant-based, 316–320

preparation methods, 315–316

surface area, 320

Biocomposites, 439, 440, 464

Biodegradation, 40, 42

Biodegradable, 207

Biodiversity, 223, 227, 229, 238,  

250, 251

Shahid-ul-Islam (ed.) Advanced Materials for Wastewater Treatment, (507–512) 

© 2017 Scrivener Publishing LLC



508 Index

Biological oxidation, 175, 185,  

213, 196

Biological treatment, 177, 179–181, 

196, 205

Biomass collection and preparation, 

401

Biomasses, 146

Bioremediation, 40, 43

Biosorbants, 438, 439, 446

Biosorption mechanism, 114–120

Blue-baby syndrome, 434

BNR, 196

BOD, 175, 179, 181, 183, 187–189, 190, 

193, 195, 200, 210, 213–215

Bulk density, 317

Bunch dyeing, 31

C. vulgaris, 104

Calamine soil, 225, 226, 249

Catalytic reduction, 435, 436

Cavitation, 482, 488, 

Cell permeability, 40

Chemical constitution, 35

Chemical oxidants, 

chlorine, 332–333, 336

ferrate(VI), 331–332, 334–337, 

339–340, 347, 357–359, 376

ozone, 332–333, 336, 338

Chemical oxidation technology, 

331–332, 378

Chemical, reagent and instruments, 

400

Chemoautotroph, 200

Chitin, 181

Chitosan, 433, 438–440, 442–444, 463

Chitosan composites, 105, 108–109, 

111–112, 114, 118, 121

Chlorine, 172, 175

Cholera, 172, 174

Ciliate, 178, 180, 212, 214, 218

Clay, 102, 104, 108, 114

Clay minerals, 139

Coagulants, 35

Coagulation, 204–206

Coliforms, 181, 182, 218

Colorants, 35

Colour, 36

Composites preparation, 401

Conditions for lipid degradation, 276

Constant dyeing, 31

Contamination, 35, 223–227, 230–233, 

236, 249

Continuous dyeing, 31

Coupled semiconductor, 334,  

371–372

Covalent binding, 269

CPC, 36

Cr(VI) adsorption, 104, 108, 111,  

113, 114

CTAB, 36

Cyanobacterial, 181, 218

Deamination, 184, 187

Decaying speed, 43

Degradation and decolorization of 

industrial dyes, 279

Degradation of aromatic compounds, 

296

Degradation of lipids, 291

Degradation of miscellaneous 

compounds, 292

Denitrifying, 187–189, 218

Detoxification, 39

Detoxification of arsenic, 10–12

adsorption and recent advancement 

in adsorption technology, 15–16

antioxidants agents, 10, 11

arsenic remediation technologies, 

12–15

chelating agents, 11, 12

Detritus, 203

Disinfection agent, 39

Dissolved salts, 37
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cation doping, 369–371

Dudnin-Radushkevich isotherm 

model, 135
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ligninolytic enzymes, 280

Dye degrading microorganisms, 43

Dye removal, 58
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Dye removal, biochar for, 321–322
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Dye wastewaters, 42
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Ecology, 223, 224, 238, 249–251

EDTA, 173

EDX (Energy Dispersive X-Ray), 320
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ligninolytic enzymes, 
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Eutrophication, 434, 463, 173, 174, 
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Exoenzymes, 180, 217

Exotic, 224, 228–230, 238, 251
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characterization, 338
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kinetics, 331, 334, 339–341

redox potential, 335

stoichiometry, 331, 334, 341, 
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Fertilizer industry, 174

Filtration, 203, 213
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Flocculation, 35, 204–206, 221

Fluoride removal, biochar for, 322–323

Freundilich isotherm model, 134

FTIR (Fourier Transform Infrared 

Spectroscopy), 320

Fulvic acid, 173

Ffunctional groups, 103, 104, 107

Fungi, 106, 

Fungi biosorpbents, 106–111

Gasification, 315

Gastroenteritis, 173

Geochemical background, 225

Global distribution, 235, 238–249

Glucose, 180, 188, 202, 210

Growth media, 40

Hair complexion, 37

Heavy metal, 225

Heavy metal removal, biochar for, 

320–321

Hepatitis, 172, 174

High pressure, 41

Hydraulic retention time, 192

Hydrolytic microbial community, 179

Hydrothermal carbonization (HTC), 

315–316

Hyperaccumulator, 226, 234–237,  

239, 246, 

Hypochlorite, 172

Immobilization, 264

Immobilized Lac, 274

Immobilized LiP, 271

Immobilized MnP, 273

Industrial wastes, 159

Insecticides, 172

Invasive, 228–230, 238, 249–251

Ion exchangers, 35

Isotherm modelling, 412

Isotherm models, 133

Kinetic study, 409

Kinetics of adsorption, 136

Langmuir isotherm model, 133

LAS, 36
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486–487, 491, 497

MCRT, 179, 186, 207

Metabolism and excretion of arsenious 
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Metalliferous soils, 225

Metal-organic, 439

Methaemoglobin, 174

Methanogens, 184

Microbiological disintegration, 39

Microbiological processes, 37

Mineralization, 40

MLVSS, 207
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Moisture content, 317

Nanoparticles, 479–480, 482, 484, 486, 

489–490, 494, 37

Native, 223, 227–230, 236,  

238–251

Natural clay minerals, 139

Natural clay minerals along with 

reducing agents, 140

Nematode, 177, 178, 180, 186, 187

Nitrate, 433–441, 445, 447, 456, 461, 

463–464, 479–481, 483–486, 

489–498

Nitrates, 173, 177, 178, 187–190

Nitrification, 183, 185–188, 195, 220

Nitrobacter, 183, 185

Nitrogen sequestration, 479

Nitrogenous aromatics, 39

Nitrous oxide, 182, 189, 196

Nocardioforms, 183, 194

Nondegenerateable pollutants, 180

Nonionic surfactants, 36

Nutrients, 180, 190, 192–194, 218

Organic–inorganic, 433, 439, 464

Orthogonal array, 482, 485, 489

Osmotic stress, 37
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Oxidizing agents, 37

Ozonation, 39

PAO, 195

Partially permeable membrane, 37

Pathogen, 172, 174, 218

Penicillium chrysogenum, 107,  

119, 120

Peroxide, 172

Persistent organic pollutants (POPs) 

removal, biochar for, 323

Pesticides, 172

pH, 317

PHB, 195, 196

Phenolics, 172

Photo electrochemical cells, 30

Photocatalysis, 

mechanism, 334, 361–363

photocatalyst, 331, 334, 360, 

367–368, 371, 374–376, 378

reactor, 334, 363–367

semiconductor, 360–361, 368–374

Photocatalytic degradation, 37

physical intetraction forecs, 103

Physicochemical treatments, 40

Phytoremediation, 231–233, 235–238, 

249–251

Phytotechnologies, 
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phytodegradation, 230, 232, 233

phytoextraction, 233–235
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rhizofiltration, 230, 233

Plant-based biochar, 

physico-chemical characterization, 

316–320

Plyvinyl alcohol, 172

Polio, 172, 174

Pollutant removal, 323–324

Polluted waters, 479–480, 483, 498

Polyaniline as adsorbent, 74

Polyphosphate,  191–193, 196

Potential technologies, 29

Precipitation, 175, 194–196

Prokaryotes, 175

Properties of immobilized enzymes, 

Proteases, 180

Protozoa, 180, 186, 187, 215, 218

Pseudo-first-order kinetics, 136

Pseudomonas, 111–114, 118

Pseudo-second-order kinetics, 137

Pyrolysis, 315

Radiation sources, 37

Radio-active pollutants, 172

Raman spectroscopy, 486, 492

RAS, 196, 197

Retention Time, 179, 192, 195, 214

Reverse osmosis, 36

Rotifers, 178, 180, 186, 218

Saccharomyces, 178

Saccharomyces cerevisiae, 107,  

109–110

Saprophytic microorganisms, 208

Sargassum sp., 105, 106

Screening of adsorbents, 402

SDS, 36

Sedimentation, 174, 204, 206,  

213, 216

Sediments, 172, 174, 218

Self-immobilization, 270

SEM (Scanning Electron Microscopy), 

320

Serpentine soil, 225, 226, 235–237, 249 

Sewage, 172–173, 204, 218, 220

Slow pyrolysis, 315

Soda ash, 172

Sodium alginate, 104, 106, 113

Sodium hydroxide, 172

Sodium silicates, 172

Soil erosion, 174

Soil treatment, biochar for, 324

Solubilizing agents, 31–32

Solution pH, 137

Sonochemistry, 482, 497
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Starch, 172, 180, 193, 201, 210

Stoichiometric formula, 104

Stritification, 172

Struvite, 479–480, 483, 484, 486, 

496–498

Substantial barriers, 33

Suspended solids, 172, 174, 193,  
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Synthesis of ferrate(VI), 

dry thermal, 334, 336, 338

electrochemical, 334, 336–337, 339

wet chemical, 334, 336, 338

Synthetic dyes, 31

Taguchi, 479, 482, 485, 489, 491, 498, 

Teichoic acid, 190, 191

Teichuronic acid, 191

Textile effluent treatment, 29

Thermal pollutants, 172, 218

Thermodynamics of adsorption, 135

Tolerance, 236, 243, 244, 248, 250

Treatment tool, 43

Tricholoma lobayense, 104

Turbidity, 35

Ultrafiltration, 36

Ultrasonic irradiation, 479–480, 483, 

485–488, 491, 495, 497–498

Uranium adsorption, 104–105, 
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Urea, 184, 185, 213

Winkler test, 201

Xenobiotics and industrial effluents, 
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Zero-valent iron, 479–480, 482–483, 
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