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Chapter 1
Metal Oxides as Decontaminants of Water
and Wastewater

Kingshuk Dutta

Abstract One of the most emerging threat to the present and future of the surface
and aquatic lives is the contamination of water and wastewater. The aquatic and
surface lives are severely affected through the contamination by detrimental
chemicals in recent years; and, as a consequence, the decontamination techniques
are attracting significant attention worldwide. In this regard, metal oxide
nanoparticles have been witnessing rapid emergent as a promising decontaminant
of water and wastewater. Decontamination by metal oxide nanoparticles is consisted
of mainly photocatalysis, adsorption and disinfection techniques. More precisely,
the metal oxide nanoparticles are enabled to function as nonophotocatalysts,
nanosorbents and bioactive nanoparticles, through the application of which various
problems, involving water quality, can be resolved or significantly ameliorated.

Herein, systematic emphasis has been provided on the progress in utilization of
various metal oxide nanoparticles for decontamination of water and wastewater.
Since, metal oxides have been used to decontaminate a wide variety and nature of
pollutants from water and wastewater; therefore, examples from each category have
be presented, along with the mechanistic view of the decontamination process
wherever necessary. It is interesting to note that almost all the metal oxides reviewed
herein follows the Langmuir adsorption isotherm model and pseudo second order
kinetics, irrespective of the nature of contaminants adsorbed/removed. In terms of
contaminant removal efficiency, metal oxides have been consistently able to achieve
values of >95; and have, in some cases, reached 100% removal efficiencies.

Keywords Metal oxides · Water and wastewater decontamination · Photocatalysis ·
Adsorption · Disinfection · Dye and heavy metal · Salt and oil · Fluoride and
phosphate · Phenol and pathogen · Single and multicomponent removal

K. Dutta (*)
Advanced Polymer Design and Development Research Laboratory (APDDRL), School for
Advanced Research in Polymers (SARP), Central Institute of Petrochemicals Engineering and
Technology (CIPET), Bengaluru, Karnataka, India
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1.1 Introduction

Since, water is the most essential compound for survival of majority of lives on
earth; therefore, its contamination in any form is going to cause an irreversible,
irreparable and detrimental effect on lifeforms on our planet. As humans, we use
water on a daily basis for various purposes – the most important of which is its
consumption. Therefore, owing to the ever-increasing levels of pollution of water
bodies around the world at an alarming rate, we are forced to consume harmful and
toxic substances that are present in water. Apart from consumption, owing to the
various daily activities like washing, cleaning, etc., we regularly come in contact
with water along with the contaminants that are present in it. The pollutant particles
present in water are harmful, most often toxic and in certain cases carcinogenic
and/or mutagenic as well (Sciacca and Conti 2009; Saxena et al. 2016; Naushad et al.
2018; Lu and Astruc 2018). Regular intake and contact with these substances can
lead to severe health issues, even leading to death in the extreme cases (Landrigan
et al. 2018; Saha et al. 2017). With already high level of pollution, followed by
continuous addition of pollutants each passing moment, the concentration of the
different categories of polluting materials are often present in excess of the pre-
scribed safety limit.

It is a general perception that underground water is probably one of the least
contaminated sources of water due to the fact that it has the least possibility of
getting exposed to pollutants, as it is considered to be protected within the natural
underground reservoirs and also getting naturally filtered out of pollutants while
passing through different layers of rocks present underground. However, various
human activities have led to slow leaching and percolation of chemicals, in the forms
of fertilizers, pesticides, arsenic, etc., to these underground water reservoirs and, in
the process, contaminating the underground water. Moreover, the underground
water reserves are in grave danger and facing near total exhaustion in most parts
of the world, including India and parts of west and southeast Asia as well as parts of
Africa, Central, North and South America, Europe and Australia. The future predic-
tion on the underground fresh water scarcity issue is threatening enough to imme-
diately start taking remedial steps with extremely high intensity and rapid pace.
Now, alternatives to underground water are water available in waterbodies, such as
oceans, seas, rivers, lakes, ponds, etc. However, these are the most contaminated
source of water, and is most often not fit for consumption or other daily usages.
These water bodies keep on getting increased level of pollutants mainly from
industrial, municipal, domestic, agricultural and animal wastewater effluents. On
the other hand, the largest water reservoirs in the world are the oceans and seas.
However, we have still not been able to utilize, to a satisfactory extent, the water
contained in these bodies mainly because of their inherently high salt content, apart
from the presence of pollutants. Therefore, the present fresh water crisis scenario can
be summarized as arising due to three following reasons: (a) rapid depletion and near
extinction of underground water, (b) huge level of polluting contamination of water
bodies and (c) inherent salinity of water present in seas and oceans.

2 K. Dutta



Based on the above discussion and realization, the need-of-the-hour is to develop
water purification technologies and increase their water purification capacities at a
pace matching the requirement of catering pure and fresh water to the entire world’s
rapidly increasingly population. In this regard, there are two major aspects: (a) to
develop new and efficient technologies other than those already established in the
market and (b) to enhance the capacity of already existing technologies by means of
development of new materials, designs, operating parameters, etc. Now, there are
already several technologies available in the commercial market that have proven
their worth in effecting water purification. These include membrane filtration,
adsorption, photocatalysis, desalination, chemical precipitation, electrochemical
treatment, disinfection and solvent extraction to name a few (Dutta and De
2017a, b; Dutta and Rana 2019). However, we need innovative and highly efficient
materials in each category that can perform their respective function in a commercial
scale. In this respect, metal oxides have stood out in terms of their performance
efficiency and their applicability within the domains of a number of the
abovementioned technologies; for example, adsorption, photocatalysis, electro-
chemical treatment, disinfection, desalination, etc. (Ali 2012; Herrmann et al.
1993; Kasprzyk-Hordern 2004; Lee and Park 2013; Qu et al. 2013). In addition,
metal oxides have found employment in treating a number of varied polluting
materials, like heavy metals, salts, dyes, phosphates, fluorides, phenols, microbes
and oil (Lee et al. 2016; Mano et al. 2015; Upadhyay et al. 2014; Xu et al. 2012).
Some high-performance metals have also been realized to treat two or more catego-
ries of pollutants simultaneously or otherwise.

Herein, the subject of utilization of metal oxides in decontamination of water and
wastewater has been dealt with in a case-by-case manner, for the purpose of
analyzing the efficacy of the materials used under various categories of polluting
contaminants. However, the intention here is not to provide an exhaustive literature
review on the subject. Accordingly, under each separate category, some representa-
tive published reports have been presented in order to bring out the overall as well as
comparative picture for readers to get an overview of this field of research.

1.2 Dye

Dyes are a class of compounds that have very high usage around the world in
industries, such as textiles, leather, furniture, paint, etc. They are produced in huge
quantities owing to their very high demand. This invariably leads to it eventually
getting drained out as part of effluents; in the process, contaminating water bodies.
Dyes are often toxic, as they are prone to environmental oxidative degradation
producing toxic products like carbon monoxide, nitrogen oxides, etc. Therefore, it
should be ensured that they are separated from the effluent stream before getting
deposited in water bodies. Keeping this in mind, various researchers have devised
methods and materials to ensure complete removal of dye molecules from waste-
water comprising industrial effluents. Among the materials utilized, metal oxides

1 Metal Oxides as Decontaminants of Water and Wastewater 3



constitute a very important part owing to their semiconducting nature, easy avail-
ability, easy synthesis, low toxicity and high dye degradation and removal efficien-
cies (Chan et al. 2011). This section will deal with some of the important studies, and
will present the results obtained.

Fei et al. (2008) synthesized MnO2 microcubes and microspheres, having hier-
archical hollow morphology, via intermediate MnCO3 crystal templating. The
synthetic process has been shown on Fig. 1.1a. These uniquely prepared templated
MnO2 structures demonstrated promising capability of adsorptive removal of Congo
red dye from aqueous solution (Fig. 1.1b). Moreover, the adsorption rate demon-
strated by these synthesized MnO2 particles were higher than that obtained upon
using commercial MnO2 and commercial γ-Fe2O3 particles. In addition, the synthe-
sized MnO2 particles could be renewed and reused at least three times with negli-
gible dip in the adsorption efficiency. Also, the removal of dye-adsorbed MnO2

particles were found to be easy owing to their size in micrometers. In another use of
manganese oxide as a material of choice, Chen and He (2008) showed that manga-
nese oxide nanostructures can more efficiently adsorb methylene blue dye in terms

Fig. 1.1 (a) Preparation of MnO2 hierarchical hollow particles: (i) intermediate MnCO3 crystal
templates with different morphologies, (ii) MnO2 shell structures with MnCO3 cores, and (iii)
as-prepared MnO2 hierarchical hollow nanostructures. (b) Absorption of Congo red dye by the
synthesized MnO2 microspherical hollow hierarchical particles at different time intervals.
(Reprinted from Fei et al. (2008), with permission from Wiley)
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of rate of adsorption (85% of the dye in 30 min at room temperature) as well as
adsorption/removal capacity (68.4 mgg�1), compared to the common adsorbents red
mud and MCM-22. The authors also made two important observations: (a) the
adsorbent can be reused for up to 3 times without significant reduction of its capacity
and (b) the adsorption capacity was independent of the specific surface area of the
adsorbent.

Oxides of iron are an important class of material primarily owing to their
magnetic attribute. This unique feature has been utilized for complete removal of
the adsorbent, with adsorbed pollutant materials, after completion of the adsorption
process by application of a magnetic field. In addition, iron oxides are also very good
adsorbents. Therefore, a combination of both of these features result in a superior
adsorbent material. In a typical study, Iram et al. (2010) synthesized hollow Fe3O4

nanospheres for magnetically driven adsorption of neutral red dye from aqueous
solution. The authors achieved a 90% dye removal with a monolayer adsorption
capacity of 105 mgg�1 at a pH value of 6 and a temperature of 25 �C. The result was
found to fit the Langmuir isotherm model. Table 1.1 presents the Freundlich and
Langmuir isotherm parameters for the adsorption process of the dye by Fe3O4

nanospheres. The hollow morphology, nanosized particles and high specific surface
area were found to be responsible for the observed high adsorption behavior of the
magnetic nanospheres.

In an interesting work, hierarchical three-dimensional nanostructures of iron
oxide were prepared by Fei et al. (2011) via iron hydroxide precursor. The authors
obtained an adsorption efficiency of 66.7 mgg�1 of Congo red dye at a pH value of
7.6 and at room temperature. The adsorption was attributed to the electrostatic
attraction taking place between the adsorbent and the dye molecules. Wang et al.
(2010) synthesized magnetic Fe3O4 nanoparticles that possessed high aqueous
dispersibility owing to their small particle size of ~16.5 nm and high surface area
of ~82.5 m2g�1. A removal efficiency of 90% of Rhodamine B dye by the synthe-
sized magnetic nanoparticles were observed in presence of hydrogen peroxide, the
latter getting activated by the magnetic adsorbent at 40 �C and 5.4 pH and contrib-
uting towards the dye degradation process. The mechanisms of the peroxide activa-
tion and dye degradation processes have been presented in Fig. 1.2. A unique
ordered core-shell nanomorphology of magnetic iron oxide-manganese oxide was
developed by Zhai et al. (2009) and demonstrated 42 mgg�1 adsorption capacity
towards Congo red dye, with facile removal efficiency by application of a magnetic
field. Reusing capability of the adsorbent was also realized upon recovery by
combustion at 300 �C.

Table 1.1 The Freundlich and Langmuir isotherm parameters for the adsorption process of the
neutral red dye by the magnetic and hollow Fe3O4 nanospheres

Langmuir isotherm Freundlich isotherm

KL (Lg�1) αL (Lmg�1) qmax (mgg�1) R2 log Kf 1/n R2

4.81 0.0451 105 0.992 1.026 0.46 0.994

Reproduced from Iram et al. (2010), with permission from Elsevier
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Apart form manganese oxide and magnetic iron oxides, other oxides have also
found use in dye treatment and removal application. For example, hollow urchin-like
nanostructure of tungsten oxide has been used to adsorb methylene blue dye from
aqueous solution (Jeon and Yong 2010). This nanoadsorbent showed adsorption
capacity of 138.88 mgg�1 towards methylene blue, which was found to be higher
than that demonstrated by commercial tungsten oxide (12.37 mgg�1) and most other
commercial adsorbents like zeolite MCM-22 (67.3 mgg�1), red mud (2.5 mgg�1),
fly ash (70.37 mgg�1), etc. towards the same dye. Khan et al. (2012) studied the
photocatalytic efficiency of two different oxides, namely ZnO and Al2O3, in com-
bination with CdS and graphene oxide. The CdS/Al2O3/graphene oxide
photocatalyst displayed ~90% photodegradation efficiency towards methyl orange
dye while CdS/ZnO/graphene oxide showed ~99% efficiency, both within 60 min.
These high efficiencies were found to be due to the presence of graphene oxide (1 wt
%), with sheet-like structure, that showed high separation of charge carriers formed
upon photo-irradiation, leading to reduced recombination, as well as high surface
area. The involved mechanism of separation and transfer of charge, along with the
degradation of methyl orange, under photo-irradiation using the CdS/ZnO/graphene
oxide photocatalyst has been presented in Fig. 1.3.

In another work, TiO2/reduced graphene oxide and SnO2/reduced graphene oxide
nanoparticles were synthesized and used to photo-degrade Rhodamine B dye under
irradiated visible light (Zhang et al. 2011). The reduced graphene oxide nanosheet
support was found to be effectively disperse the deposited metal oxide photocatalytic
nanoparticles and increase the photocatalytic efficiency of the photocatalysts. The
photo-degradation efficiency was found to be higher for the SnO2/reduced graphene
oxide system, compared to the TiO2/reduced graphene oxide and a commercial TiO2

photocatalyst systems. The better result observed for the former composite was
attributed to higher charge separation and electrical conductivity. In a different

Fig. 1.2 The mechanisms involved in the activation of hydrogen peroxide by the magnetic Fe3O4

nanoparticles, followed by degradation of Rhodamine B dye. (Reprinted from Wang et al. (2010),
with permission from Elsevier)
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approach, Khairy and Zakaria (2014) performed doping of TiO2 by 2 wt% of Cu and
Zn and showed that the type of dopant metal influenced the photodegradation
efficiency of TiO2 towards methyl orange dye. Performed under both visible and
UV light irradiation, the photocatalytic activity was found to be in the order:
Cu-doped TiO2 > Zn-doped TiO2 > undoped TiO2. It was inferred that the
Cu-doped TiO2 was the most efficient in preventing recombination of electron-
hole, which led to its best performance.

1.3 Heavy Metal

Heavy metals are in general highly toxic contaminants, often leading to serious
health issues if their concentrations are more than safety limits. Therefore, we need
to ensure that we restrict any increase in their concentration in water and remove the
already present metals from water and wastewater to the maximum possible extent.
Metal oxides nanomaterials have been playing a major role in this process of treating
and removing heavy metal ions (Hua et al. 2012; Trivedi and Axe 2000).

Manganese oxide has been used in combination with reduced graphene oxide to
scavenge Hg(II) ions (Sreeprasad et al. 2011). The adsorption process was found to
follow the pseudo-first-order equation, and demonstrated a 100% removal efficiency
towards Hg(II) ions from ground water. In another study, hydrous manganese and
iron oxides were made use of in order to adsorb Pb(II), Cd(II), Tl+ and Zn(II) (Gadde
and Laitinen 1974). The adsorption of the polluting metals was found to be in the
order Pb(II) > Zn(II) > Cd(II) > Tl+. Manganese oxides have been used in several
occasions in combination with iron oxides either as a simple mixture or in a

Fig. 1.3 The involved mechanism of separation and transfer of charge, along with the degradation
of methyl orange, under photo-irradiation using the CdS/ZnO/graphene oxide photocatalyst.
(Reprinted from Khan et al. (2012), with permission from The Royal Society of Chemistry)
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core-shell structure or as a bimetallic oxide. In a typical study, Ociński et al. (2016)
residuals of water treatment with surface area as high as 120 m2g�1, which get
generated during processing of infiltration water for removal of manganese and iron,
as adsorbents for As(III) and As(V) anions. In the residuals, the oxides of iron and
manganese were present in the ratio of 5:1. The adsorption was found to fit into the
Langmuir isotherm model, and the capacities were found to be 77 mgg�1 for As
(V) and 132 mgg�1 for As(III). The presence of manganese oxide was found to be
critical for oxidation of As(III), which led to its high adsorption. In a similar study,
Zhang et al. (2010) used bimetallic oxides MnFe2O4 and CoFe2O4 magnetic
nanoparticles for adsorption of As(III) and As(V) anions. While MnFe2O4 showed
adsorption capacities of 94 mgg�1 for As(III) and 90 mgg�1 for As(V), CoFe2O4

exhibited higher values of 100 mgg�1 and 74 mgg�1, respectively. In this study too,
the presence of the second metal, i.e. Mn and Co, was found to be critical behind
exhibition of higher adsorption capacities, because they enabled formation of surface
hydroxyl moieties. This performance-enhancing effect of the second metal is evident
from the fact that Fe3O4 could produce only 50 mgg�1 for As(III) and 44 mgg�1 for
As(V). Moreover, the bimetallic nanoadsorbent demonstrated good desorption of
higher than 90% for As(V) and 80% for As(III).

In another study, a graphene oxide/bimetallic MnFe2O4 nanoparticle hybrid
composite was utilized for removing As and Pb contaminants from water (Kumar
et al. 2014). The presence of graphene oxide layers ensured availability for higher
surface area for better dispersion of the magnetic bimetallic particles. This
nanohybrid composite exhibited adsorption capacities of 673 mgg�1 for Pb(II),
207 mgg�1 for As(V) and 146 mgg�1 for As(III), which was much higher than
that obtained for only the bimetallic nanoparticles (without the presence of graphene
oxide) with the respective values of 488 mgg�1, 136 mgg�1 and 97 mgg�1. Desorp-
tion of the adsorbed contaminants was realized to be 99%, 93% and 99% for As(V),
As(III) and Pb(II), respectively. Most importantly, the nanohybrid could be used for
five cycles of adsorption, without noticeable change in the efficiency. On the other
hand, Kim et al. (2013) designed magnetic Fe3O4 nanoparticles coated with amor-
phous MnO2, which exhibited a hierarchical core-shell nanocomposite three-
dimension flower-like structure (Fig. 1.4). This nanocomposite showed enhanced
adsorption efficiency towards Cu(II), Zn(II), Pb(II) and Cd(II) ions over bare Fe3O4

nanoparticles. From Langmuir isotherm model, the adsorption capacity of the
nanocomposite towards Cd(II) was found to be 53.2 mgg�1, with a recycling
capacity of up to 5 cycles.

Oxides of iron have been the material of choice in heavy metal treatment
application. For example, mesoporous nanocomposites of iron/iron oxide have
been used for removal of chromate anions from solution in water (Kim et al.
2012). From the Langmuir model, the maximum value of adsorption capacity was
found to be 34.1 mgg�1. Nalbandian et al. (2016) used nanofibers of Fe2O3 for
adsorptive removal of chromate from aqueous solution. With a specific surface area
of 59.2 m2g�1, the nanofibers with 23 nm average diameter demonstrated an
adsorption capacity of 90.9 mgg�1. This result was better than that obtained for
the commercial Fe2O3 nanoparticles (49.3 mgg�1). Both the specific surface area
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and the adsorption capacity of the nanofibers were found to increase with reduction
in the fiber diameter. Palanisamy et al. (2013) reported the use of flaxseed and olive
oil stabilized nanoparticles of iron oxide for removal of Cr, Ni and Cu ions from
aqueous solutions. Mesoporous Fe3O4 nanoparticles functionalized by amine
showed very high adsorption of Cu(II), Cd(II) and Pb(II) ions (Xin et al. 2012).
From Langmuir isotherm model, the maximum adsorption capacity was found to be
523.6 mgg�1, 446.4 mgg�1 and 369.0 mgg�1, respectively for Cu, Cd and Pb ions.
The adsorbent also showed a removal efficiency of >98% for all the polluting ions.

Magnetite was composited with reduced graphene oxide by Chandra et al. (2010)
to remove As(V) and As(III) anions from aqueous solution. Use of reduced graphene
oxide support resulted in minimizing the magnetite aggregates, leading to high
dispersion of nanoparticles of magnetite. This, in turn, increased the number of
adsorption sites in the nanocomposites, leading to enhanced capacity of binding with
the contaminating metal ions. As a result, almost 100% removal of arsenic by the
magnetite/reduced graphene oxide nanocomposite was observed. Also, the magnetic

Fig. 1.4 Scanning electron (a and b) and transmission electron (c and d) micrographs of the
synthesized amorphous MnO2-coated magnetic Fe3O4 nanoparticles, exhibiting hierarchical core-
shell nanocomposite three-dimension flower-like structure. (Reprinted with permission from Kim
et al. (2013). © 2013 American Chemical Society)
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nature of the composite enabled easy separation of the contaminant-loaded adsorbent
from aqueous medium upon employment of an external magnetic field (Fig. 1.5).
Fe3O4/graphene oxide magnetic nanocomposite was functionalized by EDTA for the
purpose of adsorptive removal of Cu(II), Hg(II) and Pb(II) ions (Cui et al. 2015). The
adsorption capacity was found to be high, with obtained values of 301.2 mgg�1 for
Cu(II), 268.4 mgg�1 for Hg(II) and 508.4 mgg�1 for Pb(II) after fitting into Temkin
and Freundlich isotherm models. Moreover, the adsorption process was found to be
pH dependent, with demonstration of the maximum removal efficiencies of 96.5% at
pH 5.1 for Cu(II), 95.1% at pH 4.1 for Hg(II) and 96.2% at pH 4.2 for Pb(II).

Wu et al. (2012) demonstrated a unique material composed of magnetic Fe2O3

encapsulated in mesoporous carbon matrix for adsorptive capture and removal of
arsenic. This novel material produced 29.4 mgg�1 of adsorption capacity with fast
adsorption pseudo-second-order rate. Moreover, it showed easy removal owing to its
magnetic nature, as well as potential to be reused. The processes of iron oxide
encapsulation and arsenic adsorption have been presented in Fig. 1.6. Other usages
of iron oxides have been as sand coated with iron oxide as well as zerovalent iron for
removal of arsenate and chromate (Mak et al. 2011); as a three-dimensional nano-
structure comprising of carbon nanotube, graphene and iron oxide for adsorptive
removal of arsenic (Vadahanambi et al. 2013); as sewage sludge from municipality,
coated with iron oxide, for removal of Pb(II), Ni(II), Cd(II) and Cu(II) ions
(Phuengprasop et al. 2011); and polymer/iron oxide hybrid nanocomposites for
removal of chromate, arsenate, Cu(II), Cd(II) and Pb(II) ions from aqueous solutions
(Peter et al. 2017; Pan et al. 2010).

Several other metal oxides have been tested as potential decontaminating agents.
Among them, TiO2 has gained some popularity owing to its performance efficiency.
For instance, Lee and Yang (2012) fabricated a hybrid composite constituting TiO2

and graphene oxide. Upon using exfoliated graphene oxide nanosheets for
supporting TiO2 nanoparticles, the formed hybrid presented a flower-like morphol-
ogy. This nanohybrid adsorbent were used to adsorb Zn(II), Cd(II) and Pb(II) ions

Fig. 1.5 Easy separation of
contaminant-loaded
magnetic adsorbent from
aqueous medium upon
employment of an external
magnetic field. (Reprinted
with permission from
Chandra et al. (2010).
© 2010 American Chemical
Society)
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from aqueous solution. At a pH value of 5.6 after 12 h treatment, the observed
adsorption capacities were ~ 65.6 mgg�1 for Pb(II), ~72.8 mgg�1 for Cd
(II) and ~ 88.9 mgg�1 for Zn(II). These values were much higher than that observed
for colloidal graphene oxide. In another study, synthesized TiO2 hierarchical spheres
demonstrated higher As(V) removal capacity compared to commercial TiO2, com-
mercial CeO2, synthesized CeO2 hierarchical nanostructures and commercial α-
Fe2O3 (Hu et al. 2008). On the other hand, the synthesized CeO2 produced the
best result in terms of Cr(VI) adsorption capacity among the oxides studied. Apart
from the ones discussed above, other metal oxides used with some success for the
purpose of heavy metal decontamination from water are CeO2 (Zhong et al. 2007),
Al2O3 (Yamani et al. 2012; Kuan et al. 1998), SiO2 (Sheet et al. 2014; Karnib et al.
2014), MgO (Cao et al. 2012), ZrO2 (Hristovski et al. 2007), and NiO (Hristovski
et al. 2007).

1.4 Salt

We have vast resources of water in the forms of seas and oceans. However, we
cannot use water from these resources for our consumption and daily household
needs because they contain large concentration of dissolved salts. Nevertheless,
owing to the severe scarcity of water underground and fresh water bodies, we
have in recent times turned our attention to device methods and techniques for
utilizing sea and ocean waters for our daily activities. There are a number of different

Fig. 1.6 Synthesis and arsenic capture processes for the ordered mesoporous Fe2O3@C encapsu-
lates: (a) the bimodal mesoporous carbon, (b) carbon loaded with hydrated iron nitrate precursor,
(c) carbon loaded with iron hydroxide obtained by in situ hydrolysis under ammonia atmosphere,
(d) iron oxide@carbon composites obtained by direct pyrolysis, (e) the Fe2O3@C encapsulates
obtained by pyrolysis following the pre-hydrolysis, (f) arsenic capture and (g) arsenic-enriched
encapsulates. (Reprinted from Wu et al. (2012), with permission from Wiley)
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technologies that have been developed over the years for this purpose under the
common phenomenon named “desalination”. In terms of materials used, metal
oxides have found some potential use in more than one desalination technologies.
This last aspect will be the subject matter of this section.

Membrane filtration is one of the highly used technologies involved in desalina-
tion. Lin et al. (2012) had fabricated cobalt oxide silica filtration membranes for
removal of salt from aqueous solution. The authors used three initial concentration of
salt solutions, representing three different contaminated sources – brine solution,
seawater and brackish water. It was observed that with increasing salt concentration,
the water flux decreased. Most importantly, higher than 99% salt rejection was
realized by using these membranes. In a similar approach, Elma et al. (2015) showed
that mesoporous membranes formed from cobalt oxide silica can reach even more
than 99.7% of salt rejection with significant water flux. This efficient result was
attributed to the combination of mesopores and structural integrity of the membranes
(Fig. 1.7).

Another popular technology of desalination that makes use of metal oxides is
capacitive desalination. In a typical work, Myint et al. (2014) utilized a number of
micro and nanostructured materials of ZnO, like microspheres, microsheets,
nanorods and nanoparticles, as grafts on activated carbon cloth to form electrodes
for capacitive desalination of brackish water. The use of microsheets of ZnO
produced a desalination efficiency of 22%, a desalination capacity of 8.5 mgg�1

and a regeneration/salt removal efficiency of 19%. On the other hand, use of
nanorods of Zno demonstrated respective values of 22%, 8.5 mgg�1 and 21%. In
another similar study, a composite electrode made of Zno and activated carbon
produced a charge efficiency of 80.5% and a desalination capacity of 9.4 mgg�1

(Liu et al. 2015). It was further shown that TiO2 supported on graphene aerogel,
with a loading TiO2 of 60.4 wt%, can also be used as a highly efficient three-
dimensional electrode material for capacitive desalination of aqueous saline solution

Fig. 1.7 Silica network microstructure and porous texture of (a) pure silica, and cobalt oxide silica
of the (b) microporous and (c) mesoporous samples. (Reprinted from Elma et al. (2015), with
permission from Elsevier)
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(Yin et al. 2013). The fabrication of this hybrid electrode material has been presented
in Fig. 1.8.

1.5 Oil

Oil contamination of water is a very serious issue. Large volume of oil enters the
water bodies from industries, such as petroleum refining and oil extraction, and from
oil spill incidents. Efficient removal of oil from water via oil/water separation is,
therefore, required to ensure proper treatment of oily wastewater. This section is
dedicated to this issue, containing discussions on selected major reported research
works in this area involving the use of metal oxides. For detailed literature review on
this subject, the readers may refer to Ma et al. (2016).

Adopting a typical membrane filtration method, Lu et al. (2016) used a number of
metal oxides as deposits on ultrafiltration membranes made of ceramics. The metal
oxides used were CeO2, CuO, MnO2, Fe2O3 and TiO2, all having an average size of
10 nm. It was inferred that the more the hydrophilic nature of the metal oxide, the
more efficient it is as a material for filtration layer of a ceramic membrane. As a
consequence, the most hydrophilic oxide Fe2O3 (among the studied oxides)-
deposited membrane showed the least tendency towards irreversible fouling, high
chemical oxygen demand rejection percentage and the highest normalized initial
permeate flux for up to 7 cycles of filtration. Zhu et al. (2010) fabricated an
innovation polysiloxane-coated magnetic Fe2O3@C core-shell nanoparticulate
adsorbent to remove oil from oil/water mixture. These corrosion-resistant
nanoadsorbent showed oil uptake up to ~4 times of their weight, in addition to
their floatable nature that is important considering that oil (light oils) in general floats
on water, and so, interaction between the contaminant oil and the nanoadsorbent will
be more feasible. A photograph of the oil adsorption and removal processes have
been shown in Fig. 1.9. On the other hand, Wang et al. (2013) designed and

Fig. 1.8 Fabrication of graphene aerogel/TiO2 hybrid electrode material. (Reprinted from Yin et al.
(2013), with permission from Wiley)
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fabricated a number of sponges and fabrics formed upon growing of nanocrystals of
transition metals and metal oxides, with further modification by thiol. The metal
oxides used were that of copper, nickel, cobalt and iron. The fabricated fibers
possessed superhydrophibic/superoleophilic surface wettability, and were found to
be effective to remove both light and heavy oils. On the other hand, the fabricated
sponges possessed very high adsorption capacities, selectivity and recyclability.

1.6 Fluoride

Below the prescribed concentration, intake of fluoride is beneficial to our bodies.
However, if taken above the safe limit, fluorides can seriously affect our bones and
teeth in the form of fluorosis, cause damage to our brain and kidney, as well as affect
the metabolism of elements in our body and cause neurological damage. Fluoride
gets added to the surface and groundwater via effluents from industries, including
fertilizer, semiconductor, cosmetics, drugs and ceramic manufacturing plants and
power plants running on coal. Several metal oxides have been successfully used for
the purpose of decontaminating fluoride from water (Velazquez-Jimenez et al.
2015). This section is dedicated to this aspect of water treatment.

The mostly used metal oxide for defluoridation of water is aluminum oxide, either
as the sole decontaminant or in conjunction with other metal oxides. The main
advantage of using Al2O3 is the fact that it possesses a very high internal surface
area; thus, a high number of adsorption sites are available for trapping contaminant
moieties. For example, Kumar et al. (2011) made us of nano-Al2O3 for adsorption of
fluoride from aqueous solution and achieved a maximum adsorption capacity of
14 mgg�1 at a pH value of 6.15 and at a temperature of 25 �C. It was further noticed
that the fluoride adsorption process was influenced by the solution pH, temperature
and by the presence of other contaminating ions like phosphate, sulfate and carbon-
ate. Table 1.2 presents the Freundlich and Langmuir isotherms of the adsorption
process at two different temperatures. It can be realized from the table that the
Langmuir isotherm model better explains the adsorption process. In another related
study with nano-AlOOH, maximum adsorption (fitting the Langmuir isotherm
model) was observed to happen at ~pH 7 and desorption at pH 13, revealing the

Fig. 1.9 Oil adsorption process by the polysiloxane-coated magnetic Fe2O3@C core-shell
nanoparticulate adsorbent, followed by complete removal of the oil-adsorbed nanoparticles with
the help of an external magnetic field. (Reprinted with permission from Zhu et al. (2010). © 2010
American Chemical Society)
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reusing potential of the nanoadsorbent (Wang et al. 2009a). Thakre et al. (2010)
reported the use of chitosan-templated mesoporous beads of a binary metal oxide of
Ti and Al and reported a maximum fluoride adsorption capacity of 2.22 mgg�1 and a
working pH range of less than or equal to 9. Maliyekkal et al. (2006) showed that a
manganese oxide-coated Al2O3 adsorbent can potentially adsorb fluoride, following
a pseudo-second-order kinetics, with a maximum capacity of 2.85 mgg�1 between
pH 4 to pH 7; while, activated Al2O3 could only produce a value of 1.08 mgg�1. In
another study, nano-MgO has also been shown to produce good fluoride adsorption
and adsorbent reusing capability (Devi et al. 2014).

1.7 Phosphate

High concentration of phosphate in water bodies lead to excessive and localized
increase of nutrients, causing high density growth of plants within that localized
area. This phenomenon, called eutrophication, leads to deterioration of the quality of
affected water. In addition, keeping in mind that phosphates are essential constitu-
ents of fertilizer, this eutrophication leads to wastage of this important class of
compound. Therefore, we must ensure their removal and recovery in order to use
them in desired applications. For this decontamination purpose, metal oxides have
been utilized to a certain extent. The various reports on the use of metal oxides for
removal of phosphates from water and wastewater have been discussed below.

Amorphous nanoparticles of ZrO2 was able to adsorb phosphate at a maximum
capacity of 99.01 mgg�1 at a pH value of 6.2, following the Langmuir isotherm
model; however, the process was found to be pH independent between pH values of
2 and 6 (Su et al. 2013). Acelas et al. (2015) carried out comparative analysis of three
hydrated metal oxides, namely hydrated copper oxide, hydrated zirconium oxide and
hydrated ferric oxide, towards their adsorption potential of phosphates. They
reported that the hydrated ferric oxide produced the best result with a maximum
adsorption capacity of 111.1 mgg�1, followed by hydrated zirconium oxide (with
91.74 mgg�1) and hydrated copper oxide (with 74.07 mgg�1). The interaction
between the phosphate anion and the hydrated metal oxides, leading to adsorption
of the former on the latter, has been depicted in Fig. 1.10. Hydrated ferric oxide
nanomaterials have also been utilized with exhibition of promising results by Pan
et al. (2009). In another comparative study, Delaney et al. (2011) could achieve

Table 1.2 Freundlich and Langmuir isotherms of the defluoridation by nano-Al2O3 at two different
temperatures

Temperature
(�C)

Langmuir constants Freundlich constants

qm
(mgg�1) b (Lmol�1) RL R2 1/n

KF (mgg�1)
(Lmg�1)1/n R2

10 14.10 2.36 � 103 0.31 0.9980 0.94 0.81 0.9823

25 15.43 3.24 � 103 0.27 0.9912 0.98 1.01 0.9626

Reproduced from Kumar et al. (2011), with permission from Elsevier
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100% removal of phosphate contaminant from water, with a 4.5 mgg�1 maximum
adsorption capacity, upon use of a number of metal oxides adsorbents, namely
zirconium oxide, iron oxide, aluminum oxide and titanium dioxide, doped with
mesoporous silica, having surface areas in the range of 600 m2g�1 to 700 m2g�1.

In order to achieve higher adsorption pf phosphate with better rate, binary and
ternary metal oxides have been fabricated and used. Li et al. (2014) and Zhang et al.
(2009a) used binary oxides, having iron as one component. While, the Fe-Mn binary
oxide showed a maximum phosphate adsorption capacity of 36 mgg�1 at a pH value
of 5.6, following a pseudo-second-order kinetics and fitting in the Freundlich iso-
therm model; the Fe-Cu binary oxide exhibited a maximum adsorption capacity of
35.2 mgg�1 at a pH value of 7, following a pseudo-second-order kinetic model and
fitting in the Langmuir isothermmodel. Lǚ et al. (2013) tried to analyze the adsorption
efficacy of a ternary metal oxide composed of iron oxide, aluminum oxide and
manganese oxide, present at a 3:3:1 molar ration of metals Fe, Al and Mn. With a
maximum phosphate adsorption capacity of 48.3 mgg�1 at 25 �C (fitted best to the
Freundlich isotherm model), this ternary oxide adsorbent showed an inverse depen-
dency on pH (between 4 and 10.5) while executing its adsorption function.

1.8 Phenol

Phenol is an organic pollutant that can serious health consequences. It produced
chlorophenols, a carcinogen, upon reacting with chlorine during normal treatment of
water. Industries like pharmaceuticals, pulp, plastics, paper, dyes, textiles,

Fig. 1.10 Interaction between the phosphate anion and the hydrated metal oxides, leading to
adsorption of the former on the latter. (Reprinted from Acelas et al. (2015); with permission from
Elsevier)
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pesticides, detergents, coke plants and oil refineries release phenolic compounds to
the water bodies. Therefore, thorough treatment of water to get rid of these extremely
toxic phenolic compounds is an essential requirement. Among other techniques,
metal oxide-based electrocatalytic oxidative degradation of phenol is a very suc-
cessful one in terms of phenol decontamination efficiency. Some representative
reports have been discussed below.

Upon using activated carbon impregnated with CuO as the catalyst, Liou and Chen
(2009) achieved >98% removal of phenol and > 90% removal of chemical oxygen
demand upon stepwise addition of H2O2. In a similar study, Shukla et al. (2010)
found that Co2O3 supported on activated carbon could produce a decomposition of
100% and a total organic carbon removal of 80% in presence of sulfate radicals within
60min. Again, it was found that phenol can be treated by using catalytic nanoparticles
of Fe3O4 that were superparamagnetic in nature, with a total organic carbon removal
of 42.79% in presence of H2O2 (Zhang et al. 2009b). Using amixedmetal oxide of Ru
as the anode catalyst, Yavuz and Koparal (2006) reported a removal efficiency of
phenol as high as 99.7% from synthetic wastewater. However, when the authors used
real wastewater from petroleum refinery, they could achieve a 94.5% phenol removal
and 70.1% chemical oxygen demand removal efficiencies. Similarly, Yang et al.
(2009) designed a mixed metal oxide-coated Ti electrode, for oxidative removal of
phenol from water. A 78.6% removal was observed at a pH of 7 and a temperature of
20 �C, which got increased to 97.2% upon addition of chloride. In this study, the
mixed metal oxide was comprised of PbO2, Nb2O5, Sb2O3 and SnO2. Similar studies
have been performed by others, using a number of metal oxides, and have reported
good performance (Feng and Li 2003; Wang et al. 2009b).

1.9 Other Contaminants

Other than the contaminants dealt with above, there are certain other harmful
contaminants present in water and wastewater that need to be treated. Among
them, the most important are nitrates and pathogens. Nitrates general enter the
waterbodies through agricultural wastewater, owing to the use of excessing fertil-
izers. Consumption of nitrate-containing water at above safety limit can lead to
diseases like methemoglobinemia. Therefore, decontaminating water from nitrates is
essential. In this respect, metal oxides have played a role (Mook et al. 2012). For
example, zero valent iron nanoparticles and its composite with TiO2 have been used
effectively for this purpose (Huang et al. 2013; Pan et al. 2012).

Pathogens are microorganisms, mainly viruses and bacteria, that can cause
diseases upon entering our bodies through contaminated water. Therefore, their
removal from drinking water is of utmost importance before intake. In this regard,
metal oxide nanoparticles such as TiO2 doped with silver has been used to inactivate
virus Bacteriophage MS2 (ATCC 15597-B1) (Liga et al. 2011). Increase formation
of hydroxyl radical owing to the presence of silver dopant was found to be the chief
cause behind the virus deactivation process. Similarly, virus MS2 coliphage was
successfully treated via a photo-Fenton process using semiconductor iron oxides
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photocatalyst, like magnetite, maghemite and wüstite, in presence of H2O2

(Giannakis et al. 2017). Biosand filters amended with iron oxide have also served
as an effective virus decontaminant (Bradley et al. 2011). On a similar note, sand
coated with iron oxide can effectively adsorb and lead to photoinactivation (Pecson
et al. 2012). Other important works in this area have been reported in Brown and
Sobsey (2009), Yang et al. (2013) and Ahammed and Davra (2011).

1.10 Dual- and Multi-contaminants

Some authors have reported use of metal oxide nanoparticles for removal of more than
one contaminant. This fact shows the real potency of metal oxides in water and
wastewater treatment. For instance, nanosheets of graphene oxide-supported
nanoparticles of TiO2 was successfully used to degrade azo dyes by photocatalytic
oxidation as well as convert Cr(VI) to Cr(III) by photocatalytic reduction (Jiang et al.
2011). Similarly, hollow spheres of α-FeOOHhas been used as an adsorbent to remove
Congo red dye (maximum adsorption capacity: 275 mgg�1) and heavy metal ions As
(V) (maximum adsorption capacity: 58 mgg�1) and Pb(II) (maximum adsorption
capacity: 80 mgg�1) (Wang et al. 2012). On the other hand, manganese oxide- and
iron hydroxide-coated sand filter was used to remove bacteria (removal capacity: 99%)
and zinc (removal capacity: 96%) simultaneously (Ahammed and Meera 2010).

On the other hand, Singh et al. (2011) demonstrated the use of Fe3O4 magnetic
nanoadsorbent as a decontaminant of bacteria Escherichia coli as well as heavy
metals As(III), Pb(II), Cd(II), Cu(II), Ni(II), Co(II) and Cr(III). The inverse spinel
magnetic nanostructures were functionalized with thiol, amine and carboxyl
functionalizations. The mechanism for metal ion adsorption by the functionalized
magnetic nanoparticles has been presented in Fig. 1.11. Other important results
relating to dual-contaminant removal can be found in Gollavelli et al. (2013), Mishra
and Ramaprabhu (2010), Xiong et al. (2011), Yang et al. (2012) and Zhong et al.
(2006). Targeting a multi-contaminant removal approach, Ma et al. (2012) prepared
nanocomposites of Bi2WO6 modified by reduced graphene oxide. This
nanocomposites was found to effectively remove Cr(VI), phenol and Rhodamine B
dye from their respective aqueous solutions under visible and UV light irradiations.

1.11 Conclusion

In summary, we have tried to bring out the wide use of metal oxides and their
composites in various categories of decontaminant removal from water and waste-
water. Table 1.3 presents a comparative summary of the different metal oxides that
have been used in water treatment applications. We have seen that metal oxides and
their composites have found high use in treatment and removal of polluting con-
taminants, such as heavy metals, salts, dyes, oils, phenols, phosphates, nitrates,
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Fig. 1.11 The possible mechanism for adsorption of metal ions by (a) carboxyl-, (b) amine- and (c)
thiol-functionalized Fe3O4 magnetic nanoparticles. (Reprinted from Singh et al. (2011), with
permission from Elsevier)
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pathogens and fluorides, from water and wastewater with high efficiency in most of
the cases. Within metal oxides, iron oxides have found the most utilization owing to
their magnetic nature that invariably leads to complete separation of the pollutant-
loaded adsorbent/catalyst from the aqueous medium with the help of an external
magnetic field. A huge progress has taken place in this field over the years; therefore,
the most important objective of the future is to see facile scaling up and widescale
commercialization and utilization of these metal oxide-based decontaminants in real
life water and wastewater treatment. In this respect, the most important materials are
likely to be based on iron oxides and titanium dioxide, with support from graphene
and carbon-based nanomaterials (including conjugated polymers).
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Chapter 2
Photo-Assisted Antimicrobial Activity
of Transition Metal Oxides

Rajini P. Antony, L. K. Preethi, and Tom Mathews

Abstract Photocatalysis is a widely accepted technology which finds enormous
applications in the field of fuel production, water remediation, environmental
cleaning, self-cleaning coatings, CO2 sequestration and microbial disinfection.
Photo assisted heterogeneous catalysis is the major route employed for all the
above applications where transition metal based semiconducting materials are used
for the light assisted production of reactive oxygen species. This in turn finds an
important application in microbial destruction at different indoor and outdoor level.
The increase in environmental pollution urges the need of a simple and cost-effective
route of microbial inactivation. Thus, semiconductor-based photo assisted bacterial
inactivation is an appropriate strategy which can be upscaled for commercial appli-
cation. The present chapter tries to provide physical insights on the photocatalytic
based microbial inactivation process. The chapter mainly discusses the basic prin-
ciple of photocatalysis and mechanism behind bacterial disinfection. Thereafter, the
chapter focuses on the discussion of selected transition metals oxides such as TiO2,
ZnO and CuO for bacterial disinfection studies and different types of modification
methods employed for the improvement of their antibacterial efficiency.
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2.1 Introduction

Pathogens and microbes can spread diseases in human beings through air, water and
contaminated surfaces. Disinfection processes of these contaminated surfaces are
gaining high importance in order to maintain hygienic work practice and day to day
life activities. The case is more severe in health care centers where the contaminated
surfaces are frequently handled and have a proximity and interaction with patients.
There are different disinfections strategies adopted to prevent the contamination
such as sterilization, adsorption, antibiotics, biocides etc. Pathogens such as
S. aureus, Escherichia Coli and Pseudomonas aeruginosa can contaminate the dry
surfaces and can survive for several weeks to months (Kramer et al. 2006). To
prevent pathogenic infections from contaminated surfaces, generally antimicrobial
agents are coated on the medical devices or incorporated into coating which also
includes metals such as silver and copper. There is a need for alternative approaches
due to the following reasons

(a) Development of microbial resistance to metal ion coating with time
(b) Lack of enough efficacy in complete disinfection as the metals can kill the

bacteria but cannot destruct the endotoxins
(c) High cost of the coatings and related products

Among various alternative approaches, semiconductor based photocatalytic ster-
ilization is found to be an effective approach for disinfection. This is because, the
photogenerated holes, the hydroxyl radicals and the superoxide radicals in the
semiconductor can exhaustively destruct biological molecules such as proteins,
lipids, enzymes and nucleic acids through a series of oxidative chain reactions.
The oxidative power of these photogenerated radicals possess oxidation energy of
120 Kcal mol�1, which is sufficient to break the chemical bonds in the above
mentioned organic compounds (Dunlop et al. 2010). Moreover, the nonspecific
nature of reactive oxygen species attack the cell structures of the outer layer of the
pathogens makes it unlikely for the emergence of resistance towards photocatalytic
disinfection (Goulhen-Chollet et al. 2009). Further, the utilization of earth abundant
semiconducting materials and sunlight, the cost effectiveness, and the viability for
commercialization makes the photocatalytic material-based disinfection, an effective
strategy.

The most common semiconductors investigated for photocatalytic disinfection
are TiO2, ZnO, CdS, CuO etc. TiO2 is one of the most widely explored semicon-
ducting materials in the field of photocatalytic disinfection. Appropriate band align-
ment, low cost and abundant availability makes it a suitable candidate for the same.
Commercially available form of TiO2, known as Degussa P25 is the most explored
one in this aspect. ZnO is another wide band gap semiconducting material having
wurtzite crystal structure and have similar properties like TiO2. Hence, it also finds
wide applications in the field of photocatalytic water splitting, hydrogen generation,
sensors, antibacterial activity and photo assisted organic destruction.
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Thus, the present chapter addresses different aspects of semiconductor
photocatalysis for microbial destruction. In this regard, the photocatalytic mecha-
nism behind microbial destruction, their various experimental models, the influenc-
ing factors determining the efficiency of disinfection and an overview of most
widely explored semiconductors are discussed.

2.2 Semiconductor Photocatalysis

Semiconductor based photocatalysis have attracted considerable attention from
different researchers as the process can be employed in different fields such as
bioremediation, disinfection, energy conversion and energy storage.

The basic mechanism behind photocatalysis is discussed as follows. When a
Semiconductor is irradiated with light having energy higher than the band gap of the
material, electrons (e�) and holes (h+) are generated in the conduction band and
valence band, respectively. These photogenerated charge carriers can migrate to the
surface of the semiconductor and participate in the redox reactions. The
photogenerated holes possess high oxidizing power and thus can lead to the forma-
tion of reactive oxygen species (ROS) such as OH., O2

.-, HO2
., where OH. is

primarily known to be the most responsible species for the disinfection of bacteria
and related pathogens (Laxma Reddy et al. 2017). The schematic representation of a
Semiconductor based photocatalytic process explaining the mechanism of charge
carrier generation is shown in Fig. 2.1. The reactions involved in Semiconductor
based photocatalysis are represented in Eqs. 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, and 2.8
given below (Gong et al. 2019):

TiO2 þ hν→ e2 CBð Þ þ hþ VBð Þ ð2:1Þ
hþ VBð Þ þH2O adð Þ→TiO2 þ OH: adð Þ þH ð2:2Þ

hþ VBð Þ þ OH adð Þ→TiO2 þ OH: ð2:3Þ

Fig. 2.1 Basic mechanism
of semiconductor based
photocatalytic disinfection
process. A is the electron
acceptor and D is the
electron donor in the
electrolyte. CB Conduction
band, VB valence band
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e2 CBð Þ þ O2 →TiO2 þ O2 :
2 ð2:4Þ

O2 :
2 þHþ →HO2: ð2:5Þ

O2 :
2 þHO2:→OH:þ O2 þH2O2 ð2:6Þ

2HO2:→O2 þH2O2 ð2:7Þ
e2 þH2O2 → TiO2 þ OH2 þ OH: ð2:8Þ

2.3 Photocatalytic Antimicrobial Activity

Sun light induced photocatalytic microbial disinfection process is mainly carried out
by semiconductors which can absorb visible light. In other words, it should have
suitable band gap for visible light absorption (λ > 400 nm). As discussed previously,
the photogenerated holes are strong oxidizing agent and can lead to the formation of
reactive oxygen species such as OH�, O2

-� etc., where the former is known to
responsible for the bacterial destruction. Based on the structure and complex nature
of bacteria, the cellular destruction differs and the cellular component leakage due to
cell wall destruction ultimately kills the microbes.

2.3.1 Factors Influencing the Photocatalytic Antimicrobial
Activity

The experimental conditions of the photocatalytic disinfection process should meet
the demands of commercialization. Hence it is necessary to optimize the experimen-
tal parameters such as nature of photocatalysts, type of light used, ambience and pH
conditions of the medium to obtain cost effective and efficient microbial destruction.
The kinetics of the photocatalytic antimicrobial activity depends on the following
parameters:

(a) Sample quantity: catalyst loading is an important parameter in the disinfection
process where a greater number of semiconductor-microbe-light interface can
boost the disinfection activity. Generally with increase in catalyst loading, the
disinfection efficiency increases, but after a certain concentration, the efficiency
saturates. This is attributed to the increase in turbidity of the solution and lack of
formation of reaction interfaces.

(b) pH of the medium: Another important parameter which effect the antimicrobial
activity is pH of the medium where, the effective charge on the catalyst and
reaction medium is controlled. The isoelectric point is the parameter which helps
to define a plausible mechanism for the antimicrobial activity. It is defined as the
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pH value at which the surface charge is zero at the catalyst surface and is also
known as point of zero charge.

(c) Temperature: In photocatalytic disinfection process, temperature is not consid-
ered as an important parameter. However, in some cases, the disinfection process
is found to increase with increase in operating temperature. In sunlight based
disinfection process, thermal energy is contributed from the light source itself
and is presumed to play a minor role in controlling the disinfection process.

(d) Light wavelength, intensity and irradiation time: These two important param-
eters play a crucial role in the photocatalytic disinfection process. Generally, UV
assisted bactericidal process is an effective approach where the light energy is
quiet higher compared to the band gap of the material. Also, higher irradiation
intensity leads to higher reactive oxygen species generation leading to higher
efficiency. With increase in irradiation time, the efficiency of the disinfection
process increases, but it is desirable to obtain faster photocatalytic disinfection at
a commercial level. An important parameter to be considered in this case is the
irradiation surface, where the surface area of the semiconducting material is
preferred to be high on which the reactive oxygen species has to be generated.

More than these parameters, the structural complexity of the microorganism is an
important parameter. This decides the kinetics of the disinfection process, where
structural factors such as type of strains, cell wall structure, and type of organ
targeted for mineralization etc. play crucial role.

2.4 Different Models Proposed for Photocatalytic
Disinfection

The antimicrobial activity can be a cooperative action by all kinds of reactive oxygen
species. It was inferred initially that the photo-assisted destruction of coenzyme A in
the bacteria is the origin of death of bacteria due to the inhibition of respiratory
activity (Matsunaga et al. 1985). Later on, it was observed that the cell wall
destruction led to the leaking of potassium ions and other cellular components
leading to the destruction of cells (Saito et al. 1992). It was then confirmed by
various morphological and structural characterization that, the complete mineraliza-
tion of the cell walls and components are occurring by photo catalytically generated
reactive oxygen species (Bagchi et al. 1993; Jacoby et al. 1998; Kiwi and
Nadtochenko 2005; Maness et al. 1999; Sökmen et al. 2001). A peroxidation
mechanism of the bacterial cell wall on TiO2 surface was studied by Kiwi and
coworkers and was observed that, the first step of the complete disintegration of the
cell wall is the competition between the oxidation process by photo catalytically
generated holes and oxidation of lipid polysaccharide layer (Kiwi and Nadtochenko
2005). Nanoparticle interaction with the bacterial cell wall also played a major role
in cell damage where electrostatic interaction of the semiconducting surface and cell
wall, reactivity of reactive oxygen species on the particle surface and metal ions play
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a major role in cell lysis by photocatalysis (Matai et al. 2014; Wang et al. 2011).
These processes can inhibit DNA replication and gene alteration by metal ions and
reactive oxygen species respectively. The kinetics of photocatalytic process is
generally explained by models such as Langmuir-Hinselwood model and direct
indirect model whose details are available elsewhere (Ganguly et al. 2018).

Based on all these report, it is evident that a kinetic model can help to predict the
kinetics of the photocatalytic disinfection process and based on these, several models
namely (1) Chick’s Model (2) Chick-Watson model (3) Delayed Chick-Watson
model and (4) Hom model are proposed by various groups, where the trends in the
survival/inactivation rates are portrayed with time. These models are defined based
on the following assumptions.

(a) Uniform distribution of the nanoparticles and microorganism
(b) Constant temperature, pH and concentration of the nanoparticles
(c) Uniform mixing of solution to rule out the diffusion limited condition.

2.4.1 Chick’s Model

In this model, the bacteria were considered as a molecule and the bacterial inactiva-
tion was a chemical reaction. The generalized rate equation for Chick’s law is given
as Eq. 2.9. The model says that the rate of inactivation is proportional to the number
of surviving microbes at a given concentration and the trend is shown in Fig. 2.2
(Chick 1908).

Fig. 2.2 Survival curves
observed for different
kinetic models in the
photocatalytic disinfection
process. (Reprinted with
permission from Ganguly
et al. (2018))
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dN
dt

= 2K�N ð2:9Þ

where, dN/dt is the rate of inactivation, N is the number of survivors at contact time
‘t’ and K is the proportionality constant. The reactions are generally considered as
irreversible reactions and follow a pseudo first order reaction. Since concentration of
reactive oxygen species also plays a major role in inactivation process, the amount of
reactive oxygen species generated during photocatalytic process also plays a role in
the inactivation kinetics. Hence the photocatalytic inactivation process does not
always follow Chick’s law. Therefore, an extended model is proposed which is
known as Chick-Watson model.

2.4.2 Chick-Watson Model

Watson in the same year incorporated the time parameter in the rate equation
(Eq. 2.10) and the role of the contact time was considered more than the concentra-
tion term (Watson 1908)

K=CnT ð2:10Þ

where K is a constant for a particular microbe and its experimental condition, n is a
constant whose value is less than 1 which says the importance of contact time than
concentration. T is the time required to achieve an activation point. The rate equation
is also a pseudo first order reaction and is expressed as Eq. 2.11 and the trend of
bacterial disinfection is shown in Fig. 2.3a.

dN
dt

= 2KNCn ð2:11Þ

Chick-Watson model has its own short comings as it considers the microbes to
have a single strain and the inactivation happens on a single hit. Hence the disin-
fection process deviates from the assumption.

2.4.3 Delayed Chick-Watson Model

An alternate model was proposed in which a time lag (Tlag) parameter is introduced
to overcome the shoulder phase in the disinfection process (Fig. 2.2b). Using this
model, the inactivation of E coli was explained (Cho et al. 2004) where the hydroxyl
radical was found to be the dominant inactivating agent. N0 is the number of
survivors at t ¼ 0
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N
N0

=
1, T � Tlag

e2KCnT ,T > Tlag

�
ð2:12Þ

2.4.4 Homs Model

Like Chick-Watson model, the Homs model, which was proposed in 1972 (Hom)
also considers concentration-time factor and has an additional power factor ‘m’ as
shown in Eq. 2.13 The model accounts for the lag or tailing off process in

Fig. 2.3 (A) Images of surviving luminescent bacteria that were able to yield colonies after
exposure to UV-light on Si-monocrystal substrates (upper block of panels) or on nano TiO2 thin
films (lower block of panels). Different sectors of agar plates show the colonies of luminescent
bacteria in 15 lL of 102, 103 and 104-fold dilutions of UV-exposed bacterial suspension. Inset on
each image is an SEM image of the bacteria after respective exposure conditions. SEM images show
considerable morphological changes of bacterial cells already after 10-min UV-irradiation on nano-
TiO2 thin film. (Joost et al. 2015), (B) Schematic representation of the photocatalytic bacterial
disinfection. (Podporska-Carroll et al. 2015), (C&D) FESEM images of the obtained TiO2 nanorod
spheres: (a) TiO2–400, (b) TiO2–500, (c) TiO2–600, (d) TiO2–700, (e) TiO2–800, and (f) TiO2–900
(numbers indicate the calcination temperature [oC]) & FESEM images at different magnifications of
(a, b) control rodlike E. coli corpses, and (c, d) a mixture of rod-like E. coli corpses and TiO2–500
after mixing for 2 h. (Bai et al. 2013)
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photocatalytic disinfection process, but cannot be modeled together. When the value
of ‘m’ ¼ 1, the model reduces to Chick-Watson model, when m > 1, it shows a
shoulder (lag) and when m < 1, it shows a tailing off behaviour as shown in Fig. 2.2c
and d. Further, modified Homs model was derived where initial shoulder, logarith-
mic decay and tailing off are considered together by a relation given in Eq. 2.14.

ln
N
N0

= 2KCnTm ð2:13Þ

ln
N
N0

= 2K1 12 exp 2K2Tð Þ½ �K3 ð2:14Þ

2.5 Transition Metal Oxide Based Photocatalyst
for Antimicrobial Studies

An ideal photocatalyst should have suitable band gap to absorb visible light, proper
band straddling for the desired oxidation reaction, resistance to photo and chemical
corrosion and cost efficiency as well. Different types of semiconductor based
photocatalysts are studied for antimicrobial disinfection. Among them, TiO2 and
ZnO are the most commonly explored semiconducting materials. The upcoming
section presents a brief summary of engineering of these photocatalysts for antimi-
crobial disinfection application.

2.5.1 Antimicrobial Behavior of Titania

TiO2 is a wide gap semiconductor with a band gap of 3–3.2 eV having UV light
activity. Titania exist mainly in three different phases viz.; anatase, rutile and
brookite. The single phase, biphasic and triphasic photocatalytic efficiency of TiO2

are reported (Preethi et al. 2016, 2017a, b; Preethi and Mathews 2019). Different
strategies such as doping (Antony et al. 2012a), composite fabrication (Panthi et al.
2013), heterostructuring (Preethi et al. 2016), metal loading (Liu et al. 2019) are
adopted to improve the disinfection mechanism of TiO2 as it suffers from wide band
gap and high electron-hole charge recombination. Hence different types of modifi-
cations are adopted to improve its activity.

2.5.1.1 Nanostructured TiO2

Nanostructuring of TiO2 based materials can improve the photocatalytic disinfection
efficiency by increasing the effective surface and reaction interface. Various
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researchers adopted different methodologies to improve the surface area of the TiO2

based structures and studied its role in improving antibacterial efficacy. Joost et al.
(2015) prepared high surface area TiO2 nanoparticles to construct a nanostructured
thin film and demonstrated the antimicrobial activity using viable bacterial cells and
bacterial plasma membrane fatty acids. They observed the destruction of saturated
and unsaturated fatty acids in the bacterial plasma membrane in 10 minutes by fast
formation of peroxide through photocatalytic activity. A comparison between sili-
cone substrate and nano TiO2 thin film in E. coli destruction proved the mechanism
and is shown in Fig. 2.3A.

Another way of nanostructuring is construction of TiO2 nanotube in thin film
form by electrochemical anodization and rapid break down anodization (Antony
et al. 2011, 2012b). Podporska-Carroll et al. (2015) studied the antibacterial activity
of TiO2 nanotubes prepared by rapid break down anodization process and compared
with that of commercial Degussa-P25 TiO2 powder. The fabricated nanotube pow-
ders showed excellent antimicrobial activity towards E. coli and S. aureus under
light irradiation for 24 hours. The improved nanostructuring and specific surface area
played an important role in increasing the rate of formation of reactive oxygen
species in the case of nanotubular structure (Fig. 2.3B). Also, the improved surface
area can improve the bacterial adsorption which enhances the bacterial killing. Bai
and coworkers fabricated TiO2 nanorod spheres in large scale by a non-hydrothermal
route (Bai et al. 2013) (Fig. 2.3C). Intrinsic antibacterial properties for these struc-
tures were observed under dark conditions due to the spikes present on the TiO2

nanostructure which pierce the bacterial cell wall and kill the bacteria. Under solar
light irradiation, bacterial destruction ability was increasing with increase in calci-
nation temperature and 82.12% of bacterial destruction was obtained for sample
calcined at 900 �C (Fig. 2.3D). The increase in photocatalytic activity with increase
in calcination temperature is attributed to enhanced crystallization leading to redshift
thereby narrowing the band gap of TiO2.

2.5.1.2 Doped TiO2

The pristine TiO2 is a wide band gap material and can absorb light in the UV region.
In order to make it visible light active, an important strategy adopted in the case of
TiO2 is doping by cations and anions. The present section discusses the bacterial
disinfection of doped TiO2. The photocatalytic property of TiO2 is utilized for E coli
disinfection in wastewater by Majeda and coworkers (Khraisheh et al. 2015). For
this activity, Cu doped TiO2 was prepared by sol gel and wet impregnation method.
It was observed that, Cu-TiO2 prepared by incorporating 10% of CuCl2 as precursor,
was showing 100% E. coli destruction. The synergistic effect of oxidative attack of
TiO2 and leaching out of Cu was found to be responsible for the remarkable
performance and the photocatalytic disinfection process is shown in Fig. 2.4. Raut
et al studied the sunlight induced antibacterial effect of TiO2 � x � 3yN2y thin films
deposited on Si(100), quartz and glass substrates by a single step ultrasonic spray
pyrolysis route (Raut et al. 2012). The precursor used for N doping was hexamine.
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The holes generated in the localized N2p states and oxygen vacancies were attrib-
uted to the formation of enhanced redox reactions and sunlight absorption respec-
tively in the aforementioned doped TiO2 thin films. Arenas and coworkers (2013) in
2013 studied the bactericidal effect of doped anodized TiO2, where they constructed
a fluoride-anodized TiO2 barrier layers (Ti–6Al–4 V). A significant reduction in the
bacterial adhesion was obtained in the case of fluoride doped anodized layer
compared to fluoride free anodized layers.

2.5.1.3 Metal Loaded TiO2

Another important approach to improve the bactericidal efficacy is loading of metals
which can synergistically improve the activity. Silver is known to be a broad-
spectrum antimicrobial agent which can kill antibiotic resistant strains. Ag loaded
TiO2 nanorods are fabricated in Ti foil by acid etching, hydrothermal and plasma
treatment by Li et al. to investigate the antimicrobial and cytocompatibility of
titanium implants. (Li et al. 2014). The negative zeta potential generated on the
titania surface has prevented the bacterial adhesion of the implant material through
electrostatic repulsion process. The Schottky contact created by the Ag metal on
titania surface played a role in microbial destruction. Thus, two defense line mech-
anisms were proposed where both bacterial adhesion and bacterial growth are
prevented under dark conditions. The schematic of the bactericidal mechanism
proposed by the group is given as Fig. 2.5a. Recently P/Ag/Ag2O/Ag3PO4/TiO2

photocatalyst was developed by hydrothermal route by Liu et al. to study the E. coli
destruction under LED light illumination (Fig. 2.5b). High light intensity
(750 Wm�2), ambient temperature, neutral or slightly alkaline and shorter wave-
lengths are the optimum parameters found in enhancing the photocatalytic efficiency
of the composite catalyst. The major reactive species responsible for the bacterial
destruction are h+ and .O2

� and no effect due to Ag+ leaking (Liu et al. 2019).

Fig. 2.4 Antibacterial mechanism for Cu doped TiO2. (Khraisheh et al. 2015)
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2.5.1.4 Metal Oxide-Based Composites of TiO2

In order to enhance the antimicrobial activity of photocatalyst further, their com-
posites with other semiconductor materials are developed. Panthi et al. (2013)
constructed Mn2O3-TiO2 nano fiber composite by electrospinning route, where
TiO2 was formed in the rutile phase. Prevention of colonization of gram positive
and gram negative bacteria was achieved by these composites, where the activity
was proposed to be mediated by Mn2O3 phase. He et al. (2017) fabricated CuO-TiO2

coating on Ti films by magnetron sputtering and annealing process. These films were
demonstrated to have improved antibacterial activity, biocompatibility and corrosion
resistance (Fig. 2.6A). He et al. (2019) developed reusable magnetic N-TiO2/
Fe3O4@SiO2 photocatalyst for simultaneous degradation of E.Coli and bis phenol
A in sewage water under visible light irradiation. In their study, presence of
bisphenol A didn’t affect the destruction of E. coli but the degradation of former
decreased by 10% in presence of bacteria (Fig. 2.6B) due to the same reactive
oxygen species (.O2

� and H2O2) to degrade the organic matter and microbes.

2.5.1.5 Carbon Nanostructure Based Composites of TiO2

Carbon based nanostructures are an important class of materials which play a
significant role in photocatalysis by boosting the conductivity and electron transfer
in their composites with other semiconductor materials. The carbon-based
nanomaterials include carbon nanotubes, fullerene, carbon dots, graphene, graphene
oxide etc. Functionalizing TiO2 with carbon materials is a promising approach for
cost effective and efficient antimicrobial activity. Koli et al. (2016) functionalized
TiO2 with multi walled carbon nanotubes using a solution-based method. Multi
walled carbon nanotubes can improve/tune the optical band gap of TiO2 for visible

Fig. 2.5 (a) Illustration for two-defense-line antimicrobial property with both electrostatic repul-
sion and lipid peroxidation actions of Ag plasma-modified TiO2 nanofilm in darkness, mediated by
the synergism of negative zeta potential and embedded metallic Ag into TiO2 nanofilm. (Li et al.
2014) (b) Schematic diagram of proposed mechanism of bacterial disinfection by P/Ag/Ag2O/
Ag3PO4/TiO2. (Liu et al. 2019)
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light activity, thereby making it suitable for commercial application. The
photocatalytic antimicrobial activity of multi walled carbon nanotubes -TiO2

towards S. aureus and E. coli was found to be the highest for TC-0.5 composite
(labeling as per the carbon nanotubes loading on TiO2) where smaller particle size
and higher surface area helped the inactivation process. Another study by Pant et al.
(2013) reported the antibacterial effect of carbon nanofibers modified TiO2-ZnO
composite towards E. coli under light irradiation containing 10% UV light. The
increased diameter of the inhibition zone in the case of carbon-TiO2-ZnO is pro-
posed for effective bactericidal killing under mild UV irradiation and Fig. 2.7A

Fig. 2.6 (A) The typical photographs of bacterial colonies on (a) Ti, (b) TiO2 coating and (c) TiO2/
CuO coating after re-cultivating on agar plates; SEM morphology images of S. aureus cultured on
(d) Ti, (e) TiO2 coating and (f) TiO2/CuO coating after cultivating for 24 h, (He et al. 2017) (B)
Cycling performance of AgFeNTFS for simultaneous photocatalytic disinfection of E. coli and
degradation of BPA in real sewage. (He et al. 2019)

Fig. 2.7 (A) Antibacterial efficiency of different photocatalysts for gram negative E. coli bacteria
under mild UV radiation. Insets are the respective zones of inhibition. (Pant et al. 2013), (B)
Antibacterial properties of the membranes evaluated by the (A) plate colony-forming count
experiments, where (a) is TFC, (b) G-TFN, (c) MTNF-1, (d) MTNF-2, and (e) MTN-3, (B) the
bacterial viability (%), as a measure of the antimicrobial activity of the membranes, and (C) the
schematic illustration of antibacterial activities of MTFN membranes. (Abadikhah et al. 2019)

2 Photo-Assisted Antimicrobial Activity of Transition Metal Oxides 41



shows a comparison of bacterial inactivation process with time. Multifunctional thin
film polyamide membranes embedded with rGO@TiO2@Ag nanocomposites was
developed by Abadikhah and coworkers (2019). A microwave irradiation assisted
synthesis process was adopted for the fabrication of nanocomposites which
improved the hydrophilicity, water permeation, salt rejection and antifouling prop-
erties of the membrane (Fig. 2.7B). A 100% reduction in the live E.coli population
was observed when in contact for 3 hrs with the nanocomposite modified polyamide
membrane. Recently Shimizu and coworkers (2019) studied the antimicrobial prop-
erties of carbon nanotubes -TiO2 nanocomposite for the disinfection of E. coli. The
photogenerated hydroxyl radical induced reactive oxygen species caused a physical
rupture of the bacterial cell wall leading to the destruction of the microbes on the
semiconductor surface. A fructose modifies titania was employed as a catalyst for
photocatalytic disinfection of waste water by Rokicka-Konieczna et al. (2019).
Fructose was incorporated as an inexpensive and nontoxic source of carbon on
hydrothermally modified carbon. A two-step bacterial destruction by OH radials is
proposed and the disinfection process began from cell wall towards intra cellular
components.

2.5.2 Antimicrobial Behaviour of Zinc Oxide

ZnO is another class of wide band gap semiconductor materials having a band gap of
3.3 eV and exist in three different polymorphs say, wurtzite, rock salt and zinc blend
structure. The thermodynamic stable structure is wurtzite which is widely used in
applications such as gas sensors (Ahn et al. 2009), biosensors (Wei et al. 2006),
piezoelectric materials (Gullapalli et al. 2010), photocatalysts for organic decompo-
sition and photocatalytic antibacterial coating materials (Hatamie et al. 2015). The
progressive research of antibacterial properties of ZnO started in 1950s.

Similar to the case of TiO2, upon light irradiation, the photogenerated charge
carriers move to the conduction band and valence band and participate in redox
reactions. The conduction band of ZnO is situated at �0.5 V vs NHE which is more
negative compared to the O2/O

-.2 level (�0.33 V vs NHE. Whereas, the valence
band positioning is 2.7 V vs NHE which is more positive compared to OH./H2O
redox position (2.53 V vs NHE). Thus, the photogenerated electrons and holes can
create O2/O

-.
2 and OH. radical for disinfection reaction. The disinfection process by

ZnO is also attributed to the reactive oxygen species assisted oxidation process. The
radicals (O2/O

-.
2 and OH.) generated by photo irradiation is oxidative enough to

react and damage the cellular constituents such as DNA, lipids, proteins, carbohy-
drates. Three main mechanisms are proposed for the antibacterial activity of ZnO in
aqueous environment.
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1. The oxidative stress created by the reactive oxygen species can damage the
unsaturated fatty acids of the bacterial cell membrane leading to the permanent
damage of the bacterial activity (Kääriäinen et al. 2013).

2. Zn2+ ions released from the ZnO can transport through the cell membrane and
reduce the intracellular ATP levels again leading to the improper functioning of
the bacteria (Tong et al. 2015).

3. The cell membrane can damage due to the adhesion of the aggregates of ZnO
nanoparticles (Li et al. 2008).

2.5.2.1 Nanostructured ZnO

Researchers have improved the photocatalytic antibacterial efficiency of ZnO by
fabricating nanostructures with different morphologies such as nanoflowers,
nanorods, thin films etc. For instance, 3-D flower like ZnO structures fabricated by
surfactant free co precipitation method were shown to have efficient photocatalytic
antibacterial property towards Enterococcus faecalis (E. faecalis) and Micrococcus
luteus (M. luteus) (Quek et al. 2018). The bacteria were eradicated completely in
130 min of visible light irradiation which was detected by bacterial morphological
change, K+ ions leakage and protein leakage. The enhanced activity was attributed to
the flower like morphology which increase the number of surface hydroxyls groups
and photogenerated charge carriers on the ZnO surfaces leading to the formation of
reactive oxygen species mainly H2O2 (Fig. 2.8a and b). Zhang and coworkers (2008)
employed ZnO nanofluids for the disinfection of E.coli. The improved activity of the
optimized ZnO sample stored for 120 days was attributed to the increased surface
area and the electrostatic binding of the particle and the bacteria. A morphology
dependent antibacterial activity was deduced for ZnO nanoparticle fabricated by
solvothermal method (Talebian et al. 2013). The trend in the antibacterial activity of
different nanostructures towards inactivation of gram-negative Escherichia coli and
gram-positive Staphylococcus aureus under UV light was found as nanoflower >
nanorods > spherical nanoparticle (Fig. 2.8c and d). The interstitial defect present in
the nanoflowers reduced the electron-hole recombination and hence improved the
light induced antibacterial activity. Raja et al. (2018) fabricated ZnO nanoparticles
through an ecofriendly green synthesis route, and studied their antibacterial activity
towards Salmonella paratyphi, Escherichia coli and Staphylococcus aureus. The
bacterial strains were investigated and their result showed a higher antibacterial
efficiency towards S.aurus and E.coli compared to S. paratyphi.

Another approach was the fabrication of ZnO nanoleaves reported by Gupta and
Srivastava (2018), where disperser assisted sonochemical approach was employed as
the synthesis route. The schematic diagrams of the synthesis route of the ZnO
nanoleaves are shown in Fig. 2.8e. The synthesis route was claimed to be scalable
in nature and the product can be employed for the disinfection of S. aureus. A green
synthesis approach was employed by Bhuyan et al. (2015) for the fabrication of ZnO
nanoparticles using neem leaf extract. The as prepared ZnO nanoparticles showed
efficient antibacterial activity towards gram positive and gram negative bacteria
(Staphylococcus aureus, Streptococcus pyogenes and Escherichia coli) by inhibiting
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the growth of the bacteria. A similar approach was done by Anbuvannan and
coworkers (2015) for the fabrication of ZnO nanoparticles using A. carnosus leaf
extract. The resultant product showed improved disinfection ability for human
pathogens such as S. paratyphi, V. cholerae, S. aureus, and E. coli. Park et al.
(2017) fabricated ZnO thin films by atomic layer deposition route with the aim of
increasing reaction surface area for microbial disinfection. For this, S. aureus was
chosen as the model bacteria and a disinfection process was envisaged by the
crushed morphology caused by destruction of cell wall. The reactive oxygen species
generation and the cell wall destruction was the mechanism proposed and the effect
of Zn2+ release was ruled out in this case. The schematic of the antibacterial activity
of the ZnO thin films proposed by Park and coworkers is given in Fig. 2.8f.

Fig. 2.8 (a) Proposed schematic of antimicrobial mechanism of flower-like ZnO (b) FESEM
images of as-synthesized flower-like ZnO. (Quek et al. 2018) (c) SEM photographs of ZnO
powders, (d) Plot of the survival number of Escherichia coli and Staphylococcus aureus with
different catalysts under UV illumination (top) and at dark condition (bottom). (Talebian et al.
2013), (e) Schematic illustration showing possible growth mechanism of ZnO-NLs. Initially, after
addition of base (NaOH) to the zinc precursor mixture, ZnO nanoparticles (nanorods) formation
occurs which may get welded to each other in a bunch to minimize their surface energy and partially
synthesized ZnO-NLs formation occurs till 90 min of the reaction which may again get welded to
each other by the remaining Zn+2 ions in the solution to form mature leaf-shape ZnO nanoparticle at
120 min. The growth mechanism of ZnO-NLs shows, disperser assisted sonochemical method
allows time and temperature dependent controlled shape and size evolution of the nanoparticles.
(Gupta and Srivastava 2018). (f) Schematic of the antibacterial mechanisms of the ALD ZnO via
photo-produced reactive oxygen species. (Park et al. 2017)
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Hydrophilic ZnO nanorods arrays were fabricated by Akhavan et al. (2009) by
hydrothermal route and the effect of photoinduced antibacterial activity was
observed towards E.coli. The hydrophilic behavior of the ZnO nanorods arrays is
attributed to the formation of surface hydroxyl groups and is responsible for the
increased antibacterial property.

Amir et al. (Hatamie et al. 2015) have developed a ZnO modified textile by a
hydrothermal route and investigated its photocatalytic and antibacterial activity as a
replacement for commercial silver loaded textiles. An antimicrobial packaging film
was developed by Li et al. (2009) where ZnO nanoparticles were coated on polyvi-
nyl chloride film showed better antibacterial activity towards E.Coli and S. aeurus
with more resistance to S aeurus. A size dependent antibacterial activity for ZnO
nanoparticles towards S. aureus under ambient light conditions was demonstrated by
Raghupathi and coworkers (2011), where the antibacterial efficiency was decreasing
with increase in the particle size. Reactive oxygen species generation and aggrega-
tion of nanoparticles in the cytoplasm was claimed as the main reason for the
antibacterial effect of the solvo-thermally fabricated ZnO nanoparticles. Similarly
shape controlled ZnO nanoparticles were fabricated by Sarika and coworkers by a
soft chemical synthesis route (Singh et al. 2013). Cauliflower like ZnO
nanostructures showed an effective light induced antibacterial activity towards
S. aureus in contaminated water under UV irradiation. All these investigations
showed that nanostructuring play an important role in the antibacterial effect of
ZnO nanoparticles by improving the surface area which helps in increasing the
contact area. The improved area also plays an important role in the production of
reactive oxygen species responsible for photocatalytic antibacterial efficiency. Also,
controlling the size and shape of the nanoparticles influences the mode of cell wall
destruction.

2.5.2.2 Doped ZnO

As discussed in the previous section, ZnO can absorb only UV light due to its wide
band gap nature (3.3 eV) which hinders its commercial utility. Doping of ZnO by
cationic and anionic species to alter the band gap is found to be an effective approach
to enhance the light absorption range (Djerdj et al. 2010; Lin et al. 2005). In this
direction, Manjula and coworkers (Nair et al. 2011) developed Cobalt (Co) doped
ZnO for the photocatalytic organic decontamination and microbial destruction. Very
good bacterial destruction efficiency was observed by the group using Co doped
ZnO for all the bacterial strains chosen for investigation (Escherichia coli, Klebsiella
pneumoniae, Shigella dysenteriae, Salmonella typhi, Pseudomonas aeruginosa,
Bacillus subtilis and Staphylococcus aureus). Doping noble metals such as silver,
gold and platinum is an effective approach due to the improvement in the
photogenerated charge separation process by scavenging the photogenerated elec-
tron by noble metals. Bechambi et al. (2015) developed Ag doped ZnO
nanostructures for photocatalytic applications and observed 100% destruction of
E.coli in 40 min using 1% Ag doping. The improved microbial destruction efficiency
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of Ag-ZnO was attributed to the enhanced generation of reactive oxygen species
such as •O2

�, OH• and H2O2. Raju and coworkers demonstrated a similar system
where Cu2+ doped ZnO exhibited an IFCT effect leading to increased visible light
induced bactericidal activity (Kumar et al. 2014). To study this effect, the model
microbe chosen was E. coli and showed an enhanced visible light bacterial killing
due to IFCT and hence Cu2+-ZnO induced inactivation was active only under visible
light. The holes generated in the valence band under visible light irradiation and Cu+

formation during IFCT process were responsible for bacterial inactivation
(Fig. 2.9A). Antimicrobial Ce doped ZnO was developed by Karunakaran and
coworkers (2010) in 2010. An efficient destruction of E. coli was achieved using
2% Ce doped ZnO. Fluorine doped ZnO photoactive catalysts were developed using
a sol-gel route by Carrol et al. (Podporska-Carroll et al. 2017) and an efficient
photocatalytic antimicrobial destruction was observed toward E.coli and S. aureus
under visible light illumination (Fig. 2.9B). The antimicrobial effect of F doped ZnO
is attributed to the synergistic effect of ZnO on microorganism by the release of Zn2+

ions and the formation of increased reactive oxygen species (mainly H2O2) due to F

Fig. 2.9 (A) Pictorial illustration of the mechanism of degradation of pathogens by Cu2+-modified
ZnO under blue LED illumination. (Kumar et al. 2014); (B), Photographs of agar plates containing
(a) Control (S. aureus), (b) Test sample (F doped ZnO 1:1, after exposure to visible light).
(Podporska-Carroll et al. 2017); and (C) Bar graph showing the diameter of the zone of inhibition
(in mm) produced by pure and Nd/Er-doped ZnO NPs against E. coli, S. aureus and
L. monocytogene. (Raza et al. 2016)
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doping. Both the processes, lead to the cell wall destruction and decomposition of
cellular materials.

The transition metals like manganese and cobalt can increase the surface defects
and alter the electronic band structures leading to improvement in the visible light
activity of ZnO. Rekha et al. (2010) adopted the strategy of doping different
percentage of manganese in the Zn lattice of ZnO using co precipitation route. The
samples showed a better antibacterial activity compared to the pristine one. Simi-
larly, Co doped ZnO thin films fabricated by sol-gel spin coating route by Poongodi
et al. (2015) displayed efficient bactericidal activity towards E. coli and S. aureus.
Like other studies, the enhanced activity was attributed to the improved charge
separation efficiency and reactive oxygen species generation. Surface modified
metals ions on ZnO type materials can induce an interfacial charge transfer
(IFCT), where photogenerated electrons from dopant levels to the surface dopant
ions play a major role in enhancing microbial destruction efficiency under visible
light activity.

Guo et al. fabricated Tantalum doped ZnO investigated by modified pechini type
method (Guo et al. 2015). It was observed by the group that incorporation of 5% of
Ta5+ into ZnO improved the visible light bactericidal effect towards P. aeruginosa,
E. coli, and S. aureus. Hameed et al. studied the doping effect of Nd into ZnO
towards the inactivation of E. coli and K. pneumonia (Hameed et al. 2016). Rare
earth element doping is another approach which can improve the visible light
activity and photogenerated charge separation efficiency. Bomila and coworkers
developed La, a rare earth element doped ZnO nanoparticles by wet chemical route
for the visible light photocatalytic applications (Bomila et al. 2018). Er/Nd doped
ZnO was developed by Raza et al. using sol-gel technique (Raza et al. 2016).
Improved visible light activity for doped samples was observed and exhibited
improved anticancer and antimicrobial activity compared to the pristine samples
(Fig. 2.9C).

2.5.2.3 Metal Loaded ZnO

Constructing metal-semiconductor hybrid structures is an effective way to tackle
absorption and recombination problems in semiconductors for better photocatalytic
efficiency. The noble metal loading in metal-semiconductor composite play a crucial
role in extending visible light absorption capabilities of wide band gap semiconduc-
tors and increasing lifetime of photogenerated charge carriers by scavenging the
photogenerated electrons thereby making photogenerated holes available for
photocatalytic disinfection process. Also, the noble metals such as Ag and Au
generate photogenerated electron hole pairs by a process called surface plasmon
resonance (SPR).

He and coworkers (2014) fabricated Au-ZnO hybrid nanostructures by a photo-
reduction method to obtain smaller nanoparticles. S. aureus and E. coli were chosen
as the model microbes to study the antibacterial effect under simulated sunlight
(Fig. 2.10A). The photocatalytic effect of Au nanoparticles alone showed
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bactericidal activity compared to untreated control samples. Whereas in the case of
Au-ZnO structures, a significant decrease in the survival of both strains with less
than 10 min light exposure was evident and the effect is attributed to the increased
production of reactive oxygen species as evidenced from ESR spectroscopic studies

Fig. 2.10 (A) HRTEM image for the ZnO/Au hybrid NPs from panel d; (f) size distribution of Au
particles formed on ZnO at different molar ratios for reactants. Scale bars in panels a � d are all
20 nm; scale bar in panel e is 5 nm (B) Ability of ZnO NPs and ZnO/Au hybrid nanostructures in
killing S. aureus (a) and E. coli (b) under simulated sunlight for 10 min. Control 1 represents
bacteria exposed to neither NPs nor light. Control 2 represents bacteria exposed to simulated
sunlight for 10 min but without NPs. Grouped under ZnO, bacteria wasexposed to 0.1 mg/mL
ZnO alone or was exposed to 10 min of solar simulated light and either 0.05 mg/mL or 0.1 mg/mL
ZnO. Similarly, grouped under ZnO-Au4%, bacteria was exposed to 0.1 mg/mL ZnO/Au4% alone
or was exposed to 10 min of solar simulated light and either 0.05 mg/mL or 0.1 mg/mL ZnO/Au4%.
(He et al. 2014) (C) TEM images of 5 wt% Ag/ZnO samples (D) Photocatalytic antibacterial
activities of photolysis, catalyst in the dark, pure ZnO and 5 wt% Ag/ZnO samples against E. coli at
different irradiation times. (E) Schematic diagram of visible light induced photocatalytic and
antibacterial mechanism of Ag/ZnO micro/nanoflowers. (Lam et al. 2018)
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(Fig. 2.10B). The increase in activity for Au-ZnO was about 3 times higher com-
pared to that of ZnO nanostructures. Lu et al. (2008) employed a tyrosine assisted
one pot hydrothermal synthesis of Ag-ZnO nanocomposite and demonstrated effi-
cient light induced antibacterial efficacy towards gram positive and gram negative
bacteria. Functionalization of textile fabrics using Ag-ZnO nanocomposites were
carried out by Mariana and coworkers (Ibănescu et al. 2014) for effective
photocatalytic and antimicrobial applications. The composites were coated onto to
the fabrics by a pad-dry-cure process followed by treatment under 130 �C for
30 minutes. Antimicrobial disc diffusion tests for Ag-ZnO coated fabrics showed
that the antimicrobial efficiency of the modified fabrics increased with increase in Ag
loading. The results were consistent with the photocatalytic dye degradation trend
for the composites. Hence, the production of reactive oxygen species due to
increased surface area was attributed to improved activity of the modified fabrics.

Jin et al. (2019) developed iodine modified ZnO using reflux method to obtain
higher surface oxygen vacancy and higher charge separation efficiency. Smaller
grain size, cage like structure, increased surface oxygen vacancy in nanostructured
I-ZnO (I-ZnO-n) led to improved charge carrier separation and generate more free
radicals for bacterial disinfection. Recently Lam and coworkers (2018) investigated
the bacterial inactivation ability of Ag loaded ZnO micro and nanoflowers synthe-
sized through a surfactant free co-precipitation method followed by photodeposition
route (Fig. 2.10C). The antibacterial effect of the nanoflowers was studied using E.
coli under visible light irradiation. A complete bacterial destruction was obtained
under 180 min visible light irradiation using 5% Ag loaded ZnO micro/nanoflowers
(Fig. 2.10D). In addition, a long term antibacterial activity suppression and cyto-
plasmic destruction by Ag-ZnO micro/nanoflowers was confirmed by minimum
inhibitory concentration and optical density studies. The photogenerated reactive
oxygen species were identified to be responsible for the cytoplasmic destruction and
cellular leakage of the bacteria and the mechanism proposed by the group is given in
Fig. 2.10E.

2.5.2.4 Composites of ZnO

Proper band alignment of ZnO with other semiconductors favors the photocatalytic
process by improving the photogenerated charge carriers and thereby ROS. Sin et al.
(2018) fabricated ZnO-magnetic Fe3O4 composites by a surfactant free method for
effective bacterial destruction. The resultant composite showed a flower like struc-
ture (Fig. 2.11a) and an effective destruction of E. coli was observed under visible
light irradiation compared to pristine ZnO (Fig. 2.11b). The improved charge carrier
recombination time envisaged by photoluminescence studies was attributed to
enhanced effect of the composite photocatalyst. The magnetic property of the
composite was an additional advantage for the efficient separation of the catalyst
after use, makes it suitable for commercial. Graphene like MoS2 sheets modified
ZnO nanoflowers were developed by Awasthi and coworkers (2016) by a one pot
hydrothermal route. The composites displayed effective antibacterial efficacy
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compared to ZnO and MoS2. The improvement in the bactericidal effect of these
composites were attributed to the improved surface area and increased product of
reactive oxygen species as observed from surface area and photoluminescence
studies. Electrospun ZnO-TiO2 nanofiber composite was proved to be an effective
bactericidal agent towards E.coli and S. aureus under UV irradiation (Fig. 2.11c & d)
(Hwang et al. 2011). A microwave assisted synthesis of CdO-NiO-ZnO, employed
by Karthik et al. (2018) for optoelectronic, photocatalytic and biological application.
Antibacterial activity towards gram positive and gram negative strains was investi-
gated using the composite and bacterial cell wall destruction was observed by
confocal microscopic studies.

2.5.2.5 Carbon Based Composites of ZnO

Similar to the case of TiO2, it was found that a combination of carbon-based
nanostructures with ZnO helped in improving the antimicrobial efficiency.

Fig. 2.11 (a) FESEM images of ZnO/Fe3O4 (b) Antibacterial activities toward E. coli over
ZnO/Fe3O4 samples under visible light irradiation. (Sin et al. 2018), (c) FE-SEM and TEM
image of the fabricated ZnO/TiO2 nanofibers & EDS mapping images of the composite nanofibers
with Zn element, Ti element, and Zn–Ti elements and (d) Graph of % survival of S. aureus after
treatment with control, TiO2 nanofibers, and ZnO/TiO2 nanofibers in the absence and the presence
of UV light irradiation at 312 nm for 30 second. The number of bacterial colonies on the untreated
Petri dish surface under the dark conditions was defined as 100%. (Hwang et al. 2011)
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ZnO-Graphene hybrid was fabricated by Kavitha et al. (2012) by an in-situ thermal
decomposition process and exhibited an excellent antibacterial effect towards E.coli.
Lefatshe et al. (2017) and coworkers modified the ZnO with nanocellulose structures
and demonstrated the effective antibacterial effect towards S.aureus and E.coli. A
combination of Ag nanoparticle and g-C3N4 was utilized to modify ZnO
nanoparticles by a one pot hydrothermal route for the purpose of photocatalytic
disinfection towards E. coli (Adhikari et al. 2015). Synergistic effect of Ag and ZnO
nanoparticles anchored on the g-C3N4 sheets was ascribed to the disinfection of
E. coli under light and dark conditions. Carbon quantum dots, a cost effective
material, are another class of carbon material which has a unique property in terms
of up conversion of photoluminescence which makes the material, an efficient
sunlight active photocatalyst (Li and Cao 2011). In-situ sol gel chemistry was
applied for the fabrication of carbon quantum dots modified ZnO nanorods by
Kuang et al. (2019), and the resultant material was able to kill ~96% bacteria
under visible light irradiation even at low concentration (0.1 mgL�1). The carbon
quantum dots s for the carbon quantum dots -ZnO composite, was synthesized by an
electrochemical route. Due to the improved charge separation efficiency of the
carbon quantum dots s and the reactive oxygen species generation, antibacterial
efficiency of carbon quantum dots -ZnO nanorod was three to four times higher than
that of ZnO.

2.5.3 Copper (II) Oxide (CuO)

Copper (II) oxide is a p-type semiconductor with a band gap ranging from 1 to 2 eV
and hence it is a visible light active photocatalyst. Due to this property it can be used
as photocatalysts, photoelectrodes, antimicrobial substrate etc. CuO possess a mono-
clinic crystal structure, with an indirect band gap and it has a carrier diffusion length
of 200 nm with an absorption depth of 500 nm. (Masudy-Panah et al. 2018).
Considering photocatalytic based the bacterial disinfection property of CuO, it is
cheaper than silver and can be synthesized with high surface area and interesting
surface morphologies. This helps to one to tune the antimicrobial efficacy of the CuO
surface and bring to a commercial scale. However due to high charge carrier
recombination rates of CuO, the efficiency remains low and restricts it commercial
utility.

Yousef and coworkers investigated the photocatalytic pathogenic effect of
CuO/TiO2 nanostructures fabricated by electrospinning route. The efficient charge
separation in TiO2–CuO heterojunction followed by accumulation of
photogenerated electrons and holes in the conduction band and valence band
respectively of CuO leads to the formation of reactive oxygen species (convert
O2 to O��

2 and OH� to OH.). These reactive oxygen species attack the outer
membrane of K. pneumonia, and partially disintegrate the intact structure of the
membrane. Due to the partial disintegration the surface charge of the bacterial cells
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were negative and presence of Cu2+ enhanced the electrostatic force leading to
complete destruction of bacterial cells. Akhavan and Kaderi developed CuO and
reduced CuO (Cu) nanoparticle immobilized silica thin films for photocatalytic
antibacterial applications especially E. Coli disinfection (Akhavan and Ghaderi
2010). It was observed that Cu nanoparticle with slight under layer of CuO layer
showed ~63% improvement in the photocatalytic inactivation process and the
improved activity is assigned the improved charge transfer process. Later Akhavan
developed CuO/Cu(OH)2 hierarchical nanostructures and studied the bacterial dis-
infection efficacy under sunlight illuminated conditions (Akhavan et al. 2011). It was
observed that the chemical composition and surface density were the dominating
factors which affected the bacterial disinfection under illumination. Presence of
small amount of Cu(OH)2 played an important role in OH� adsorption and this
boosted the photocatalytic process. Eswar and coworkers studied the photocatalytic
and photoelectrocatalytic (PEC) degradation of bacteria (Eswar et al. 2018b) using
photoconductive network structured CuO. As observed in the previous reports,
photocatalytic process has dramatically improved the disinfection process compared
to the dark conditions. When PEC was employed for the disinfection process and
synergetic effect of electrocatalysis and photocatalysis was observed and as a result
the time for ~100% bacterial destruction was reduced to 30 minutes. A comparison
of antibacterial efficiency of CuO network structures is shown in Fig. 2.12.

A brief over view of the different semiconductor materials and it different
combinations employed for photocatalytic disinfection process is shown in
Table 2.1.

Fig. 2.12 Antibacterial
activity by photocatalysis,
electrolysis, electrocatalysis
and photoelectrocatalysis
using CuO-CSA and
tetracycline (AB antibiotic,
BAC bacteria, PC
Photocatalysis, EL
Electrolysis, EC
Electrocatalysis, PEC
Photoelectrocatalysis).
(Reproduced with copyright
from Elsevier Eswar et al.
(2018b))
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Table 2.1 List different semiconductor based photocatalysts employed for bacterial inactivation
under different light sources

Photocatalysts Pathogen Light source Reference

TiO2 E. coli UV Wei et al.
(1994)

TiO2 film G. Lamblia UV Lee et al.
(2004)

Fe3+ doped TiO2 E. coli UV Trapalis
et al. (2003)

Sn4+ doped TiO2

thin films
E. coli and S. aureus UV Sayılkan

et al. (2009)

TiO2 � x � 3yN2y

film
P. Aeruginosa Sun light and room

light
Raut et al.
(2012)

TiO2- RGO E. coli Sunlight Akhavan
and Ghaderi
(2009)

P-25 TiO2-RGO
composite
electrodes

E. coli, P. Aeruginosa Simulated light Yin et al.
(2013)

Au-TiO2

p25-RGO
composite

Fungal cells Simulated sun light He et al.
(2013)

C-doped TiO2 S. aureus, Shigella flexneri, and
Acinetobacter baumannii

Visible light Cheng et al.
(2009)

ZnO nanofluid E. coli UV light Zhang et al.
(2008)

ZnO-PVC film E. coli and S. aureus UV light Li et al.
(2009)

ZnO nanoparticle
suspension

Escherichia coli O157:H7, Listeria
monocytogenes ATCL3C 7644
and Botrytis cinerea

Visible light Kairyte et al.
(2013)

ZnO/SnO2

nanocomposite
thin films

E. coli, ATCC 25922 UV light Talebian
et al. (2011)

ZnO-GO
composite

Escherichia coli K-12 Visible light Wu et al.
(2015)

Sulphonated
GO-ZnO-Ag

E. coli Visible light Gao et al.
(2013)

Ag@ZnO
coreshell
nanostructures

Vibrio cholerae Sunlight Das et al.
(2015)

Pd incorporated
ZnO nanoparticles

E. coli Laser beam Khalil et al.
(2011)

Fe doped ZnO Multidrug resistant Escherichia
coli

UV and solar light Das et al.
(2017)

Immobilized
CuO/CoFe2O4-
TiO2 thin-film

E. coli Simulated sunlight Yan et al.
(2011)

(continued)

2 Photo-Assisted Antimicrobial Activity of Transition Metal Oxides 53



2.6 Summary

In summary, the physico chemical process involved in the photocatalytic
antibacterial activity of transition metal oxide based semiconductors is discussed
in the present chapter. TiO2, ZnO and CuO were chosen as the model semiconduc-
tors for discussion which are coming under the class of cost effective, abundant and
stable semiconductors and can be upscaled for commercial utilization. Different
strategies adopted for the enhancement of the antibacterial activity of these metal
oxides are classified and discussed. The main strategies include nanostructuring,
doping, composites, metal loading and modification with advanced materials. Thus
morphological, electronic and optical tuning can influence the bacterial inactivation
by photocatalytic means. The present chapter is indent to provide a brief idea of
photo assisted antibacterial activity of transition metal oxides for graduates and entry
level researchers working in this area.
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Chapter 3
Metal and Metal Oxide Nanomaterials
for Wastewater Decontamination

Mohd. Tauqeer, Mohammad Ehtisham Khan, Radhe Shyam Ji,
Prafful Bansal, and Akbar Mohammad

Abstract There is an unremarkable development in human life by industrialization
and modernization which consequences the harmful contamination in the fresh
water. This contamination is rapidly growing by the use of a variety of organic
dyes, inorganic and other harmful pollutants like chemicals, pesticides, soil erosion,
etc. which causes the quality of fresh and clean water continuously degraded. To get
an access of clean water removal of contaminants is a major challenge for the water
industries. It is a high demand to develop useful material in water treatment with
high separation capacity, low-priced, porosity, and recyclability. Adsorption, coag-
ulation, oxidative-reductive degradation and membrane separation, etc. have been
developed for water/waste water treatment. Adsorption is found to be one of the
most widely used method in water treatment. Variety of different adsorbents and
their hybrids are used for the removal of pollutants from water. Recently, investiga-
tion on remediation of water involves the use of nanomaterials with high purifying
capability. Metal and metal oxide nanomaterials are one of the important and
excellent reagents for the decontamination of water/waste water treatment. The
present chapter is a compilation of various adsorbents based on metal and metal
oxide nanomaterials for decontamination of water/waste water available till date.
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3.1 Introduction

Amongst the abundant natural resources on earth, water is found to be affecting all
section of human life and it is found that about 1% of water is used in human
consumption (Grey et al. 2013; Adeleye et al. 2016). However, contamination of
fresh water is rapidly growing due to use of various organic/inorganic pollutants
(Schwarzenbach et al. 2006; Ferroudj et al. 2013). It is mentioned in reports that
around 1.1 billion people do not get clean water all over the world which is
continuously decreases with increase in population and contamination of fresh
water by variety of organic/inorganic pollutants (Adeleye et al. 2016; Leonard
et al. 2003; Ashbolt 2004; Hutton et al. 2007; Wigginton et al. 2012; Ritter et al.
2002; Fawell and Nieuwenhuijsen 2003; Rodriguez-Mozaz et al. 2004; Falconer and
Humpage 2005; Wang et al. 2009a, b). The inorganic/organic pollutants come from
different industries mainly paper, textiles, leather cosmetics, printing, dye and metal
processing industries. Contamination of these pollutants potentially affects the
access to get clean water because removal of these contaminants is very difficult
as these are highly stable and affect the aquatic life (Liu et al. 2012; Tian et al. 2013;
Jia et al. 2013; Pereira and Alves 2012; Gajda 1996; Ivanov 1996; Kabdaşli et al.
1996; Bensalah et al. 2009; Wróbel et al. 2001; Dawood et al. 2014; Wong et al.
2004; Hoffmann et al. 1995; Robles et al. 2013; Clarke and Anliker 1980). Danger-
ous results have already seen due to these contaminations of pollutant in water
although the exact amount of pollutants is not known (Robles et al. 2013; Clarke and
Anliker 1980; Mishra and Tripathy 1993; Banat 1996; Gupta et al. 1990; Malaviya
and Singh 2011; Bhatnagar and Sillanpää 2009). Production of high-quality drinking
water has been developed by the different water industries which still needed
improvement due to emergence of other contaminants like pharmaceutical products,
viruses etc.

Development of an appropriate material to be used for the purification of water is
achieved when the material posses high separation capacity, cheap, porosity, and
recyclability (Zelmanov and Semiat 2008; Anjum et al. 2016). Water treatment has
already been applied biologically but these are slow and limited process which
sometime causes toxicity to microorganism due to toxic agents (Daraei et al.
2013). Remediation of water has been adapted by different methods including
adsorption, coagulation, oxidative-reductive degradation and membrane separation
and so on which are used to remove the various pollutants (Dutta et al. 2001;
Moghaddam et al. 2010; Gao et al. 2012; Wang et al. 2006a, b). Adsorption
among them is most widely used method in water treatment process. Variety of
different adsorbents and their hybrids are used for the decontamination of water and
these material surfaces have high adsorption capacity (Wang et al. 2006a, b; Gandhi
et al. 2016; Upadhyay et al. 2014; Perreault et al. 2015). A big achievement has been
made in water treatment process by enhancing the properties of the catalyst, electro-
catalyst, photo electro-catalyst, and disinfection and desalination agent (Chatterjee
and Dasgupta 2005; Moo et al. 2014; Wang et al. 2013a, b; Mahata et al. 2007;
Chang and Wu 2013; Daer et al. 2015).
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In recent years, Nanotechnology has emerged as an important area for providing
materials that are useful for water decontamination treatment process by optimizing
their properties like their hydrophobic and hydrophilic character, high toughness,
high strength and porosity (Liu et al. 2014a, b; Ray and Shipley 2015; Tauqeer et al.
2020; Mohammad et al. 2018a, b). Metal or metal oxide-based nanomaterials are
broad area of inorganic nanomaterials that are useful in removing different pollutants
from water/waste water. Various metals-based nanoparticles/nanomaterials like sil-
ver nanoparticles, gold nanoparticles, iron nanoparticles, etc., and metal oxide-based
nanoparticles/nanomaterials like, ferric oxides, titanium oxides, magnesium oxides,
zinc oxides, cerium oxides, etc. are useful in removing different pollutants. Several
applicable categories of metal and metal-oxide nanoparticles are used in various
applications such as, disinfection of bacteria, dye sensitized solar cells, heavy metals
decontamination, purification of air, self-cleaning and the most important is water
treatment (Fig. 3.1) (Khan et al. 2020; Yunus et al. 2012; Yaqoob et al. 2020;
Mohammad et al. 2018a, b).

This chapter reviews and highlights the recent findings on the use of metal and
metal oxide based nanoadsorbents for water/wastewater treatment. However, this
chapter represents comprehensive review of the important field using limited number
of examples. Variety of adsorbents based on metal and metal oxide nanomaterials
have been listed to the best of our efforts in a controllable manner and their recycling
by focusing on the challenges of future research.

Application of 
Metal/Metal 

Oxides 
Nanoparticles

Treatment 
of heavy 

metals

Air 
purification

Self
Cleaning

Removal
of organic 

dyes

Disinfection 
of bacteria

Water 
Treatment

Fig. 3.1 Metal/metal oxide nanoparticles for various applications including water treatment
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3.2 Metal Based Nanomaterials in Water Treatment

Modernization and industrialization cause serious and harmful effect on human
society mainly by contaminating the water. Different pollutants used for the con-
tamination are heavy metal ions like Pb2+, Cd2+, Zn2+, Ni2+ and Hg2, organic
compounds like, phenols, dyes, benzene and bacteria, viruses, and so on. These
pollutants are mostly eliminated by adsorption technology because of its low cost,
high efficiency, and easy removal of pollutants. To enhance the absorption process,
improvement in adsorption capacity of nanomaterials is taken into consideration by
using various doping phenomenon which ultimately are used to remove various
contaminants from wastewater. Metal based nanomaterials emerge as one of the
beneficial agents for the effective waste water decontamination of pollutants. This
part briefly explains different types of metal based nano adsorbents mainly gold
nanomaterials, silver nanomaterials, iron nanomaterials, palladium nanomaterial,
platinum nanomaterials and zinc nanomaterials along with their hybrid adsorbents
for the decontamination of various pollutants.

3.2.1 Gold (Au) Based Nanomaterials

Among the various metal-based nanomaterials, gold nanomaterials are one of the most
widely used nanomaterials for the decontamination of different pollutant from waste
water (Tiwari and Paul 2015; Pantapasis and Grumezescu 2017). Interest in gold
nanoparticles (AuNPs) to be used as nanoprobes for the different pollutants like heavy
metals, organic pollutants and other pathogenic pollutants is continuously increasing
because of their high selectivity and high binding capacity (Koedrith et al. 2015;
Tamer et al. 2013). Jimoh et al. (2015) reported the selectivity for iron ion (Fe3+)
using nanogold-Schiff base chemosensor (l-thiolated Schiff base coating on gold
nanoparticles) in a mixture of water. Determination of cobalt ion (Co2+) in aqueous
solution is achieved using gold nanoparticles stabilized with S2O3

2� and
ethylenediamine (en) (Zhang et al. 2012a, b).

Gold nanomaterials for the decontamination of organic compounds are important
because of high toxicity of organic pollutants which affects the human badly.
Phenols are considered to be the most toxic organic contaminants in the environ-
ments (CDC 2011). Gold nanoparticles is used to reduce the p-nitrophenol to
4-aminophenol by excess of borohydride (Lin et al. 2013) and another study
(Lerma-García et al. 2014) uses Au/Al2O3 for this reduction in presence of NaBH4.

Gold nanoparticles (AuNPs) are known to exhibit good antibacterial effect
against both gram positive and gram-negative bacteria. As we have seen in literature
the biosynthesized gold nanoparticles are found to inhibit the growth of
Staphylococcus aureus, Basilus subtilus and E.coli (Khan et al. 2016). Without
external excitations, amine-functionalized gold and titanium dioxide nanoparticles
have shown excellent antibacterial excellent antibacterial effect for waste water
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treatment with presence of ammonium salts as a surfactant (Wan and Yeow 2012).
Polydopamine-functionalized poly (vinyl alcohol) microporous supported gold
nanoparticles are extreme efficient for waste water treatment to remove organic
pollutant (Li et al. 2019). Chitosan functionalized activated coke for gold
nanoparticles anchoring has been shown tremendous results towards pollutant treat-
ment of nitrophenol and azo dyes (Fu et al. 2019). Intercalating gold nanoparticles
and graphitic carbon nitride into graphene oxide (GNPs/g-C3N4/GO) membrane is
useful for removal of environmental pollutants (Qu et al. 2017). Rao and co-worker
reported Silver (Ag) and Gold (Au) nanoparticles (NPs), which is using an aqueous
extract of A. elaeagnoidea flower for the decontamination of Methylene Blue,
Congo Red and p-Nitrophenol (Manjari et al. 2017). Some of the gold-based
adsorbents are listed in Table 3.1 along with polluted species.

3.2.2 Silver (Ag) Based Nanomaterials

Silver nanoparticles (Ag-NPs) are now-a-days rapidly used in water filtration
because large numbers of reports mention the effects of silver nanoparticles in the
aquatic environment (Lu et al. 2016). Silver nanoparticles are considered to be good
antimicrobial agents in different aqueous solutions. Prevention of bio fueling is
achieved by killing and self-cleaning of membrane surface followed by incorpora-
tion of antibacterial silver nanoparticles and negatively charged carboxylic and
amine functional groups (Prince et al. 2014). Size control silver nanoparticle when
uniformly loaded onto the hierarchical nano columnar structures of zinc oxide. It is
showing very good photo degradation of formaldehyde in water (Liu et al. 2019).
Extraction of Ives cultivar pomace produces silver nanoparticles which is used as
auxiliaries in wastewater purification and shows 47% reduction in the bacterial count
of Escherichia coli on the disinfection of the wastewater (Raota et al. 2019). Rezayi
et al. reported the Bacillus sp. and Amaranthus sp. as an efficient natural source for
creation of biologically active silver nanoparticles (Bahrami-Teimoori et al. 2019).
Silver nanoparticles exhibit antibacterial activity towards suspension of Escherichia
Coli and Enterococcus Faecalisin water treatment. Ceramic material supported

Table 3.1 Different types of gold-based nanomaterial adsorbents and pollutants

S. No. Adsorbent
Polluted
species References

1 AuNPs functionalized by l-cysteine Cu2+ Wenrong et al. (2007)

2 Ag/AuNPs Cu2+ Lou et al. (2011)

3 Cit stabilized AuNPs Co2+ Raghav and Srivastava (2015)

4 AuNPs (green synthesis) Co2+, Ni2+ Annadhasan et al. (2015)

5 AuNPs using as stabilizer l-dopa,
(l-3,4-dihydroxyphenylalanine)

Mn2+ Narayanan and Park (2014)

6 AuNPs in presence of NaBH4 p-nitrophenol Lerma-García et al. (2014)
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silver nanoparticles also showed better filtration for waste water in house hold (Ren
and Smith 2013; Kallman et al. 2011; Oyanedel-Craver and Smith 2008). Degrada-
tion rate of polluting dyes, methyl orange, methylene blue and eosin Y by NaBH4

showing size effect of silver nanoparticles have been observed for removal of
pollutants from waste water (Vidhu and Philip 2014).

3.2.3 Iron (Fe) Based Nanomaterials

Recently, iron-based nanomaterials have drawn attention because of its ability to
reduce easily, high adsorption capacity, cheap, large surface area (Rivero-Huguet
and Marshall 2009) and are presented it as the most studied zero-valent metal
nanomaterials for the decontamination of various pollutants from water wastewater
(Matheson and Tratnyek 1994). Iron based nanomaterials are useful in removing
various contaminants from water, for example, chromium (VI) ion is removed by
iron hydroxide (Fe(OH)3) (Wang et al. 2014a, b), hydrogen peroxide (H2O2) and
iron(II) ion (Fu et al. 2014): Other contaminants’ which is removed by using zero
valent iron nanomaterials are halogenated compounds (Liang et al. 2014), nitrogen
containing aromatic compounds (Xiong et al. 2015), dyes (Hoag et al. 2009),
phenols (Wang et al. 2013a, b), metals (Arancibia et al. 2016), phosphates (Marková
et al. 2013), nitrates (Muradova et al. 2016), metalloids (Ling et al. 2015),and trace
elements (Ling et al. 2015). Recently, iron-based nanomaterials are also used in soil
treatment (Gueye et al. 2016).

Apart from many usefulness, iron-based nanomaterials have the limitations to
aggregates, oxidizes and difficulty in separation which can be improved by modify-
ing the adsorbents by doping with other metal (Liou et al. 2005), matrix encapsula-
tion and emulsification (Stefaniuk et al. 2016). Iron based nanomaterials are
supposed to enhance its adsorbent properties by doping with other metals (Singh
and Misra 2015; Chen et al. 2011; Li et al. 2016; Lv et al. 2014; Berge and Ramsburg
2009). Biogenic iron and Nickel(Ni)-Iron(Fe) nanoparticles prepared using
Terminalia bellirica extracts from water and these nanoparticle played role for
polyphenolsin the plant extract as a reducing and capping agent (Yang et al. 2005;
Kumpiene et al. 2008; Mueller et al. 2012; El-Temsah et al. 2013; Gunarani et al.
2019). Few of the iron-based nanomaterials as adsorbents are shown in Table 3.2.

3.2.4 Palladium (Pd) Based Nanomaterials

Altamimi research group have reported the photocatalytic degradation of Rhoda-
mine B in an aqueous medium over these photocatalysts enabled disclosures show-
ing the effect of palladium nanoparticles nature on the photocatalytic activity
(Alshammari et al. 2019). Polyethyleneimine stabilized palladium nanoparticles
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(Pd NPs) have shown great result as catalysts for water treatment for removal of
4-nitrophenol (Cui et al. 2019).

3.2.5 Platinum (Pt) Based Nanomaterials

Platinum nanoparticles measure the concentration of ammonia in artificial and real
waste water samples showing its excellent selectivity, sensitivity, and capacity (Ning
et al. 2017) Granger research group shows the physico-chemical properties of
platinum nanoparticles, by dispersing homogenously on alumina framework and
acting as catalytic active in purification of water (Sekhar et al. 2018).

3.2.6 Zinc (Zn) Based Nanomaterials

Zinc based nanomaterial has also been considered as an alternative for iron
nanomaterials. Dehalogenation reactions are considered to be the main application
of nano-zero-valent zinc. The nano-zero-valent zinc has been utilized for CCl4 and
octachlorodibenzo-p-dioxin removal from waste water treatment via dehalogenation
process (Tratnyek et al. 2010). Owija and co-worker have reported zinc
nanoparticles were used for the decontamination of acid red dye in real wastewater
sample, and results showed the high removal efficiency (Bokare et al. 2013). The bio
carrier containing zinc nanoparticles in bio film reactor have performed better for
textile waste water treatment (Wang et al. 2018; Salam et al. 2019).

Table 3.2 Different types of iron-based nanomaterial adsorbents and pollutants

S. No. Adsorbent Polluted species References

1 Nanoscale zero-valent iron with
polyphenols

Bromothymol blue Hoag et al. (2009)

2 Pd-Fe NPs modified with PMMA, PAA
and CTAB

2,4-Dichorophenol Wang et al. (2013a, b)

3 Zeolite and montmorillonite
functionalized with nanoscale zero
valent iron

Pb2+ Arancibia et al. (2016)

4 Magnetic bimetallic Fe-Ag
nanoparticles

Microorganism
and phosphorus

Marková et al. (2013)

5 Iron based nanomaterials and Fe/Cu
nanomaterial

Nitrate ion+ Muradova et al. (2016)

6 Iron based nanomaterials Uranium+ Ling and Zhang (2015)

3 Metal and Metal Oxide Nanomaterials for Wastewater Decontamination 69

https://www.sciencedirect.com/topics/chemical-engineering/nanoparticles


3.3 Waste Water Decontamination by Metal Oxide
Nanomaterials

Development of nanotechnology in the field of waste water decontamination con-
tinuously emerges as one of important area of research. The main pollutants namely
toxic metal ions, organic pollutants and microorganisms in water treatment process
can be removed by different nanomaterials in particular by metal oxide
nanomaterials. Recently, metal oxide nanomaterials are on its way to develop an
efficient and economical reagent to clean the waste water pollutants (Fei and Li
2010). Remediation of water by metal-oxide nanomaterials is due to their variable
properties and stable valences, high surface area and variable electronic configura-
tion. This chapter includes the current advances on the use of metal-oxide based
nanomaterials (TiO2, Fe2O3, ZnO, CeO2 and Al2O3) in waste water decontamina-
tion. Some of the important metal oxide nanomaterials and their derivatives as
adsorbents have been discussed below with the improving adsorbent properties in
detail.

3.3.1 Titanium Dioxide (TiO2) Nanomaterials

Titanium dioxide (TiO2) is one of the important and widely used photocatalyst for
water treatment (Nolan et al. 2009; Hu et al. 2013; Oh et al. 2003). Titanium dioxide
is important decontaminating agent for the degradation and removal of organic dyes
and other organic contaminants because of its high photo-catalytic activity, cheap,
non-toxicity and high stability (Zhou et al. 2011; Akpan and Hameed 2009; Lydakis-
Simantiris et al. 2010; Shinde et al. 2017). Among the three different polymorph
anatase, rutile, and brookite, the Degussa P- 25 photocatalyst (mixture of anatase and
rutile titanium dioxide) exhibited high photocatalytic activity for the degradation of
organic dyes compared to other forms of titanium dioxide, uses commercially (Zhou
et al. 2012a, b; Hou et al. 2015). Titanium dioxide nanoparticles exhibits low
selectivity and are able to degrade various pollutants, like chlorinated compounds
(Ohsaka et al. 2008), polycyclic aromatic hydrocarbons (Guo et al. 2015), dyes (Lee
et al. 2008), phenolic compounds (Nguyen et al. 2016), pesticides (Alalm et al.
2015), arsenic (Moon et al. 2014), cyanide (Kim et al. 2016), and heavy metals
(Chen and Guoetal 2016).

Recently, efficiency of photocatalytic activity of titanium dioxide nanomaterials
for waste water treatment is continuously improving either by modifying the mor-
phology with increase in surface area and porosity or by modifying chemically with
the incorporation of various semiconductor, doping of metal ion/non-metal ion
(Jiang et al. 2006), co-doping with foreign ion (Li et al. 2012) and noble metal
deposition and combination with electron acceptor materials (Pelaez et al. 2012).
Degradation of phenol is achieved by Fe(III)-doped titanium dioxide nanoparticles
under solar light irradiation (Nahar et al. 2006). Noble metals like Ag, Au, Pt and Pd
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and Si, Fe are used to modify the titanium dioxide nanomaterial that enhances its use
as waste water decontaminating agent. For example, removal of 2–chlorophenol in
aqueous phase was achieved by Co-doped titanium dioxide nanomaterial catalyst
(Barakat et al. 2005). Rare earth Pr-doped titanium dioxide nanomaterials shows
good photocatalytic activity to degrade the phenol (Chiou and Juang 2007) Shah
et al. (2002) investigated the metalloorganic chemical vapor deposition method to
synthesize pure titanium dioxide and Pd2+,Nd3+, Pt4+ and Fe3+-doped titanium
dioxide nanoparticles and their photocatalytic activity to degrade-chlorophenol in
UV light suggesting the position of dopants in the nanomaterials.

The photo degrading properties of titanium dioxide nanomaterials are used to
remove various microorganism like bacteria (Gram-negative and Gram-positive),
fungi, algae, protozoa, and viruses (Foster et al. 2011). Disinfection of wastewater
can be achieved when titanium dioxide nanoparticles is used as dopant. For example,
sulphur-doped titanium dioxide exhibits visible -light-induced antibacterial effect
(Yu et al. 2005), while Fe- doped titanium dioxide sol-gel electrode is shown to
exhibit higher photo electrocatalytic disinfection of E. coli compared to the disin-
fection by the corresponding undoped electrode (Egerton et al. 2006). Different
adsorbents using titanium dioxide for the removal of different contaminants are
listed in Table 3.3.

3.3.2 Iron Oxide (Fe2O3) Nanomaterials

Another important metal oxide nanomaterial for the decontamination of water is iron
oxide nanomaterial due to good sorption capacity, low cost, high removal capability
and easy isolation (Li et al. 2003; Oliveira et al. 2004). Recent investigation on iron-
based nanomaterials clearly showed its excellent adsorption capacity for decontam-
ination of metals, inorganic and organic pollutants (Hai and Chen 2001; Onyango
et al. 2003; Oliveira et al. 2004; Herrera et al. 2001; Wu et al. 2004, 2005) Fe2O3 and
Fe3O4 is the most common iron nanomaterial used as an adsorbent for the decon-
tamination of water (Takafuji et al. 2004; Wu et al. 2005). Various parameters have
been dealt with iron oxide nanomaterial for the decontamination of metal ions
(Takafuji et al. 2004; Cornell and Schwertmann 2003). For example, Shen et al.
(2009) reported the adsorption efficiency of Ni2+, Cu2+, Cd2+ and Cr6+ ions by Fe3O4

nanoparticles and shows strong dependency of different parameters like pH, tem-
perature, the adsorbent species and the incubation time.

As far as removal mechanism is concerned for the decontamination of pollutants
different mechanism is used because of variable oxidation state of these
nanomaterials (Tang and Lo 2013). For instance, phosphate isolation in aqueous
phase has been investigated using iron oxide nanomaterial (Yoon et al. 2014).
E. Petala et al. (2017) report the mechanism for the isolation of arsenic using
nanocomposite of magnetic carbon nanocages (iron oxide based). Another study
by Cao et al. (2012) explained the mechanism for the decontamination of As(V) and
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Cr(VI) using α-Fe2O3 nanostructures which is thought to start with electrostatic
attraction of α-Fe2O3 and As(V),/Cr(VI) ions for surface bonding.

Decontamination of organic pollutants have also been used by iron oxide
nanomaterials because of efficient and easy isolation by external magnetic field,
cheap, high removal capacity, insensitive to toxic contaminants (Xu et al. 2012;
Nizamuddin et al. 2019) and is thought to proceed by the interaction with surface
followed by diffusion of pollutant species on active sites of the functional group
(Hu et al. 2011; Zhao et al. 2010). Previously, use of iron oxide based nanomaterials
for the decontamination of organic pollutants like carbon tetrachloride (CCl4),
trichlorobenzene (C6H3Cl3), 1,1-dichloro ethane (C2H2Cl2), hexachlorobenzene
(C6Cl6), lindane (C6H6Cl6), DDT (C14H9Cl5), orange II (C16H11N2NaO4S),
tropaeolin O (C12H9N2NaO5S), n-nitro sodium ethylamine (C4H10N2O), chrysoidin
(C12H13ClN4), TNT (C7H5N3O6) etc. has been observed (Li et al. 2006a, b; Zhang
2003). Microbial decontamination of pathogenic bacteria by the use of iron oxide
nanomaterial have been demonstrated by a magnetic nanoparticle comprises of iron

Table 3.3 Different types of titanium oxide-based nanomaterial adsorbents and pollutants

S. No. Adsorbent Polluted species References

1 Ag-doped
TiO2

Toluene Li et al. (2010)

2 Nd doped TiO2 Methylene blue Yang et al. (2012a, b)

3 10 wt% MgO
doped TiO2

4-chlorophenol Pozan and Kambur (2013)

4 Bi & B,
co-doped TiO2

AO7, 2, 4-DCP Bagwasi et al. (2013)

5 Gd doped TiO2 Methyl orange Lv et al. (2011)

6 PANI/TiO2 Methylene blue/
rhodamine B

Radoičić et al. (2013)

7 C-doped TiO2

at 200 �C
Toluene Dong et al. (2011)

8 C-doped TiO2

at 500 �C
Toluene Dong et al. (2011)

9 C-self-doped
TiO2 sheets

Methylene blue Wu et al. (2009)

10 N-TiO2 at
500 �C

Methylene blue/
4-chlorophenol

Wu et al. (2009)

11 N-doped TiO2 Methylene blue,
phenol, Lindane

Nolan et al. (2012), Diker et al. (2011), Cheng
et al. (2012), Senthilnathan and Philip (2010)

12 C–N co-doped
rod-like TiO2

Methylene blue Yu et al. (2011)

13 B-doped TiO2 Methylene blue Zheng et al. (2011)

14 C, S, N and Fe
doped TiO2

Rhodamine B Yang et al. (2009)

15 N, S-TiO2,
500 �C

Methyl orange Ju et al. (2013)
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oxide/titania (Fe3O4@TiO2) core/shell (Chen et al. 2008). The mechanism may
involve the adsorbent capacity to inhibit the cell growth targeted under low power
UV irradiation with a short period of time. Different types of pollutants and the iron
oxide-based adsorbents are shown in Table 3.4.

3.3.3 Zinc Oxide (ZnO) Nanomaterials

Zinc oxide nanomaterials is found another important and efficient metal oxide-based
nanomaterials in water treatment process due to their useful properties like environ-
ment friendly, variable oxidation state and efficient photocatalytic properties (similar
to titanium oxide nanoparticles because of almost same band gap energy) with the
advantage of its cheapness (Janotti and Van deWalle 2009; Reynolds et al. 1999;
Chen et al. 1998; Schmidt-Mende and MacManus-Driscoll 2007; Daneshvar et al.
2004; Behnajady et al. 2006; Gomez-Solís et al. 2015; Singh et al. 2013a, b, c).

Various strategies have been used for the improvement of zinc oxide
nanomaterials for the decontamination of water/waste water such as metal doping
including anionic, cationic, rare earth etc. (Lee et al. 2016), coupling with other
semiconductor like CdO (Samadi et al. 2014), CeO2 (Liu et al. 2014a, b), SnO2

(Uddin et al. 2012), TiO2 (Pant et al. 2012), graphene oxide (Dai et al. 2014) and
reduced grapheme oxide (Zhou et al. 2012a, b). For example, use of transition metal/
non-metal doping (Lu et al. 2011; Hsu and Chang 2014), and loading with noble
metal (Yin et al. 2012) have been summarized to modify the band gap electrically
conductive support is used to improve the photocatalytic efficiency of Zinc oxide.
Ba-Abbad et al. (2013) reported the preparation of Fe doped Zinc oxide matrix by
sol-gel method with improved photocatalytic activity by introducing the ferromag-
netism to the host material ad changed the lattice constant and optical property. Co
and Mn as dopants have been reported by (Ekambaram et al. 2007) to increase the
mobility of charge carrier. Graphene based nanocomposites is used to enhance the
photocatalytic activity of zinc oxide nanoparticles in water treatment by limiting
electron/hole recombination and by preventing corrosion and leaching of metal
oxide nanoparticle into water (Xu et al. 2011; Mohammad et al. 2018a, b). Other
important adsorbents of zinc oxide nanomaterials for the remediation of different
pollutants have been listed in Table 3.5.

3.3.4 Aluminium Oxide (Al2O3) Nanomaterials

Aluminium oxide nanomaterials have been used for the decontamination of heavy
metals, defluorination, nitrate removal and dyes (Ahmad et al. 2017). Carbon
nanotubes (CNTs) on micro-sized Al2O3 adsorbent is used in the decontamination
of Pb2+, Cu2+, and Cd2+ fromwater following adsorption order as: Cd2+ < Cu2+ < Pb2+

(Hsieh and Horng 2007). Afkhami et al. (2010) shows the decontamination of Cd(II),

3 Metal and Metal Oxide Nanomaterials for Wastewater Decontamination 73



Cr(III) and Pb(II) ions from waters through nano alumina modified with
2, 4-dinitrophenylhydrazine. Another study reports that the iron oxide–alumina
mixed nanocomposite fibre is used for the decontamination of Cu2+, Pb2+, Ni2+ and

Table 3.4 Different types of iron oxide-based nanomaterial adsorbents and pollutants

S. No. Adsorbents Polluted species References

1 Magnetic iron–nickel oxide or (MnO2/
Fe3O4/MWCNT)

Cr(VI) Wei et al. (2009),
Luo et al. (2013)

2 Fe3O4-humic acid nanoparticles Pb(II), Hg(II), Cu(II) Cd
(II)

Liu et al. (2008a)

3 Fe2O3/biochar or Iron oxide–based car-
bon aerogel

As(V) Zhang et al.
(2013), Lin and
Chen (2014)

4 Magnetic chitosan Pb(II) Liu et al. (2008a,
b)

5 Mesoporous iron oxide carbon
encapsulates

As(V) Wu et al. (2012)

6 Ascorbic acid-Fe3O4 As3+, As5+ Feng et al. (2012)

7 DMSA-Fe3O4 Co2+,Cu2+,Cr3+, Ni2+,
Cd2+, Pb2+, As3+

Singh et al.
(2011a, b)

8 Fe3O4-ZnO nanoparticle/
nanocomposite/polymer modified
nanocomposite

Ni2+, Cu2+, Cd2+, Co2+,
Pb2+, As3+ Hg2+

Feng et al.
(2012), Singh
et al. (2013a, b, c)

9 Fe3O4@APS@AA-coCA Fe3O4 Pb2+, Cd2+, Zn2+ Cu2+ Singh et al.
(2011a, b)

10 Fe3O4–SiO2-poly(1,2diaminobenzene) Cu2+, As3+, Cr3+ Zhang et al.
(2012a, b)

11 EDTA-γ-Fe3O4@SiO2 /
Thiol-γ-Fe3O4@SiO2

Cd2+, Pb2+, Hg2+, As3+ Sinha and Jana
(2012)

12 Fe3O4/SiO2/Schiff base Pb2+, Cd2+, Cu2+ Bagheri et al.
(2012)

13 Iron oxide nanostructures Orange dye II Zhong et al.
(2006)

14 Mesoporous carbon iron oxide
nanocomposite

2,4-Dichloro phenoxy
acetic acid

Tang et al. (2015)

15 Amine/Fe3O4 functionalized with resin Methyl orange, reactive
brilliant red K-2BP, and
acid red 18

Song et al. (2016)

16 Fe3O4-loaded coffee waste hydrochar Acid red 17 Khataee et al.
(2017)

17 Magnetic carbon composite Malachite green Song et al. (2016)

18 Graphene/iron oxide 1-Naphthol and
1-naphthylamine

Zhu et al. (2014)

19 Activated carbon trapped on iron oxide/
graphene oxide/reduced grapheme
oxide-iron oxide hybrid

Methyl blue and methyl
orange

Luo and Xang
(2009), Yang
et al. (2012a, b)

20 Magnetic Fe3O4/C Methylene blue and cre-
sol red

Zhang and Kong
(2011)
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Hg2+ (Mahapatra et al. 2013). Activated Al2O3 loaded with alum at pH: 6.5 (Tripathy
et al. 2006) and nano-AlO(OH) at pH: 7 ha been used for the removal of fluoride ion
from water (Wang et al. 2009a, b). Further study by Bhatnagara et al. (2010) showed
the decontamination of nitrate from waters using alumina nanomaterials with the
sorption capacity 4.0 mg/g at optimum pH: 4.4.

Recently, functionalized Al2O3 membranes have been reported for water filtration
processes. For example, DeFriend et al. studied the fabrication of alumina ultrafilter
(UF) membranes which is showing high selectivity toward dyes. Removal of methyl
violet and malachite green from water is achieved by nano aluminium hydroxide
(Kerebo et al. 2016) and nano Al2O3 particle (Pathania et al. 2016). Few aluminium
oxide nanomaterials as adsorbents have been listed along with polluted species in
Table 3.6.

3.3.5 Cerium Oxide (CeO2) Nanomaterials

Rare earth oxides emerge as other adsorbents for the decontamination of arsenate,
fluoride and phosphate anions as well as for removal of arsenate, fluoride and
phosphate anions (Hideaki et al. 1987; Tokunaga et al. 1995). Ceria among them
is considered to be important due to its unique properties like ease in conduction of
oxygen ion and increase in capacity to store oxygen (Trovarelli 1996; Inaba and
Tagawa 1996). However, use of cerium oxide nanomaterials in water treatment is
rare, due to their costs involved. Although few adsorbents are used to remove

Table 3.5 Different types of zinc oxide-based nanomaterial adsorbents and pollutants

S. No. Adsorbents Polluted species References

1 ZnO Nano-assembly Cu2+, Pb2+, Co2+, Hg2+, Cd2+,
As3+, Ni2+

Singh et al. (2011a, b)

2 Mesoporous ZnO
nanorods

Pb2+, Cd2+ Kumar et al. (2013)

3 ZnO Nanorods Methyl Orange, Rh6G Ma et al. (2011), Kim and
Huh (2011)

5 Flower like ZnO Phenol Xu et al. (2009)

6 ZnO (Nano-disks) Methyl Orange Zhai et al. (2012)

7 ZnO (porous
octahedron)

Methyl Orange Zheng et al. (2009)

8 ZnO (flower like
assembly)

MB, RhB Singh et al. (2013a, b, c)

9 1% Ag-doped ZnO Methyl Orange Yildirim et al. (2013)

10 Cu-doped ZnO Resazurin Mohan et al. (2012)

11 Mn doped ZnO Nano-
assembly

MB Barick et al. (2010)

12 Co doped ZnO RhB Qiu et al. (2008)
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various contaminants using cerium-based nanomaterials like Carbon nanotubes
(CeO2-CNT) (Peng et al. 2005) or on aligned carbon nanotubes (CeO2-ACNTs)
supported by cerium oxide nanomaterials are effective in removing As(V) (Di et al.
2006).

3.4 Mechanism of Metal/Metal Oxide-Based Nanomaterials
Used in Waste Water Decontamination

Various methods such as coagulation, oxidation, adsorption electrochemical
methods, and bioremediation etc. have been used for the effective removal of
pollutants from water. Adsorption among them is one of the important and widely
used method for water/waste water treatment (Dutta et al. 2001; Moghaddam et al.
2010; Gao et al. 2012; Wang et al. 2006a, b; Gandhi et al. 2016; Upadhyay et al.
2014; Perreault et al. 2015). There are various nano sized metal and metal oxide
adsorbents for the effective removal of different contaminants from water (Yang
et al. 2019). Silver nanoparticles when added with ceramic filters have emerged as
the effective removal of Escherichia coli with high porosity (Kallman et al. 2011).
Gold nanomaterial is one of the important adsorbents for the decontamination of
mercury due to easy formation of AuHg, AuHg3, and Au3Hg (Zhang et al. 2016).

The basic mechanism of photocatalysis using metal and metal oxide nanoparticles
is shown in Fig. 3.2. The photocatalysis may involve the light absorption, electron-
hole pair generation, and the separation and free charge carrier-induced redox
reactions. Previous reports suggest that the nano-based photocatalysts can increase
the oxidation ability by producing oxidizing agents at material surface which helps
in degradation of pollutants in water (Yang et al. 2019; Shinde et al. 2017; Khan
et al. 2016; Moon et al. 2014; O’Carroll et al. 2013).

Zero-valent iron is one of the most extensively studied metal-based nanomaterials
for water treatment processes and discussed briefly with possible mechanism in this
part. Nanoscale zero valent iron (free nanoscale zero valent iron size less than
100 nm diameter) is a composite formed by Fe (0) and ferric oxide coating
(Fig. 3.3) (O’Carroll et al. 2013). Nanoscale zero valent iron particles reacted with
water and oxygen giving an iron (hydroxide layer which may lead to the formation

Table 3.6 Different types of aluminium oxide-based nanomaterial adsorbents and pollutants

S. No. Adsorbents
Polluted
species References

1 Alumina ultrafilter membrane Synthetic dyes DeFriend et al. (2003)

2 Alumina Nanofilter membrane Ca2+, Mg2+,
Cl�/SO4

2�
Stanton et al. (2003)

3 Pd-Cu/ γ –alumina NO3
� Chaplin et al. (2006)

4 Alumina-polyelectrolytes and citrate-
stabilized gold nanoparticles

4- nitrophenol Dotzauer et al. (2006)
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of core shell structure in aqueous solution (Nurmi et al. 2005; Li and Zhang 2007;
Sun et al. 2006). The oxide layer may allow the electron transfer from the metal to
reduce the contaminants. The electron transfer process may be achieved indirectly by
various bands (conduction, impurity, localized), or directly through defect processes
or by sorption or structural Fe2+ (Li et al. 2006a, b). The outer (hydroxide layer may
also function as an adsorbent for various contaminants,

Metal oxide based nonmaterial’s is found to be another important adsorbent used
for the decontamination of water/waste water due to their high removal efficiency
and selectivity. Manganese oxide-based nanomaterials with its high surface area
contributes high adsorption capacity and M–Oδ+ and M–Oδ� units on manganese
oxide surface enhances the sorption of pollutants (Mukherjee et al. 2013).

Recently, degradation of pollutants by photocatalysis has emerged as one of the
important technologies in waste water treatment. The possible principle involve in
photocatalysis is that photocatalyst absorb a photon of light energy equal to or
greater than the photocatalyst band gap energy which causes electron/hole pair

Waste 
water

Treated 
Water

Metal/Metal 
Oxide 

Nanoparticles

Visible Light 
source

e-

h+

Eg

Photo-reduction

Photo-oxidation

Fig. 3.2 Basic Mechanism of metal and metal-oxide mediated photocatalysis under visible-light
irradiation
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formation. Generation of reactive molecules like hydrogen peroxide (H2O2), super-
oxide ion radical (O2�) and hydroxyl radical (OH.) may be achieved by the migra-
tion of electron/hole pair to the photocatalyst surface followed by reaction of
absorbed pollutants (Gaya and Abdullah 2008; Thongsuriwong et al. 2012; Pare
et al. 2009). It is believed that photocatalysis may involve the following steps;
(i) formation of hole by the promotion of electron from valence band to conduction
band (ii) Migration of excited electron and hole towards the surface (Wang et al.
2014a, b). (iii) Reaction of electron and hole with the electron donor and electron
acceptor due to the fact that the chemical potential of electron is +0.5 to �1.5 V
w.r.t. NHE which exhibit a strong reductive potential while the chemical potential of
hole is +1.0 to +3 V w.r.t. NHE which exhibit strong oxidative potential. The species
formed are extremely reactive and may involve in degradation of different pollutants
into harmless products. To better increase the photocatalysis of various adsorbents
separation of electron/hole pair should be higher along with ease of the charge
transfer.

Recent investigation from the last few decades suggested that metal oxide or
sulphide semiconductors are the important photocatalysts among which titanium
dioxide has been widely studied. Titanium dioxide photocatalyst having the large
band gap energy of 3.2 eV excited to induce charge separation within the particles
under ultraviolet (UV) region. Titanium dioxide under UV irradiation leads to the
generation of reactive oxygen species that can degrade the contaminants completely

Fig. 3.3 Core shell nano-structure of zerovalent iron (nZVI) describing several mechanisms for the
elimination of chlorinated compounds. (Reproduced with permission from (O’Carroll et al. 2013).
Copyright Elsevier, 2013)
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in very short reaction time (Fig. 3.4) (Moon et al. 2014). On the other hand, hydroxyl
radicals which may be formed in the photocatalytic process enable titanium dioxide
nanoparticles to affect various cells (Mills and Le Hunte 1997).

3.5 Conclusion and Future Perspective

Present chapter describes the water treatment process which still needed develop-
ment of more advanced materials to get clean water. Adsorbents process is found to
be the effective process in water treatment. In this regards, various advanced
adsorbents have been developed in water treatment process. Remediation of water
is mainly depending on material properties and its types which can be used to
enhance the removal efficiency. Nano based adsorbents is emerged as the important
candidate for the decontamination of water and various nanomaterials based
adsorbents have already been reported in water treatment process. Metal based
nanomaterial and metal oxide-based nanomaterials are used now a day with
increased purifying capability, cheapness and selectivity. Various metal and metal
oxide-based nanomaterials as adsorbents have been known and discussed for the
efficient decontamination of different pollutants from water/ waste water and
emerged as one of the most advanced and useful material for the purification of
water. However, some limitations are found like these adsorbents may contaminate
the water / waste water during sample treatment processes which can seriously affect
the environment and human being. In conclusion, advanced materials are still
needed to develop in water treatment process with less toxicity, cheap and maximum
removal capability of pollutants.
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Chapter 4
MoS2 Based Nanocomposites for Treatment
of Industrial Effluents

Manjot Kaur, Unni Krishnan, and Akshay Kumar

Abstract Water pollution due to various industrial pollutants is a major threat for
safe environment. Conventional methodology for removal of these pollutants is
hindered by various obstacles. However, photocatalysis has been considered by
many industries as solution for removal of these pollutants because of its advanta-
geous features. Semiconductor transition metal dichalcogenides with unique prop-
erties are gaining lot of interest as photocatalyst. Molybdenum disulfide (MoS2)
from metal dichalcogenide family is promising for photocatalysis due to existence of
direct band gap but it possesses some limitations such as lack of emission, high
recombination and stacking faults. MoS2 based nanocomposites overcome these
limitations and has a great degradation efficiency for degrading all major pollutants
and dyes.

This chapter reviews the emerging trends and various combinations of MoS2
based nanocomposites utilised for wastewater treatment. The major pollutants are
the industrial wastes of azo and nitroaromatic based compounds. MoS2 based
nanocomposites like SnO2/Ag/MoS2, MoS2/GO and MoS2 /TiO2 have exhibited
degradation efficiency of ~ 90% against 2,4-diclorophenol (DCP), 99% against
methylene blue and 99.35% reduction in 4-nitrophenol respectively. A comprehen-
sive review of mechanism followed by nanocomposites for degradation is also
elucidated in this chapter. Most of their degradation mechanism followed a
Z-scheme or heterojunction formation, which showed high results. Additionally,
PANI@MoS2 nanocomposites has good removal rate against heavy metals like Cr
(VI). This chapter also discusses various factors which effect the photocatalytic
property. Degradation efficiencies are dependent on factors like bandgap, phases and
morphology. The photocatalytic efficacy is attributed to OH⦁ and ⦁O2

� radicals,
which affects reusability and efficiency. Finally, the chapter also provides an insight
into constraints in photocatalysis and the advantages of MoS2 based nanocomposites
to overcome the same.
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4.1 Introduction

Increase of consumption capacity and population of world has escalated energy
demands and amount of toxics and pollutants released into the environment. Textile
industry expels out more than 10,000 different types of dyes and chemicals account-
ing to 700,000 tonnes globally. Water is used in every segment of its utilisation and
cleaning which is later disposed as wastewater. Various methodologies are adhered
to treat the outlet from various industries into general water and air medium. Dyes
and chemicals in wastewater from textile industry, tanning industry and paint
industry should be treated before expelling it into open source. This wastewater is
treated by methods like adsorption (ONG et al. 2008), biodegradation (Casas et al.
2007) and photocatalytic oxidation (Hu et al. 2014). Various method used for
removal of pollutants are shown in Fig. 4.1. The cost effectiveness, reusability,
ease of operation, and non-toxicity of bi-products / resultants are few parameters
which decide on selection of methodology for wastewater treatment process.
Photocatalysis procedure which has all the above advantages along with usage of
free source of energy i.e. sunlight has always been the favourite for waste water

Fig. 4.1 Methodologies for removal of industrial pollutants. (‘Reprinted with permission of
Elsevier’ from Reference Nidheesh et al. 2018)
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treatment. Additionally, catalytic behaviour of these photocatalytic materials also
assisted in resolving energy crises by assisting in H2 production. Semiconductors
which has the ability to transfer electrons from valency layer to conduction layer by
absorbing small amount of photons, are established to be the favourite. Thus,
photocatalytic materials were explored to obtain maximum degradation efficiency
for multiple chemicals. Transitional metal dichalcogenides consisting of molybde-
num disulfide (MoS2), tungsten disulfide etc., which has excellent semiconductor
characteristics, are investigated extensively in this decade, because of their promis-
ing results and ease of preparation.

Unlike graphene, MoS2 is a prominent member of transitional metal
dichalcogenides which is expected to replace graphene as it has an ability to
transform from indirect bandgap to direct band gap on change of bulk to nanostruc-
ture. MoS2 has already been a successful as photocatalyst in degradation of polluted
water of textile industry, desulphurisation and decomposition of pollutants from
refineries and degradation of toluene, nitric oxide (NO) removal for air purification.
Thus, MoS2 is deemed to be a solution for wastewater treatment and energy
production (Abinaya et al. 2018). Its other specific features like porous structure,
enlarged surface area with increased active sites, charge separation features in two
dimensional format has been the reason for its success as good photocatalyst.

However, MoS2 has a few drawbacks which hinder its full utilisation and
extracting the complete effectiveness. Few of its limitations are as listed below:

• The poor electronic conductivity of MoS2 effects the employing MoS2 as a
photocatalytic material (Li et al. 2014).

• The large interlayer spacing with an weak interlayer bonding will promote MoS2
nanosheets into a thick form which is unfavourable for photocatalysis (Zeng et al.
2015).

• High electron hole recombination rate.
• Additionally, the formed MoS2 multi-layer nanostructures tend to agglomeration

or stacked multilayers on a substrate. This causes the reduction in efficiency due
to migration of charge carrier and photon absorption.

Numerous strategies have been formulated to enhance the photocatalytic effi-
ciency of MoS2. The successful methodologies included defect engineering, doping
with other active metals, deposition of noble metals and formation of semiconductor
heterostructures. However, formation of semiconductor heterostructure by coupling
with other semiconductors is evaluated to be highly effective in enhancing the
photocatalytic efficiency by effective transfer of charge pair and prohibiting the
recombination of photogenerated electro-hole pairs.

4.2 Classification of Pollutants

Pollutants which pollute water can be classified into natural and synthetic dyes as
shown in Fig. 4.2. The natural dyes are produced from animals and plants. Synthetic
dyes are man-made and can be further classified into non-Azo dyes and Azo dyes,
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which are major contributor for contamination. This class is further divided as per
their basic nature. Nitroaromatic compounds are extensively utilised in fungicides,
pesticides, plasticizers, and dyes. It is a major water pollutant in industrial effluents.
4-Nitrophenol (4-NP)— listed as a “priority pollutant” by the US Environmental
Protection Agency, makes substantial health and environmental risks, resulting in
toxicity and carcinogenicity. It is difficult to be removed by natural degradation and
is highly soluble in water.

Bulk MoS2 has a large size and small bandgap, which is unfavourable for
production of free hydroxyl radicals, on the contrary, nano sized MoS2 due to its
larger surface area displace excellent photo catalytic property. Additionally, modi-
fying MoS2 to a lesser number of layers is also reported to improve photocatalytic
property. The photocatalytic performance of MoS2 is a function of morphology,
particle size and bandgap. Photocatalytic property of MoS2 is influenced by its
optical and structural properties as it decides on the active sites and its defect state.
MoS2 is an active photocatalytic material in the visible range. Many researches have
reported its high degradation efficiency against various chemicals and dyes.
Photocatalytic property of MoS2 depends on type and number of elements in its
configuration, which can be classified into three forms namely pure MoS2,
Bi-functional elements and Ternary hybrid combination with MoS2. Further to
enhance its capabilities MoS2 nanocomposites were fabricated along with other
successful materials. Various examples of MoS2 based nanocomposites for
photocatalytic degradation are shown in Table 4.1. Few of these elements forming
nanocomposites with MoS2 are zinc oxide, carbon nitride, graphene etc. The success
rate of photocatalytic materials is governed by function that rate of recombination
should be slower and lesser than the electron capturing rate.

Fig. 4.2 Classification of various dyes. In this, azo dyes are extensively used in food, cosmetic,
pharmaceutical, textile and leather industries which account for nearly 60–70% of all dyes used
commercially

100 M. Kaur et al.



4.3 Degradation Mechanism Followed by MoS2 Based
Composites

Degradation mechanism proposed is a function of material to be degraded and
co-catalyst forming nanocomposite. Few dyes self-degraded on absorption of
energy. Schematic diagrams depicting photocatalytic mechanism are shown in
Figs. 4.3 and 4.4. The absorption ability of dye can be attributed to large surface
area which creates many active zones and improved electron-hole pair separation

Table 4.1 MoS2 nanocomposites for removal of industrial effluents

Nanocomposite Morphology Removal efficiency (%) References

Coupling
between the
MoS2 and GO
with g-C3N4

MoS2 nanosheets dis-
persed in the CN-M-G
ternary hybrid.

89.5% after 2.5 h Rhodamine B
(RhB) under visible light
irradiation

Hu et al.
(2014)

MoS2–GO Homogeneous dispersion
of MoS2 in graphene
hydrogel

99% removal of methylene blue
(MB) in 60 min under solar light

Ding et al.
(2015)

TiO2/ MoS2
@zeolite

TiO2/MoS2 coated on
surface of zeolite

90% of methyl orange (MO) in
60 min in visible light

W. Zhang
et al.
(2015a)

TiO2/MoS2 Hybrid structure 90% of MO in 10min in xenon
lamp simulating solar irradiation

W. Zhang
et al.
(2015b)

MoS2/g-C3N4 MoS2 particles dispersed
on surface of layered
g-C3N4

51.67%, higher rate of NO nitric
oxide removal than g-C3N4

nanoparticles

Wen et al.
(2016)

MoS2 nanosheets
with ZnO–g-
C3N4

ZnO nanospheres embed-
ded in co-stacked
g-C3N4/MoS2 nanosheets

99.50% of MB in 30 min of visi-
ble light irradiation,

Jo et al.
(2016)

g-C3N4/Ag/MoS2 Flowerlike architecture 9.43-fold increase in degradation
in visible light

Fang
(2017)

MoS2 /TiO2 MoS2 nanosheet encap-
sulating TiO2 hollow
spheres

99.35%, reduction of
4-nitrophenol simulated sun light
irradiation

Guo et al.
(2017)

MoS2/ZnO Deposition of ZnO on
MoS2

80% of Novacron red hunts- man
(NRH) dye after 80 min of light
irradiation

Krishnan
et al.
(2019a)

MoS2/Ag Accumulation of Ag
nanoparticles on MoS2

77% of Novacron red hunts- man
dye after 80 min of light
irradiation

Krishnan
et al.
(2019a)

SnO2/Ag/MoS2 Flower like nanosheets of
MoS2 with even distribu-
tion of Ag and SnO2

90% of 2,4-diclorophenol (DCP)
in 20 min. 100% of MB and MO
within 12 min. RhB 100% within
14 min

Khan et al.
(2019)

GO/MoS2/g-
C3N4

MoS2 well-dispersed in
the ternary system

96.7% towards RhB with good
photostability

Yan et al.
(2019)
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capability of nanocomposites (Saha et al. 2015). The modus operandi for degrada-
tion of dyes may follow two different routes to achieve dye removal. In route-1, with
absorption of energy, the dye molecules transforms into activated dye molecule
(ADM) (Li and Cao 2011; Sacco et al. 2012) by transferring its electrons into the
conduction band of MoS2 and ZnO (Ji et al. 2009). These molecules flow into
transition state of electrostatic field formed at the heterojunction. However, there is a
likely probability that electron would be energized and again assists in the formation
of more ADM. The likely mechanism may be as follows:

hþ þ OH� ! OH • ð4:1Þ
Dye þOH • ! INTERMEDIATES ! CO2 ð4:2Þ

DYE þe� ! ADMð Þ •� ð4:3Þ
ADMð Þ •� ! DYEþ ADMð Þ •� ð4:4Þ

ADMð Þ •� þ OH • ! INTERMEDIATES ! CO2 ð4:5Þ

In route-2, the heterojunction formed improves electron-hole pair separation and
enhances photocatalytic and degradation process (Tan et al. 2014). The UV light will

Fig. 4.3 Degradation mechanism with reactive dye. (‘Reprinted with permission of Elsevier’ from
Reference Krishnan et al. 2019a)
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excite electrons in ZnO (Y. Zhang et al. 2012), while visible light will excite
electrons in MoS2. In nanocomposites at heterojunction an internal electrostatic
field is formed. Fermi energy level (EF) of MoS2 and ZnO are same, which enables
them to be better composites, however conduction band and valence band of ZnO is
below MoS2 due to different work functions (Choi et al. 2014; Tan et al. 2014).

The electrons of valency band of MoS2 will absorb energy and shift to conduction
band and at heterojunction these electrons diffuse to ZnO, due to presence of carrier
charge density gradient and good electron acceptors thus avoiding recombination of
electron hole pair. Similarly, hole formed at ZnO get diffused to MoS2, forming an
internal electrostatic field and band bending at the contact. This configuration calls
for distinct separation of electrons and holes at the interface, thus increasing life of
charge carriers, hinder recombination of electron hole pairs and finally to required
output of enhanced photocatalytic abilities. The equations describing mechanism are
as follows:

hþ þ H2O ! Hþ þ OH • ð4:6Þ
e� þ O2! •O�

2 ð4:7Þ
•O�

2 þ H2O ! HO •
2 þ OH� ð4:8Þ

HO •
2 þ H2O ! H2O2 þ OH • ð4:9Þ

Fig. 4.4 Degradation mechanism by Z-Scheme. In this MoS2 nanosheets acts like support material
for CoFe2O4. This format promoted degradation of RhB utilising ⦁O2

� and h+ radicals. (‘Reprinted
with permission of Elsevier’ from Reference Zeng et al. 2018)
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H2O2 þ e� ! OH • þ OH� ð4:10Þ
Dyeþ OH • ! degradation of dye ð4:11Þ

Z-scheme of degradation pattern is followed for materials which does not convert
to activated molecule. Hydrothermal method was utilised to fabricate magnetic
Z-scheme MoS2/CoFe2O4 (Zeng et al. 2018). In this one side has MoS2 nanosheets,
which acts like support material for CoFe2O4. This configuration ensures high
specific area and prevents aggregation of magnetic CoFe2O4 nanoparticles. This
format promoted degradation of RhB utilising ⦁O2

� and h+ radicals. When energy
dispenses on the nanocomposite generated electrons and holes of both the elements
gets shifted from valance band (VB) to conduction band (CB) (Fig. 4.4) (Zhou et al.
2014). Later the electrons from CB of MoS2 shift to CB of CoFe2O4, similarly holes
in VB move in opposite direction. The electron in CB of MoS2 move to surface of
nanocomposite and reduce O2 to ⦁O2

�. However due to difference in potential, OH
is not reduced to ⦁OH radical. Thus, complete degradation of RhB is proposed to be
conducted by h + and O2 radical. However, CB of CoFe2O4 is more positive than O2.

4.4 Factors Effecting Photocatalysis

4.4.1 Effect of Bandgap

The higher bandgap and thinner MoS2 nanosheets will promote easy interfacial
charge transfer and obviate recombination of charge pairs (X. Zhang et al. 2016).
Conventional heterojunction can be classified into four groups on the basis of their
Band alignment. Type-I consist of heterojunction in which electrons from the
conduction band of semiconductor would transfer into the conduction band of
MoS2 due to higher positive conduction band of MoS2. In type –II electron from
conduction band of semiconductor gets transferred to MoS2 while holes formed will
move in opposite direction; this leads to formation of special suppression of charge
carriers with the accumulation of electrons of MoS2 and holes at semiconductor. In
type-III a P-N heterojunction is formed due to inner electric field. Type IV involves a
combination in which the band gaps of MoS2 and semiconductor are not over
lapped.

4.4.2 Phases and Morphology

The efficiency of photocatalysis is dependent on number of active sites and edges.
MoS2 nanosheets has more active edge sides than other conventional morphology.
MoS2 with low crystal structure assists in photocatalysis. Nanosheets are plagued
with drawbacks like the tendency to stack and aggregate easily. Additionally,
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morphology of co-catalyst also plays a prominent role in photocatalysis. When
elements supporting plasmonic response are used as co-catalyst, efficiency of
photocatalysis increases due to efficient interfacial electron transfer and electron
injection from anisotropic noble metals to monolayer of MoS2. Experiments were
conducted for a combination of Au-MoS2 in which Au having a morphology of
nanosphere (AuNS), nanorods (AuNR) and nanotriangle (AuNT) were assembled on
chemically exfoliated MoS2 (Zhang et al. 2017). Results confirmed that
Au-nanorods displayed highest efficiency of photocatalysis due to surface plasmon
response (SPR). Figure 4.5 shows the methodology of assembly of Au on MoS2
monolayer forming MoS2/Au nanocomposite. It shows different morphology of Au
being assembled on MoS2 monolayer.

Noble metals like gold and silver when combined with MoS2 broadens the
absorption spectrum, which directly enhances the separation and degradation effi-
ciency (Zhang et al. 2017). Additionally, when these bi-metal nanocomposite are
assembled into ternary composite (g-C3N4/Ag/MoS2), it enhances the visible-light
absorption of MoS2 (Akhundi and Habibi-Yangjeh 2016). The inclusion of noble
metals like silver, assists in injecting electrons into conduction band due to SPR
(Rycenga et al. 2011). Figure 4.6 shows mechanism of the plasmon-induced hot
electron generation and subsequent charge separation (CS) over anisotropic Au
nanostructures-MoS2. Rapid interconversion between transverse SPR (TSPR) and

Fig. 4.5 Schematic illustration (a) of anisotropic Au nanostructures mono-assembled on mono-
layer MoS2. TEM images of (b) AuNSMoS2, (c) AuNR-MoS2, and (d) AuNT-MoS2. (‘Reprinted
with permission of RSC Pub’ from Reference Zhang et al. 2017)
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electron-hole occurs due to photoluminiscence (PL). Energy transfer from TSPR to
longitudinal SPR (LSPR) happens when the excited electrons lose energy due to
nonradiative decay and fast interconvert to the LSPR. This leads to emission of
photon leading to a plasmonic PL in low energy level (red line).

It is reported that MoS2 based heterostructures are influenced by crystal faces
formed at the interfaces, as they decide on the efficiencies of charge transmissions.
This is validated by degrading MB by MoS2 having (001) and (101) facet TiO2. An
enhanced photocatalytic behaviour (3.4 times higher) of MoS2/TiO2 (001) is attrib-
uted to (001) facet of TiO2 and MoS2. This proves that conventional physical mixing
cannot achieve higher results even though same facets exists in the individual
elements (Cao et al. 2015). Similar phenomenon is also reported when MoS2 of
single layer is grown on the surface of Cd rich wurtzite CdS nanocrystals (Chen et al.
2015).

4.4.3 Miscellaneous Factors

Another important factors which influences photocatalytic property of MoS2 based
nanocomposite are calcination temperature and UV irradiation time. These factors
decide on crystallisation of MoS2/TiO2 with MoS2 clusters on TiO2 particles. These
reaction follows the first order rate law. Table 4.2 shows the degradation of meth-
ylene blue by MoS2/TiO2 nanocomposites fabricated with different reaction param-
eters. The maximum degradation of methylene blue was found at calcination
temperature of 573 K and UV irradiation time of one hour. In Table 4.2, ‘b’ denotes

Fig. 4.6 Schematic diagram of (a) radiative decays of SPR; and (b) interfacial charge transfer from
AuNR to MoS2 for HER. Photoluminescence (PL), transverse SPR (TSPR), longitudinal SPR
(LSPR), charge separation (CS), Fermi level EF, and Schottky barrier. (‘Reprinted with permission
of RSC Pub’ from Reference Zhang et al. 2017)
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calcination in N2 for 1 h, ‘A0’ initial absorbance of methylene blue, ‘A’ is the
absorbance of methylene blue after 4 h in visible light irradiation.

Effect of pH is another important factor which effects absorption potential
of nanocomposites against contaminants. It influences the surface charge and degree
of ionization of adsorbent which decides on absorption of pollutants. The pH of
pollutant is directly proportional to absorption/ removal of pollutants. At low pH,
free oxygen moieties on absorbent gets protonated and at high pH, heavy metal ions
start to precipitate as hydroxides. The contact time and adsorption kinetics decides
on adsorption rate and mechanism for degradation (Gusain et al. 2019).

4.5 Degradation of Inorganic Pollutants

MoS2 based nanocomposites has achieved positive results in degradation cum
detoxification of heavy metals and nitric oxide. Removal rate of heavy metals like
Cr(VI) by PANI@MoS2 was reported as 526.3 and 623.2 mg/g at pH 3.0 and 1.5
respectively. This high rate of absorption is attributed to abundant functional groups
and flower-like MoS2 structures encapsulated by Polyaniline (PANI) (Gao et al.
2016). The effect of ionic strength was evaluated using NaNO3, which confirms
PANI on the outer surface of MoS2, changes adsorption mechanism from
outer-sphere to inner-surface complexation which is altered by PANI. These results
indicate that removal of heavy metals is a function of pH and ionic strength of
pollutant and reduction products. Cr(OH)3 a reduction product of Cr(VI) precipitate
on active sites of nanocomposites, hindering reusability and effecting its catalytic
efficiency.

4.6 Air Purification by MoS2 Based Nanocomposites

The proposed novel Z-scheme structure (BiO)2CO3/MoS2 is reported to have better
NO removal efficiency than (BiO)2CO3 and MoS2 individually (Xiong et al. 2016).
This enhanced degradation is attributed to p-n type semiconductor with 3D

Table 4.2 Photocatalytic activities of MoS2 nanocluster sensitized TiO2 samples under different
preparation conditions for methylene blue degradation (Ho et al. 2004)

Samples UV irradiation time (h) Calcination tempb (K)
photocatalytic activity
(A/A0, t ¼ 4 h)

MoS2/TiO2 1.5 523 0.85

MoS2/TiO2 1.5 573 0.68

MoS2/TiO2 1.5 623 0.78

MoS2/TiO2 0.5 573 0.88

MoS2/TiO2 1 573 0.92
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Z-scheme photocatalyst format, which preserves redox couple ability. Experimental
results proved that h+ and ⦁O2

� are major radicals which contribute to NO removal,
which is confirmed by electron spin response. The morphology of MoS2
microflowers existing in microshperes of (BiO)2CO3 is another contributing factor,
for photocatalysis, as many pores are generated as shown in Fig. 4.7.

Figure 4.8 shows mechanism followed for NO removal. (BiO)2CO3 creates holes
and electrons by absorbing energy in visible light irradiation, however h+ and ⦁O2

�

radical are primary members in reduction of NO. These active holes and electrons
then react with O2/H2O/OH

� to yield other active species (Krishnan et al. 2019b).
Electron spin response of elements show peaks of ⦁O2

� with peak intensity increas-
ing with time. Nanocomposite of (BiO)2CO3/MoS2 with 5% of MoS2 showed NO
removal of 57%, however further increase in MoS2 decrease removal capacity due to
masking effect of light by MoS2. Similar results of NO removal were obtained with
of MoS2-g-C3N4 nanocomposites.

4.7 Degradation of Organic Pollutants

Organic pollutants are major compounds in dyes which has to be degraded as part of
water treatment. Bi-functional and ternary nanocomposites have shown enhanced
degradation capability due to good conductivity and morphology which assists in
formation of layer / wire for transfer of photogenerated electrons. Nanocomposites
like Ag3PO4/TiO2@MoS2 with an additional feature of restriction of photo corrosion

Fig. 4.7 SEM results of (BiO)2CO3/MoS2 nanocomposites. (‘Reprinted with permission of
Elsevier’ from Reference Xiong et al. 2016)
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of Ag+ ensures highly effective degradation of oxytetracycline and reduction in
efficiency by only 10% even after 10 repetitions (Shao et al. 2017). Novacron red
Hunts- man dye (NRH) and methylene blue (MB) is reported to be degraded by
MoS2/ZnO nanocomposite. Figure 4.9 depicts the relation between the degradation
efficiency of MB and NRH for different loading of nanocomposite. The steady
decrease in intensity of NRH dye confirms the decomposition of dye. 1 g/L loading
of MoS2/ZnO nanocomposite showed degradation rate of 81.76% and 80.37% for
MB and NRH dye respectively.

Prominent dye like methyl orange (MO) was successfully degraded by TiO2/
MoS2@zeolite composite photocatalysts in xenon lamp as irradiation source. Anal-
ysis confirms that degradation follows a Langmuir–Hinshelwood kinetic model
(pseudo-first order reaction). Figure 4.10 shows the degradation of MO using
TiO2/MoS2@zeolite composite which compares the all elements of nanocomposites.
It shows the highest reaction rate constant of 2.304 h�1, which is higher than other
individual components. The enhancement is attributed to coupled structure of TiO2/
MoS2 on the surface of zeolite making a positive synergetic effect. Additionally this
distribution makes a large contact area along with short diffusion time (W. Zhang
et al. 2015a).

Nitroaromatic chemicals can be rendered non-toxic by removing the nitro group
effectively. This would enhance its biodegradability in normal environment. MoS2
and reduced graphene oxide (rGO) are combined to form hybrid nanosheets on
which CdS is grown for reducing 4-NP. The nanocomposites are found to be stable
and efficiently reduce 4-NP to aminophenol (4-AP), thus assisting in detoxification

Fig. 4.8 Mechanism for removal of NO by (BiO)2CO3/MoS2 nanocomposite. (‘Reprinted with
permission of Elsevier’ from Reference Xiong et al. 2016)
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and reduction of toxic pollutants to stable form. The weight percentage of 3% of
MoS2/rGO hybrid in composite, provided maximum results of complete conversion
of 4-NP to 4-AP in 18 minutes. Further increase of co-catalyst resulted in decrease in
results due to shielding effect, which is obstructing the light source on catalyst. The
CdS-MoS2/rGO nanocomposite possess flower-like morphology for hybrid, with
rGO sheets meshing adequately close with MoS2 nanosheets (Peng et al. 2016).
Fig. 4.11 displays TEM image in which CdS nanoparticles are supported by MoS2/

Fig. 4.9 Degradation efficiency of NRH for different loading of MoS2 /ZnO nanocomposite. 1 g/L
loading of MoS2/ZnO nanocomposite showed degradation rate of 80.37% for NRH dye.
(‘Reprinted with permission of Elsevier’ from Reference Krishnan et al. 2019a)

Fig. 4.10 (a)Photocatalytic degradation of MO with TiO2/MoS2@zeolite, TiO2@zeolite, P25 and
zeolite; (b) relation curves for the photocatalytic degradation of MO (MO, 20 mg/L; photocatalyst,
500 mg/L) (�ln(C/C0)/t). (‘Reprinted with permission of Elsevier’)
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rGO hybrid. Heavy metals like Pb(II) and Cd(II) are successfully degraded byMoS2/
thiol-functionalized multiwalled carbon nanotube (SH-MWCNT) nanocomposite.
Isotherm studies showed that the degradation followed Freundlich adsorption iso-
therm models and kinetic studies represented that adsorption process followed
pseudo-second-order. The degradation attained was 90 mg/g and 66.6 mg/g for Pb
(II) and Cd(II) respectively (Gusain et al. 2019). This high efficiency is due to
ion-exchange and electrostatic interactions. Additionally, it was noted that Metal-
sulfur complex formation was identified as the key contributor for adsorption of
heavy-metal ions followed by electrostatic interactions for multilayer adsorption.

4.8 Constraints of Photocatalysis

Photocatalysis has to overcome many drawbacks before commercialisation.
Photocatalyst recycling from reaction media is one prominent factor. Retention of
costly photocatalyst and its repeatability consists of two steps. First step involves
separation and collection of photocatalysis and other step is to maintain degradation
efficiency during repeated usage. The later part is dependent on catalyst and usage of
methodology for avoiding the aggregation of catalytic element so as to maintain
photocatalytic efficiency. Magnetic separation method is proven to possess numer-
ous advantages in comparison to conventional process of filtration and centrifugal
separation (Shokouhimehr 2015; Polshettiwar et al. 2011). Due to nanosize of
photocatalyst, the conventional methods are not advantageous. Additionally, disso-
lution of homogenous photocatalyst in the reaction media makes a major hindrance

Fig. 4.11 TEM image of
CdS-MoS2 /rGO. (Reprinted
with permission of Elsevier’
from Reference Peng et al.
2016)
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in separating the costly catalyst from resultants. However, heterogeneous
photocatalysts are magnetic and can be effectively separated for reuse by magnetic
method (Zeng et al. 2018).

The decreased photocatalytic efficiency during cyclic-runs of MoS2 can be
attributed to oxidization of photocatalyst, by OH⦁ and ⦁O2

� radicals. This affects
reusability and efficiency, which can be overcome by addition of co-catalyst mate-
rials, which will inhibit oxidation due to active radicals.

MoS2 and few of its composites are hydrophobic, and have difficulty for complete
dispersion in water. However, few nanocomposites of MoS2 with MMT assists in
improving the dispersion of catalyst in water along with its efficiency (Peng et al.
2017).

4.9 Conclusion

Capability of MoS2 based nanocomposites to degrade the industrial pollutants has
exhibited promising results. The emphasis on environment protection and restriction
on industries against discharge of toxic elements into atmosphere or water stream has
accelerated the research in this sector. Catalytic property of MoS2 is enhanced by
doping and forming heterojunction with other semiconductors. The Z-scheme and
active dye degradation mechanisms are extrapolated to many other toxic pollutants
in the industry. Usage of noble metals and utilising the SPR has extended the
degradation capability of the nanocomposites. The ease of separating the
nanocomposite after degradation and maintaining the degradation efficiency even
after repetitions will decide its commercialisation. Extended research is being done
to produce magnetically separable MoS2 based nanocomposite. The selection of
co-catalyst with good synergistic effect has achieved promising results. These
findings ensure the potential capability of MoS2 based nanocomposites for removal
of industrial pollutants in an advantageous manner.
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Chapter 5
Removal of Priority Water Pollutants Using
Adsorption and Oxidation Process
Combined with Sustainable Energy
Production

Sheen Mers Sathianesan Vimala, Omar Francisco González-Vázquez,
Ma. del Rosario Moreno-Virgen, Sathish-Kumar Kamaraj,
Sheem Mers Sathianesan Vimala, Virginia Hernández-Montoya, and
Rigoberto Tovar-Gómez

Abstract Water pollution and sustainable energy production are the two major
concerns in the current scenario. The total freshwater content of the earth is less
than 1% part of which is polluted with organic and inorganic debris from industries.
Energy production is another issue which arises due to the depletion of fossil fuels
and hence the need for finding an alternate source of sustainable energy is in
demand. Both of these issues can be resolved concurrently using the integrated
adsorption or oxidation based microbial fuel cells. Such integrated systems are
highly advantageous especially when recalcitrant pollutants are present in the
water ecosystem. In a nutshell, this chapter deals with the list of priority organic
and inorganic pollutants in water ecosystem, the available adsorption and oxidation
techniques for the disintegration of organic water pollutants, specific systems formed
by combined oxidation and adsorption techniques, integration of pollutant removal
with sustainable energy-producing systems and the advances in integrated
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prototypes for environmental remediation. One of the advanced integrated oxidation
based microbial fuel cell system is the bioelectro-Fenton system where Fenton
reaction is carried out for the degradation of pollutants through OH radical formation
with the simultaneous formation of electrons.

Keywords Water purification · Adsorption · Oxidation

5.1 Introduction

In the current scenario, the two major problems that need to be concerned are
scarcity of clean water and renewable source of energy. Out of the total water
content in the earth, 97% is composed of saltwater and the freshwater availability
is less than 1% (Brillas et al. 2009). Despite this limited availability, most of the
water bodies are polluted with organic wastes from industries, and the predominant
among them are dyes, toxic metals, oil effluents etc. that exist in dissolved form and
make it inappropriate for common use. The outstanding techniques for addressing
these issues are adsorption and oxidation based integrated systems which degrade
the organic pollutants and in some cases with the simultaneous generation of
electrons as in the case of a microbial fuel cell (Cha et al. 2010). The general
approaches for the removal of contaminants are through the direct removal of
organic debris by physicochemical method (like adsorption based on п- п* stacking,
H-bonding and electrostatic interactions) or through the conversion of organic
pollutants to eco-friendly products (Sharma and Das 2013; Zhao et al. 2017). In
this chapter, we highlight the priority water pollutants, available adsorption and
oxidation based remedies for water purification and the integrated systems for the
simultaneous production of electrical energy during pollutant removal.

5.2 Priority Pollutants in Water

The contamination of both surface and underground water resources is a problem
with very broad connotations, as it not only poses a risk to the environment but also
represents a danger to public health and the economic growth of a region and its
surroundings. The origin of the pollutants that affect the water is very varied;
however, they can be classified into two large groups: those of natural origin that
are related to biogeochemical cycles, food chain, geological phenomena and the
same water dynamism (Li et al. 2017); and on the other hand, those of anthropogenic
origin, caused by the various products and service activities (Palma et al. 2010). The
impact of pollutants of anthropogenic origin is much more significant than those of
natural origin. Within the pollutants of anthropogenic origin, we find two different
types of sources: direct or indirect sources. Direct sources are those that discharge
pollutants in the form of effluents, such as industries, homes and treatment plants. On

118 S. M. Sathianesan Vimala et al.



the other hand, indirect sources are those in which the pollutant comes into contact
with water through leaching, draining and dilutions. It seems that the impact of a
pollutant directly affects the place where it originated; however, several studies
indicate that there may be a contact of a pollutant that originated thousands of
kilometres from the body of water due to the transport of goods within the commer-
cial and production supply chains (Mekonnen and Hoekstra 2015).

Pollutants can be classified according to their nature in physical, biological or
chemical, being the chemical type pollutants one of the most common agents pre-
sents in contaminated bodies of water. Chemical contaminants represent a serious
problem within water bodies, since most of these are usually outside any biogeo-
chemical and metabolic cycle, so finding techniques for their removal is of the most
importance. Normally, chemical contaminants are dissolved or suspended (Goel
2006), and therefore, the techniques for their elimination must be very specific
taking into account the physical and chemical characteristics of the polluting
agent. Both the impact and the level of contamination of chemical agents will depend
on the characteristics of the contaminant as well as the type of body of water, its
location and the types of beneficial uses it supports (Schweitzer and Noblet 2018).

Among the pollutants of a chemical nature, there are some that due to their
persistence and their serious harmful effect on human beings and the environment
are classified as “priority pollutants”. The damages that these could cause are very
diverse, in the environment they can cause from eutrophication to sterility of waters
(SA’AT SKBM 2006); while the effects on humans range from carcinogenicity,
mutagenicity, teratogenicity or acute toxicity (Sciortino et al. 1999). These pollutants
were first classified by the Environmental Protection Agency of the United States in
1976, having a list of 129 compounds of different chemical nature, which can be
subdivided into nine large groups (Keith and Telliard 1979): metals, asbestos, total
cyanides, pesticides, compounds extracted under acidic conditions, compounds
extracted under alkaline conditions, neutrally removable compounds, total phenols
and purgeable compounds.

For its part, the European Union also has a similar list which was updated in 2013,
with 45 substances, some grouped by their chemical characteristics (Ue et al. 2013).
Both the American and European lists have to be continually updated due to the
presence of “emerging contaminants”, which are organic substances that are the
subject of great concern among the scientific community due to their frequent
detection in aquatic environments. Highlights pharmaceutical or personal care
products that are highly consumed by modern society (Bueno et al. 2012). In this
way, the spectrum of priority chemical pollutants present in the water is defined;
however, it increases as the presence of new compounds is observed and the
damages that these could cause are not completely known.

5.2.1 Priority Organic and Inorganic Pollutants

The growing development of agricultural and industrial activities has resulted in the
synthesis of various organic and inorganic substances that lack studies on their
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impact on the environment and public health. Products such as hydroxybenzenes or
phenols and their analogues are recognized as priority pollutants (Sarkar et al. 2003),
enter the environment through numerous chemical industries, as well as the use of
herbicides and pesticides in agriculture (Hijosa-Valsero et al. 2013). These com-
pounds are mainly carcinogenic, and their impact on the environment is important,
causing damage to the human being and the biota that comes in contact with them
(Azizullah et al. 2011). Due to its chemical nature, most organic pollutants are
hydrophobic which makes them insoluble in water and accumulates on the surface
of water bodies. It is known that these compounds can agglutinate with other
substances, forming sediments that are ingested by aquatic animals, creating
bioaccumulation within their tissues, resulting in danger for the trophic chains and
therefore, for the human being, since they could ingest intoxicated animals (Vrana
et al. 2006).

Among the recognized priority organic pollutants are three groups: chlorinated
organic pesticides, polychlorinated biphenyls and polycyclic aromatic hydrocarbons.

Organochlorine pesticides (OCP) are substances that began to be used in the ‘70s
in the United States and part of Europe. These compounds tend to bioaccumulate in
adipose tissues, and there is evidence that there is a close relationship between these
substances and the development of neuronal diseases such as Parkinson’s disease
(Fleming et al. 1994). Although these pollutants have already been banned, they are
still found in the environment, since they have a period of degradation close to
20 years. Likewise, in developing countries, some compounds such as dichloro
diphenyl trichloroethane DDT continue to be used to combat disease transmission
vectors such as malaria and dengue (Harner et al. 1999), what ultimately keeps them
current as contaminants.

On the other hand, the polychlorinated biphenyls (PCB) are part of the group of
halogenated aromatic compounds. The PCBs were produced by the chlorination of
biphenyl, and the resulting products were marketed according to their chlorine
content percentage (Safe 1985). The chemical properties that are mainly responsible
for many of the industrial applications of PCBs, that is, their flammability, chemical
stability and miscibility with organic compounds (lipophilicity), are also the same
properties that have contributed to their environmental problems. Once introduced
into the environment, stable PCBs degrade relatively slowly and undergo transport
cycles within the various components of the global ecosystem (Safe 1994).

Likewise, polycyclic aromatic hydrocarbons (PAH) are the product of the incom-
plete combustion of fossil fuels and have a high presence in the environment
(Haritash and Kaushik 2009). Some of these chemicals are worrisome to the
environment due to their genotoxic and carcinogenic potential and their persistence
in the environment (Cerniglia 1993). There are multiple forms of degradation of
these compounds; however, compounds with rings of 5 or 6 carbons are usually
difficult to break down by biological and physicochemical means.

Concerning the inorganic pollutants, it is necessary to mention first that an
inorganic compound can be considered as a compound that does not contain a
carbon-hydrogen bond besides since many inorganic compounds contain some
metal, which tends to be able to conduct electricity. The principal inorganic water
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pollutants include (a) acidity, especially sulfur dioxide from coal-burning or crude-
oil-burning power plants, (b) ammonia, (c) chemical waste, like fertilizers, (d) heavy
metals, and (e) silt or sediment (Speight 2017a; Speight 2017b). In general, inorganic
pollutant has harmful effects on the human body, as they tend to accumulate in living
organisms and cause various diseases, including cancer, damage to the nervous
system, reduced growth and development, and in extreme cases, death.

In summary, the priority organic pollutants are substances that share great
chemical stability, which prevents easily, degrade these molecules. Their danger is
serious since they are usually mutagenic and accumulate easily in the adipose tissues
of living beings. The inclusion of halogenated within the organic chains generate
greater stability to physical conditions of heat, which limits the manoeuvrability in
the physicochemical techniques of elimination of said compounds. On the other
hand, the priority inorganic pollutants are considered a priority due to their toxicity
as well as their mutagenic and recalcitrant properties; both have negative effects on
human health and environment.

5.3 Adsorption Processes for the Removal Contaminants
Present in the Water

5.3.1 Adsorption of Organic Pollutants

One of the techniques for the removal of pollutants in aqueous phase most used for
its high efficiency is adsorption. Adsorption is a phenomenon in which impurities
(adsorbates) of fluid on the surface of a material (adsorbent) including pores or
internal surface are retained by adhering. The adsorption is governed by electrostatic
and non-mechanical forces; even so, it is considered as a very fine type of filtration
(De Boer 1956). It can be caused by “physical” forces, comparable to those that are
responsible for the liquefaction of gases, or by “chemical” forces, similar to those
that act in the formation of normal chemical compounds. It is usual, therefore, to
distinguish between physical adsorption or physisorption (also called Van der Waals
adsorption, due to the nature of these physical forces of cohesion) and chemical
adsorption, or chemisorption.

Without a doubt, one of the key pieces in the successful removal of any contam-
inant through the adsorption process is the choice of good adsorbent material. This
must be chosen based on the characteristics of the pollutant. Information such as the
shape and size of the molecule, polarity, chemical nature, hydration, concentration,
among others, are data that will make it possible to design an effective adsorption
system. The variety of pollutants classified as the priority, it is intuited how diverse
the adsorption process of each compound can be.

Specifically, the adsorption of organic compounds is usually very simple, since
the size, molecular weight and configuration of the organic molecules allows a
greater fixation in the porous solids both in gas and liquid phase (Mok and Kim
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2011). The most commonly used materials for the removal of organic pollutants are
granular activated carbon and carbon fibers (Da  browski et al. 2005), synthetic resins
(Abburi 2003), natural zeolites (Canli et al. 2013; Damjanović et al. 2010), among
other.

In adsorption in a liquid phase, the adsorption capacity of materials for organic
compounds depends on several factors (Haghseresht et al. 2002): (1) physical nature
of the adsorbent: pore structure, ash content, functional groups, (2) chemical nature
of the adsorbate: its pKa, functional groups present, polarity, molecular weight and
size, and (3) conditions of the solution: the pH, the ionic strength and the concen-
tration of adsorbate.

In this sense, several studies have proven the effectiveness in the removal of
organic compounds by the adsorption method (Table 5.1):

Although various materials are known for the removal of organic contaminants,
there is still the problem of disposing of the adsorbent material saturated with the
contaminant, that is, the contaminant only passed from one medium to another,
which is why techniques are preferred help to degrade these pollutants, being the
oxidation methods one of the most used.

5.3.2 Inorganic Pollutants

On the other hand, the adsorption of the main inorganic pollutants depends on the
initial concentration of the pollutant, its pH and operating temperature, as well as the
physical and chemical characteristics of the adsorbent. Several studies have focused
on the removal of inorganic contaminants such as heavy metals, sulfur dioxide and
ammonia; some of these studies are shown below in Table 5.2.

Table 5.1 Removal of priority organic pollutants by the adsorption method

Organic pollutant
removed Adsorbent Material

Adsorption capacity
(mg/g)-(μg/g)* Reference

Ametryn, Aldicarb,
Dinoseb, Diuron

Carbon clothes 354.61, 421.58, 301.84,
213.06

Ayranci and
Hoda (2005)

Lindane, Heptaclhor,
Aldrin, Dieldrin

Pine bark 2.8*, 2.7*, 4.76*, 2.96* Brás et al.
(1999)

Heptaclorobifenyl Fly ashes 0.149 Nollet et al.
(2003)

PCB3, PCB4, PCB5,
PCB6

Modified
Montmorillonite

4.74*, 7.04*, 11.24*,
12.39*

Barreca et al.
(2014)

PCB3, PCB4, PCB5 Corn straw coal 22.5, 10.1, 39.5 Wang et al.
(2016)

PCB28, PCB52 β-Cycledextrine iron
oxide cover

39.91 mol/g, 30.26 mol/
g

Wang et al.
(2015)

Dioxines, dibenzofurans Activated carbon 2.981 � 10�6,
9.682 � 10�6

Zhou et al.
(2016)

122 S. M. Sathianesan Vimala et al.



5.4 Oxidative Processes for the Degradation of Priority
Organic Pollutants

Most techniques for the remediation of contaminated water only retain the contam-
inant by physical or physico-chemical systems. However, these methods do not
degrade pollutants and the problem does not end there, because they must have the
means of retention saturated with contaminants, in this sense, the trend in research is
aimed at changing the chemical nature of pollutants by degrading them even simpler
elements or compounds that do not represent a danger to the environment or health.
Processes such as oxidation are considered a highly competitive water treatment
technology for the elimination of those contaminants that can’t be treated with
conventional techniques due to their high chemical stability and/or low biodegrad-
ability. Oxidative processes can be classified generally into two types: chemical and
biological. Chemical oxidation has the characteristics that it can have a slow or
moderate rate of degradation, besides being able to be selective; it may even be quick
but not selective, which depends on the reactors and reactants used and translates
into high costs. On the other hand, aerobic biological oxidation is usually of low
cost, but operationally it has enough limitations since the fragility of the used strains
is usually high, and the degradation is limited when the food is resistant to biodeg-
radation, inhibitory or toxic for the bioculture (Scott and Ollis 1995).

Table 5.2 Removal of priority inorganic pollutants by the adsorption method

Inorganic pollutant
Adsorbent
Material Adsorption capacity Reference

Co2+, Cd2+, Li2+ Nanoparticle of
wild herbs

40.82, 52.91,
181.82 mg/g

Ghadah and Foziah
(2018)

Pb2+, Cd2+ ZnO
TiO2@ZnO

Pb2+: 790 mg/g, Cd2
+:643 mg/g
Pb2+: 978 mg/g, Cd2
+:786 mg/g

Manisha et al. Manisha
et al. (2019)

Pb2+, Cd2+ Biochar 0.75, 0.55 mmol/g Bing et al. (2019)

Ag+, Cu2+, Hg2+,
Cr3+, Cr6+

Magnetic chitosan
beads

117.7, 147, 338, 63.5,
89.6 mg/g

Chunzhen et al. (2018)

Sulfur dioxide Natural zeolitic
tuff

230μmol/g Al-Harahsheh et al.
(2014)

Sulfur dioxide Carbon silica
composites

0.2 mol/kg Furtado et al. (2013)

Ammonia Carbon silica
composites

0.1 mol/kg Furtado et al. (2013)

Ammonia Bentonite 5.85 mg/g Houming et al. (2019)

Ammonia Silica gel 99.808 mg/g Shaojuan et al. (2019)

Ammonia Nanoporous
carbon

10 mmol/g Qajar et al. (2015)
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5.4.1 Chemical Oxidative Processes

Chemical oxidative processes can be defined as treatment processes for water
purification, carried out at room temperature and normal pressure, based on the
in-situ generation of a powerful oxidizing agent, such as hydroxyl radicals (•OH), in
a concentration enough to decontaminate the water effectively (Glaze et al. 2008).

The chemical oxidative processes constitute a series of promising, efficient and
environmentally friendly methods to eliminate persistent organic pollutants from the
waters. The formation of oxidant radicals is produced by various chemical, photo-
chemical, sonochemical or electrochemical reactions (Gogate and Pandit 2001;
Parsons 2004; Tarr 2003).

5.4.1.1 Fenton Type Oxidation

The oldest physicochemical oxidative process used is the Fenton method, in which a
mixture of a soluble iron (II) salt and H2O2, known as Fenton’s reagent, is applied to
degrade and destroy organic compounds (Andreozzi et al. 1999). Fenton’s chemistry
began at the end of the nineteenth century, when Fenton published, in pioneering
work, a detailed study on the use of a mixture of H2O2 and Fe

2+ for the oxidation and
destruction of tartaric acid. The catalytic decomposition of H2O2 by iron salts obeys
a radical complex and chain mechanism. More recent studies have shown that the
Fenton process was initiated by the formation of hydroxyl radicals, and could be
applied to the degradation of several organic pollutants (Gallard et al. 1998; Sudoh
et al. 1986), according to the following reaction (Oturan and Aaron 2014):

Fe2þ þ H2O2 ! Fe3þ þ •OHþ OH� ð5:1Þ

If the reaction is carried out in an acid medium, the reaction can be rewritten as
follows:

Fe2þ þ H2Oþ Hþ ! Fe3þ þ H2Oþ •OH ð5:2Þ

The Fenton process can be applied efficiently when the optimum pH value of the
contaminated aqueous medium is approximately 2.8–3.0.

In fact, under these conditions, the Fenton reaction can be propagated by the
catalytic behaviour of the Fe3+/ Fe2+ pair. It is worth noting that only a small catalytic
amount of Fe2+ is required since this ion is regenerated from the so-called Fenton
type reaction between Fe3+ and H2O2:

Fe3þ þ H2O2 ! Fe2þ þ HO • 2 þ Hþ ð5:3Þ

Fu and group have studied the role of Fe2+ ion concentration in the degradation of
amaranth dye using the Fenton process and observed that after a particular
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concentration of Fe2+ ions the degradation process is known to be depleted. The
explanations given for such lowering of efficiency is due to two reasons: (1) the •OH
radicals are increased to a maximum extent, and it favours the reaction among Fe2+

ions and H2O2 and (2) there is a possibility that •OH radicals interact with H2O2 to
form •HO2 radicals. Because of these two processes, the availability of OH* for dye
degradation becomes less. However, at low concentration, since the kinetics of the
reaction: RH + •OH!R• + H2O is faster than the interaction of •OH with Fe2+ ions,
and hence the Fe2+ regeneration or •HO2 formation will not occur (Fu et al. 2010).

Fe2þ þ •OH ! Fe3þ þ OH� k ¼ 3:2� 108M�1s�1 ð5:4Þ
RHþ •OH ! R • þ H2O k ¼ 109 � 1010M�1s�1 ð5:5Þ

•OHþ H2O2 ! HO2� þ •HO2 þ H2O k ¼ 2:7� 107M�1s�1 ð5:6Þ

In comparison with •OH, the HO2 radical formed is characterized by a lower
oxidation power and, therefore, is significantly less reactive towards organic com-
pounds; however, a faster reaction can be generated. Therefore, it can be established
that the combined reaction could be a good option for the oxidation of organic
matter.

Likewise, variants of Fenton oxidation are known that make them more effective
and easier to apply, such as photolytic methods (Foto-Fenton), which take advantage
of irradiation with UV light from artificial or natural sources such as the sun, which
allows the formation of oxidizing agents with greater ease, sometimes they are aided
by photocatalytic substances in heterogeneous phases such as the use of TiO
particles (Herrmann et al. 1999; Konstantinou and Albanis 2003), or the use of
other oxidizing agents other than H2O2, such as O3 aided by UV irradiation
(Rosenfeldt et al. 2006). Likewise, there are electrolytic variants of the Fenton
method (Electro-Fenton) in which an electric current is added having the advantage
that they use a clean reagent, the electron, avoiding or reducing considerably the use
of chemical reagents. The •OH is generated directly by the oxidation of the water in
an anode overvoltage of high evolution of O2 (anodic oxidation (AO)) (Panizza and
Cerisola 2009), or indirectly in a bulk solution using the Fenton reagent generated
electrochemically from electrode reactions (Brillas et al. 2008).

The Fenton process has several important advantages for water (Bautista et al.
2008):

1. A simple and flexible operation that allows easy implementation in existing
plants;

2. Chemical products that are easy to handle and relatively inexpensive, there is no
need for energy input.

However, the following drawbacks have also been observed:

1. Rather high costs and risks due to the storage and transport of H2O2, need for
significant amounts of chemicals to acidify effluents at pH 2–4 before decontam-
ination and/or to neutralize treated solutions before disposal;
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2. Accumulation of iron sludge that must be removed at the end of the treatment;
3. Impossibility of the general mineralization due to the formation of Fe (III)

carboxylic acid complexes, which can’t be destroyed efficiently with the volume
•OH.

5.4.1.2 Photochemical oxidation

Photochemical technologies have the advantages of being simple, clean, relatively
economical and, in general, more efficient than simple chemical oxidative processes.
In addition, they can disinfect water and destroy contaminants. Consequently, UV
radiation has coupled with powerful oxidants such as O3 and H2O2, which include,
in some cases, catalysis with Fe3+ or TiO2, which results in several types of
important photochemical oxidative processes. These photochemical processes can
degrade and/or destroy contaminants employing three possible reactions, including
photodecomposition, based on UV radiation, excitation and degradation of contam-
inating molecules, oxidation by the direct action of O3 and H2O2, and oxidation by
photocatalysis (with Fe3+ or TiO2), inducing the formation of radicals •OH (Oturan
and Aaron 2014).

As an example, there are photochemical oxidation techniques that have shown
good results for the degradation of organic compounds in the aqueous phase, such
as:

1. Photolysis of H2O2 (H2O2/UV) (Antonaraki et al. 2002; Hernandez et al. 2002)
2. Photolysis of O3 (O3/UV) (Parsons 2004; Zaviska et al. 2009)
3. Heterogeneous photocatalysis (TiO2/UV) (Fujishima et al. 2000; Mills and Le

Hunte 1997)
4. Photo-Fenton (H2O2/Fe

2+/UV) (Oturan and Aaron 2014; Pera-Titus et al. 2004)

5.4.1.3 Sonochemical Oxidation

Ultrasounds in aqueous media constitute a particular technology that can proceed
through two different types of actions, be it a chemical (indirect) or physical
(direct) mechanism. In the indirect action, generally performed at high frequency,
the water and dioxygen molecules undergo homolytic fragmentation and yield the
radicals • OH, HO2• and •O (Trabelsi et al. 1996).

Direct action, called sonication, involves the formation of ultrasonic cavitation
bubbles that grow, then collapse, creating powerful breaking forces at extremely
high temperatures (2000–5000 K) and pressures (approximately 6x104 kPa). In these
extreme conditions, a sonolysis of water molecules occurs, which produces very
reactive radicals capable of reacting with organic chemical species present in the
aqueous medium, and / or degradation by pyrolysis of organic compounds (Zaviska
et al. 2009).
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5.4.1.4 Electrochemical Oxidation

Electrochemical oxidation is a technique based on the transfer of electrons, which
makes it particularly interesting from the environmental point of view since it is a
clean and effective way to produce hydroxyl radicals in situ (•OH) that can destroy a
large variety of organic pollutants. These OH radicals can be produced electrochem-
ically on the cathode side either directly or indirectly through the Fenton reagent
(Electro-Fenton process) in acidic medium. In the cathode compartment, apart from
the Fenton process, there is another possible reaction that is the production of H2O2

through oxygen reduction reaction which is also strongly influenced by pH change.
Typically, in an integrated electro-Fenton system, the impact of pH on cathodic
reaction can be explained using the Nernst equation [Eq. (5.3)]:

E ¼ Eo þ RT
nF

ln
Ox½ �
Red½ � ð5:7Þ

where E is the electrode potential at a known temperature, Eo is the standard
electrode potential, R is the gas constant (R ¼ 8.314 J K�1 mol�1), T is the
temperature in kelvin, F is the Faraday constant (1 F ¼ 96,486 C mol�1), n is the
number of moles of electrons transferred in the cathodic reaction.

At equilibrium, this Eq. (5.3) gets reduced to

Eo ¼ �RT
nF

ln
Ox½ �
Red½ � ð5:8Þ

And at 298 K Eq. (5.4) becomes

Eo ¼ � 25:7 mV
n

ln
H2O2½ �
Hþ½ � ð5:9Þ

Eo ¼ � 59:2 mV
n

PH ð5:10Þ

Equation (5.6) implies that the pH of the catholyte is directly proportional to the
electrode potential (E) and at equilibrium, the cell potential increases by a factor of
52:7
n for a unit change in pH (Birjandi et al. 2016).
The effectiveness of the process can be further increased by combining both

electrochemical processes, as indicated by several studies of the application of
anodic oxidation (Brillas et al. 2008).

Both the electrochemical oxidation processes that use direct electrochemical or
indirect electrochemical oxidations have several advantages in their use for the
decontamination of water with organic agents (Nidheesh and Gandhimathi 2012):
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1. Allow rapid degradation of organic pollutants while preventing the formation of
new toxic species

2. It leads to the total mineralization of organic pollutants.
3. Use few or no chemical reagents.
4. Have energy costs as low as possible.

The electrochemical oxidation has variants in its application, which have advan-
tages to each other; all have been successfully tested for the degradation of organic
compounds:

1. Anodic oxidation (Martínez-Huitle et al. 2008; Wu et al. 2012).
2. Electro-Fenton (Ammar et al. 2007; Balci et al. 2009).

5.4.2 Biological Oxidative Processes

Domestic and some industrial wastewaters contain large amounts of biodegradable
organic compounds in addition to relatively small concentrations of recalcitrant
compounds. These last persistent compounds can lead to failure to discharge efflu-
ents if they are not specifically eliminated. The biological treatment for the degra-
dation of organic compounds mineralizes a large portion that is biodegradable,
effectively reducing the residual chemical oxygen demand of the water (Manilal
et al. 1992), so this method is widely used in the treatment of wastewater that has a
significant load of organic matter.

The biological degradation of a chemical compound refers to the elimination of
the contaminant by the metabolic activity of living organisms, generally microor-
ganisms and in particular bacteria and fungi that live in water and soil naturally
(Oller et al. 2011). In this context, conventional biological processes do not always
provide satisfactory results, especially for the treatment of industrial wastewater,
since many of the organic substances produced by the chemical industry are toxic or
resistant to biological treatment (Lapertot et al. 2006; Muñoz and Guieysse 2006).
Industrial waste streams often contain biodegradable compounds that have a certain
degree of toxicity or activity inhibition for biocultivation. These compounds can be
degraded by comet activity or by the presence of specific degrading species in the
microbial population. The bioculture that treats a toxic or inhibitory effluent is often
less robust and more susceptible to a system disorder (Scott and Ollis 1995), In this
sense, we have opted for the combination of previous treatments such as chemical
pre-oxidation, which helps the microbiological culture to metabolize more easily and
efficiently the sub compounds degraded by the chemical oxidation process.

5.4.2.1 Choice of Biological Agents for the Oxidation of Organic
Pollutants

The appropriate biological scheme depends on the characteristics of the wastewater
and the purpose of the treatment. Wastewater with multiple biodegradable organic
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compounds can be treated more efficiently with a robust community of activated
sludge. Conversely, specialized bacterial species or highly acclimated strains may be
appropriate for individual, bio-resistant contaminants.

You can use combinations of sludge strains that have been acclimated to a type of
water similar to the one to be treated; however, the difficulty for degradation will be
evident, which suggests that it is preferable to use fresh sludge that acclimates faster
(Miller et al. 1988).On the other hand, it is possible to choose to use specialized
strains mixed with common sludge, and it has been shown that the mineralization of
the elements is significantly increased (Kearney et al. 1988). However, it has also
been shown that if a consortium of selected strains is used and its efficiency is
compared against a common mud, no increase in the rate of degradation or the
percentage of mineralization of the compounds is detected (Scott and Ollis 1995). In
conclusion, it is very difficult to have a suitable strain from the beginning of the
operation; it is preferable to make combinations of strains and wait until they
acclimate to the effluent.

Comparison Between Acclimated and Non-acclimated Strains

Acclimation of microorganisms to the substrate of interest is widely used to maxi-
mize the elimination efficiency of specific compounds that are difficult to biode-
grade. This is achieved by increasing the feed concentration of the compound of
interest over a while to allow the growth of microorganisms that can use the
compound as a carbon source or nutrients. However, the substrate degraded by the
bioculture may not be the original compound to which it was acclimatized, but one
or more reaction intermediates.

The degradation of these intermediates will depend on whether the specific
microorganisms or others present in the microbial community have the necessary
enzymes and the ability to classify them successfully. In some cases, acclimated
crops may have an advantage in the degradation of intermediates due to their
specialized metabolic pathways. Studies have been reported in which a diversified
mullet was contacted and acclimated to the byproducts of the degradation reactions
of the original organic pollutant is more efficient than one that is only acclimated to
the original organic contaminants (Sud et al. 2008). Likewise, it has been reported
that non-acclimated strains are more resistant to by-products since they are easier to
degrade, however, a decrease of some of the species acclimated to the original
compound was also noted (Hu and Yu 1994; Jones et al. 1985), so it can be
concluded that the set of strains will undergo some change throughout the process
since some strains will die while others will become stronger.

Pure Culture

Pure microbial cultures have been cultivated and genetically engineered to degrade
chemical compounds that are generally resistant to biodegradation by conventional
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treatment. This approach can be effective for highly defined wastes or that are highly
toxic to other microorganisms. Treatment with pure cultures can be effective only if
the objective is to reduce the concentration of the target compound. Complete
mineralization may not be achieved, resulting in the accumulation of final products
and requires the addition of a second or more robust microbial community (Scott and
Ollis 1995).

5.5 Combined Adsorption and Oxidation Processes
for the Removal of Priority Pollutants

Adsorption is a simple, effective and relatively cost-effective process used for the
removal of various contaminants. However, surface phenomena that involve the
accumulation of unwanted contaminants on the solid surface end in large amounts of
“spent adsorbent” and/or “regeneration solutions”, which must be handled as “haz-
ardous waste” (Ince and Apikyan 2000).In this way, the adsorption fulfils its
objective of removing organic and inorganic substances from an aqueous medium;
however, it does not eliminate the said compounds, but only change the medium. In
this sense, oxidative processes have been adapted for the elimination of pollutants,
since it offers an effective response to the degradation and total elimination of the
contaminants present, so to think about the combination of both processes is a
reasonable idea.

Normally the combination of adsorption-oxidation processes can be considered
as synergistic processes in which they could be taken as heterogeneous reactors
(Kurniawan and Lo 2009). The process could be considered as a catalytic reaction in
which an oxidizing agent is already mounted on the surface of the adsorbent material
(Shukla et al. 2010; Zhang et al. 2012), in other cases the adsorbent material
functions as only support to concentrate the contaminating organic substances and
then use chemical oxidizing agents and/or assisted by some physicochemical process
(Kurniawan and Lo 2009; Mok and Kim 2011). In such a way that they could be
subdivided as oxidative catalytic adsorption and adsorption assisted by an oxidative
method.

5.5.1 Oxidative Catalytic Adsorption

Most of the studies presented on oxidative catalytic adsorption consist of an adsor-
bent material that functions as a matrix to load some catalytic agent that triggers the
oxidative reaction. The study presented by Crittrnden-Suri shows how a material
with known characteristics as adsorbent material (Silica gel), a photoactive catalyst
(Pt-TiO2) is loaded in its active sites, it was demonstrated that under controlled
laboratory tests it was possible to eliminate 96% of the organic compounds present in
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the water, as long as the irradiation of UV light was effective (Crittenden et al. 1997).
In this case, the oxidation is carried out by a highly catalytic agent such as TiO2,
which allows the dissociation of water, forming highly oxidizing agents.

On the other hand, the efficiency of Fenton-type oxidative processes is known, so
it is not uncommon to use Fenton reactions catalyzed on an adsorbent material. You
can find studies in which the metallic agent such as Fe is loaded onto the surface of
adsorbent material, such as the case studied by Shukla-Wang, in which Fe catalysts
were loaded employing the impregnation technique on mesoporous silica. In this
study, it was found that the amount of Fe impregnated in the surface of the silica to
diminish the capacity of adsorption of it is not determinant. However, both the
concentration of H2O2 and the water in which the pollutant is dissolved, reduce the
amount of Fe available on the surface of the material, preventing the degradation
efficiencies from being as expected (Shukla et al. 2010), despite this, at specific pH
levels, the total mineralization of 60% of the degraded organic pollutant was
determined. A similar study showed that the effectiveness of degradation of an
organic compound by Fenton reaction could benefit if a small amount of Fe is
impregnated on the surface of a zeolite contrasted with a high concentration of Fe
dissolved in the aqueous bed. The heterogeneous catalytic reaction is benefited since
the contact of Fe with hydrogen peroxide is stimulated by the transport forces related
to the phenomenon of adsorption (Gonzalez-Olmos et al. 2013), In this sense, the
combination of the processes simultaneously benefits the degradation of organic
pollutants.

The support of Fe can be given in multiple materials, such as carbonaceous
matrices both granular and fibers, it was demonstrated that these materials have a
high capacity of adsorption and allow a very high degradation of organic com-
pounds, besides, it has been demonstrated that a high efficiency at low concentra-
tions of H2O2 (Wang et al. 2014). The synthesis of materials that have favorable
properties as a catalyst has been the subject of study. We have studied the formation
of nanomaterials composed of iron oxide as the FeOOH, supported on a carbonic
matrix, which acts as a reducing agent within the Fenton reactions, it was found that
this type of materials allows using a wider range of pH what facilitates the operation
of degradation of organic compounds. Likewise, the assistance of an electric current
helps achieve this objective, transforming the process into an electrocatalyzed
adsorption, through Electro-Fenton reaction. The liberation of electrons in the
anode, in turn, allows the regeneration of reduced Fe, which allows reaching the
total degradation of the organic pollutant since there is no limitation of the reducing
agent (Zhang et al. 2012). Likewise, Photocatalytic adsorption systems have been
studied in which a carbonaceous photoreceptor material radicalizes H2O2, generat-
ing decompositions of 92.5% (Ince and Apikyan 2000). Systems like these allow
reaching high efficiencies due to the conjunction of a suitable adsorbent material, a
catalytic element capable of regeneration and a correct application of photolytic and
electrolytic elements.

There are also non-ferrous catalysts for use in Fenton reactions, the application of
Cu supported in a mesoporous matrix of MnO giving good results in degradation
with efficiencies of between 56–89% and can be used at practically neutral pH
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(Zhang et al. 2016). Not only have oxidation of organic compounds been achieved,
but inorganic compounds have also been oxidized (Asaoka et al. 2012; Buatier de
Mongeot et al. 1998); although this does not enter into Fenton reactions, it shows
that it is a good option to use the combination of adsorption and oxidative processes
simultaneously.

5.5.2 Adsorption Assisted by an Oxidative Method

Unlike oxidative catalytic adsorption, the adsorption processes assisted by an oxi-
dative method do not carry out the adsorption-oxidation process simultaneously;
rather, these are a process train, that is, it passes from one process to another, the
most common order being oxidation followed by adsorption. The reason for this
arrangement is due to the adsorption of degraded elements that present a lower risk
than the original contaminants before the oxidation process (Wang et al. 2010).

The degradation of contaminants by these assisted methods is usually greater than
that of oxidative catalytic adsorption since it is easier to control both processes
separately you can get efficiencies of up to 98% mineralization (Akrout et al. 2015),
although the operating time is significantly longer. Furthermore, it must be dealt with
that the adsorption process can be inhibited if it is not selective since part of the
reactants and byproducts of the reactions compete to occupy active sites, resulting in
a not very efficient removal (Kurniawan and Lo 2009). See Fig. 5.1.

5.6 Sustainable Energy from an Integrated Microbial Fuel
Cells-Electro-Fenton System

Since the electro-Fenton process is highly effective in the removal of refractory
effluents, the energy output from such systems is not always very much concen-
trated. A few reports on bioelectro-Fenton systems that can efficiently function as
effluent removal and the corresponding energy outputs are tabulated in the table: 3. It
can be seen that mostly the power output is of the order of 2 mWm�2. Even though
the energy output is low in bioelectroFenton system, being an integrated technique, it
has the advantage of the dual application. If we consider the design of microbial fuel
cells, the electrodes are mostly made of low-cost graphite/carbon-based materials
and wastewater is used as an electrolyte. This is a very cheaper prototype for the
production of electric power (Yu et al. 2018; Zhao and Kong 2018). But for the
practical implementation of bioelectroFenton in day-to-day life, the usage of power
from microbial fuel cells (MFCs) is very difficult since the energy production is not
constant and it will not be enough for operating devices. Alternatively, MFCs can be
used for powering some specific applications like MFC integrated sensors, metal ion
removal from wastewater through electrochemical reduction, dye degradation and
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for enhancing the efficiency of chemical oxygen demand removal through advanced
oxidation processes (Fallaha and Rahimnejada 2019; Fu et al. 2018; Mathuriya and
Yakhmi 2014; Nordin et al. 2017). BioelectroFenton system is one of the oxidation
processes (Fenton process) integrated MFC system that is found to be efficient in
removing water pollutants and also for the production of sustainable energy.

5.6.1 Configuration of a bioelectroFenton Cell

The experimental set up of bioelectroFenton system is similar to that of normal MFC
cell and the difference is the use of Fenton’s reagents in an electrolyte and the type of
electrode material used. Similar to MFCs, the integrated cell can be single stacked or
multiple stacked. In normal MFCs, carbon-based materials like graphite felt, carbon
fiber etc. are used as electrodes whereas, in MFC-electro-Fenton cell, the cathode is
modified in order to carry out two types of reactions viz. Oxygen reduction reaction
to form H2O2 or in few cases, it is modified with an iron-based catalyst for the Fenton
process to occur (Cha et al. 2010; Ieropoulos et al. 2010; Li et al. 2009; Tokumura

Fig. 5.1 (a) The type of interaction of the adsorbent at different sites of the reactant and (b)
schematic illustration of adsorption process assisted by an oxidative method
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et al. 2009). The components of anodic and cathodic compartments in MFC-electro-
Fenton cell are described below:

5.6.1.1 Anode Compartment

The anode compartment consists of an anode which is usually made up of graphite as
base material on which either enzymes or biofilms are formed for the conversion of
organic residues to CO2 and water (Santiago et al. 2016). Degradable organic
effluents like wastewater or added molecules like glucose, lactate and acetate form
the electrolyte. The structure of the anode compartment is schematically represented
in Fig. 5.2. More specific details of the bioelectroFenton cell such as the type of
electrodes used, cell design, nature of electrolyte and the efficiency of operation are
depicted in Table 5.3.

5.6.1.2 Cathode Compartment

In cathode compartment, even though the base material of anode is made of carbon,
it is suitably modified with suitable metal oxides for H2O2 production or with Fe
based materials for electro-Fenton reaction (Li and Zhang 2019; Yu 2018). Since the
Fenton process is mostly carried out in the cathode compartment, the electrolyte
should include H2O2 and Fe

2+ (incase if Fe based cathode is not used). Further, there
is a possibility that during Fenton reaction, Fe2+ ions are converted to Fe3+ ions and

Fig. 5.2 Structure of a bioelectroFenton system showing the biofilm formed anode, separator and
the production of H2O2 in cathode for Fenton reaction
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the reduced Fe2+ ions are reformed by accepting the electrons formed during the
conversion of chemical oxygen demand to CO2 in the anode side (Gao et al. 2015).

5.6.2 Novel Bioelectro-Fenton System for Environmental
Remediation

Zhu and Ni first designed the bioelectro-Fenton system in 2009. (Li et al. 2018; Zhu
and Ni 2009) The combination of microbial fuel cell (MFC) set up with Fenton
reaction has the advantage of powering Fenton reaction and lowering the cost of
operation since no external power source is used, production H2O2 within the system
and the formation of Fe2+ ions simultaneously from Fe electrodes. Moreover, instead
of the using sewage sludge as anolyte, marine sediments are used which significantly
improved the power efficiency of MFC (Dios et al. 2014a; Dios et al. 2014b). In
simple words, the essential characteristics that a cathodic material should inherit for
a bioelectroFenton cell are good conductivity, Fe2+ source, 2e oxygen reduction
catalyst and are resistant to various pH values. (Li et al. 2018).

While associating Fenton system with microbial fuel cell (MFC), the efficiency of
the overall cell can be improved through (1) enhancing the current generation from
MFC and (2) choosing the appropriate electrode material for cathode reaction.
Distinct cathodic electrode materials have been used for enhancing the efficiency
of Fenton processes. For example, Feng and his group used (CNT)/γ-FeOOH for the
degradation of an azo dye Orange II at neutral pH. Here CNT highly favours the
two-electron oxygen reduction reaction whereas γ-FeOOH acts as the Fe2+ source.
(Feng et al. 2010) Xu et al. used FeVO4/CF cathode for the treatment of coal
gasification wastewater. Here both Fe3+ and V5+ will act as a catalyst for the
production of OH• radicals which has considerably increased the overall efficiency
for the removal of pollutant. (Xu et al. 2018) Le et al. used carbon Felt@Au
(CF@Au) and porous carbon deposited CF as the cathode materials. Here ferrous
sulphate solution is taken as catholyte which provides the Fe2+ source for carrying
out Fenton reaction. (Huongle et al. 2016) Zhuang et al. used Fe@Fe2O3/carbon felt
for the controlled release of Fenton’s reagent and has used expanded
polytetrafluoroethylene laminated cloth as separator. The separator enhanced the
efficiency of MFC by four times. The proposed mechanism is shown in Fig. 5.3
(Zhuang et al. 2010) Dios and group used iron-containing zeolite for the degradation
of Black 5 dye and phenanthrene. The dye was decolourized nearer to completion
after 90 min, and 78% of phenanthrene degradation was obtained after 30 h. Since
zeolite is a naturally existing adsorbent iron can be easily loaded on the highly
surfaced zeolites. Furthermore, preliminary reusability tests of the developed cata-
lyst showed high degradation levels for successive cycles (Dios et al. 2014a; Dios
et al. 2014b).

In general, the factors that affect the working of bioelectroFenton system are pH,
temperature, the substrate used and the nature of the biocatalyst. (Kahoush et al.
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2018) Zhang et al. have come up with serially connected four MFCs for powering
the cathode reaction. This prototype is found to show better activity, yet the removal
of excess H2O2 becomes difficult. (Zhang et al. 2015) The usage of noble metal
platinum as a cathode material has the drawback of tearing nafion membrane easily.
One of the reasons is that platinum gets break off from the electrode surface and gets
deposited over the nafion membrane where it acts as a Fenton like reagent to produce
•OH radicals. Since •OH is highly reactive it will affect the side groups in nafion
membrane and cause defective sites. (Yu et al. 2011) Another interesting work was
carried out by Wang et al. in which the graphene-poly(vinyl alcohol) on indium tin
oxide coated glass substrate in BEF-MFC system was used as cathode and
decolourised reactive black 5 dye by 60.25%. Moreover, at open circuit potential
(0.42 V), the optimal power density obtained using this method is 74.1 mW/m2.
(Wang and Wang 2017).

5.7 Conclusions and Perspectives

In conclusions, integrated oxidation and adsorption based systems are proven to be
highly effective in the removal of priority organic and inorganic pollutants and for
the production of sustainable energy. Combination of adsorption or oxidation
process with sonochemical, electrochemical and photochemical methods demon-
strates the improvement in the production of •OH radical production in oxidation
processes and adsorption efficiency. Further, the combination of microbial fuel cell
with oxidation processes especially electro-Fenton reaction is an economically
feasible system since the reactants of Fenton process like Fe2+ and H2O2 can be
produced within the reaction system with the simultaneous generation of electric
power as output.

Fig. 5.3 Mechanism of Electro-fenton reaction.: (a) Diffusion of O2 towards the electrode surface
(b) conversion of O2 to H2O2 and (c) Reaction of Fe2+ with H2O2. (Image reproduced from
reference Zhuang et al. 2010)
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Chapter 6
Metal Oxides for Removal of Arsenic
Contaminants from Water

Tamil Selvan Sakthivel, Ananthakumar Soosaimanickam,
Samuel Paul David, Anandhi Sivaramalingam, and Balaji Sambandham

Abstract Arsenic (As), one of the highest harmful pollutants found in drinking/
groundwater, is owing to have unfavourable impacts, for example, skin disease, on
human health. The new Environmental Protection Agency (EPA) assigned the
maximum contaminations of arsenic in groundwater is 10μg/L, and several drinking
water plants are needing extra treatment to accomplish this standard. In recent years,
several researchers have been attempting to discover practical and expendable
adsorbents for some water filtration systems that are utilized in many arsenic
endemic territories. Metal oxide-based adsorbents had been proved to be the best
strategies for arsenic expulsion/removal. This chapter reviews the removal of both
arsenite (As III) and arsenate (As V) species from drinking/groundwater. Also, we
give an overview of traditionally applied strategies to expel both arsenic species to
incorporate coagulation-flocculation, oxidation, and membrane techniques. More
focus has been given to adsorption methods, type of adsorption and factors affecting
adsorption. Moreover, brief summary has been given for an advancement on the
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efficacy of different nanomaterials and composites for the polluted water treatment.
A basic examination of the most generally explored nanomaterials is highlighted.

Keywords Arsenic · Removal technology · Metal oxide · Adsorption Process ·
Drinking water

6.1 Introduction

Water is by and large acquired from two leading normal sources: surface water, for
example, freshwater lakes, streams, waterways, and groundwater, for example, well
water (McMurry and Fay 2004). Water is essential for all types of plants and creature
lifecycles (VanLoon and Duffy 2017) and it has one of a kind material property
because of its extremity and hydrogen securities which mean it can break up, retain,
adsorb or suspend various mixes (Organization 2007). The main source of drinking
water is considered as under groundwater in the world due to the accessibility and
consistent quality. Under groundwater is likewise the favoured drinking water
source for the provincial territories, especially in creating nations, since no or
minimal treatment is needed, and it is frequently situated close to consumers.
Nonetheless, in nature, water isn’t unadulterated because it secures toxins from its
environment and those emerging from people and creatures similar to other organic
exercises (Mendie 2005). This part of the review provides information on the water
quality, the issues identified with groundwater contamination, and the multiple
strategies utilized in the investigation and expulsion of heavy metal ions from
groundwater. This section likewise gives the extent of the hypothesis.

6.1.1 Ground Water Quality and Availability

Groundwater is located underneath the earth surface that occupies the area between
the cleft and grains or splits in rocks. Mostly the groundwater collected through the
dirt by downpour and permeation down. Groundwater has various fundamental
favorable circumstances when contrasted with surface water because of higher
quality, well shielded from conceivable contamination, a reduced amount of subject
to occasional and lasting changes, and consistently spread all over places than
surface water. It can be accessible in dry places even if surface water is no available.
Additionally, collecting groundwater through well fields into activity is less expen-
sive in contrast with collecting the surface water which regularly involves extensive
capital ventures. Because of these favorable circumstances combined with decreased
groundwater powerlessness to contamination especially have brought about wide-
spread use of groundwater for drinking water supply. As of now, 97% of the earth’s
liquefied freshwater is put away in springs. Numerous nations on the planet subse-
quently depend to an enormous degree on groundwater for the fundamental use of
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drinking water. Table 6.1 demonstrates that several billion individuals mainly
depend on groundwater to use for drinking water.

Numerous nations in the world uses groundwater for the purpose of drinking
water as a main source (Table 6.2). Sadly, it was identified that Africa is utilizing the
little quantity of groundwater for drinking purpose. Table 6.2 demonstrates that
groundwater is broadly utilized for drinking water in Europe, particularly in Den-
mark which generates 100% of the drinking water from groundwater. In provincial
regions of India and the United States, groundwater additionally signifies to the
essential source of consumable water (80% and 96%, respectively). In Tunisia,
groundwater signifies 95% of the nation’s water requirements, 83% in Belgium,
and 75% in the Germany, Netherlands, and Morocco. In most European nations
(Belgium, Austria, Hungary, Denmark, Switzerland, and Romania) groundwater
usage surpasses 70% of the complete water utilization (Vrba and van der Gun
2004). In numerous countries, the greater part of the well-drawn groundwater is
for household water supplies which gives 25 to 40 % of the earth’s drinking water
(Lambrechts et al. 2003).

Table 6.1 Drinking water
collection from groundwater
by territory

Territory
Use of Drinking Water from
Ground Water (%)

People Used
(million)

World 2000
(2.0 billion)

Australia 15 3

United
States

51 135

Latin
America

29 150

Europe 75 200–500

Asia and
Pacific

32 1000–2000

Table 6.2 Countries
(selected) uses groundwater to
produce drinking water

Continent Country Percentage (%)

Europe United Kingdom 27

Belgium 83

Netherlands 75

Slovakia 82

Germany 75

Denmark 100

Asia India (rural) 80

Philippines 60

Thailand 50

Nepal 60

Africa Tunisia 95

Morocco 75

Ghana 45

America United States (rural) 96
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Different human exercises can bring about huge deviations in the states of
groundwater assets arrangement which causes exhaustion and contamination.
Groundwater contamination, as a rule, is an immediate aftereffect of ecological
contamination. Groundwater is contaminated basically by nitrogen mixes (nitrate,
alkali, and ammonium), oil-based commodities, phenols, iron mixes, and substantial
metals (zinc, copper cadmium, mercury, lead, etc.) (Vrba and van der Gun 2004).

Groundwater is firmly interconnected with different parts of the earth. In the least
progressions in ecological rainfall can cause variations in the earth’s water body or
groundwater system, assets, and quality. Siphoning could concentrate the chemical
compounds in groundwater which may not suitable for drinking in profound springs
and could attract saline seawater in beach front zones. These conditions ought to be
viewed when pumping groundwater in use. If the groundwater is contaminated,
cleaning up the polluted water can be a generally long haul (several years), in fact
challenging and overpriced (Urba 1985).

Groundwater frameworks are recharged by rainfall and surface water. Generally,
groundwater flow is not exactly distinctive, thus far what is stored underneath the
ground’s surface is the biggest savings of waterbody. Its complete volume denotes to
96% of total world’s freshwater (Shiklomanov and Rodde 2011). Around 60% of the
under groundwater is collected and utilized for cultivation in numerous nations
wherever dry and semi-dry environments prevails; balance 40% of the groundwater
is similarly separated between the industrial and household segments (Shiklomanov
and Rodde 2011). Table 6.3 demonstrates the 15 nations that utilize to a great extent
of groundwater for horticulture, household and industry use (Margat and Van der
Gun 2013).

Table 6.3 Top 15 countries with the major estimated yearly groundwater extractions (2010)

Country

Groundwater Extraction

Estimated Groundwater
Extraction (km3/yr)

Breakdown by Sector

Horticulture (%) Household Use (%) Industry (%)

Italy 10.40 67 23 10

Thailand 10.74 14 60 26

Japan 10.94 23 29 48

Syria 11.29 90 5 5

Russia 11.62 3 79 18

Turkey 13.22 60 32 8

Indonesia 14.93 2 93 5

Saudi Arabia 24.24 92 5 3

Mexico 29.45 72 22 6

Bangladesh 30.21 86 13 1

Iran 63.40 87 11 2

Pakistan 64.82 94 6 0

United States 111.70 71 23 6

China 111.95 54 20 26

India 251.00 89 9 2
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6.2 Heavy Metals Present in Ground Water

Groundwater polluting is the greatest significant ecological issues today in numerous
nations (Sharma and Al-Busaidi 2001). Between the several variety of pollutants
influencing water body, heavy metallic ions or elements get specific concern as their
solid poisonousness at very low focuses/concentrations (Marcovecchio et al. 2007).
The non-degradable metal ions are naturally existing and active in the soil and
dangerous to existing creatures. Along these lines, the exclusion of substantial
heavy metal ions from groundwater is essential to ensure good national health.

It was reported earlier that ventures, for example, plating, earthenware produc-
tion, mining, lead crystal, and battery assembling industries are treated as the
primary causes of substantial heavy metal ion present in water body because of
their chemical wastes mix in the groundwater (Momodu and Anyakora 2010).
Moreover, landfill leachates are the other potential source of metallic contamination
found in groundwater (Marcovecchio et al. 2007). The action of landfill frameworks
considered for waste transfer is the principle strategy utilized for strong waste
transfer in most creating nations. In any case, a “landfill” in a building up nation’s
setting is generally shallow and unprotected (frequently not more profound than
20 inches). This is as a rule followed for a long way from standard suggestions
(Adewole 2009) and adds to the pollution of groundwater, surface and air, and soil,
which is a hazard to living creatures in the earth. Additionally, Fred & Jones in 2005,
demonstrated that certified landfills can also be deficient in the counteractive action
of water body pollution (Fred Lee and Jones-Lee 2005).

A specific gravity of metallic ions are much higher than water, so it can be in the
form of particulate, or colloidal, or disintegrated stages in groundwater (Adepoju-
Bello et al. 2009). Several substantial metal ions are highly essential to living
creatures such as copper, cobalt, manganese, iron, zinc, and molybdenum that are
required at lower concentration as an stimulus for protein exercises (Adepoju-Bello
et al. 2009). In any situation, abundance introduction of metal ions could be
poisonousness to living creatures. The nature of water body is influenced by the
available channels which it passes through to the groundwater region (Adeyemi et al.
2007), in this manner, the metallic substances released by ventures, city wastes,
farming wastes and incidental oil spillages from transporters can bring about an
unfaltering ascent in pollution of groundwater (Igwilo et al. 2006).

6.3 Toxicity and Chemistry of Heavy Metals

Contingent upon the characteristic property and amount of metal consumed, sub-
stantial metals can originate serious medical issues (Adepoju-Bello and Alabi 2005).
Dangerousness of heavy metal is identified with the arrangement of structures with
nutrients, in which amine (– NH2), thiol (– SH) groups and carboxylic corrosive (–
COOH) are included. At the point when metals tie to these buildings, significant
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catalyst and nutrients are influenced. The most hazardous metals to humans are
aluminum, cadmium, mercury, arsenic, and lead. Aluminum is related to Parkinson’s
and Alzheimer’s ailment, presenile dementia and infirmity. The arsenic can cause
different types of cancers such as skin, lungs, and bladder cancer and heart diseases.
Cadmium introduction can produce hypertension and kidney damage. Lead is also a
dangerous toxic substance and a conceivable human cancer-causing agent (Bakare-
Odunola 2005). The dangerous mercury brings about mental aggravation and hin-
drance of discourse, hearing, and vision issues (Warner et al. 2013). Moreover,
mercury and lead might cause the advancement of auto-invulnerability where an
individual’s insusceptible framework attacks its very own cells, that can produce
joint sicknesses and the kidney illness, cardiac disease, and neuron infections. At
much higher concentrations, mercury and lead can originate permanent
cerebrum harm.

The toxicity, source, and chemistry of few substantial metallic elements are
explained below.

(a) Arsenic (As)

The proximity of arsenic in the earth is ever-present on the planet because of
characteristic and anthropogenic bases. It happens in the world’s exterior and it is
activated via regular enduring responses, organic action, geochemical responses, and
volcanic outflows (Mohan and Pittman 2007). The highest concentration of arsenic
was found to be 5 ppm (mg/L) in arsenic-rich groundwater zones, and geothermal
impacts could expand arsenic concentrations, upto 50 ppm. Herbicide, purifying,
and removal procedures are the best instances for arsenic contamination generated
from anthropogenic sources (Smedley and Kinniburgh 2002).

Arsenic threat relies upon its oxidation states, and the characteristic feature of
arsenic species in groundwater/drinking water are in the form of inorganic structures
(Tuutijärvi 2013). Consuming the arsenic contaminated water is dangerous to lung,
skin, kidney, and gives bladder disease, skin thickening (hyperkeratosis) neurolog-
ical disarranges, solid shortcoming, loss of hunger, and queasiness (Yuan et al. 2002;
Basu et al. 2014). This varies from intense harming, which commonly causes
stomach cancer, and bleeding with watery stools. High groupings of arsenic in
water could likewise bring about an expansion in death of a fetus and unconstrained
premature births (Tuutijärvi 2013).

Arsenic in groundwater is an overall issue. Drinking an arsenic contaminated
water from groundwater represents a serious health issues in a few emerging regions
(Mohan and Pittman 2007; Ranjan et al. 2009a, b). On the other hand, the WHO
temporary regulation of 10 ppb (μg/L) of arsenic in water is currently perceived as an
overall issue in numerous nations, particularly in Southeast Asia, including China,
Bangladesh and India (Guo et al. 2007). The biggest section of populace right now is
in danger in eastern part of India and the Bengal Bowl region of Bangladesh (Pandey
et al. 2009; Prasad et al. 2013); nevertheless, both India and Bangladesh have held
WHO’s previous standard regulation, i.e., 50 ppb arsenic concentration, in dr/inking
water (Pennesi et al. 2012; Kamsonlian et al. 2012). Around 70 million individuals
are experiencing arsenic issue alone in these areas; this is maybe the biggest harming
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on the planet’s history (Nigam et al. 2013a, b). As of 2011, in West Bengal, the
polluted arsenic concentration in groundwater, and in drinking water was accounted
for in the range from 50 to 3600 ppb in 111 squares of 12 regions of the state
(Mondal et al. 2011); influencing around 1 million individuals (Basu et al. 2014).
Therefore, the expulsion of arsenic contamination from water has gotten huge
consideration and significant worry to many water utilities and administrative
organizations

Arsenic exists in As–3, As0, As+3, and As+5 oxidation states, however in ground-
water it is typically identified in inorganic structure as oxyanions: trivalent arsenite-
As(III) species and pentavalent arsenate -As(V) species (Kumari et al. 2005; Chiban
et al. 2012; Basu et al. 2014). In eastern part of India, the arsenic species in drinking
water or groundwater are seen as As (V) and As(III) in 1:1 proportion (Roy et al.
2013b; De Anil 2003). Both As (V) and As (III) are sensitive to the assembly at the
pH esteems typically identified in groundwater (pH 6.5–8.5). Figure 6.1 demon-
strates the significant components that control arsenic oxidations: redox potential
(Eh) and pH (Tuutijärvi 2013; Mohan and Pittman 2007; Chiban et al. 2012).

Arsenite prevails in modest reducing anaerobic conditions, for example, ground-
water which can be seen in Fig. 6.2; uncharged arsenite H3AsO3 overwhelms in
reducing circumstances at pH < ~9.2. On the other hand, in oxidizing situations,
distinctive separated types of arsenate are imposing. Speciation of arsenate and

Fig. 6.1 The Eh vs pH diagram of arsenic at room temperature and 101.3 kPa. (Reprinted with
permission from (Wang and Mulligan 2006))
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arsenite separations in various pKa qualities are exhibited in Table 6.4 (Chiban et al.
2012; Mohan and Pittman 2007; Tuutijärvi 2013).

Figure 6.2 demonstrates the circulation of As (III) and As (V), as a component of
pH. As(III) occurs in non–separated state at nonpartisan and marginally at higher pH
(pH > 8) extensive measure of anionic species are identified. Then again As (V), is
totally separated and present as monovalent, divalent and trivalent anions. In gen-
eral, examination reports in speciation information did not consider about the level
of protonation (Chowdhury et al. 2013; Chiban et al. 2012).

(b) Copper (Cu)

In the liquid state, copper (Cu) exists in 3 classes: colloidal, dissolvable and
particulates. The broke up stage might contain free particles just as copper material
and inorganic ligands. Copper structures can be easily connecting with the base
compounds like sulfate, carbonate, nitrate, chloride, smelling salts, humic com-
pounds and hydroxide. The arrangement of unsolvable malachite (Cu2(OH)2CO3)
is a central point in regulating the degree of unrestricted copper (II) particles in liquid
states. An oxidation state of copper (+1), (+2) and (+3) are well known in spite of the
fact that Cu(+2) is highly usual. Cu(+1) is a run of the mill delicate corrosive. In
ground water, Cu(+2) is significantly available at acidic pH (up to 6); liquefied

Fig. 6.2 classification of As (II) and As (V) as a function of pH (Reprinted with permission from
(Smedley and Kinniburgh 2002))

Table 6.4 Separation of
arsenite-As (III) and arsenate-
As (V)

Specification Dissociation Reactions pKa

Arsenate [As(V)] H3AsO4 $ Hþ þ H2AsO�
4 2.24

H2AsO�
4 $ Hþ þ HAsO2�

4 6.69

HAsO2�
4 $ Hþ þ AsO3�

4 11.5

Arsenite [As(III)] H3AsO3 $ Hþ þ H2AsO�
3 9.2

H2AsO�
3 $ Hþ þ HAsO2�

3 12.1

H2AsO�
3 $ Hþ þ HAsO3�

3 13.4
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CuCO3 is common at basic pH (6.0–9.3) and at higher pH (9.3–10.0), the fluid {Cu
(CO3)2}

2� particle dominates (Morgan and Stumm 1970). The predominant copper-
containing species of free copper particles can be identified at a pH below 6.5.
Alkalinity profoundly affects the free copper particle fixation (Ohlinger et al. 1998).

Copper is quite compelling a result of its danger and it is across the board
nearness in the machine-driven applications like paint industries, metal completing
and electroplating manufacturing. The occurrence of copper in groundwater could
cause dermatitis, tingling, keratinization in the feet and hands. Hence, the copper
concentration in water should be decreased to the point that fulfil the ecological
guideline for different waterways (Uwamariya 2013). Broken down copper bestows
shading and undesirable, metallic, unpleasant taste to the water. Recolouring of
clothing and pipes connections happen where the copper level in water exceeds
1.0 ppm (mg/L). Regurgitating, loose bowels, queasiness, and some intense side
effects probably because of surrounding disturbance by consumed copper
(II) particles that have been depicted in a few incidents. The most extreme satisfac-
tory convergence of copper in water is 2 ppm (mg/L) depends on wellbeing
contemplations (Edition 2011).

(c) Lead (Pb)

Lead pollution could happen in water because of mining and refining exercises,
battery discharge and waste reprocessing centers, car fumes outflows, lead contained
fuel spills, municipal solid waste incinerator disposal leachates. Mostly, the actions
of lead in groundwater is a mixer of inorganic complexing materials and usual
ligands. In higher pH (above 5), the precise amount of lead becomes unfavorably
charged, yet is reduced to some degree by reacting with solvents, substances and
metal chelates (Moore and Ramamoorthy 2012). In surface and groundwater, the
prevalent type of lead is present as a particles. However, their concentration is based
on the pH and the redox potential. At higher pH (above pH 8), the lead concentration
could be 10μg/L, while at neutral pH, the dissolvability could approach and exceed
100μg/L of concentration.

Lead is a commonly available material in the world, and it is known for a
considerable length of time to be a collective metabolic toxic substance. Lead is a
profoundly toxic metal (regardless of whether breathed in or gulped), influencing
pretty much every organ and framework in the human body. Creating focal sensory
systems of kids might be influenced, prompting hyperactivity, crabbiness, migraines,
and learning and focus troubles. The lead concentration should be around 0.01 mg/L
in water (Edition 2011).

(d) Cadmium (Cd)

Cadmium is usually found related to zinc (Zn) in sulphide and carbonate metals.
In addition, it is found as a result of processing different metals. Wet chemistry of
cadmium is, generally, commanded by means of cadmium carbonate-
CdCO3(s) (otavite), Cd2+ oxidation, and cadmium hydroxide-Cd(OH)2(s) (Faust
and Aly 2018). An acidity condition of water generally affects the solubility of
cadmium in water. At higher pH (greater than 10), the solubility of cadmium
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carbonate is usually around 300 ppb (μg/L), cadmium hydroxide is from 44 to
225 ppb (μg/L) for the matured structures. Different structures of cadmium are
available in the pH scope of groundwater, however at lower pH (less than 6), the
previously mentioned cadmium structures are absent significantly (Benjamin 2014).
At pH level between 5 and 9, the solubility conditions of cadmium species (CdOH+,
Cd2+, and Cd(OH)2) are quite higher, as revealed earlier (Lai et al. 2002).

Cadmium compounds are available in water from a varies assortment of sources
in nature and from the industry wastes. One of the important sources is ingestion of
food products, particularly green vegetable and grain, which promptly ingest cad-
mium compound from the dirt. The cadmium compounds may happen in surface/
ground water normally or a contaminants from sewage muck, composts, mining
wastes or contaminated groundwater (Fauci et al. 1998).

Cadmium compounds have no basic organic capacity and is amazingly dangerous
for the humans. In ceaseless introduction, cadmium additionally amasses in the
human body, especially in the liver and the kidneys. Intense harming can happen
from the inhalation of cadmium chloride gas and absorption of chloride salts which
has been resulted to death (Baldwin and Marshall 1999). It was identified with an
examination on humans that cadmium can cause numerous infections and highly
dangerous whenever inhaled at higher dosages. In view of the conceivable poison-
ous quality of cadmium, the WHO wellbeing-based rule an incentive for drinking
water is 3μg/l (Edition 2011).

(e) Chromium (Cr)

The valance state of chromium present in groundwater are Cr (VI) and Cr (III).
Numerous chromium, particularly Cr (III), complexes are moderately insoluble in
water. Cr (III) hydroxide and oxide are the main components soluble in water. Cr
(VI) mixes are steady under high-impact conditions yet are reduced to Cr (III) mixes
under reducing environment. another probability in an oxidizing situation is the
invert procedure. The formation of Cr (III) species in water is depends on pH,
particularly Cr(OH)2+ is the usual chromium species present in groundwater with a
pH somewhere in the range of 6–8 (Calder 1988). Cr (VI) in water system occurs
solely as oxyanions (CrO4

2�, Cr2O7
2�). In weaken arrangements (<1 ppm (mg/L)),

the transcendent structure is CrO4
2�; negatively charged component which doesn’t

perplex through an anionic particulate issue. On the other hand, Cr (VI) anions are
mostly adsorbed by the positively charged surfaces, for example, the hydroxides and
oxides of Al, Fe, and Mn. However, Cr (VI) adsorption on these positively charged
adsorbents is generally restricted and reduces with increasing pH (Benders 2012).
Subsequently, Cr (VI) is more transferrable than Cr (III). Because Cr (III) species are
heavy in acidic pH (pH under 3), and, in higher pH (above 3.5), hydrolysis occurs in
Cr (III) and forms trivalent hydroxy species such as Cr(OH)2

+, Cr(OH)3
0, Cr(OH)4

�,
Cr(OH)2+.

Chromium is necessity as a nutritional for various living beings. This nutritional
behaviour just applies to Cr (III). Cr (VI) is dangerous to plants and vegetable. The
standard acceptable concentration of chromium in drinking water is 50 ppb (μg/L)
(Edition 2011). This standard rule is temporary because of vulnerabilities identified
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with the good impact, therefore, the acceptable concentration would be lowering in
near future. Complete chromium has been determined as a result of troubles in
investigating the hexavalent structure.

6.4 Conventional Techniques to Remove Arsenic Metal
Ions from Water

The chemistry and structure of arsenic-exposed groundwater are the central point of
deciding the expulsion of arsenic (Singh et al. 2015). A large portion of the
accessible expulsion innovations is progressively proficient for As (V) given that
As (III) is generally neutral at pH lower than 9.2 (Johnston et al. 2001). Because of
the non-charge surfcae, As (III) species are less accessible for precipitation, adsorp-
tion, and/or particle trade. Appropriately, advanced methods are acceptable for
complete removal of arsenite by utilizing a two-advance methodology which oxidize
the As (III) to As (V) pursued by a system for the expulsion of arsenate (Pous et al.
2015).

6.4.1 Oxidation Method

Oxidation includes the transformation of solvent arsenite to arsenate. This by itself
doesn’t expel arsenic from the arrangement, accordingly, an expulsion system, for
example, adsorption, coagulation, or particle trade, must pursue (Johnston et al.
2001). For redox state of groundwater, oxidation is a significant advancement since
As (III) is the common type of arsenic at close neutral pH (Singh et al. 2015). Beside
environmental oxygen, numerous synthetic substances, just as microbes, have just
been utilized to legitimately oxidize As (III) to As (V) in groundwater and these
findings are identified in Table 6.5.

In many different nations, oxygen, permanganate and hypochlorite are the com-
monly utilized oxidants. As (III) oxidation with oxygen is an extremely moderate
procedure, which can take hours or weeks to finish (Ahmed 2001). Then again,
synthetic chemicals, for example, ozone, chlorine, and permanganate could quickly
oxidize arsenite to arsenate as exhibited in Table 6.5. On the other hand, in spite of
this improved oxidation, interfering elements present in the contaminated water
should be measured in choosing the correct oxidant material as interfering materials
can significantly influence and direct the energy of As(III) oxidation (Singh et al.
2015). For example, the oxidation pace of As (III) by ozone could be significantly
diminished when S2� is present in the water (Dodd et al. 2006). Additionally, in
other examination, it was demonstrated that influencing of other anions and natural
issue in water significantly influence the utilization of UV/titanium dioxide (TiO2)
material in As (III) oxidation (Guan et al. 2012). Besides, this includes an
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Table 6.5 Various oxidants utilized to oxidize As (III) to As (V), and their properties, working
conditions, and efficiencies

Oxidants
Solution
pH

Initial
Concentration
(μg/L)

Type of
Water Comments References

Ozone and
oxygen

7.5–8.5 45–62 Ground
water

Ozone method is
very quicker than
unadulterated oxy-
gen/air for oxidizing
As (III). For exam-
ple, ozone tech-
nique takes 20 min
for the complete
oxidation of As (III)
while unadulterated
oxygen and air oxi-
dizes only 57% and
54%, respectively,
after 5 days

Kim and
Nriagu
(2000)

Type of Chlorine 8.3 300 DI
water

The complete oxi-
dation of As(III) to
As(V) occurs by the
addition of active
chlorine material
when its underlying
fixation was more
prominent than
300 ppb (μg/L). The
estimated adsorp-
tion capacity was
0.99 mg of Cl2/mg
of As (III).

Hu et al.
(2012)

Chlorine dioxide 8.12 50 Ground
water

86% of oxidation
accomplished
within 1hr. This
high value is for the
most part because of
the nearness of cer-
tain metals present
in water which
could act as a cata-
lyst and help in oxi-
dizing As (III) to As
(V)

Sorlini and
Gialdini
(2010)

Monochloramine 8.12 50 Ground
water

Longer time is
needed to acquire
complete As (III)
oxidation. Gener-
ally, it could oxidize
only 60% of As (III)
even after 18 h of
contact time.

Sorlini and
Gialdini
(2010)

(continued)
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Table 6.5 (continued)

Oxidants
Solution
pH

Initial
Concentration
(μg/L)

Type of
Water Comments References

Hypochlorite 7 500 Ground
water

Complete oxidation
of As (III) to As
(V) was occurred
with higher loading
of hypochlorite,
typically, 500μg/L

Viet et al.
(2003)

Hydrogen
peroxide

7.3–10.5 50 Sea
water
and
fresh
water

Highly efficient As
(III) oxidation
occurs when the
solution pH lever
was from 7.3 to 10.5

Pettine et al.
(1999)

Potassium
permanganate

8.12 50 Ground
water

Complete oxidation
occurs within a
minute, very quick
process.

Sorlini and
Gialdini
(2010)

Photocatalytic
oxidation
(UV/H2O2)

8 100 Ground
water

Hydrogen peroxide
with UV irradiation
works effectively to
oxidize As (III) to
As (V). oxidation
can be expanded by
increasing the
power of UV irradi-
ation. Typically,
85% of oxidation
was occurred by
applying UV por-
tion of 2000 mJ/cm2

Sorlini et al.
(2014)

Biological
oxidation

N/A N/A N/A Chemoautotrophic
arsenite-oxidizing
microscopic organ-
isms can include in
the process of As
(III) oxidation by
means of the oxy-
gen as electron
acceptors through
the absorption pro-
cess with inorganic
carbon materials
into cell

Katsoyiannis
and
Zouboulis
(2004)

In situ oxidation N/A N/A Ground
water

oxygenated or extra
oxygen loaded
water is siphoned
with the contami-
nated water to
decrease the con-
centration of As less
than 10μg/L

Gupta et al.
(2009)
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unpredictable treatment, which delivers an As-bearing build-up that is hard to
discard. Subsequently, to productively expel arsenic from a reaction by oxidation,
oxidants ought to be chosen cautiously. In addition, all referred to impediments of
oxidation alone is a less skilful technique for arsenic expulsion.

6.4.2 Coagulation and Flocculation

These methods are the most utilized and archived strategies for expulsion of arsenic
from contaminated water (Choong et al. 2007). In coagulation, positively charged
coagulant material such as ferric chloride (FeCl3), aluminum sulfate (Al2(SO4)3, etc.,
reduces the negatively charged colloids, in this way causing the coagulant material to
impact and get higher efficiency. Flocculation, then again, includes the expansion of
negatively charged or an anionic flocculant which can cause spanning or charge
balance between the enclosed materials that motivates the arrangement of floccula-
tion. During these procedures, contaminated arsenic species is altered by the syn-
thetics material into an insoluble strong complex material that precipitates later
(Mondal et al. 2013). On the other hand, solvent arsenic species could be consoli-
dated in the form of metal hydroxide (Johnston et al. 2001). In any case, solids can be
evacuated a short time later through sedimentation as well as filtration.

Arsenic expulsion proficiency of various coagulants fluctuates based on solution
pH. Lower than pH 7.5, FeCl3, and Al2(SO4)3 compounds are similarly powerful in
expelling arsenic from contaminated water (Garelick et al. 2005). Between the
arsenic and arsenate, specialists recommended that As (V) is the more effectively
contrasted with As (III) and reports indicates that ferric chloride is a superior
coagulant material than aluminum sulfate, particularly at higher pH (greater than
7.6) (Hering et al. 1996; Cheng et al. 1994). With the influence of other metal ions
present in the contaminated water, ferric chloride coagulants worked out very well to
reduce the arsenic contaminations less than the Maximum Concentration Level
(MCL) (10μg/L) in contrast with aluminum-based coagulants (Hu et al. 2012).
Table 6.6 demonstrates a summary of the coagulants utilized in the arsenic evacu-
ation, organized with their efficiencies, working circumstances, and properties.

The real downside of coagulation-flocculation method is the creation of high
measures of arsenic-concentrated discharge (Singh et al. 2015). The administration
of this muck is vital in order to avert the outcome of optional contamination of
nature. Also, action of slime is exorbitant. These impediments cause this procedure
lower the possibility, particularly in the real conditions (Mondal et al. 2013).

6.4.3 Membrane Technologies

Membrane filtration is a system which can be utilized in drinking water production
aimed at the expulsion of arsenic species as well as any additional contaminants
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Table 6.6 Various coagulants utilized for arsenic removal, and their properties, working condi-
tions, and efficiencies.

Coagulant
Material

pH
Condition

Initial
Concentration
of Arsenic

Type of
Water Comments References

Iron
components

7 2 mg/L Deionized As (V) and As (III)
was effectively
removed around 75%
and 45%, respec-
tively, with FeCl3
loading of 30 mg/L.
With the higher load-
ing of iron FeCl3, the
arsenic removal rate
was increased, how-
ever, lingering iron
content was increased
in drinking water after
coagulation.

Hesami et al.
(2013)

Aluminium
components

7 20μg/L River With the
Al2(SO4)3.18H2O uti-
lization of 40 mg/L,
As(V) was removed
effectively upto 90%.
However, As (III)
elimination with alu-
minium material was
irrelevant even after
increasing the alu-
minium dosages.

Hering et al.
(1997)

ZrCl4 5.5 50μg/L Deionized With 2 mg/L addition
of ZrCl4, around 55%
of As (V) was effec-
tively removed. In
addition, the As
(V) removal rate was
expanded at pH 6.5
and reduced at pH8.5.
on the other hand, As
(III) removal rate was
roughly 8%
irrespective of pH.

Lakshmanan
et al. (2008)

TiCl3 7.5 50μg/L Deionized With 2 mg/L addition
of TiCl3, As (V) and
As (III) expulsion
efficiency was 75%
and 32%, respec-
tively. Both arsenic
species evacuation
was exceptionally pH
subordinate.

Lakshmanan
et al. (2008)

(continued)
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present in water. Generally, membranes are manufactured compounds contains
several billions of micro pores connected through particular boundaries, which
don’t stop the water to go through (Shih 2005). A main impetus, for example,
weight contrast between the penetrate and feed sides, is expected to pass through
the water by the layer (Van der Bruggen et al. 2003). For the most part, two types of
weight driven membrane filtrations are available: (1) low-weight film forms, for
example, ultrafiltration (UF) and microfiltration (MF); and (2) pressure membrane
forms, for example, nanofiltration (NF) and Reverse Osmosis (RO) (Mondal et al.

Table 6.6 (continued)

Coagulant
Material

pH
Condition

Initial
Concentration
of Arsenic

Type of
Water Comments References

TiCl4 7.5 50μg/L Deionized With 2 mg/L of TiCl4
dosage, around 55%
of As (V) and 26% of
As (III) was removed.
As(V) expulsion was
profoundly pH
depended, Although
As(III) evacuation
was free of pH.

Lakshmanan
et al. (2008)

TiOCl2 7.5 50μg/L Deionized With 2 mg/L of
TiOCl2 dosage,
around 37% of As
(V) and 20% of As
(III) was removed.
Both As (V) and As
(III) expulsion were
profoundly pH
depended.

Lakshmanan
et al. (2008)

ZrOCl2 7.5 50μg/L Deionized With 2 mg/L of
ZrOCl2 dosage,
around 59% of As
(V) and 8% of As (III)
was removed. As
(V) evacuation was
profoundly pH subor-
dinate, while As(III)
expulsion was free of
pH.

Lakshmanan
et al. (2008)

Fe2(SO4)3 7 1 mg/L Double
Deionized

With 25 mg/L of Fe2
(SO4)3 dosage,
around 80% of As
(III) was removed.

Sun et al.
(2013a)

Ti(SO4)2 7 1 mg/L Double
Deionized

around 90% of As
(III) was removed
using 25 mg/L of Ti
(SO4)2 dosage,

Sun et al.
(2013a)
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2013; Shih 2005). The attributes of these four procedures are abridged in Table 6.7
(Bottino et al. 2009; Van der Bruggen et al. 2003).

Utilizing films with pore measures somewhere in the range of 0.1μm to 10μm,
MF- (microfiltration) alone can’t be utilized to expel arsenic species from polluted
water. Accordingly, the molecule size of arsenic-bearing species should be expanded
preceding MF; the flocculation and coagulation is the most prevalent procedures for
this presence (Singh et al. 2015). Another investigation (Han et al. 2002), utilized the
combination of flocculation and MF in which ferric sulfate (Fe2(SO4)3) and ferric
chloride (FeCl3) was used as flocculants to eliminate arsenic contaminations espe-
cially from drinking water. Results confirmed that flocculation by ferric materials
before MF prompts successful arsenic adsorption onto the flocculants and complete
expulsion of arsenic in the penetrate. In any case, the water pH level and the
resemblance of different particles are central point influencing the productivity of
arsenic species immobilization which is a weakness of this system. Particularly,
when managing As (III) evacuation as it has an independent charge in the scope of
pH 4–10 (Shih 2005). Since As (V) is contrarily charged in pH scope of 4–10, it can
attach on the surface to form a complex which would have a productive As
(V) evacuation. Along these lines, to have a powerful system, it should have
finalized oxidation of As (III) to As (V).

Similarly, like MF, UF alone isn’t a viable system for the arsenic-polluted water
treatment because of enormous membrane pores (Velizarov et al. 2004). To utilize
this strategy in arsenic expulsion, surfactant-based detachment procedures, for
example, micellar-enhanced ultrafiltration (MEUF) can be used (Beolchini et al.
2007; Gecol et al. 2004) such as, cationic surfactant can be added to arsenic polluted
water in higher level than the critical micelle concentration (CMC) of drinking water
would prompt the arrangement of micelles that can be bonded to the negatively
charged component of arsenic. As a result, arsenic expulsion will occur in high level
as the surfactants are sufficiently enormous to go through the layer pores. There are

Table 6.7 Outline of pressure driven membrane forms and their attributes

Parameters Microfiltration Ultrafiltration Reverse Osmosis Nanofiltration

Pressure (bar) 0.1–2 0.1–5 3–20 5–120

Permeability
(1/h.m2.bar)

>1000 10–1000 1.5–0 0.05–1.5

Pore size (nm) 100–10,000 2–100 0.5–2 <0.5

Multivalent ions – �/+ + +

Organic
compounds

– � �/+ +

Macromolecules – + + +

Particles + + + +

Separation
mechanism

Filtering Filtering Filtering Charge
effects

Solution-
Diffusion

Applications Purification,
pre-treatment,
Clarification

Exclusion of Bac-
teria, macromole-
cules, viruses

Exclusion of
dissolved salts, and
organic compound

Exclusion of
dissolved
salts
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many reports already available in removing arsenic species using MFUF. One of the
studies utilized a cationic surfactant as a source to investigate the efficiency of
arsenic removal (Iqbal et al. 2007). The highest removal efficiency (96%) was
observed on hexadecyl pyridinium chloride (CPC) surfactant. However, it was
reported that the removal efficiency decreases while decreasing pH of the solution.
Besides, in spite of the viable expulsion of arsenic, additional treatment is required
with powdered activated carbon (PAC) to remove the excess concentration of
surfactant in the solution.

If a molecular weight of the dissolved compound is over 300 g/mol, then NF and
RO methods are appropriate for the water filtration (Van der Bruggen et al. 2003).
These filtration systems can reduce the contaminant arsenic from water significantly,
however there should not be any suspended solids in the feed and arsenic should be
in the form of arsenate (Figoli et al. 2010). It was demonstrated that the As
(V) removal efficacy surpassed 85% for all type of NF membrane involved in the
investigation (Sato et al. 2002), whereas the As(III) removal efficacy was extremely
low. This study was sustained by the discoveries of Uddin et al. (2007), who showed
that without oxidation of arsenite to arsenate, NF can’t fulfil to the maximum
concentration level of arsenic present in water. Similar situation for RO as well, as
appeared in many investigations (Brandhuber and Amy 1998).

Diatomaceous earth (DE) is an another filtration system works similar like other
membranes, however, technically it does not come under membrane filtration system
(Bhardwaj and Mirliss 2005). DE filtration system contains pasty sedimentary
material which has microscopic water plants (fossil-like skeletons) that is called as
diatoms (Logsdon et al. 2002). Diatoms are made up of porous structure with a small
opening of around 50 nm in radius and total size of the diatoms in the range of
5–100μm. The consolidated impact of high porosity and small pore sizes present in
DE makes the best channels used to evacuate tiny particles in the water filter system
(Bhardwaj and Mirliss 2005; Logsdon et al. 2002). Moreover, this kind of channel is
tasteless, odourless, and chemically inactive which makes it safe use in drinking
water filtration. There was a method developed by Misra and Lenze utilized the
combination of mixed hydroxides and DE filter system for the effective removal of
arsenic and other heavy metals present in the drinking water (Misra and Lenz 2008).
This development was performed in the lab scale with a reagent loading of 1000 mg/
L and 100 ppb (μg/L) as an initial concentration of arsenic and showed 90% of
removal efficiency. However, the pH alteration, a long conditioning time and
reagents are required which are considered as a drawbacks (Misra and Lenz 2008).

6.4.4 Ion Exchange and Adsorption

In a process where solid materials are used as a medium to remove any substances
from liquids are called “Adsorption process” (Singh et al. 2015). Basically, in the
adsorption process, the substances are isolated from one phase and collected on the
surface of another phase. This adsorption procedure mainly occurs by either
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electrostatic force and/or van der Waals force between the adsorbent surface ions and
adsorbate molecules. Therefore, it is highly imperative to find the surface properties
of adsorbent first (e.g., polarity and surface area) before to consider in adsorption
process (Choong et al. 2007).

There are many different adsorbents has been utilized for the adsorption process
as appeared in Table 6.8. The absorbents are coal, activated carbon, fly ash,
kaolinite, red mud, montmorillonite, zeolites, goethite, iron hydroxide, chitosan,
zero-valent iron, titanium dioxide, cation-exchange resins and activated alumina.
Among these absorbents, the Table 6.8 outlines that iron-based adsorbents in
adsorption process is an emergent strategy for the removal process of arsenic-
polluted water. The iron based adsorbents works very well because of the higher
affinity towards inorganic arsenic (Gupta et al. 2012). Iron could expel arsenic from
water either by behaving as a reductant, acting as a absorbent, contaminant-
immobilizing or co-precipitant (Mondal et al. 2013).

There are many reports available in adsorption process and considered as the
extensively used method for the removal of arsenic from contaminated water
because of its multiple advantages such as high efficiency in removing arsenic
(Singh and Pant 2004; Mohan and Pittman 2007), easy handling and operation
(Jang et al. 2008), cost-viability (Anjum et al. 2011), and no sludge generation
(Singh et al. 2015). However, the maximum adsorption efficiency relies upon the
concentration of system and operating pH. At lower pH, As (V) adsorption is good,
while, for As (III), most extreme adsorption can be acquired between pH 4 and
9 (Lenoble et al. 2002). In addition, the competing ions, for example, silicate, and
phosphate, also present in the arsenic contaminated water which should be consider
for the adsorption locations (Giles et al. 2011). Besides the conditions of system, the
viability of arsenic adsorption can likewise be delayed by the kind of adsorbent
itself. In Table 6.8, various adsorbents have been reported for the expulsion of
arsenic with different adsorbent loading. However, traditional adsorbents shows
intermittent pore structures and low explicit surface areas, prompting lower adsorp-
tion limits. Absence of selectivity, feeble connections with metallic ions and recov-
ery challenges can likewise limit the capacity of these sorbents in bringing arsenic
concentration down to levels lower than MCL (Habuda-Stanić and Nujić 2015;
Samiey et al. 2014).

Table 6.9 gives brief depictions of arsenic removal technology, where the corre-
lation among those ordinary arsenic removal innovations along with their removal
viability and operational expenses are outlined in Table 6.10 (Mohan and Pittman
2007; Tuutijärvi 2013).

Among the previously mentioned innovations talked about up until now, adsorp-
tion is considered as the best for the treatment of water and wastewater as far as
accommodation, benefit, plan and critical arsenic expulsion effectiveness. Also, it is
most reasonable because of the accessibility of a wide scope of adsorbents.
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Table 6.8 Similar assessment of various adsorptive media recently utilized for arsenic removal

Adsorbents pH*

Adsorbent
Dose Used
(g/L)

Arsenic
Concentration
Range (mg/L)

Adsorption
Capacity (mg/g)

SourceAs(III)
As
(V)

Fly ash 4 5 1–100 – 2.40 Lorenzen et al.
(1995)

Red mud 7.25 20 0.1–50 0.884 0.941 Altundoğan et al.
(2000)

Kaolinite 5 100 0–200 – 0.86 Mohapatra et al.
(2007)

Goethite 6–8 1.6 0.1–200 28 7 Lenoble et al.
(2002)

Alumina 7.6 1–13 1–100 0.18 – Singh and Pant
(2004)

TiO2 7 1 1–200 32.4 41.4 Bang et al.
(2005)

Fe3O4-GO 7 0.1 0–550 85 38 Yoon et al.
(2016)

Fe3O4� reduced
GO

7 0.1 0–550 57 12 Yoon et al.
(2016)

NZVI-Reduced
GO

7 0.4 1–15 35.83 29.04 Wang et al.
(2014)

GNP-Hydrous
Cerium oxide

4 0.1 1–80 – 62.33 Yu et al. (2015)

CeO2-GO – 0.5 0.1–200 185 212 Sakthivel et al.
(2017)

Fe3O4-MWNT
based electrodes

– 0.08 200–400 39 53 Mishra and
Ramaprabhu
(2010)

NZVI/AC 6.5 0.5–6 2 11 15 Zhu et al. (2009)

Mg-Al double
hydroxide/GO

5 0.5 0.1–150 – 180.26 Wen et al. (2013)

GN-α-FeOOH
Aerogel

8–9 0.05 1–16 13.42 81.3 Andjelkovic
et al. (2015)

rGO-Fe3O4-
TiO2

7 0.2 3–10 147.05 – Benjwal et al.
(2015)

GO-MnFe2O4 1–2 0.2 10–50 – 240.3 Huong et al.
(2016) and Luo
et al. (2013)

β-FeOOH@GO-
COOH

6.5 1 1–200 77.5 45.7 Chen et al.
(2015)

FeMnOx/RGO 0.2 0.2–7 22.17 22.05 Zhu et al. (2015)

GO–ZrO(OH)2 7 0.5 2–80 95.15 84.89 Luo et al. (2013)

Eu-MGO/
Au@MWCNT

7 3 0–65 320 298 Roy et al. (2016)
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6.5 Adsorption Mechanism

Various investigations are described in the literature on the adsorption of metal ions
by utilizing various adsorbents. The component of adsorption differs as indicated by
the metal species and kind of adsorbent utilized up until this point. Late examina-
tions uncover that the instruments in procedures of metal ion adsorption are of six
sorts. The component of adsorption is abbreviated as pursues (Chowdhury et al.
2013; Kwok 2009; Wang et al. 2010):

a) Transport over the cell membrane: This concept is related with cell digestion by
living adsorbent. The procedure is normally intervened by a similar system as
utilized by living organs in the digestion of basic particles, for example,
magnesium, potassium, and sodium. However, adsorption might be associated
by the presence of heavy metal ions of a similar charge and ionic radius which
ought to be considered cautiously.

b) Complexion: The metal ion adsorption from contaminated solution may happen
however complex development on the cell surface after the cooperation between
the metal and active sites. Metal ions can tie with a monovalent ligand or
through chelation with polyvalent ligands. The cell surface complexion is on

Table 6.9 Narratives of arsenic removal technologies

Technology Description

Oxidation Arsenite oxidized to arsenate by mixed oxidizers through
air/unadulterated oxygen, microbiological or photochemical. Regularly
applied specialists are chemical oxidizers, for example, chlorine, ozone,
chlorine dioxide, sodium hypochlorite, hydrogen peroxide, Fenton’s
reagent, and potassium permanganate.

Coagulation-
flocculation

Utilizations of synthetic chemical to separate arsenic addicted to an
unsolvable solid that is precipitated or to adsorb arsenic on additional
unsolvable solid that is encouraged (coprecipitation). The arsenic
adsorbed solid is then expelled from the fluid stage by separation. The pH
of the media in this procedure exceptionally impacts the effectiveness of
expulsion. Usually utilized synthetic compounds are manganese sulfate,
ferric salts, and alum.

Membrane filtration Isolates contaminants from water passing through semi-porous hindrance
or layer. The layer enables a few elements to pass, while stops others.
Categories of layer filtration incorporate ultrafiltration (UF),
microfiltration (MF), invert assimilation (RO) nanofiltration (NF).

Ion exchange and
adsorption

Exchange ions controlled electrostatically on the outside of a solid
surface with ions of a comparative charge in the liquid medium. The ion
exchanged solution is generally stuffed into a section and polluted water
is pass through the section to remove the contaminants.

Pollutants interact with the surface of an adsorbent, subsequently
diminishing their concentration in the liquid. The adsorption media is
typically packed in a section and polluted water pass through the segment
to adsorb the contaminants. Conventionally utilized adsorbents are
commercial and engineered activate carbons or cost-effective adsorbents.
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Table 6.10 Advantage and disadvantages of arsenic removal technologies

Technology Advantage Disadvantage
Removal
%

Relative
cost

Oxidation method Easy method; in situ
arsenic evacuation; oxi-
dizes other inorganic
and natural constituents
present in water.

The slow procedure,
For the most part, evac-
uates arsenic(V) and
quicken the oxidation
procedure

– low

Oxidizes different pol-
lutions and kills organ-
isms; generally
straightforward and
quick procedure; least
residual mass

Productive PH control
and oxidation step is
required

Coagulation/
electrocoagulation/
coprecipitation:

Solid powder synthetic
substances are accessi-
ble; straight forward in
activity; successful over
a more extensive scope
of pH

Produces dangerous
slimes; low expulsion
of arsenic;
pre-oxidation might be
required

20–90 Low

Basic synthetic sub-
stances are accessible;
more effective than
alum coagulation on a
weight premise

Medium expulsion of
arsenic(III); sedimen-
tation and filtration
required

Synthetic substances
are accessible economi-
cally with ease

Sulfate particles
impact productivity;
slime development;
rearrangement of pH;
auxiliary treatment is
regularly required

Membrane
filtration

Well–characterized and
high evacuation
proficiency

Preconditioning, high
water dismissal, high
capital expense

�90 High

No harmful strong
waste is created

Cutting edge activity
and upkeep, produce a
high measure of
rejected water which is
dangerous

Ion-exchange Well-characterized
medium and limit; pH
autonomous; selective
particle explicit gum to
evacuate arsenic

Cutting edge activity
and support; recovery
makes muck transfer
issue; As(III) is hard to
evacuate; the life of
resins is low

�90 High

Absorption Effectively accessible;
straightforward in
activity; powerful for a
household treatment
plant

Needs substitution after
4–5 recovery

�90 Low
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the idea of surface charge created from the amphoteric surface locales, which are
fit for the response with adsorbing cationic or anionic species to frame surface
complex.

c) Coordination: The binding of metals to the ligands is depends on the arrange-
ment of a coordination compound. For this situation, the metal goes about as
lewis acid, i.e., end to gain enough electrons to arrive at a latent state, and the
ligand goes about as a lewis base, i.e., has electron pair that can be imparted to
the metal. Coordination at that point is a lewis corrosive – lewis base balance
process

d) Ion Exchange: This one plays a significant job in adsorption and modeled the
binding of substantial metal ions and protons as an element of metal concentra-
tion and ideal pH. The light metal particles presence in cell divider and film, for
example, potassium, sodium, calcium, and magnesium can likewise be
exchanged with the reasonable metal cations.

e) Chelation: Chelation happens when ligand structures facilitate bonds with metal
ions through more than one sets of shared electrons, in this manner framing a
ring structure. Contingent upon the necessity for electrons of the metal and the
development of the ligand, there can be a sharing of up to eight electron
combines between a single metal ion and ligand.

f) Microprecipitation: Microprecipitation might be either reliant on the cell diges-
tion or independent of it. In the previous case, the metal adsorption from the
solution is frequently with an active resistance arrangement of microorganism.
They respond within the sight of a harmful metal, delivering mixes which
support the precipitation procedure. For the situation where microprecipitation
isn’t subject to cell digestion, it might be a result of the compound cooperation
among metal and cell surface.

6.6 Adsorption Theory

Adsorption phenomena are renowned for an extremely lengthy timespan. Sorption
maybe used as a treatment procedure to expel exceptionally unwanted mixes from
feedwater. It includes the detachment of unwanted mixes from the fluid stage, and
compounds bind to a surface of the solid material. The binding to the surface of
materials is mostly weaker and its changeable. The two extensive characterizations
of sorption are Chemisorption and physisorption. Chemisorption is the development
of solid bonds among adsorbate particles and explicit surface areas, otherwise called
active destinations. Accordingly, it is fundamentally utilized to quantify the surface-
active destinations, that take part in advancing (catalyse) compound responses.
Electrostatic and Van der Waals forces between adsorbate particles and also the
molecules that make the adsorbent surface outcome in physisorption. Along these
lines, surface properties, for example, surface region and extremity assume a critical
job in adsorbent analysis. The issue of recognizing chemisorption and physisorption
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is fundamentally equivalent to that of recognizing physical and chemical interaction
in normal. A totally sharp differentiation is uncommon, and transitional case exist.

The main considerations influencing sorption are the adsorbate’s concentration
and its nature, the solution pH and temperature, the existence of competing solutes,
and adsorbent’s properties, for example, size, pore size and surface area. A porous
strong adsorbent is exceptionally vital within the sorption method. Adsorbents are
often grouped as porous and nonporous material. Comparatively, nonporous adsor-
bents have lower active exterior adsorptive surfaces; such materials are embodying
glass, mud and steel dabs. Other hand, permeable adsorbents generally have enor-
mous inside adsorptive surfaces. Especially, a portion of the significant adsorbent
attributes influencing isotherms are active surface areas, pore volume and pore
diameter. In case of nonporous materials, adsorption is relative to the available
active surfaces in the adsorbents. In any case, the porosity of adsorbents isn’t the
central impact on sorption limit (Rice et al. 2012; Lin and Wu 2001).

There are three specific adsorption mechanisms available: equilibrium, kinetic
and steric mechanisms (Do 1998; Lee et al. 2004). Generally, thermodynamic is
related to the steric mechanism, because it relates to the isosteric heat produced in an
adsorption process for a particular amount of adsorbents. In fluid stage sorption
frameworks, sorption of solute particles is commonly combined via the water
desorption, and accordingly, moderately small measures of steric heat are developed.
For sorption equilibria that pursue a Langmuir design, the isosteric heat of adsorp-
tion is steady as a result of the suggested vigorous homogeneity of the adsorbing
surface. In this case, kinetic mechanism and the equilibria isotherm are increasingly
significant for fluid stage adsorption frameworks.

The principle characterization of specific adsorption procedure are adsorption
isotherms and kinetics (for example adsorption equilibria and the rate of adsorption).
These two adsorption principles are discussed further in detail.

6.6.1 Adsorption Isotherms

The sorption equilibrium for a specific adsorbate-adsorbent framework is so-called
an adsorption isotherm since it is the conveyance of a solute among the fluid stage
and the adsorbed stage at a predefined temperature.

The sorption process occurs based on any one of the following adsorption
isotherms, i.e., Brunauer Emmet and Teller (BET), Freundlich, Polanyi, Dubinin
and Raduskevich (D-R), and Langmuir, The proper isotherm model for a specific
part relies upon the attributes of the framework. The active heterogeneity or the
adsorptive surface uniformity is a significant factor in determining an appropriate
isotherm model for a specific adsorbate.

In case of single-solute sorption, the Langmuir and the Freundlich are the typical
isotherm models (Pontius and Association 1990; Ruthven 2006). The accompanying
surely understood experimental and applied Freundlich equation clarifies adsorption
information sensibly well:
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qe ¼ KC1=n
e ð6:1Þ

The linear form of equation is given below:

log qe ¼ log k þ 1
n
logCe ð6:2Þ

where qe equilibrium surface (unit mass of adsorbate/mass of adsorbent), Ce solu-
tion concentration, 1/n and K are the specific constants for a given framework. the
unit for K is dictated by the units of Ce and qe. but 1/n is unitless. K expresses the
adsorption capacity for the adsorbate and 1/n denotes an adsorption quality. For
fixed estimations of 1/n and Ce, higher K would estimate higher qe. On the other
hand, with fixed estimations of Ce and K, smaller 1/n would estimate the stronger
adsorption bond. If 1/n turns out to be extremely smaller, the limit will be indepen-
dent of Ce, and the isotherm model plot moves toward the flat level; the estimation of
qe is then fundamentally steady, and the isotherm is named irreversible. If the
estimation of 1/n is enormous, the adsorption bond is weak, and the estimation of
the qe varies with little changes in Ce.

Furthermore, the Freundlich isotherm model depends on the speculation that the
adsorbent has a heterogeneous surface made of various classes of adsorption site.
The linearized Langmuir condition is given below.

qe ¼
qmaxbCe

1þ bCe
or

1
qe

¼ 1
qmaxbCe

þ 1
qmax

ð6:3Þ

where qmax and b are constants. qmax denotes the most extreme estimation of qe that
could be accomplished as Ce is expanded. The consistent qmax relates to the surface
concentration. The consistent b is identified with the adsorption energy and incre-
ments by the expansion in adsorption bond quality. The fundamental presumption of
the Langmuir isotherm is that solutes adsorption happens at clear homogeneous
places and forms a monolayer structure on the surface.

6.6.2 Kinetic Mechanisms

The sorption kinetics is the most significant factors in assessing the proficiency of
sorption and in deciding the size of water treatment unit developments. To measure
the adsorption kinetics and recognize the adsorptive performance, the pseudo first-
order and second order equations are generally utilized (Ho and McKay 2000). A
straightforward dynamic examination of adsorption is the pseudo first-order equa-
tion and it is given below.
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dq1
dt

¼ k1 qe � qtð Þ ð6:4Þ

where k1 (1/min) is the rate constant of pseudo first-order adsorption, qc is the
measure of metal ion adsorbed at equilibrium and the unit is mg/g. qt is the measure
of metal ion on the outside of the sorbent at given time t (min) and the measurement
unit is mg/g. By applying the limit qt ¼ 0 at t¼ 0, above equation converts to

log qe � qtð Þ ¼ log qe � k1t ð6:5Þ

on the other hand, a pseudo second-order equation was described lately to describe
the adsorption kinetics and the equation is given below

t
q1

¼ 1
k2q2e

þ 1
qe

t ð6:6Þ

where k2 is the rate constant of sorption and the measure unit is g/mg min and h is the
initial adsorption rate and measure unit is mg/g min. When time becomes zero (t – 0),
h can be mentioned as

h ¼ k2q
2
e ð6:7Þ

The initial adsorption rate (h), the equilibrium adsorption limit (qe), and the
pseudo second-order rate constant (k2) could be measured experimentally from the
intercept and slop of the plot of t/q vs t.

To find the diffusion state of sorbate on sorbent, the rate constant for intraparticle
diffusion (kid) is provided elsewhere (Peak and Sparks 2002; Namasivayam and
Ranganathan 1995). The equation is given below:

q ¼ kidt
1=2 ð6:8Þ

The sharp linear portions usually denote intraparticle diffusion within the sorbent,
while the plateaus are attributed to the equilibrium.

6.6.3 Type of Adsorption

Column and batch activities are basically applied to decide the execution of adsor-
bents in adsorption frameworks. Batch activities are typically performed to assess
the capacity of a material to adsorb and the adsorption limit of the adsorbent (Cui
et al. 2012). The information got from batch activities are, constrained to a research
scale and hence try not to give information which can be precisely applied in
household and industrial frameworks. Column tasks, then again, give information
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which could be productive used in household and Industrial areas (Mohan and
Pittman 2007). The batch and column tasks are schematically exhibited in
Fig. 6.3a and b, respectively.

6.6.4 Factors Affecting Adsorption

Various components influence the adsorption procedure, such as, specific qualities
of adsorbent, adsorbate nature, ionic focus, natural issue, temperature and pH. The
impact of various elements is examined below.

One of the important qualities is surface are which is influencing the adsorption
limit since the adsorbent’s adsorption limit is relative to the specific surface area, for
example, the sorption of a specific component enhances by an expansion of specific
surface area (Faust and Aly 2018). The specific surface area of non-permeable
adsorbent enhances with the reduction in size of a particle (Sharma 2001). Subse-
quently, the adsorptive limit of adsorbent raises with a decrease in particle size.

An adsorbent composition may be valued basic data in the starting point when
evaluating the appropriateness of adsorbent for heavy metal evacuation. The surface
hydroxides in the case of iron oxide can adsorb both anions and cations present in
any water body (Sharma et al. 2002). The degree of adsorption relies upon the
density and type of the adsorption and the adsorbing material’s nature.

Adsorption is affected by physical and chemical properties of the substance that
needs to be removed, i.e., adsorbate. These are surface charge, dissolvability,
adsorbate ion size, ionic radii, and atomic weight. Dissolvability/solubility is the
efficient property influencing the sorption limit. The higher dissolvability shows a

Fig. 6.3 Schematic diagram of (a) batch test, and (b) column study
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more robust solvent-solute interaction of liking and the degree of sorption is relied
upon to be less due to the need of breaking the solvent-solute links before sorption
can happen.

There are few things being interrelated, for example the sorption capacity of
transition metal improves with increasing atomic number and reduces with reducing
ionic size (Sharma et al. 2002).

Natural groundwater comprises a blend of numerous interfering ions and organic
mixtures instead of a solitary one. These interfering ions and compounds may act
independently or may increase the adsorption or compete with each other. Adsorp-
tion of one individual ion is delicate to the solution’s ionic strength with adsorption
limit expanding through diminishing ionic fixation (Melia and Coagulation 1972;
Salomons et al. 2012; Faust and Aly 2018). Common restraint could be anticipated
to happen if sorption is restricted towards a solitary and a couple of atomic layers, the
solute’s adsorption affinities don’t change and there is no interaction between solutes
to improve sorption. The level of joint restraint is identified with sizes, fixations, and
sorption affinities of interfering ions (Melia and Coagulation 1972).

Ligands, generally anions, could influence the sorption of heavy metal ions onto
surface of oxide materials in multiple different ways which are given below, (Sharma
et al. 2002).

• complex formation of metal-ligand in solution and adsorb very little
• The ionic species might interact obliquely on the surface of the oxide material and

change the electrical properties
• enhanced metal-ion sorption may so happened due to the formation of strong

metal-ligand complex
• The complex formation may have no impact on metal-ion sorption

Subsequently, the metal-ion sorption on transition metal oxide surface may
increase/decrease/unalter contingent upon the anion’s nature present in the solution
and complex formed with ligands,

The natural Organic matter (OM) derived directly from plants or microbial build-
ups. In their unique or artificially adjusted structure, the debris of OM delivered
ashore are accessible to be moved from the dirt to the hydrosphere. The movement
often happens because of precipitation that keeps running off or permeates through
the dirt column conveying particulate organic matter (POM) and Dissolved Organic
Matter (DOM) to groundwater, lakes, seas, and streams. Humic substances
(HS) which are a type of natural OM, other than considering as a proton acceptor
for charge balance in watery frameworks, additionally respond with metal ions
through ionic or covalent bond formation. The arrangement of some of this rela-
tionship among metal ions and humic corrosive relies upon the underlying condition
of the metal ions and the HS and their fixations (Sharma et al. 2002).

The porosity and size of OM additionally influence the adsorption. Particularly,
Organic compound’s solubility in water body diminishes with expanding chain
length and expanding molecule’s size (Faust and Aly 2018).

Since the majority of the organic mixes in groundwater are typically liquified,
their essence extensively influences the sorption of metal ions present in the water
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body. Generally, when many absorbable substances are available, and sorption
destinations are restricted, focused adsorption happens and the adsorption of certain
ions might be constrained via the absence of energetic sites (Sharma et al. 2002;
Salomons et al. 2012)

Commonly, there is a sensational increment or decline in anion and cation
sorption due to pH increments. It has been seen that, for guaranteed adsorbent/
adsorbate proportion, with limited pH extend, in which the anion and cation sorption
on hydrous oxides increments to 100%, yielding regular pH vs rate adsorption curve
identified as adsorption pH edges. When the adsorbent/adsorbate proportion is
expanded, the partial adsorption at a given pH is decreased and thus the cation
“pH edge” movements to one side (Abdus-Salam and Adekola 2005).

6.7 Analysis and Modelling of Column Study

The arsenic to be expelled from water in a fixed–bed column holding adsorbent can
be determined by breakthrough curves (Ranjan et al. 2009a; Carabante 2012; Bansal
and Goyal 2005). The ideal opportunity for breakthrough presence and state of the
breakthrough curve are significant attributes for deciding the activity and the
dynamic reaction of a sorption column (Fig. 6.4). Consequently, breakthrough
curve that is the proportion of conclusive arsenic concentration; Ce and introductory
arsenic fixation; C0 i.e., Ct/C0 as a function of time (t) vs time was plotted. The
breakthrough time (tb, the time at which the arsenic fixation in the emanating came to
less than 50μg/L) (Ranjan et al. 2009b; Guo and Chen 2005; Pennesi et al. 2012) was
utilized to assess the breakthrough curves.

6.8 Metal Oxide/Composites for Removal of Arsenic
from Water

In the last decades, progresses in nanoscience and nanotechnology have made ready
for the advancement of different nanomaterials for the remediation of polluted water
(Mondal et al. 2013). Because of their higher reactivity, specific surface area with
porosity, and higher specificity, nanomaterials have been extensively considered as
an excellent adsorbents of pollutants, for example, lead, arsenic, cadmium, and
chromium, from drinking water (Hristovski et al. 2007). Titanium-based nano
adsorbents, Carbon contains nanocomposites, iron-based nanomaterials, and other
metal- metal oxide nanoparticles are the most broadly utilized and explored
nanomaterials for the remediation of arsenic-polluted water (Qu et al. 2013; Hua
et al. 2012; Hristovski et al. 2007). Table 6.11 exhibits a short analysis of the similar
assessment of few nano-based adsorbents utilized for arsenic expulsion.
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6.8.1 Carbon Based Composite Materials

Carbon based nanocomposite materials have been described as an effective adsor-
bent to remove different organic chemicals as well as heavy metals from water (Pan
and Xing 2008; Li et al. 2003; Lu and Liu 2006). Roy et al. (2013a), reported that
34.22% of As(III) contamination was removed from the initial concentration of
542μg/L by utilizing 1 g/L concentration of carbon composite material. Although,
the carbon-based composite materials able to reduce the arsenic concentration below
the EPA level, but it works only in low initial concentration of arsenic in water.

Additionally, Carbon-based material can be functionalized to improve their
removal efficacy towards heavy metals present in water. Velickovic et al. (2013)
prepared the functionalized carbon-based materials with polyethylene glycol (PEG)
to remove arsenate and other contaminated metal ions from drinking water. How-
ever, it was determined that the removal efficacy of metal ions on PEG-Carbon based
material is mainly depends on the solution pH. In addition, with 10 mg/L of initial
centralization at pH 4, the most extreme adsorption limit of arsenate on this
functionalized carbon material was shown as 13.0 mg/g.

Fig. 6.4 A fixed-bed column process breakthrough features
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Table 6.11 A similar assessment of different nano-adsorbents for arsenic expulsion

Adsorbent

Adsorbent
Dosage
(g/L)

Initial As
Conc./
Range
(mg/L)

Max. As
(V) Adsorption
Capacity
(mg/g)

Max. As (III)
Adsorption
Capacity
(mg/g) References

Ceria-GO
Composite

0.5 200–0.01 212 185 Sakthivel
et al. (2017)

Iron doped
TiO2

4 100–10 20.4 – Liu et al.
(2012)

Ceria
nanoparticles

5 100–1 18.02 18. Pena et al.
(2005)

Magnetic
graphene oxide

0.4 60–10 59.6 – Sheng et al.
(2012)

GNP-HCO
composite

0.1 80–1 62.33 – Yu et al.
(2015)

Fe(III)/La(III)-
chitosan

– 1–0.05 – 109 Shinde et al.
(2013)

Manganese-
modified acti-
vated carbon
fiber

0.80 80–1.4 23.77 – Sun et al.
(2013b)

Hydrous
Cerium Oxide
(HCO)

0.1 100–1 107 170 Li et al.
(2012)

ZrPACM-43 13 100–10 – 41.48 Mandal et al.
(2013)

Fe3O4-
MWNTs based
electrodes

0.08 400–200 53 39 Mishra and
Ramaprabhu
(2010)

TiO2

nanoparticles
1 90–5 46.08 31.35 Deedar and

Aslam
(2009)

Zirconium
dioxide
impregnated
GAC

0.03 0.12 8.95 – Sandoval
et al. (2011)

CuO
nanoparticles

2 100–0.1 22.6 26.9 Martinson
and Reddy
(2009)

Fe3O4–

graphene–
MnO2

composites

0.50 10–0.01 12.22 14.04 Luo et al.
(2012)

Magnetite-
reduced gra-
phitic oxide

0.2 7–3 5.83 13.10 Chandra
et al. (2010)

TiO2-coated
CNT filter

0.31 10–0.1 14.1 13.2 Liu et al.
(2014a)

Cu2O-reduced
graphene oxide

0.09 2–0.25 4.80 – Dubey et al.
(2015)

Fe3O4-
graphene
composite

2 1–0.1 – 0.313 Guo et al.
(2015)



But, in over-all, carbon-based material might not be a superior option for surface
activated carbon material as widely inclusive adsorbents. All things considered,
Carbon material still illustrate possible in certain applications where just small
quantities of adsorbents are required, which infers a lesser amount of material
expense. These applications incorporate enhancing steps to expel unmanageable
mixes or pre-convergence to follow organic pollutants for investigative uses
(Qu et al. 2013).

6.8.2 Titanium-Based Materials

Previously, It was studied to determine the efficiency of titanium dioxide (TiO2)
toward the exclusion of arsenic in groundwater and photocatalytic oxidation process
of As (III) species (Pena et al. 2005). The equilibrium condition of arsenic removal
was achieved in 4 h using TiO2 nanocrystalline materials, whereas, the equilibrium
condition for commercial TiO2 material was reached within 1 h. Moreover, the
maximum adsorption limit was acquired utilizing TiO2 nanocrystalline materials,
which could be due to the maximum surface area than the commercial TiO2 material.
Using the nano adsorbent, more than 80% of arsenic species was removed at an
equilibrium concentration of arsenic (45 g/L). As far as oxidation, TiO2 nanocrys-
talline was likewise appeared as an effective photocatalyst and similar like arsenite
was totally changed over to arsenate in 25 min under the light and dissolved oxygen
completely.

Additionally, different titanium-based nanoadsorbents being utilized in the
removal process of arsenic in which Hydrous Titania (TiO2 � H2O) nanoparticles
are very special. This hydrous nanoparticles offer the benefit of being compelling
adsorbent for arsenite without the requirement for oxidation to arsenate or no need of
pH change when the adsorption practice (Guan et al. 2012). In addition, hydrous
Titania nanomaterials were studied for the removal of As (III) from the synthetic
groundwater prepared at the laboratory and natural groundwater (Xu et al. 2010).
83 mg/g of arsenite was removed at neutral pH and 96 mg/g was removed at pH
9 which shows the use of TiO2 � H2O as a successful material with minimal effort,
and single-step procedure for the arsenic-polluted water treatment. But, in view of
their size, nanoparticle dispersion into the environment might happen. Thus,
converting the nanoparticle to micron size particle using spray dry process or loading
of these nanoparticles onto supporting material like porous material is required.

Previous report directed by Lee et al. (2015) demonstrated an improved arsenate
expulsion in water utilizing Ti-incorporated basic yttrium carbonate (BYC) which
showed the maximum adsorption capacity of 348.5 mg/g at pH 7 that is 25% higher
than either titanium hydroxide or BYC. This higher adsorption capacity is due to the
improved surface charge and specific surface area, i.e., point of zero charge (PZC):
8.4 and 82 m2/g, respectively. In addition, Ti-incorporated BYC likewise showed
high adsorption limits in a more extensive pH range (pH 3–11) and worked very well
in presence of co-existing anions (e.g., bicarbonate, silicate, phosphate) without
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scarifying the adsorption limit. However, this examination didn’t provide details
regarding the capability of Ti-incorporated BYC to remove arsenite.

6.8.3 Iron-Based Materials

There are several nanomaterials used for the removal of arsenic- polluted water in
which iron-based nanomaterials are extensively investigated, particularly iron oxide
nanoparticles (i.e., Fe2O3 and Fe3O4) and zero-valent iron nanoparticles (nZVI). The
valance state of iron in these materials impacts their capacity to remove heave metal
contaminants (Tang and Lo 2013). A few mechanisms are engaged with these
removal procedure (Fig. 6.5).

(a) Zero Valent Iron nanomaterial (nZVI)

A few examinations have exhibited that the utilization of nZVI is a compelling
innovation for changing contaminations into their nontoxic structure (Xi et al. 2010).
For example, dying components could be adsorbed adequately to functionalized
nZVI that showed the greatest adsorption limit of 191.5 mg/g for one dye (Zhang
et al. 2011). For this situation, adsorption was the consequence of donor and
acceptor bonds happened in the reaction mixture between the – OH group on the
objective component and the functional groups such as – NH2 on the nZVI surface.
With respect to heavy metals, co-precipitation and adsorption are commonly
reported or accepted mechanism engaged with evacuation by nZVI (Habuda-Stanić
and Nujić 2015). As schematically appeared in Fig. 6.5, these mechanisms happen
due to the formation of iron oxide shell on nZVI in contact with water or air.
Evacuation of arsenic is a very well-studied model (Kanel et al. 2005).

X-ray photoelectronic spectroscopy (XPS) was used to examine the As (III)
immobilization system utilizing nZVI (Ramos et al. 2009). Because of the core-
shell formation of nZVI material, it has been demonstrated that both oxidative and
reductive mechanism happens in nZVI for the heavy metal removal application. It
was described that the highly reducing core metal and thin amorphous surface layer
of iron hydroxide that aides in the oxidation and coordination of As (III). Although,
many reports indicated the advantage of nZVI usage in heavy metal removal
treatment, other reports described the disadvantage of nZVI adsorbent with regards
to the material synthesis (Litter et al. 2010).

(b) Iron oxide Nanomaterials

Iron oxide nanomaterials are progressively getting to be predominant in the field
of arsenic expulsion due to the higher capacity to expel arsenic compare to the
micron-sized materials This superior adsorption capacity with respect to metals is
due their higher surface to volume rations (Mohmood et al. 2013). Additionally, iron
oxide nanomaterials have magnetic properties that enable them to be advantageously
isolated from water (Sharma et al. 2009).
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Tang et al. reported the utilization of ultrafine α-Fe2O3 nanoparticles to treat
arsenic contaminated synthetic and natural ground water systems (Tang et al. 2011).
Kinetic studies ascribed that As (V) and As (III) expulsion by α-Fe2O3 materials was
very quick. With a loading of 0.04 g/L of α- Fe2O3 and initial As (III) concentration
of 0.115 mg/L, about 74% of As (III) has been removed within the first 30 mins of
interaction. In the case of As (V), the initial concentration was 0.095 mg/L, and
100% expulsion of As (V) has been accomplished when the α-Fe2O3 loading was
just 50% of that utilized for As(III). The specific surface area of the synthesised
material was around 162 m2/g and the particle size was about 5 nm which showed
the higher arsenic removal efficacy at neutral pH. Adsorption capacities with regards
to As(V) and As (III) were resolved to be 47 mg/g and 95 mg/g, respectively. In
addition, it was demonstrated that the competitive anions of NO3

�, SO4
2�, and Cl- in

the water has a negligible negative impact on arsenic removal process.
The action of magnetite nanoparticles (Fe3O4) to remove arsenic-polluted water

was reported earlier (Chowdhury and Yanful 2011). The synthesised adsorbent had
the average size of 20 nm and the specific surface area of 69.4 m2/g. Results
demonstrated that removal of arsenic by Fe3O4 nanomaterial is mainly depends on
pH of the solution, initial concentration of arsenic, contact time, adsorbent concen-
tration and PO4

3� concentration. Maximum removal capacity for both arsenic
species was accomplished by the initial concentration of 2 mg/L at pH 2. Arsenite
adsorption did not vary by changing the pH from 2 to 9, whereas, arsenate adsorption
decreased very quickly in higher pH (above 7). In addition, maximum arsenic

Fig. 6.5 Arsenic removal mechanism of Fe2O3, Fe3O4, and nZVI. (Reprinted with permission from
(Tang and Lo 2013))
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adsorption limits were determined to be 8.8 mg/g and 8 mg/g for As(V) and As(III),
respectively. The impact of phosphate ion on arsenic evacuation was contemplated
and results demonstrated that expulsion rates reduced with expanding phosphate
concentration. This outcome is as per the investigation directed by Roy et al. (2013a)
the adsorption rate was decreased for As (V) and As(II) by 25% and 13%, respec-
tively with the existence of phosphate at a concentration of 0.5 mg/L.

Mayo et al. additionally examined As(V) and As(III) expulsion utilizing magne-
tite nanocrystalline particles (Mayo et al. 2007). Their outcomes affirmed that the
size of the nanoparticles significantly affects their adsorption conduct. Adsorption
capacities with regards to both arsenic species expanded around 200% when size of
the particle was reduced to 12 nm. Researchers (Hristovski et al. 2007) examined the
As (V) adsorption through batch tests utilizing 16 commercially accessible
nanoparticles. Many of these nanostructured materials adsorbed more than 90% of
As (V) from the contaminated water, with ZrO2, TiO2, NiO, and Fe2O3 nanoparticles
performance was greatest. These nanoparticles demonstrated the highest expulsion
effectiveness, surpassing 98%, aside from ZrO2 in contaminated water.

6.8.4 Other Metal-Based Materials

(a) Cerium oxide (CeO2) nanoparticles

Feng et al. examined batch analyses for the removal of arsenic on CeO2

nanomaterials (Feng et al. 2012). Obtained results demonstrated that arsenic evac-
uation by the CeO2 nanomaterial is depends on the solution pH. For As (V),
adsorption expanded as soon as the pH expanded upto 6, and after that reduced as
pH kept on expanding past 6. Comparative patterns were detected for arsenite, even
though arsenite removal rate was seen to persistently increases while increasing the
pH from 1 to 8. Additionally, Langmuir adsorption isotherms exposed that the
adsorption limits for the CeO2 nanoparticle is 18.15 mg/g, and 17.08 mg/g at
50, and 10

�
C, respectively, showing that arsenic adsorption is more favourable at

higher temperatures.

(b) Zirconium oxide (ZrO2) nanoparticles

Nontoxic, insoluble and chemically stable ZrO2 nanoparticle is another option for
the purification of drinking water (Cui et al. 2013). Cui et al. conducted few
experiments with the group of nanoparticles (Cui et al. 2012). Amorphous ZrO2

(am-ZrO2) nanoparticles was prepared via hydrothermal synthesis method for arse-
nic expulsion. Through kinetic experiments, it was demonstrated that by utilizing
very low dose (i.e., 0.10 g/L) of am-ZrO2 nanoparticles, arsenic concentration could
be decreased lower than EPA limits within 24 h for As (III) and 12 h for As (V). It
was also demonstrated that the adsorption process is viable under neutral pH level
and needn’t bother with any pre-treatment or post-treatment. Highest adsorption
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limits for am-ZrO2 nanoparticles were recorded as 32.5 mg/g and 83.2 mg/g for As
(V) and As(III), respectively.

6.8.5 Metal Organic Framework

Metal organic frameworks (MOFs) are hybrid material with porous structure that are
contained organic and inorganic building blocks associated with one another by
coordination bonds (Hasan and Jhung 2015). Generally, the inorganic parts are a
single or group of metal ions, in which the regularly utilized components are the
transitional metals, for example, Zn2+, Fe3+, and Al3+. Then organic parts, otherwise
called linkers which are multidentate organic ligands, that could be cationic or
anionic or electrically neutral, (Shen 2013). Carboxylates are the most generally
utilized anionic linkers because of their capacity to make metal ionic groups, and
therefore, more stable networks forms (Eddaoudi et al. 2001).

Due to their easy synthesis process, high surface areas, tuneable pore sizes and
random shapes, coordinative unsaturated sites (CUS), and organic functional groups,
MOFs have increased critical consideration in research and manufacturing in the
recent years (Eddaoudi et al. 2001; Yaghi et al. 2003). Also, MOFs hybrid materials
indicated potential in different fields including gas adsorption (He et al. 2012),
hydrogen storage (Langmi et al. 2014), separation of synthetic compounds
(He et al. 2012), biomedical and drug delivery (Huxford et al. 2010), catalytic
application (Liu et al. 2014b), luminescence (Chandler et al. 2006), magnetism
(Kurmoo 2009), and sensors (Chen et al. 2008).

Additionally, adsorption of dangerous substances like heavy metals from ground-
water could be one of the potential utilizations of MOFs, despite the fact that their
adsorption capacities have been less investigated when contrasted with different
materials, for example, zeolites (Jia et al. 2013; Ungureanu et al. 2015). Less
utilization in water purification field could be due to lack of stability in water for a
more extended time (Low et al. 2009).

In contrast with nanoparticles, MOFs brings two important advantages in the field
of adsorption that is, (1) open metal destinations in their structure that are promptly
available, (2) Mechanical and thermal stability of MOFs causing them to withstand
accumulation issues that are regular in nanoparticles (Zhu et al. 2012). These points
of interest, together with their amazingly high pore volume, pore size and specific
surface areas (10,450 m2/g), cause MOFs accomplish better in expelling substantial
metals from contaminated water than different permeable adsorbents (Furukawa
et al. 2010; Jian et al. 2015).

Zhu et al. (2012) examined As (V) expulsion from groundwater utilizing Fe-BTC
(iron and 1,3,5-benzenetricarboxylic) MOF. This MOF attributed high As
(V) adsorption limit of 12.3 mg/g, that is around 11 times higher than commercial
Fe2O3 and 2 times higher than Fe2O3 nanoparticles. In addition, Fe-BTC adsorbs
arsenate in extensive pH range (pH 2–12). Ideal evacuation proficiency was seen
under acidic conditions (pH 2-7). Expulsion effectiveness dropped considerably at
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pH levels over 12, as the stability of MOF is not strong in basic conditions. Also, it
was shown that the adsorption of arsenic take place in the interior of MOFs and not
on the exterior surface. This clarifies a higher adsorption limit of MOFs in contrast
with Fe2O3 nanoparticles because it gives progressively inside space. Additionally,
MIL-53 (Fe) MOFs was utilized for arsenate removal and showed the higher
adsorption capacity (21.27 mg/g) than Fe-BTC (Vu et al. 2015). ZIF-8 (Zeolitic
imidazolate framework-8) was also examined to remove arsenic species and showed
the adsorption limits of 60.03 mg/g and 49.49 mg/g for As (V) and As (III),
respectively, (Jian et al. 2015).

6.9 Disposal of Metal ion Contaminated Materials

The nanomaterials may require disposing when their absorption limit is saturated.
For different metals and organics adsorbed nanoparticles, it might be recuperated
through burning (Mohan and Pittman 2007). But, for arsenic-adsorbed materials,
burning might not be perfect as oxide based arsenics are unpredictable and are
effectively discharged to the environment during the ignition procedure, that
makes another ecological hazard (Saiz et al. 2014). Hence, the most appealing
choice to deal with arsenic-adsorbed nanoparticles is to encapsulate through
stabilization-solidification process and transfer to safe landfill discarding
(Bystrzejewska-Piotrowska et al. 2009). The initial process, stabilization-
solidification, which is a mainstream strategy utilized to change over a possibly
dangerous liquids or solids into a non-dangerous waste materials before it goes to the
safe landfills (Leist et al. 2000).

6.10 Reusability

The economic situation is not favourable for the immediate disposal of hazardous
waste materials is expensive process, hence, regeneration and reusability of the
adsorbent is the favoured choice. Several investigations proposed that the greatest
adsorption limit of metal oxide based adsorbents remains practically steady after
multiple cycles of recovery and reuse (Tuutijärvi et al. 2012; Hu et al. 2005). Also,
pH is seemed to be a significant factor in the desorption process of arsenic from the
metal oxide adsorbents. The results showed the desorption qualities of As(V) and the
regeneration of the maghemite (γ-Fe2O3) nanoparticle adsorbent (Tuutijärvi et al.
2012). 0.1 M NaOH alkaline solution demonstrated the most elevated desorption
productivity of 90% compare to other alkaline solution such as Na2CO3, Na2HPO4,
NaOAc, and NaHCO3. Additionally, desorption was demonstrated to be influenced
by the concentration of alkaline and pH of the solution, for example, when the
concentration of NaOH was increased to 1M, complete desorption of As(V) was
accomplished.
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Nevertheless, other researchers found the reduction in the adsorption limit after
recovery. Saiz et al. (2014) investigated the recovery and reusability of arsenate-
adsorbed Fe3O4@SiO2 composite materials. 0.01 M concentration of NaOH and
HCl was used for the desorption process and found that NaOH performance much
better in the desorption process. This alkaline treatment was further explored to
assess the long-term execution of the recovery procedure, in which adsorbent
materials were involved in functionalization steps (i.e., protonation of amino groups
and coordination of Fe2+) after each of the desorption process. After five cycles of
adsorption-desorption process, 26% reduction in the desorption and 5.7% reduction
in the re-adsorption process was observed. Deliyanni et al. (2003) also revealed the
reduction in the adsorption capacity in an examination with respect to the adsorption
of arsenate ions by akageneite-type nanoparticles. In addition, approximately 30% of
akageneite’s ability was lost in every recovery period, which implies that the
adsorbent should be replaced after four recovery process.

Furthermore, metal oxide nanomaterials could be effectively recovered and
recycled for the expulsion of arsenic provided that the adsorption limits are pretty
much consistent even after a few cycles of recovery. This might be a benefit of
utilizing nanoparticles as an adsorbent to reduce heavy metals in drinking water.
Maybe some nanomaterials not holding their adsorption limit during recovery, this is
probably not a drawback confining their potential usage as the preparation of these
nano-adsorbent is very simple and the reagents used for their preparation is readily
available and very cheap (Saiz et al. 2014). Additionally, these nanomaterials
generally have high adsorption limits that could exceed the expenses expected to
replace the absorbent after a few cycles.

6.11 Stability Issues

Nanomaterials was proved to be viable in the elimination of substantial metal ions
from drinking water. Nevertheless, since they are typically exist as ultra-fine parti-
cles with low energy barriers which make them aggregate and accomplish a stabi-
lized level (Petosa et al. 2010). Cluster formation of the nanoparticles reduces their
specific surface area, thereby diminishing their adsorption limit and reactivity (Tang
and Lo 2013). Additionally, the particle’s mobility reduces, that further adds to
decreasing their capability. To defeat the issues related with cluster formation, two
solutions were accounted.
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1. The impregnation of nanomaterials into permeable/porous materials or surface
coatings (Chang and Chen 2005). Widely utilized host substrates are stimulated
carbon (Kikuchi et al. 2006), bentonite (Eren et al. 2010), sand (Boujelben et al.
2010), alumina films (Hulteen et al. 1997), and resins (Pan et al. 2010). With
respect to surface coating, there are many reports referencing that a thicker
surface modifiers may decrease the response rate, although removal limit was
upgraded because of an expanded number of active sites (Tang and Lo 2013).
Therefore, trade off among reactivity and stability must be focused well.

2. Prepare micro- Nano hierarchically organized sorbents, that can adjust high
adsorption limit and stability of nanoparticle (Zhu et al. 2012).

6.12 Conclusions

In the last decades, many examinations have demonstrated that consuming arsenic-
polluted water ought to be the most significant worries for the strength of humanity.
Along these lines, systems to evade the groundwater arsenic pollution and additionally
to mitigate the effect of such tainting should be created trying to diminish the health
dangers related to the admission of arsenic-polluted water. This chapter discussed in
detail the chemistry and toxicity of arsenic and required conventional techniques to
remove arsenic metal ions from drinking water. Focus was given to the conventional
adsorption method which includes the mechanism, type of adsorption, and adsorption
models. Analysis and modelling of small-scale column study is also discussed with
various metal oxides being used in this study. Mainly, this chapter focused on two
main concerns: (1) the possibility of metal oxide-based nanomaterials as an active
adsorbent of arsenic expulsion for the utilization drinking water filtration systems, and
(2) measuring the effects of variables such as arsenic initial concentration, adsorbents
dosage, competing solute and solution pH. Additionally, a brief overview has also
been given for the disposal of arsenic contaminated materials, regeneration and reuse
of absorbents. In addition, other than the utilization of nanomaterials for the arsenic-
expulsion water treatment, other novel permeable adsorbents have been explained
which could go about as predominant adsorbent materials sooner rather than later
because of their remarkable attributes
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Chapter 7
Earth Abundant Materials
for Environmental Remediation
and Commercialization

J. Nimita Jebaranjitham, Adhimoorthy Prasannan,
K. Sankarasubramanian, K. S. Prakash, and Baskaran Ganesh Kumar

Abstract Environmental remediation is a process of eliminating the toxic materials
from living area of plants, animals and humans. The toxic materials contaminants
air, water and land and made earth not habitable. The solutions for the environmental
remediation should be renewable and sustainable in long term. The pressing issue is
that water is heavily contaminated with industrials pollutants due to growing indus-
trialization. Many technologies are being developed for the water remediation
problem such as filtration, oxidation, reduction, catalysis and many more. Among
that heterogenous photocatalysis found to be effective and it has potential of solving
the water remediation problem which means the solution for water remediation
should be commercialisable. Herein, we explain the importance of heterogenous
catalysis in the environmental remediation and also explain the present status of
state-of-art materials and current advanced materials for water remediation. For the
viable commercialization, we predicted that material abundance being major chal-
lenge. The focus of the present work is to explore potential of photocatalytic

J. Nimita Jebaranjitham
P.G. Department of Chemistry, Women’s Christian College (An Autonomous Institution
Affiliated to University of Madras), Chennai, Tamil Nadu, India

A. Prasannan
Graduate Institute of Applied Science and Technology, National Taiwan University of Science
and Technology, Taipei, Taiwan

K. Sankarasubramanian
School of Physics, Madurai Kamaraj University, Madurai, Tamil Nadu, India

K. S. Prakash
Department of Chemistry, Bharathidasan Government College for Women (Autonomous)
(Affiliated to Pondicherry University, Pondicherry), Muthialpet, Puducherry U.T, India

B. G. Kumar (*)
Department of Chemistry, P.S.R. Arts and College (Affiliated to Madurai Kamaraj University,
Madurai), Sivakasi, Tamil Nadu, India

Department of Science and Humanities, P.S.R. Engineering College (Affiliated to Anna
University, Chennai), Sivakasi, Tamil Nadu, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
S. Rajendran et al. (eds.), Metal, Metal-Oxides and Metal-Organic Frameworks for
Environmental Remediation, Environmental Chemistry for a Sustainable World 64,
https://doi.org/10.1007/978-3-030-68976-6_7

195

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-68976-6_7&domain=pdf
https://doi.org/10.1007/978-3-030-68976-6_7#DOI


materials for commercialization. We foresee and attempted to bring out the clear
picture of the earth abundance crisis in the heterogenous catalytic based environ-
mental remediation. The core concepts explained in this work could be extended to
the other existing technologies.

Keywords Water remediation · Heterogenous catalysis · Materials abundance ·
Environment · Scale up · Commercialization · Toxicity · Material design · Novel
materials · Sustainability · Photocatalyst

7.1 Introduction

7.1.1 Environmental Remediation

Water is often considered as the source of life and the water is essential and flow
through entire earth get pure-impure cycle frequently. The current industrialization
breaks the nature purification cycle due to the huge use of materials and its wastage
(Dapeng and Jiuhui 2009; Dong et al. 2015; Khin et al. 2012; Mills et al. 1993;
Santhosh et al. 2016; Tesh and Scott 2014; Umar and Aziz 2013). The impurities are
contaminating the water and hence consecutively contaminate the land, air, plants
and animals. The remediation aims for water purification till the consumption
standards achieved both for drinking and domestic use. The increase in the world
population and higher standards of people magnify the problem. Because water
purification should be carried out at mass level which require higher quantity of
materials and work force. Hence the toxic impurities are should be removed from the
water to achieve best health for human and the living beings. Additionally, the
technology for the water purification should directly convert toxic molecules to
nontoxic products (Fujishima and Honda 1972; Ku and Hsieh 1992; Matthews
1987; Tanaka et al. 2000). The present work, review environmental remediation of
water using heterogeneous catalyst with focus of earth abundance of materials.

Conventionally, water purified by heterogenous and homogenous catalysis (Chun
et al. 2000; Corma et al. 2010; Descorme et al. 2012; Guillard et al. 2003;
Hajiesmaili et al. 2010; Herrmann et al. 1997; Hu et al. 2011; Jia et al. 2017;
Khanchandani et al. 2013; Malato et al. 2009; Mills and Le Hunte 1997; Ramos-
Delgado et al. 2013; Sun et al. 2006; Thuy et al. 2014). Homogenous catalysis means
catalyst is same phase with water; heterogenous catalysis means catalyst is different
phase than water (mostly solid). Among that, heterogenous catalysis predicted to be
most effective and scientifically proven method for destroying toxic chemicals. The
photocatalyst is often the semiconductor materials (e.g TiO2, ZnO, MgO) which
oxidize organic and inorganic contaminates such as halogenated alkanes, alkenes,
and aromatics (e.g Rhodamine B dye) using complex sequence of reaction (Mills
et al. 1993; Mills and Le Hunte 1997; Xia et al. 2016). The mechanism of degrada-
tion is simple, semiconducting photocatalyst creates very reactive species in pres-
ence of sunlight. The reactive species (OH� radicals) degrade the organic
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contaminants present in the water (Mills and Le Hunte 1997). The photocatalytic
based degradation is effective and has tremendous potential for future with water
remediation. Hence, researchers devoted considerable efforts towards new material
development, new combination (sonolysis with catalysis), fabrication methods,
performance enhancement, increase active sites using nano, deep understanding of
mechanism of degradation, make it commercially viable and establishing mecha-
nism (Bhatkhande et al. 2002; Dong et al. 2015; Khin et al. 2012; Qu et al. 2012;
Thatai et al. 2014).

Heterogenous catalysis has potential to become the solution for environmental
remediation. Since the water remediation is existing all over earth, the water
remediation technology should be addressed commercially (Chirik and Morris
2015). World population is around 8 billion and to solve the problem at that sale
requires tons of raw materials. If we assume water remediation problem can be
solved by the heterogenous photocatalyst technology, then we should imagine in
terms of material abundance. Otherwise, even after achieving the great efficiency,
with the metal with less abundance does not make any impact in the technology or
world. To put it simply, the water purification technology using heterogeneous
catalyst was developed competitively but the scale up is often overlooked due to
the lack of knowledge on mass production. The scale up-potential of every
photocatalyst involving the water purification should be analyzed carefully. Then
the material can be effectively and efficiently used for solve the environment
remediation problem in global scale. Otherwise, developing the photocatalyst for
the water remediation is mere a scientific interest not a realworld solution. Hence, the
materials availability dictates the use and choice of the materials. Current state-of-art
materials is TiO2 where titanium has abundance of 0.57% and oxygen abundance is
about 21%. It is apparent that oxygen is good choice of material but titanium is not a
rational choice. Because, if we establish the commercialization based on TiO2, we
will end up in the situation of titanium depletion at the middle and eventually failure
of technology. Therefore, the materials abundance is new scarcity and makes the
technology costly for commercialization as well as implementation. Therefore, the
analyzing the material abundance for the materials involved in environmental
remediation is meaningful path for commercialization of the technologies.

The problem of earth abundance in environmental remediation is too great to be
overcome by conventional hit-and-trial approach. That is by taking the random
materials and improving it to the best performance and mostly researchers choose
the readily available materials. By this approach, we end up with least-abundant
materials as state-of-art industrial materials e.g. Ru, Rh, Pd, Pt and more and all
those technology metals are rare and precious metals. It is clear that importance of
abundance is poorly understood among the scientific community and the earth
abundant materials environmental remediation not been widely studied to date.
These materials amount in the earth crust is constant, if the demand increased, the
materials cannot serve intended purpose with the time. In general, research work
starts with milligrams scale and eventually converted to multi-ton chemical
manufacturing. Hence material abundance limits the expansion of technology and
scaling up for the mass market. This situation has the potential to create real hard
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challenges for water remediation technologies. An open consideration is minimizing
the use of materials which individual elements earth abundance is very low. There-
fore, we should start with earth abundant materials and tune it to the best perfor-
mance. The abundance of materials seriously analyzed and should be integrated
during the material design and engineering. The earth abundant materials are
cheaper, less prone to supply fluctuation and industrially more feasible. There
have been recent discussions on only use the new and carbon-based materials for
the photocatalysis but in different context (Arvidsson and Sandén 2017; Chirik and
Morris 2015; Johnson et al. 2007; Sunada and Nagashima 2017). There are no
present studies concerning in terms of materials abundance in environmental radi-
ation technologies for high volume commercial application.

Photocatalyst based environmental remediation is perceived as next generation
water remediation technology. To realize full potential, we discussed drivers and
barriers for commercialization of environmental remediation technology. We
emphasized that sustainable commercialization requires the use of non-precious
metals or earth abundant materials. The materials abundance is grand challenge it
should be solved make the photocatalyst technology commercially viable. As long
as use of scarce metals for environmental remediation problem of sustainable
solution will arise. we believe the present work informs the researchers and industry
the importance of earth abundance based materials design. By taking longer time
perspective, this work discourages the use of scarce materials for the future materials
design for any application. By choosing earth abundant materials based design, the
scope, selectivity, performance, stability, reactivity characteristics and electron flow
of reactions of photocatalyst can be improved and hence the overall competency of
the catalyst among the existing one. The present work focuses the representative
synthetic methods that could potentially address the material abundance issues. We
suggested four possible solutions for current precious materials based research
namely recycling, use of earth abundant materials as photocatalyst, increasing
efficiency of the catalyst and develop two or more state-of-art materials. We argue
that still possible to shift the direction of water remediation technology to the
sustainability and affordability. The work also provides actionable insights to
solve the materials abundance issue and develop the effective technology for water
remediation. Overall, we suggest that if we controllably design and prepare the earth
abundant photocatalyst, we could realize photocatalyst based water remediation
technology. We concluded with challenges associated with implementation of
earth abundant materials in the heterogeneous catalysis based environmental
remediation.

7.1.2 Water Remediation and Heterogenous Catalysis

The ever-increasing world population demand industrial revolution and mass
manufacturing. The industries not only positive impact but also generate the nega-
tive impact due to the industrial contaminants. The water standards permit only
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about 40 ppb of toxic chemicals. The contaminants seriously pollute the eco-systems
including land, air and water which in turn harm to human, animals and plants. Since
human body contains most of water, the water is considered as source of life. Hence
much consideration given to the purification of water. Providing high pure water is
pressing problem is many developing, undeveloped and developed countries such as
India and Africa. The contaminants are many types and it can be removed by
physical, chemical and biological methods. Among the various purification/remedi-
ation technologies of water, heterogenous technology is proven to be cost-effective,
efficient and often rated as most practical. Since the method does not require any
energy to purify the chemicals it attracted wide interest in industry and academia.
Simply, the catalyst is continuously irradiated with light, which converted the toxic
impurities to the less toxic ones (Fig. 7.1). Many state-of-art efforts have been made
in the water purification technologies using heterogenous catalysis (Bessekhouad
et al. 2004; Bessekhouad et al. 2005; Cao et al. 2011; Chen et al. 2012; Furukawa
et al. 2011; Herrmann et al. 1997; Li et al. 2009; Li et al. 2011; Matthews 1987;
Matthews 1991). The heterogenous catalyst can be categorizes in to type-I and type-
II based on its band types. The type-I catalyst band gap found to be a straddle band
gap between two co-existing semiconductors materials (e.g GaAs/GaAlAs, CdSe/
ZnSe) (Furukawa et al. 2011; Huang et al. 2013; Jeon et al. 2011; Nasr et al. 1997;
Ostermann et al. 2009; Schultz et al. 2012; Siedl et al. 2009; Su et al. 2011; Thibert
et al. 2011). The type-II catalyst band gap found to be a staggered band gap between

Fig. 7.1 Visible light driven environmental remediation. The advanced materials like nanoparticles
are converted the impure water into purified water
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two co-existing semiconductors materials (Ag2O/Bi2WO6, CdS/TiO2)
(Bessekhouad et al. 2004; Cao et al. 2011; Chen et al. 2012; Khan et al. 2012; Li
et al. 2012; Liu et al. 2012; Nasr et al. 1997; Shi et al. 2012; Wang et al. 2012; Yu
et al. 2012). To be effective, both type of catalysts is associated with two difference
semiconducting materials to create the heterojunction which provides unprecedented
capability of light absorption and charge separation. Both type-I and type-II proven
to be effective and it has been mere choice of type while choosing the environmental
materials. In this section, we have given general overview of technology, degrada-
tion mechanism and factor influencing catalytic activity.

7.1.2.1 The Contaminants of Domestic Water

The industrial waste containing many type of contaminants including biological,
chemical and physical materials. Within the scope of the present work, chemical
contaminants in water remediation is analyzed. Chemical contaminants can be
organic and inorganic type chemicals with micro or macro size. As by the definition,
water remediation method should completely mineralize the organic impurities
without any side-product toxins. The purification process is essentially convert the
toxic chemicals in to the less toxic ones. Organic contaminants are synthetic
compounds namely 1. Dyes: dyes are colorful materials often released by textile
industry e.g. rhodamine B, congo red, methylene blue and methylene blue. The dyes
are homogenous impurities and major cause of the water pollution, 2. Aliphatic
compounds: They are often come from side product in mass production of chemicals
e.g. carbon tetrachloride, chloroform, bromoform and glycolic acid. Aromatic com-
pounds are inevitable in industry often found in the plastic and emulsion industries
as solvent and reactant. The major aromatic compounds are 2,4-dichlorophenol,
toluene, 4-nitrophenol, chlorobenzene and benzoic acid. The aromatic compounds
are miscible or partially miscible with water. But aromatic compounds have very
good affinity towards the catalytic surfaces due to anchoring group and hence the
heterogenous catalyst is effective. Other very common form water pollutants are
pesticides parathion, dicarzol, diuron, alachlor, trichlorfon and turbophos. Since
most of the second world countries are depend on agriculture, the mass scale
pollution is raised from the pesticides. There is other type of contaminants which
can contribute less towards water pollution such as drugs (e.g paracetamol,
proguanil, chloromycetin and explosives (tear gas chloropicrin). As per the catalytic
theory, the contaminants adsorbed on the active surface of the catalyst. The contam-
inants form elastic bond with the surface of the catalyst through the anchoring groups
(e.g –OH group of the phenol anchor with the catalyst through co-ordinate bond).
The contaminants may photodegrade at the surface of the photocatalyst where
critical bonds are broken and the catalyst become less toxic.
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7.1.2.2 The Mechanism of Photocatalytic Water Remediation

In the photocatalysis reaction, both the catalysis and photolysis occur simulta-
neously. In the catalysis reaction, the catalyst is absorbent and contaminants are
adsorbate. During the degradation process, contaminants adsorb at the active sites of
the catalytic surface and degrades gradually. The entire catalytic process happens at
the surface of the photocatalyst. During the irradiation, catalyst absorb the irradiated
light based on its absorption region such UV or visible. The UV region is
200–400 nm where pi-pi transition occurs and visible region is 400–750 nm where
n-pi transition occurs. The band gap of the catalyst is determined by separation of
valance-conduction band and different materials have different types of bandgap.
When the energy of the absorbed light is equal or higher than bandgap of the
photocatalyst, the electron excitation occurs in the catalyst. The excitation process
generates the hole and electron pair (Fig. 7.2). Any adsorbent contaminants come in
contact with surface undergoes chemical modification. The photogenerated the
electron-hole pair and promoted the degradation process through the various photo-
chemical pathways. The detailed description of all photochemical pathways is
beyond the scope of the present work. Because catalysis widely depend on structure
and transition states and difficult to characterize the primary events. The electron-
hole pair promote the redox reaction and generate the active free radicals. The free
radicals are very active and aggressively facilitate breaking of structure any type of
contaminants. Eventually, the adsorption process weakens the inter-atomic bonds in
the contaminant molecules results in the rupture and degradation respectively. The
photocatalyst accelerate the degradation process through the effective pathway of

Fig. 7.2 Absorption process of the photocatalyst. While irradiation, photocatalyst generate the
electron-hole pair and it further promotes free radical formation. The free radicals are very active
and destroy the contaminants
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lowering the energy which is possible by the lowering the active energy of the
reaction. Hence, when compared to the uncatalyzed reaction, rate of the reaction is
much higher.

Photocatalyst
hν

e
O2 Dyes

H2O2O2
Dyes

H2O ð7:1Þ

Photocatalyst
hν

h
H2O

OH
Dyes
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The degradation of contaminants occurs through two of the following process.
The photoexcitation generates the electron and the photoelectron react with the
oxygen molecules (Eq. 7.1). The reaction produces the oxygen free radicals then it
is converted to oxidizing agent hydrogen peroxide. The peroxide degrades the any
types of the dyes or contaminants present in the solution. Indirectly, the
photogenerated electron transfer it energy to the contaminated molecule and decom-
pose it. The overall reduction of contaminants proceeds through the reduction
pathway by using the electron. Another path way of degradation of contaminants
occurs through the following process. The photoexcitation generates the holes and
the photo-hole react with the water molecules (Eq. 7.2). The reaction produces very
reactive hydroxyl free radicals. The hydroxyl radicals degrade the any types of the
dyes or contaminants present in the contaminant solution. Indirectly, the
photogenerated hole transfer it energy to the contaminated molecule and decompose
it. The overall reduction of contaminants proceeds through the oxidation pathway by
using the holes. Practically, different types of photocatalyst is required to different
types of contaminants. Clearly, photochemical processes are generated by the
photocatalyst which in turn generate the free radicals which further degrade the
contaminants.

7.1.2.3 Factors Enhancing Photocatalytic Water Remediation

Since the photocatalysis is sensitive to operational parameters, the performance can
be effectively controlled by the concentration of catalyst, nature of impurities,
intensity of the photons, pH of the solution, temperature and other properties. If
we increase the concentration of the photocatalyst, performance of the catalysis is
increases due to the more active sites and more absorption centers. The nature of
contaminant impurities also influences the performance of the catalyst. The contam-
inants with the anchoring group, which can tentatively bond with photoactive
surface of the photocatalyst which can increase the performance considerably.
Another important factor to be considered is intensity of irradiated photon used in
the catalytic process. The intensity of proton is directly proportional to number of the
photogenerated electron and holes. Hence intensity of irradiated photon is key factor
for the effective catalytic performance. Further, controllable parameter is pH of the
reaction medium. The reaction medium with low pH has positive charge on the
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surface of the catalyst due to the excess of the protons. Similarly, low pH values have
high concentration of OH� ions and induce the negative charge on the surface of the
catalyst. If the contaminants are charged, or Lewis base or acid, the charge on the
surface can attached or detach contaminants effectively due to electrostatic interac-
tion. Hence the performance of the catalyst can be tuned to the maximum level by
adjusting the pH of the solution. The charge on the surface also prevent the
aggregation of the surface of the catalysts due to same charge on the surface and
hence electrostatic repulsion. The temperature is a conventional key parameter
enhance the performance of the catalyst. By increasing the temperature, the collision
between the photocatalyst and contaminant adsorbents increases which reflected in
catalyst-contaminant binding efficiency. Hence performance of the catalyst is line-
arly related with the temperature of the reaction. The other parameters also influence
the performance of catalyst such as shape of catalyst, nano size of photocatalyst,
morphology of the catalyst and band alignment of photocatalyst. Relating perfor-
mance with those parameters are beyond the scope of the present work. In summary,
by controlling above mentioned parameters, effectiveness and efficiency of the
catalyst can be improved to desired level.

7.1.3 State of Art Materials for Water Remediation

The photocatalytic based water remediation is an exciting area and considerable
efforts put forward and numerous state of art materials were developed (Dong et al.
2015; Malato et al. 2009). The materials which can co-coordinatively bond with
more number of contaminants were found to be effective catalysis such as TiO2 and
ZnO. Among that TiO2, (Fujishima and Honda 1972) is very first compound utilized
for the photocatalytic degradation and it currently fine-tuned to highest performance
(Dapeng and Jiuhui 2009; Sin et al. 2012). Along with photochemical performance,
TiO2 gained it position by very good stability towards photons and less corrosive to
most of the chemical contaminants. Hence, TiO2 is ideal model system for
photocatalytic water degradation and by following TiO2 many associated catalysts
was developed. Most of the cations are the transition metals and such as Ti, Fe, Ni,
Zn, Cd, Cu, Ag and more (Ajmera et al. 2002; Bessekhouad et al. 2004;
Bessekhouad et al. 2005; Bi and Xu 2013; Choi and Hoffmann 1996; Kondo and
Jardim 1991; Liu et al. 2013; Srinivas et al. 2015; Thuy et al. 2014; Tongying et al.
2012; Wenhua et al. 2000). Since the transition metals are having partially filled
d-orbitals, high charge forming ability and have good coordinating tendency make
them good candidates for the photocatalysis process. The high charge of the
co-ordination metals (Ti4+, Mn5+) helps the ligand molecules (adsorbents) by elec-
trostatic attraction. The bigger size of the transition metals also provides the possi-
bility of high coordination number and hence one metal on photocatalytic surface
can adsorb up to six molecules. High charge and high co-ordination number of
transition metals synergistically promote adsorption of the contaminants. The
anionic species in photocatalyst is mostly chalcogenide elements namely sulfide,

7 Earth Abundant Materials for Environmental Remediation and Commercialization 203



selenide and telluride. Chalcogenides have dominant covalent bond forming ability
and made photocatalyst covalent in nature. It is to be mentioned that anions bond
with cation is covalent form whereas contaminants bond with cation though
co-ordination induced adsorption process. Novel photocatalyst includes
multicomponent oxides, metals, nanocomposites, core-shell nanoparticles and
photocatalyst with active supports. Among the heterogenous catalyst, type-I catalyst
has heterojunctions with straddle band gap. Some notable type-I catalysts are CdSe/
CdS, Bi2S3/CdS, Fe2O3/SrTiO3 and many more (Fang et al. 2011; Schultz et al.
2012; Thibert et al. 2011). Among the heterogenous catalyst, type-II catalyst have
heterojunctions with staggered band gap. Some notable type-II catalysts are
CdS/TiO2, Bi2S3/TiO2, In2O3/TiO2 and many more(Bessekhouad et al. 2004;
Chen et al. 2012; Liu et al. 2012).

7.2 Earth Abundance: Matter of Importance

Heterogenous catalysis for water remediation has a huge potential to become
commercially viable technology. The water remediation occurs all over the earth,
the real situation requires tonnes of materials. Hence choice of earth abundant
material for the photocatalytic water remediation have the paramount importance.
Because even if we achieve the highly effective catalyst with precious/non-abundant
materials, the materials will deplete over commercialisation before it solves the real-
world remediation problem. Therefore, the analysing the material abundance for the
materials involved in environmental remediation is meaningful path for commer-
cialization of the technologies. Hence, we represented abundance of cations and
anions based on its earth abundance (Fig. 7.3). Among the anions, oxygen (46%),
sulphur (0.042%) and phosphorus (0.099%) are best bet on photocatalytic materials.
It is to be mentioned that selenium is being favourable choice of photocatalytic
materials. But the abundance is very low 5 � 10�6% and it would not be viable
material for scale up and commercialisation. Similarly, most abundant cations are

Fig. 7.3 Abundance of photocatalytic materials: (a) Abundance of prospective anions. Oxygen and
sulfur is favourable choice of anion (b) Abundance of prospective cation and Aluminum and
magnesium favorable choice of cation
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aluminium (8.1%), silicon (27%) and unfortunately, the photocatalyst research
developments did not integrate the materials for the water remediation. The popular
choice the materials are titanium (0.66%), cadmium (1.5� 10�5%), zinc (0.0078%),
copper (0.0068%), silver (7.9 � 10�6%), bismuth (2.5 � 10�6%), tin (0.00022%)
and Nickel (0.009%). Ironically, state-of-art material titanium is existing in earth
about 0.66%. The materials also have the issue of extraction technology where
primary and daughter materials extraction (Graedel 2011). The daughter materials
are materials extracted along with side of primary materials which cannot be
extracted separately. Notable primary materials copper, nickel, zinc, lead and alu-
minium. For example, copper is extracted as primary materials and the daughter
materials of the copper are cobalt, selenium, tellurium. Explaining the influence of
extraction technologies in abundance is beyond the scope of present work. Hence,
the research direction of photocatalytic water remediation towards the high abundant
materials, ideally aluminium and oxygen. The materials abundance is new scarcity
and makes the photocatalytic technology costly for commercialization as well as
implementation. Therefore, we suggest that if we controllably design and prepare the
earth abundant photocatalyst, we could realize photocatalyst based water remedia-
tion technology.

unconsciously, very few excellent efforts addressed the environmental issue in
the current literature. Our intention is not to present exhaustive review of the
reported work on abundant materials, but rather to note new research direction and
reported the representative examples. We presented mostly oxides of high abundant
and moderately abundant materials.

7.2.1 Aluminium Compounds as Earth Abundant Materials

If we focus about the earth abundant material research, aluminium is an ideal choice
of cation. But the aluminium is suffered by its high band gap and not been the
favorable choice of materials. But the novel compounds like metal organic frame
works (MOFs) may integrate the aluminum in photocatalytic research. Fujita et al.
initially revealed potential use of the MOFs as heterogeneous catalyst (Fujita et al.
1994). MOFs have active metal ion at the surface and inside cavity provides high
regioselectivity, stereoselectivity, and shape selectivity for the photocatalytic appli-
cations. MOFs have wide attention due to the fact that, the cavity shape, size and
surface metal atoms of MOFs can be tuned to the required level of photocatalysis.
The MOFs is combination of organic molecules with inorganic metals and hence it
provides excellent chemical tunability to photocatalyst which help to optimise the
catalyst for best performance. After that, Martín et al. reported that ruthenium
complexation with aluminium metal–organic framework and its application in
alcohol oxidation catalysis with high selectivity (Carson et al. 2012). Along with
the aluminium, bipyridine and ruthenium in the metal organic frame work. The
aluminium was introduced in the metal organic frame works through the post
synthetic modification. The introduction of the aluminium provide the stability,
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crystallinity and commercial viability to metal organic frame work (Kang et al.
2011). Moreover, incorporation of aluminum provides, excellent recyclability for
metal organic frame work up to six times. The novel catalyst oxidized variety of
secondary alcohols to ketones in mild reaction conditions with turn over number of
1980 and yield up to 99%. The attractive results are due to its effective charge
separation of metal organic frame works. Since metal attached with linker organic
molecules, one the electron-hole pair is generated and its flowed and separated
through linkers. The advanced application of the MOF is demonstrated by oxidation
of cholestanol to cholestanone successfully. Over all, integration of aluminium is
challenging and the MOFs provided an opportunity to develop commercially viable
photocatalyst.

7.2.2 Metal Oxides and Sulfides as Earth Abundant Materials

Oxygen is a most abundant material on earth 46% and have excellent photo-
chemical stability. Hence it been a favorite choice and numerous number of efforts
made by the researchers. To main the focus of the present work, herein we discussed
the earth abundant metal oxides with photocatalytic application. After titanium,
copper is moderately abundant material when compare to cadmium or gallium.
Copper is narrow band gap semiconductor and p-type and have the potential for
the commercially viable catalyst. Unlike other photocatalytic material, copper is
bio-friendly and can be implemented to any public technology without any regula-
tion. Pathania et al. (Katwal et al. 2015) reported Electrochemically synthesized
copper oxide nanoparticles with photocatalytic activity. The prepare nanoparticle is
in nano-regime and they control the size and shape electrochemically. The particle
size is around 4 nm and nano surface provided excellent surface to volume ratio and
made the materials effective for the photocatalysis. The CuO had degraded the
cationic dyes namely methylene blue, methyl red and congo red and analyzed
through absorption spectra. Within 2 hours, the color of the solution disappears
and dyes were decomposed completely from water.

After oxygen, the favorable choice of the photocatalytic material is sulfur. Since
the titanium sulfide is conductive nature it cannot be effectively used for the
photocatalytic purpose. Hence the copper can be used instead of titanium and has
potential commercial value. Srinivas et al. reported that photocatalytic degradation
of rhodamine B using CuS nanostructures (Srinivas et al. 2015). The method is
known as hexmethyldisilazane assisted synthesis and gave ligand free surfaces
which is ideal for the photocatalytic activity. The method nanoflowers as
nanostructures with the dimensions of 9–35 nm. They have demonstrated that CuS
flowers rhodamine dye in just 12 minutes. The bare clean surface of the
nanoparticles influences the photocatalytic activity and 64% catalyst is degraded in
just 2 minutes. The catalyst performance can be increased up to 4.2 time by
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increasing light intensity. Similarly, performance of the catalyst can be increased up
to 3.3 times by increasing the concentration of the catalyst.

7.2.3 Carbon Based Materials as Earth Abundant Materials

Carbon abundance is 0.18% is better than sulfur and selenium. Moreover, carbon is
chemically versatile and have excellent synthetic handles because of its rich chem-
istry knowledge. But carbon-based nanomaterials long been discouraged due to it
homogenous nature and its challenging to recycle. But the new materials like
graphene provided a revival of carbon based heterogenous catalysis. Recently
many efforts emerging based on the carbon or carbon integrated catalysts. Typical
example is reported by Hui et al. and they reported metal free C3N4 photocatalyst for
the phenol degradation (Zhang et al. 2016a).The C3N4 photocatalyst has band gap of
2.7% and has high photochemical stability, makes the ideal candidate for the
photocatalysis. The C3N4 has the layered structure and due to Vander Waals
interaction between the adjacent layers and layer structure provided the effective
light capture, charge separation and optimized for the degradation. The band align-
ment in the regime of the photocatalyst is about CdS and Cu2O and could be viable
replacement for conventional non-abundant photocatalytic materials. The nano
regime of 3.6 nm provided another handle to tuned the photocatalyst to high
performance. The C3N4 catalyst degrade the phenol efficiently when compared to
dark conditions. About, 0.5% of the C3N4 catalyst degraded the phenol in 3 hours
and follow the pseudo first order kinetics.

Recently, more number of publication using graphene and graphene based
materials for photocatalytic water purification (Upadhyay et al. 2014). The graphene
attained wide attention due its high absorption coefficient, tunable optical behavior,
high surface area, mechanical strength, stability and cost-effectiveness. It is notable
that adsorption capability of the graphene is high and made it ideal for the
photocatalyst studies. Lee. et al. reported that hydrothermal synthesis of carbon
based nanomaterial multiwall carbon nanotubes (MWCNT) and its photochemical
degradation of the Rhodamine B was analyzed (Pawar et al. 2015). They reported the
composite Fe2O3/MWCNT has high performance than the individual Fe2O3

nanoparticles. The demonstrated that Fe2O3/MWCNT can degrade rhodamine dye
in 2 h and it was followed by UV analysis. The claimed that Fe2O3/MWCNT catalyst
removed the methyl groups from the rhodamine B and remove consecutively. The
improved photocatalytic activity is due to high surface area and high density of
catalytic centers in the surfaces of the catalyst which enhance the absorption and
charge separation. They reported that the catalyst may be part of green and clean
technology for the purification of the water. Overall, the carbon and nano regime of
the Fe2O3/MWCNT photocatalyst provides the considerable photocatalytic
performance.
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7.3 The Solving the Problem of Abundancy

Any world problem must have various parallel solution with immediate, middle and
long-term solution. The solutions for water remediation problem aspired to be
permanent and sustainable Herein, we described the four-possible solution for
earth abundance materials based research and development (Table 7.1). The solution
suggested here is representative but not exhaustive. The expectation is all the
solution of sustainable water remediation should be executed in parallel to address
the problem in world scale.

7.3.1 High-Efficient Material Design During Pre-Synthesis

Material efficiency means making more out of the catalyst by using less. This is
possible by increasing the photocatalytic efficiency of the catalyst (Ma et al. 2013;
Mushtaq et al. 2016; Tanwar et al. 2017; Torres-Martínez et al. 2001; Wang et al.
2011). Hence the degradation process requires nanogram of catalyst instead of grams
of catalyst. The solution is temporary, by increasing efficiency, we just postponing
the materials depletion for few years and the end of material abundance eventually
will come. Moreover, the process of increasing efficiency requires tremendous effort
from academia and industry. Because fundamentals of photocatalysis such as charge

Table 7.1 Solving the problem of non-earth abundant materials in photocatalytic materials
research

S.
No

Possible solution
for use of
non-abundance of
materials How it works Issue

1 High efficient
material design

Increasing the efficiency of the
state-of-art materials.
Nano gram of materials can be
used instead of the grams.

Increase the efficiency of current
materials is a short-term solution.
Eventually non-abundance will
come, but delayed. Hence the
solution is temporary

2 Recycling Recycling the existing state-of-
art heterogenous materials after
remediation process.

Recycling process is cost inten-
sive process. The collection of
materials, purification included
in the recycle cost.

3 Using two or more
efficient materials

Directing research from less
abundant materials to two or
more moderately abundant mate-
rials e.g. Sulphur, copper

Since two materials involved,
various skills required for
manufacturing and scale up.

4 Earth abundant
materials made
material design

Directing research to earth mate-
rials e.g. aluminium and oxide

Band gap engineering of new
materials could be difficult. But
the solution is permanent and
sustainable.
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separation and charge injection not understood for the many materials. The energy
management and energy-economy should be maintained in every step of the
photocatalytic degradation process. The efficiency also refers to the production
efficiency, such as minimization use of the raw materials and all operations. Current
trial and error approach may not be best approach to attain the high efficiency. Hence
the research direction requires serious collaboration with the chemists, physicist,
material scientist, electronics and photo-chemists which research direction utilize
every possible opportunity. Alternatively, the nanomaterials are providing wonder-
ful opportunity for the enhancing the efficiency (Farnesi Camellone and Marx 2013;
Jabbari et al. 2016; Savage and Diallo 2005). Since the nanomaterials has high
surface to volume ratio, it provided extra catalytic centers on the photocatalytic
surfaces. Moreover, nanoparticles band gap is depending on the size of the
nanoparticles which provides the unexplored opportunity for the photocatalyst
bandgap engineering. Due to the small surface area charge separation and charge
transfer also easy in nano photocatalyst. Hence nanotechnology can empower the
photocatalytic technology and have the promise of high efficiency. In summary, the
solution of high efficient material design is short term and requires cooperation from
material design as well as research and development.

7.3.2 Recycling the Utilized Photocatalytic Materials

Recycling means utilizing the used catalyst instead of mining the materials and this
may address the earth abundant materials problem. The photocatalyst is heteroge-
nous in nature and it can be recycled numerous times with negligible loss
photocatalytic activity which is applicable to both powder and the thin films. It is
to be mentioned that photocatalyst must be extracted from the catalytic medium after
the catalysis. Then it must clean up, reactivated and reused for the next cycle for the
catalysis. The solution is permanent but the technology for recycling process should
be developed separately. It is extremely unlikely to implement the recycling method
due to economics involved in the process. From the industrial perspective, the
recycling is money intense process and involving collection, separation, recycling
of photocatalyst, time and labor cost. Recently, magnetically recoverable catalysts
gain wide attention due to the simplicity in the process and zero loss during the
recovery. The process improves the separation efficiency and recovery. It is believed
that recycling technology completely dominated by the magnetic materials
(Ambashta and Sillanpää 2010; Hu et al. 2016; Lu et al. 2007; Zhang et al. 2010;
Zhang et al. 2016b). But the water remediation process restricts the photocatalytic
water remediation process to few magnetic materials (Mamba and Mishra 2016).
Recycling process is more of engineering and technology than the science. Hence
the problem of recycling associated with the industries and solution should industry
conducive. Another important factor to consider the while recycling process is
stability of active materials. The materials must be stable towards photons, charge
transfer, oxidation, reduction and leaching process. Due to this factor materials
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recycling tendency is different for different materials and all materials cannot be
recycled many times. In summary, recycling the photocatalytic materials indirectly
maximize the life time of the catalyst. But the balance of economics should be
achieved to realize the sustainable next generation technology.

7.3.3 Using Two or more Efficient Materials by Optimised
Combination

Earth abundance issue can be solved by using two or more moderately earth
abundant materials in photocatalysis. For example, develop the TiO2 and CuS
based photocatalyst and use it as two different technology for water remediation.
Hence, total abundance of materials used in the photocatalyst meets the world-scale
demand. The solution is also temporary and eventually postpone the materials
depletion. The solution can be simply explained as selective materials for the
selective water remediation. One another similar solution is using the composite
materials, the composite materials have the advantages of the both components and
enhance the efficiency (Pawar et al. 2015). Hence, composting the scarce materials
with the earth abundant materials is another meaningful direction. Another similar
direction is using core-shell nanoparticles for the water remediation (Kaur et al.
2014; Khanchandani et al. 2013; Wang et al. 2013; Zhu et al. 2010). Because the
core and shell is different materials and different function can be integrated. Another
important advantage of core-shell materials is charge separation through the band
gap engineering. That is if we coat the low band gap material than core, the excited
electron is free flowing and can be utilized effectively for photocatalysis (Balet et al.
2004; Dorfs et al. 2008; Ivanov et al. 2007). The solution of using two or different
materials for water remediation is scientific and not favorable in terms of techno-
logical point view. Because two different technology requires different set of the
skills to operate and different type of training required for labor. Another issue is that
research community generally chooses the materials at will, hence convincing them
to adopt two different materials for research and development is impractical. Overall,
using two or more efficient materials research is temporary and provide immediate
solution.

7.3.4 Earth Abundant Materials Based Material Design

The meaningful solution for the less abundant materials used in the photocatalytic
water remediation process is directing the research towards more abundant materials
such as aluminium and oxygen. To the best of our knowledge, the solution is
permanent, feasible and sustainable in the water remediation. By our analysis ideal
choice of cations are aluminium, silicon, copper, magnesium and barium. Similarly,
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ideal choice for the anions are oxygen, sulfur and phosphorus. Unfortunately, there
are no present studies concerning in terms of materials abundance in environmental
radiation technologies for high volume commercial application. The technology is
nascent, still possible to shift the direction of water remediation technology to the
sustainability and affordability. Hence new synthetic methods should be encouraged
to create new photocatalytic materials with high abundance elements. The research
direction can be advanced by developing theories and computation models in new
photocatalytic materials. The main challenge associated with the solution is under-
standing the fundamental of the new catalyst and exploit them. Because new catalyst
must be with optimal band gap for absorption and should have more catalytic surface
centers which will reflect in photon collection and charge separation. Hence, focused
and committed research efforts required in this direction of material abundance
based research approach. This is possible by new type of material regime such as
nanoscale materials and MOFs. Another issue is that selectivity of photocatalyst
towards variety of contaminants present in water. The catalyst expected to be
universal in terms of anchoring contaminants but further it need to be identified
and developed. Analytically, the approach of using earth abundant materials pro-
vides expansion of photocatalytic materials based water remediation technology and
industrial level scale up. In summary, the integrating earth abundant materials will
provide the permanent solution and we could realize photocatalyst based water
remediation technology.

7.4 Conclusion and Outlook

Our work suggests that world problems like environmental remediation not solved
by merely considering research and development but abundance also should be
taken in to consideration. The materials abundance based research should be taken
as research approach for industry and academia. This approach not only solve the
problem of material abundance but also integrate the solution of future problems.
Heterogenous catalysis is ideal solution for the environmental remediation. The new
heterogenous catalysis technologies and products should have the vision of sustain-
ability and hence materials abundance.

The ever-increasing demands of sustainability forces the mass production also in
the sustainable way such as abundance of raw materials. The present work informs
the importance of abundance while designing heterogenous photocatalytic materials
for water treatment process. The problem of abundance can be solved in terms of the
four categories. First is to increase the efficiency of current running horse materials.
While increase the efficiency, the less amount of the catalyst required to the cleanup
water. But at some point of time, end of the material abundance will come. Second is
materials used in the heterogenous catalysis can be recycled. But the recycling at the
global scale itself a new technology and not possible at current scenarios. Third is
use two or more less earth abundant materials for the heterogenous catalyst based
water remediation. That is, for few occasions aluminium can be used and some
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places silicon can be used. But the issue with this approach is different materials
requires different skills to operate and hence technology. Hence scaling up is not the
meaningful solution. Fourth method is directing the research and development to the
earth abundant materials like iron or magnesium and its oxides. There are few
unconscious efforts made one this direction, however, efforts still for from
addressing the issue at global scale. Hence focused and committed research efforts
required in this direction of material abundance based research approach. Finally, the
problem of earth abundant materials could be solved by using above one solution or
combinations for suitable water remediation problem.

Our humble warning is to use earth abundant materials for sustainable water
remediation. Otherwise the water remediation process ends up like current
petroleum-depletion and new renewable solutions required in future. It is to be
mentioned that the main challenge to use earth abundant materials would be making
the materials high efficient like current state of art materials. It is not always possible
to make the materials high efficient, but the problem can be addressed by material
engineering such as nanoscale preparation, doping etc. By choosing earth abundant
materials based design, the scope, selectivity, performance, stability, reactivity
characteristics and electron flow of reactions of photocatalyst can be improved and
hence the overall competency of the catalyst among the existing one. We foresee and
attempted to bring out the clear picture of the earth abundance crisis in the heterog-
enous catalytic based environmental remediation. The emphasis mainly given to
material abundance in scale up and expect that it will be useful to selection of
materials for environmental remediation. The water quality is most important issue,
and it is directly reflecting the health of mankind and meticulous analysis of long
term impact of new earth abundant photocatalysts should be analyzed before imple-
mentation. The core concepts explained in this work could be extended to the other
existing technologies.
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Chapter 8
Arsenic Contamination: Sources, Chemistry
and Remediation Strategies

Pankaj K. Parhi, SnehasishMishra, Ranjan K.Mohapatra, Puneet K. Singh,
Suresh K. Verma, Prasun Kumar, and Tapan K. Adhya

Abstract Growing industrialisation, urbanisation and technological advancements
have been endlessly increasing the environmentally contaminating heavy metals
load. Arsenic contamination as an environmental pollutant has transcended as a
major global concern to address. Arsenic contamination of air, soil, water, sediment
and crops due to the various anthropogenic (agricultural) and geogenic (geochem-
ical) sources is a major global threat, including India, owing to its hazardous and
toxic nature. Primarily, the three and five valency arsenic cause severe human health
concerns at an elevated concentration (>0.05 mg/l) affecting millions of people
worldwide year-after-year. Generally non-biodegradable, arsenic can be transformed
into less toxic forms by adopting chemical, biological and/or composite techniques
involving oxidation-reduction, methylation, complexation, precipitation,
immobilisation through sorption, etc. Microbial and phyto-remediation of arsenic
through adsorption, absorption, extracellular entrapment, precipitation and
oxidation-reduction reactions are gaining global attention due to their greater advan-
tages. While phytoremediation includes phytoextraction and phytovolatilisation,
microbial biomass remediates through active/passive/combined arsenic binding.
The chapter embodies the underlying arsenic toxicity and bioremediation
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mechanisms for a cleaner and healthier environment. It details the chemical and
biological remediation of arsenic highlighting the advantages of biological
approaches.

Keywords Pollution · Arsenic contamination · Methylation · Bioremediation ·
Phytoextraction

8.1 Introduction

The delicate environmental balance has been upset due to excess load of numerous
inorganics including heavy metals generated through mining, rapid industrialisation,
and urbanisation. Amongst the heavy metals, environmental pollution caused due to
arsenic contamination is considered as vital for its severe toxicity and potential
associated health risks. Arsenic could generate multiple adverse health effects
because of its many (inorganic and organic) chemical forms, the most common
inorganic trivalent arsenic forms being arsenic trioxide, sodium arsenite, and arsenic
trichloride (Adeniji 2004). The acute symptoms of arsenic poisoning, as a conse-
quence of consuming it above the maximum tolerable limit of 0.05 mg/l, are skin
discoloration, skin thickening and ultimately skin cancer (Khan et al. 2000; Dey
et al. 2017; Banerjee et al. 2011). Arsenic is a metalloid (considered a heavy metal)
under group ‘V’ element of the periodic table (Satyapal et al. 2016). It is found in
four different oxidation states, i.e., +5, +3, 0, and � 3 in nature. Of these, the
pentavalent (AsV; Arsenate) and trivalent (AsIII; Arsenite) exist mostly in inorganic
forms (Satyapal et al. 2018). Although both pentavalent and trivalent forms are
poisonous but AsIII due to its high mobility is 1000-fold more toxic than its
counterpart (Satyapal et al. 2018; Dey et al. 2016). Organic arsenicals derived
from pesticides, herbicides and preservatives are also encountered in the environ-
ment (Satyapal et al. 2018).

Heavy metals like lead, arsenic, nickel, mercury, and cadmium are not at all
beneficial to plants, affecting the plant wellbeing negatively through reduced pho-
tosynthesis, nutrient uptake and certain enzymatic malfunctioning (Lim et al. 2014).
Low concentration of heavy metals leads to cytotoxicity and higher concentration to
cancer (Tak et al. 2013). It occurs due to contamination in food chain at a point and
bioaccumulation inside the living organisms (Tak et al. 2013). The cellular damage
happens due to the reactive oxygen species ROS, mainly oxygen radicals, damaging
the DNA (Chibuike and Obiora 2014). The sources of arsenic contamination, both
natural and anthropogenic, have resulted in wide arsenic contamination of the soil,
water, air and crops (Satyapal et al. 2016). In certain geographical regions, the
animals and humans are constantly exposed to high arsenic concentrations through
contaminated drinking water and food crops (Satyapal et al. 2018; Dey et al. 2016).
As per World Health Organisation (WHO), the maximum permissible limit for
arsenic contaminant in drinking water is 0.01 mg/l (WHO 2011; Aksornchu et al.
2008).
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Arsenic’s notoriety is most predominant in groundwater systems as toxic metal-
loid. The greatest mass poisoning in human history was reportedly due to the
drinking of arsenic contaminated groundwater in millions of people (Dey et al.
2017). Various anthropogenic activities have further accelerated arsenic contamina-
tion, especially in the South East Asia region. It was estimated that more than six
million people in West Bengal, India (Dey et al. 2016; Anyanwu and Ugwu 2010)
and 46 million people in Bangladesh are at a risk of arsenic poisoning due to
drinking water (Dey et al. 2016; Bachate and L Cavalca 2009). Arsenic contamina-
tion in groundwater is at an alarming situation in Indian states of West Bengal,
Chhattisgarh, Bihar, Telangana and Uttar Pradesh.

Removing the contaminating heavy metals through (micro)biological means is
widely accepted as the most efficient, cost effective, and eco- and health-friendly
(Ekperusi and Aigbodion 2015; Ayangbenro and Babalola 2017). The capacity
of microbes to remove heavy metals and metalloids is dependent on the suitability
of the abiotic factors, such as, temperature, pH, physical and chemical properties of
soil, and moisture (Verma and Jaiswal 2016). The chapter deliberates on the
chemical and biological remediation of arsenic from contaminated soils, and the
phytological/microbial mechanisms involved in heavy metals decontamination.

8.2 Sources of Arsenic Contamination

Arsenic in the environment (air, soil, water, and sediment) originates from both
natural (geogenic) and anthropogenic sources (Satyapal et al. 2018; Fig. 8.1). The
key origin points of arsenic flow from the natural geogenic sources include volcanic
eruptions, weathering, fossil fuels, minerals, parent/sedimentary rock bearing arsenic
(Mohapatra et al. 2017a). Various anthropogenic activities like agriculture, mining,
smelting, refining, electroplating, coal combustion, painting and chemical
manufacturing have added to the arsenic release to the environment (Mohapatra
et al. 2017a; Dey et al. 2016; Akhtar et al. 2013). Manufacturing of agricultural
chemicals (e.g. pesticides, herbicides, fertilisers, wood preservatives, etc.), dying
materials and medical products, are other major sources of arsenic contamination
(Mohapatra et al. 2017a; Vishnoi and Singh 2014).

8.3 Arsenic Toxicity

Presence of Arsenic in the environment beyond the permissible limit of 0.01 mg/l
can generate multiple acute and chronic health disorders (Dey et al. 2016). AsIII

compound such as arsenic trioxide, sodium arsenite and arsenic trichloride could
cause neurotoxicity of both the peripheral and the central nervous system (Adeniji
2004). On the other hand, AsV inorganic forms such as arsenic pentoxide, arsenic
acid and Arsenates could also affect the enzyme activity of human metabolism
(Klaassen and Watkins III 2003). Trivalent or pentavalent organoarsenic, specially
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the methylated, forms cause biomethylation and are potential health hazards in
humans, animals and other higher living organisms as they enter the food chain
(Mateos et al. 2006; Adeniji 2004). Excess exposure to arsenic even at a low
concentration could create acute health issues including skin itching, skin discolor-
ation, hyperkeratosis, skin thickening leading to skin cancer, fever, anorexia,
melanosis, weight loss, appetite loss, gastrointestinal disorders (e.g. nausea,
anorexia, stomach irritation, abdominal pain, enlarged liver and spleen), anaemia,
weakness, lethargy, granulocyopenia cardiac arrhythmia, and cardiovascular failure
(Mohapatra et al. 2017a; Taran et al. 2013; Cavalca et al. 2013; Dey et al. 2016).
Long-term arsenic exposure could cause chronic respiratory disorders, lungs irrita-
tion, immune-suppression, arsenicosis, sensory loss, changes in skin epithelium,
ultimately leading to cancer due to DNA damage (Mohapatra et al. 2017a; Adeniji
2004). High arsenic intake could cause infertility, fatal health issues, miscarriages in
women, type-II diabetes, brain damage, cardiovascular problems including hyper-
tension, coronary artery diseases, peripheral vascular disease and atherosclerosis
(Mohapatra et al. 2017a). AsIII could also cease protein functions by binding to the
sulfhydryl groups of cysteine residues (Cavalca et al. 2013).

8.4 Soil Reclamation Strategies

The various remediation measure for heavy metal contamination are functional now
days (Fig. 8.2). The measures for removal of arsenic from the contaminated envi-
ronment should follow several minimal technical standards that consists

Fig. 8.1 Schematic representation of Biogeochemical cycle of arsenic in the atmosphere
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effectiveness, no adverse impact on the environment, and no health hazard for the
neighbouring organism or the system. Presently, three main reclamation practices
are functional namely, physical, chemical, and biological/bioremediation (Lim et al.
2014; Duarte et al. 2009). There are varieties of conventional methods have been
used for removal of arsenic from the contaminated aqueous system such as mem-
brane filtration, precipitation, reverse osmosis, coagulation, oxidation-reduction,
adsorption etc. (Dey et al. 2017; Dey et al. 2016; Bahar et al. 2012). In addition to
these physicochemical remediation processes, microbial bioremediation is also
proven as a potential eco-friendly approach for clean-up of the arsenic contaminated
area because of its low operation cost, less energy requirements, non and high
removal efficiency (Voica et al. 2016; Dey et al. 2017; Das and Dash 2014).

Complex make of the microbial cell and their metabolic specialities make them
potential agents to address arsenic toxicity by transforming it to a less-toxic form,
and/or remove them during the cellular metabolic process, biosorption and accumu-
lation phenomena (Mohapatra et al. 2017a; Dey et al. 2016). Table 8.1 describes the
advantages and disadvantages of some of the reported physicochemical and biolog-
ical arsenic remediation approaches.

8.4.1 Arsenic Removal from Contaminated Waters

Conventional and advanced successful treatment approaches to remove arsenic from
groundwater under both laboratory and field conditions have been reported, which
include: (i) coagulation/flocculation, (ii) adsorption, (iii) ion-exchange and
(iv) membrane processes (Mondal et al. 2013). A potentially scalable bioremediation
technology involving green synthesis of nano-adsorbents using bacteria, yeasts,
fungi and plant extracts is also reported (Mondal et al. 2006; Bahar et al. 2012).

Fig. 8.2 Schematic representation of scalable technologies (physical, chemical and biological)
currently available for arsenic remediation from contaminated surfaces
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Table 8.1 Various physicochemical and biological techniques in arsenic remediation

Technique
Approach
(es) employed

Speciality of approach
(es) Reference(s)

Physical Coagulation, precipita-
tion, sedimentation, etc.

Well accepted; high
operational cost, useful
in small-scale opera-
tions. Up to 30–90%
AsIII and > 95% of AsV

removal efficiency

Mahimairaja et al.
(2005) and Fazi et al.
(2016)Adsorption by acti-

vated carbon and/or
alumina

Ion exchange using
anionic resins

Membrane filtration

Chemical Coagulation, complex-
ation and precipitation
using ferric chloride,
sulphates of aluminium,
copper and ammonia

Economical but could
be expensive to reme-
diate a larger area. Up
to 30% AsIII and 90–
95% AsV removal
efficiency

Duarte et al. (2009),
Komárek et al. (2013)
and Lim et al. (2014)

Adsorption using gran-
ular iron hydroxide,
iron impregnated poly-
mer resins, iron oxide
impregnated activated
alumina, etc.

Widely applicable and
economical. Up to 30–
60% AsIII and > 95%
AsV removal efficiency

Shrivastava et al.
(2015) and Fazi et al.
(2016)

Phytoremediation Phytoremediation using
plants

Widely accepted
ecofriendly approach
useful primarily in large
field applications

Porter and Peterson
(1975), Chakraborti
et al. (2001), Mishra
et al. (2000), Silva
et al. (2006) and Yang
et al. (2012a, 2012b)

Microbial
biosorption

Immobilisation of As in
the solid phase using
microbial (bacterial,
fungal and algal)
biomass

Cost-effective and
ecofriendly; cellular
and microbiological/
molecular analyses
needed

Mahimairaja et al.
2005, Ahmed et al.
(2005) and Lim et al.
(2014)

Microbial
(RedOx)
transformation

Microbial transforma-
tion of toxic arsenic to
lesser toxic forms
through oxidation-
reduction, by hetero-
trophs and
chemoautotrophs; arse-
nate can be reduced to
arsenite by microbial
dissimilatory reduction
mechanism

For controlled environ-
mental condition. Arse-
nic reduction is carried
out in anaerobic condi-
tion using facultative or
obligate anaerobes

Xiong et al. (2006),
Chipirom et al. (2012)
and Leiva et al. (2014)

Microbial
methylation

Biomethylation of arse-
nic by microbes with
cellular enzymes like
As(III)-S-adenosyl
methionine methyl-
transferase

An effective and highly
efficient biological pro-
cess to remediate arse-
nic contaminated
aquatic bodies

Mahimairaja et al.
(2005) and Lim et al.
(2014)
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8.4.2 Arsenic Removal from Contaminated Soils

There are many arsenic removal approaches that could be divided primarily into
three categories, physical, chemical, and biological (Lim et al. 2014).

8.4.3 Physical Approach

One of the popular approaches is, mixing both the uncontaminated and contaminated
soils together till the arsenic concentration reaches an acceptable level (Lim et al.
2014; Mahimairaja et al. 2005). Soil washing is a physicochemical approach
whereby the soil contaminated with arsenic is washed in presence of chemicals
such as sulphuric/nitric/phosphoric acids, and/or hydrogen bromide (Lim et al.
2014).

8.4.4 Chemical Approach

The chemical approach employed for the purpose as extractant is costly and often is
restricted to soil washing at smaller-scale operations (Mahimairaja et al. 2005).
Cement could also immobilise soluble Arsenites and has been successfully used to
stabilise arsenic-rich sludge (Sullivan et al. 2010). Furthermore, additives, such as,
surfactants, cosolvents, etc. could also enhance the soil flushing efficiencies using
aqueous solutions. Surfactant alone was about 80–85% efficient in laboratory
conditions, while more complex processes such as polymer injection enhanced the
efficiency (Atteia et al. 2013). Available chemical remediation approaches involve
methods such as adsorption by using specific media, immobilisation, modified
coagulation along with filtration, precipitations, immobilisations and complexation
(Duarte et al. 2009; Mahimairaja et al. 2005). Coagulation along with filtration for
arsenic removal is quite economical but often displayed lower (<90%) efficiencies
(Lim et al. 2014).

8.4.5 Biological Approach

Biological measures are broadly distinguished as phytoremediation and microbially-
mediated remediation. Plants and microbes, especially the ones thriving in arsenic-
rich environment, have evolved themselves to sustain and metabolise arsenic and
their metalloids. Some bacteria convert the inorganic and organic arsenic to
trimethyl-arsine (less toxic gaseous arsenic), particularly under anaerobic conditions.
This could be accomplished through various ways including biomethylation,
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biotransformation and biooxidation (Srivastava et al. 2011; Liu et al. 2009; Casarett
et al. 2008). With several limitations of non-biological approaches, biological
approach is gaining popularity, particularly due to its cost effectiveness. Biological
remediation approach is primarily divided into two subcategories, intrinsic and
engineered. Intrinsic bioremediation is mainly meant to address low-level contam-
ination by specialised natural/wild microbes, whereas engineered bioremediation is
useful in addressing critically contaminated soils by engineered microbes (Lim et al.
2014) (Fig. 8.3).

8.4.5.1 Phytoremediation

Phytoremediation is an efficient way to bioremediate contaminated soils and water
bodies (Mishra et al. 2000). Several hyperaccumulating plant varieties (1 kg biomass
accumulating up to one-gram arsenic) are reported. The cheapest technology for
heavy metal removal, this approach is time saving and also decreases the volume of
the contaminated biomass (Chattopadhyay et al. 2017). Phosphorus helped in
mobilising and enhancing the uptake capacity of arsenic in sunflower which could
sustain 250 mg of arsenic/kg plant biomass in soil, whereas Chinese brake (Pteris
vittata L.) could tolerate up to 22,600 mg of arsenic/kg plant biomass on a dry weight
basis (Jang et al. 2016). The nonprotein thiols, phytochelatins, phytochelatins and
glutathione produced by plants as a defense mechanism help in decontaminating
arsenic-rich soil (Dixit et al. 2016). The mechanisms involved arsenic decontami-
nation involve phytoextraction, rhizofiltration and phytovolatilization (Fig. 8.4).

Fig. 8.3 Schematic representation of process involved in arsenic decontamination using plant/
plant–microbe interactions
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Microbial associations with plants often play an important role as the facilitator in
arsenic cycling.

The internal resistant mechanisms to reduce metal toxicity in plants include
sequestration of metals and phytochelatins. Phytochelatins are cysteine rich peptides
formed by glutathione at high arsenic concentration (Mesa et al. 2017). Further,
plants are divided into the following groups on the basis of their metal removal
efficiencies.

Excluders

These group of plants restrict the uptake and translocation of arsenic on the terminal
parts by tolerating the existing high concentration of arsenic through intracellular
chelators. The excess arsenic segregated and is stored in the non-sensitive plant
parts, a phenomenon known as compartmentalisation (Sun et al. 2009).

Accumulators

Accumulator plant performs remediation via the uptake and translocation arsenic
into the terminal parts without any discernible plant symptoms. These can uptake
upto 1000 mg As/kg dry shoot.

8.4.5.2 Microbially-Mediated Remediation

Microbes (bacteria, fungi and algae) are very effective and efficient bioremediating
agents. Their small life span and adaptative abilities help thrive well even in harsh

Fig. 8.4 Schematic representation of bacterial remediation of Arsenic through oxidation-reduction
pathway (MMA Monomethylarsinic acid, DMA Dimethylarsinic acid)
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environments. Below is an account of the usefulness of each group as bioremedia-
tion agents.

Bacterial Remediation

Bacteria possess multiple bioremediation potentials and hence certainly are benefi-
cial agents, from both environmental and economic point of view, for toxic pollut-
ants cleanup. Such bioremediation (of toxic pollutants including metals/metalloids)
is achieved by using native bacteria isolated from the contaminated sites and
stimulating their detoxification ability by process and product engineering (Das
and Dash 2014). The use of suitable non-native and/or genetically engineered
microbes suited for arsenic bioremediation has been successfully demonstrated at
least at research-scale if not at field-scale (Das and Dash 2014).

Mechanism of Arsenic Bioremediation

The mechanisms in arsenic bioremediation are majorly biotransformation and
biosorption.

Biotransformation Mechanism

In this, the microbes could decrease the toxicity of the contaminants by using them
as energy sources while transforming them through the energy-yielding oxidation-
reduction reactions utilising oxygen, carbon dioxide, nitrates, sulphate acetate,
lactate and glucose as electron acceptors/donors during metabolism (Dey et al.
2017; Akhtar et al. 2013). Dey et al. (2017) reported that the bacteria having the
capacity to resist toxic metals can chemically transform heavy metals/metalloids
through their common cellular metabolism through oxidation, reduction, methyla-
tion, demethylation, precipitation etc. Bacteria could exploit arsenic in their meta-
bolic process either as an electron acceptor as in case of anaerobic respiration or as an
electron donor as in case of chemoautotrophic fixation of CO2 into cell carbon
(Akhtar et al. 2013). Dissimilatory arsenate-reducing bacteria use arsenate as an
electron acceptor and reduce it to arsenite. Chemoautotrophic arsenite oxidising
bacteria use CO2 as the carbon source and arsenite as an electron acceptor, oxidising
it to arsenate for energy, whereas heterotrophic arsenite oxidisers use oxygen as an
electron acceptor to oxidise arsenite to arsenate (Fig. 8.3; Akhtar et al. 2013).

Biosorption of Arsenic

Microbial arsenic biosorption involves the sorption of arsenate ions (sorbate) present
in aqueous form on to the surface of a solid microbial biomass (biosorbent). Due to
their higher affinity towards charged ions which further dependent on the chemical
constituents of the cell wall, biosorbents facilitate the binding of the contaminant
ions. Further, the degree of biosorption differs according to the distribution of
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arsenic ions between the solid biosorbent and the liquid (aqueous) phase. This
process continues till establishment of equilibrium between the amount of
contaminant-bound biosorbent and the free ions in the solution. The extracellular
polymeric substances (EPSs) such as the peptidoglycan, phospholipids, lipopoly-
saccharides, proteins, teichoic and teichuronic acids of the bacterial cell, primarily
having a role in quorum sensing, play a key role in binding and adsorption of the
toxic arsenic ions. Several (carboxylic, amino, thiol, hydroxyl and hydrocarboxylic)
functional groups present in the biomass also actively participate in the binding
process (Mohapatra et al. 2017a, b).

Biochemistry of Bacterial Arsenic Removal

Studies have demonstrated that plant could sustain in high arsenic contaminated soils
when the phosphorus concentration was also high (Rosen et al. 2011). The arsenic in
soil and water occurring naturally generally enters the plant via phosphate trans-
porters and facilitate bacterial survival under arsenic stress condition. A common
bacterial defence mechanism is the three detoxifying operons, ArsR, ArsC, and ArsB
(Musingarimi et al. 2010; Yang et al. 2012a, b). The transportation of arsenate to cell
and its reduction to arsenite is accomplished by ArsC gene and the outward
transportation of arsenite from cell by ArsB gene (Musingarimi et al. 2010).

Arsenic-tolerant bacteria Acinetobacter from the rhizospheric soil of Pteris
vittata, a fern, oxidises AsIII, whereas a few others (Flavobacterium, Pseudomonas,
and Staphylococcus) could oxidise as well as reduce arsenic (Wang et al. 2012).
Agrobacterium radiobacter in the roots of Populus deltoids makes the plant tolerant
to 300 mg/kg Arsenic in soil, with a 54% removal efficiency (Wang et al. 2011).
Reports suggest volatilisation (Sphingomonas desiccabilis and Cyanobacteria),
adsorption (Ralstonia eutropha) and oxidation (Rhodococcus equi, Thiomonas
arsenivorans and Ensifer adhaerens) of arsenic from the contaminated soil
(Table 8.2; Liu et al. 2011; Mondal et al. 2008; Yin et al. 2011; Bag et al. 2010;
Dastidar and Wang 2012; Ito et al. 2012). A few of the siderophore-producing
arsenic-tolerant bacteria are Pseudomonas fluorescens, Micrococcus luteus and
Bacillus licheniformis. They are also active in solubilising phosphorus and fixing
nitrogen (Ivan et al. 2017). A genetically modified Rhizobium leguminosarum
incorporated with AsIII S-adenosylmethionine methyltrasnferase gene (CrarsM)
from Chlamydomonas reinhardtii was useful in arsenic detoxification through the
methylation of AsIII (Zhang et al. 2017). Some microbial mechanisms enhance the
plant growth by producing indole-3-acetic and other organic acids. These metabo-
lites metabolise the heavy metal through the bacterial 1-ammino-cyclopropane-1-
carboxylic acid deaminase (Ma et al. 2011).

Algal Remediation

Algae from the groups Cyanophyta and Chlorophyta help in absorption and accu-
mulation of arsenic from contaminated water (Mitra et al. 2017). The prokaryotic
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(such as cyanobacteria) and eukaryotic (such as Chlorella) algae usually
bioremediate arsenic (arsenate and arsenite) via the phosphate transportation and
plasma membrane-based hexose permeases and aqua-glyceroporins pathways
(Zhang et al. 2014). Arsenate is transported by competitive inhibition of phosphate
due to their chemical similarity (between AsO4

3� and PO4
3�). The different func-

tional groups present on the cell wall of algae help in adsorbing the metal. Wang
et al. (2013) and Zhang et al. (2013) reported more than 60% of arsenic removal by
algae from contaminated water through adsorption. With regard the biochemistry of
arsenic biotransformation to reduce its toxicity, the two biochemical conversion
pathways occurring inside the algal cells, viz. oxidation and methylation, are
discussed below.

Oxidation of Arsenic

Few algae such as Synechocystis and Cynidiales could oxidise AsIII to AsIV inside
the cells. Zhang et al. (2011) reported a process of detoxification through the uptake,
accumulation and transformation of arsenic in Synechocystis sp. inside the cell. A
few other reports confirm that the oxidation of AsIII happens outside with the help of
extracellular phosphatases (Mitra et al. 2017). The role of the enzyme involved in the
process particularly in the oxidation process is hitherto obscure (Mitra et al. 2017;
Zhang et al. 2014).

Methylation of Arsenic

This mechanism involves the conversion of toxic AsIII arsenic to a less toxic
monomethyl and dimethyl arsenates with the help of arsenite methyltransferases
(Ye et al. 2012). Qin et al. (2009) confirmed that Cyanidioschyzon
sp. (an extremophilic alga) could alone oxidise AsIII to AsV, reduce AsV to AsIII

and methylate AsV to monomethyl arsenate and dimethyl arsenate.

Fungal Remediation

In terms of bioactive compound production, fungi are the most prominent and potent
biomass in soil. The fungal cell wall is made up of polysaccharide molecules and

Table 8.2 Reported bacterial species and their modes of action on arsenic-contaminated soil

Sl. No. Microorganism Mechanism Reference

1. Sphingomonas desiccabilis Volatilisation Liu et al. (2011)

2. Ralstonia eutropha Adsorption Mondal et al. (2008)

3. Cyanobacteria Volatilisation Yin et al. (2011)

4. Rhodococcus equi Oxidation Bag et al. (2010)

5. Thiomonas arsenivorans Oxidation Dastidar and Wang et al. (2012)

6. Ensifer adhaerens Oxidation Ito et al. (2012)
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proteins with hydroxyl, phosphate, sulphate and amino functional groups that could
bind to the metal ions and metalloids relatively easily (Maheswari and Murugesan
2011). Most fungi, viz., Trichoderma, Candida, Aspergillus, Fusarium and Penicil-
lium, help in methylating inorganic arsenic to its organic counterpart (Upadhyay
et al. 2018). The advantages of fungi over bacteria as bioremediation agents are their
longer life-span, higher biomass content and a complex hyphal network (Singh et al.
2016). Additionally, metal savouring fungi can compete with native bacteria in
relatively inhospitable conditions (Sun et al. 2012).

Trichoderma is another filamentous Ascomycete fungus of great significance in
plant growth promotion (Waghunde et al. 2016). It improves soil fertility and has the
ability to induce stress-tolerance, a peculiar characteristic unlike the competing
neighbouring rhizospheric microbes. It could promote hormone production, nutrient
release from the soil, and rhizosphere development (de Souza et al. 2017). It contains
a variety of functional groups on the outer layer of cell wall that could bind to metal
ions and metalloids (Tripathi et al. 2017). Westerdykella aurantiaca, a soil fungus,
bears arsenic methyl-transferase (WaarsM) gene which could be expressed in Sac-
charomyces cerevisiae (Verma and Jaiswal 2016). Such bioengineered yeasts capa-
ble of expressing the WaarsM gene demonstrated a higher arsenic methylation
property. Laboratory studies confirmed an enhanced arsenic tolerance in paddy
when such yeast cells were cocultured/inoculated in paddy (Verma and Jaiswal
2016).

8.5 Approach Involving Plant-Microbe Associations

Phytoremediation is a selective way used by plants to clean heavy metals from the
environment through modified rhizospheric PGPR and PGPM. Several studies have
been performed to select hyper-accumulating plants to assess the consequence of
metal stress on the useful rhizospheric microbes (PGPMs) that can further facilitate
the development of a more promising bioremediation strategy (Tak et al. 2013). The
efficacy of phytoremediation is limited by the major factors, such as, tolerance level
for the contaminant by the plant, selection of the plant variety to be employed for
bioremediation, and its capacity to uptake and translocate the heavy metals (Jutsz
and Gnida 2015). Phytoremediation, as indicated earlier, is an economically feasible
bioremediation strategy as it produces the utilisable biomass while removing the
toxic metals (Angelova et al. 2016).

Most plant species harbour vesicular-arbuscular mycorrhizae (VAM) that primar-
ily help in phosphate solubilisation and uptake thereby enhancing their stress
tolerance ability (Sharma et al. 2017). Upadhyay et al. (2018) reported that VAM
supplementation helped overcome arsenic-induced phosphate deficiency in wheat.
VAM also helps in maintaining a good ratio of arsenic and phosphate by
translocating arsenic to inside the plant cells, particularly in soils with low arsenic
contamination. In a similar study, Li et al. (2016) observed a decrease in the
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inorganic and organic ratio of arsenic in seeds when rice was inoculated with
Rhizophagus irregularis.

It is important to note that arsenic volatilisation and methylation depends on the
structure, organic content, the degree of the contamination and the chemical status of
the soil (Mestrot et al. 2011). Upadhyay et al. (2018) recorded an annual
0.002–0.13% of net arsenic biovolatilisation in rice fields, with an about 4 μg/kg/
year rate of volatilisation.

8.6 Challenges in Field-Scale Replication of the Strategy

The challenges met particularly by the translational (lab-to-land) researchers are
manifold. These challenges include ecological, environmental, biotic and abiotic.
For instance, in situ bioremediation could be a huge challenge when the arsenic
concentration and the soil characteristics are adversely positioned. As every tech-
nology has an associated risk so is the bioremeation. For example, useful more
efficient genetically modified microbes and plants could be employed to remediate
arsenic contamination but its on-field application remains a topic of concern with
biosafety consequences. The pollens of the genetically engineered plants and the
plasmid of the genetically modified microbes could be major challenges to address
the biosafety concern.

8.7 Future Research Directions

The role of genetically modified microbes in expediting the removal and remediation
of contaminating arsenic and their survival when transferred for in situ bioremedi-
ation need to be addressed. Factors like temperature, lesser available nutrients and
other related factors that are not easy to restore, may impact bioremediation potential
negatively (Freitas et al. 2013). Furthermore, access to the genetically engineered
plants and microbes to evaluate their role in heavy metals decontamination needs to
be more focussed. Hyperaccumulative plants producing high biomass must be
identified and could be further improved genetically to enhance their remediation
efficiency. Similarly, the bioremediation ability of the these microbes to compete
with the indigenous microbiota for efficient bioremediation by demonstrating an
upper hand in the competitive-exclusion ecological principle calls for technological
insights.
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8.8 Conclusion

Several mechanisms and biochemical interactions, and their role in bioremediation
have been detailed, with an attempt to expose the practicality of chemical- and
bio-remediation strategies and their effect on the scaled-up remediation processes.
As it is time consuming, generates harmful byproducts, and a costly proposition,
chemical approach has slowly taken a backseat in the recent technological advance-
ments. In that place, biological strategies for arsenic removal are slowly gaining
popularity as they are eco-friendly. Plants and microbes have their own adaptive
mechanisms to survive and sustain in contaminated soils and waters. Microbes
bioremediate by oxidation, reduction, biosorption, and degradation of metals with
the help of extracellular transformation and phytoremediation is based on
phytoextraction and phytovolatilisation which have been very useful. Nevertheless,
a bioremediation to be better accomplished would require friendly environmental
conditions. Phytoremediation depends on the concentration of the contaminant, and
the physical and chemical properties of soil.
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Chapter 9
Mycoremediation: An Elimination of Metal
and Non-metal Inclusions from Polluted Soil

Jegadeesh Raman, Jang Kab-Yeul, Hariprasath Lakshmanan,
Kong Won-Sik, and Babu Gajendran

Abstract Soil is a natural resource of the ecosystem, comprising of solids (min-
erals), living (organic materials), air and water. Soil is the base for land plants and all
other habitats. In recent years, the soil ecosystem has been contaminated by a high
concentration of metal and non-metal deposition. For ecological concern, the elim-
ination and detoxification of pollutants are warranted. Several technologies have
been developed to tackle soil remediation. Mycoremediation is a new technology in
the bioremediation process, which can be practiced with fungus for the management
of polluted soil and water. Fungi based approach is considered as eco-friendly, cost-
effective and one of the promising methods. Fungi are eukaryotic organisms with
heterotrophic food habits and absorb food from the environment/host through
digestive enzymes. They can eliminate/detoxify the environmental pollutants, like
polycyclic aromatic hydrocarbons, plastic, heavy metals, and other inclusions. Most
of the saprophytic fungi are involved in the bioremediation process, and they obtain
nutrients by degradation/decomposing. Accordingly, they can be classified as
brown-rot and white-rot and litter decomposing fungi. Mycoremediation relies on
the efficient enzymes, produced by ligninolytic and non-ligninolytic fungi, for the
degradation of various substrates and pollutants. Besides, the white-rot fungi and
arbuscular mycorrhizal fungi can be used to treat organic/inorganic contaminants,
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remove metals from polluted soil and detoxify the environmental chemicals. Heavy
metals uptake by fungi produces unusual metabolites, which might increase their
toxicity and stress level. Even though naturally present fungi can mineralize the
organic/inorganic pollutions in the soil and make this planet a safe habitat. This
chapter deals with the mycoremediation process in detail, types and the mechanisms
behind the remediation process.

Keywords Mycoremediation · Fungi · Soli · Mushroom

9.1 Introduction

The bioremediation process, whereby the fungi degrade organic/inorganic wastes, is
termed mycoremediation. The American mycologist Paul Stamets coined the term
‘mycoremediation’. Fungi are hyperaccumulators and fungal based remediation is
both cost and yield effective and can be used as an alternative approach in traditional
remediation of the polluted environment (Gadd 2001). In this chapter, we discuss the
types of fungal involved in the remediation process and their effectiveness against the
contamination. Diverse plant and microbes like bacterial and fungal species have been
tested against the metal and nonmetal inclusions (Pouli and Agathos 2011). The recent
global census highlights that fungi are holding the third position with 2% of the
biomass. Fungi can decompose the complex organic/inorganic materials and accumu-
late the heavy metal toxins from the polluted environment. Xenobiotic and aromatic
compounds are degrading by the filamentous fungi, particularly lignicolous white-rot
fungi. The lignocellulose materials are usually degraded by the fungi/bacteria and may
enrich soil fertility through the composting process. Most of the decontamination
processes were performed through wood-degrading basidiomycetes fungi. The fungi
constitute the order Agaricales and Polyporales were the ones mostly involved in the
mycoremediation. In addition to that, other lower fungi like Ascomycota, Zygomycota
and Oomycetes are fungi also involved in the degradation process (Fig. 9.1). Fungi
exhibit a high ability to immobilize toxic heavy metals by the formation of insoluble
metal oxalate. Heavy metals regulate extracellular ligninolytic and cellulolytic
enzymes at the level of transcription. White rot fungi can degrade and accumulate
the aromatic hydrocarbons (PAHs), dioxins, many synthetic dyes and pesticides from
the polluted ecosystem (Johannes and Majcherczyk 2000; Kanaly and Hur 2006).
During the degradation process, heavy metals interfere with both the enzyme activity
and fungal colonization. Even though extracellular enzymes break down the complex
polymers into monomers and finally get metabolized.

The resemblance of several environmental pollutions might be compared with
plant complex structures (Harvey and Thurston 2001). In fungi, the substrate
specified enzymes were encoded during their growth on different substrates but
remain vague (Chigu et al. 2010; Syed et al. 2010). D’Annibale et al. 2006 reported
that metagenomics and specific gene identification facilitate the analysis and fungi
intensely that decrease the soil toxicity. The most suitable solid-phase treatment by
ex-situ/substrate-specific mycoremediation was paramount. Identification of the
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specific fungal gene regulated and expressed differently during their growth on
substrates may be used to identify fungal diversity.

9.2 Heavy Metal Mycoremediation

Heavy metals are carcinogenic and persistent pollutants in the soil and water
ecosystem. Soil is considered a long term reservoir of heavy metals, those metals
entering through human activity. In recent years, heavy metals pollution has brought
scientists and researchers the attention to human health and ecosystem concern.

Fig. 9.1 Mycoremediation with different group of fungi
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Heavy metals are released to the soil and water ecosystem from a different activity
like leather tanning, wood and pulp processing steel industrial, mining, agricultural
activities (Congeevaram et al. 2007) Fig. 9.2. The previous study revealed that waste
disposal, waste incineration, traffic density, fertilizers, pesticides and long-term
infiltration of sewage water leads to soil pollution (Bilos et al. 2001). Cadmium
(Cd), mercury (Hg), lead (Pb), chromium (Cr) and arsenic (As) are causing cellular
damage in animals and plants and are a significant threat to the ecosystem and soil
health (Zafar et al. 2007). Silver and gold mining and extraction are profoundly
affecting soil diversity.

Therefore, industrial effluent treatment processes are by conventional methods
are cost-effective and time-consuming processes (Kadirvelu et al. 2002). Several
technologies developed for the remediation process from heavy metal polluted soil.
In situ treatment process on surface soil and is identified as a low cost, rapid and
straightforward technique (USEPA 1997). The strategy was achieved through the
microbiota associated agronomic practices (Cunningham and Ow 1996). Whereas in
the ex-situ method, the soil was removed from the polluted site, this method is also
equally low cost, fast and straightforward applicability on heavily polluted soil (Salt
et al. 1998). Among the conventional methods are considered as challenging and
strictest processes. The fungi detoxify heavy metals through natural processes such
as biosorption, chemical precipitation and volatilization (Lone et al. 2008). High
accumulation in soil has severe effects on the microbe population, decreases tin he

Fig. 9.2 Source of soil pollution by heavy metals
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bio-composting process, soil respiration, and reduction in the enzyme activity and
affects the fungal spore formation (Tyler 1974; Hepper and Smith 1976).

In the soil ecosystem, metal ions are immobilized and mobilized by bacteria/fungi
and final uptake by the plants (Birch and Bachofen 1990). Soil is an essential source
for soil-dwelling microorganisms, as it includes various essential nutrients for
growth. Approximately one billion colony forming units (CFUs) of diverse micro-
organisms were present in the soil, including fungi comprising of 105 to 108

numbers/gram (Lenart-Boron and Boron 2014).
Fungal cell wall chemical composition and structure may trigger metal ions. Their

active binding sites were uptake during binding the heavy metals from the water and
soil ecosystem. Mycoremediation may be done through mechanisms such as ele-
mental transformation, precipitation and active uptake by enzymes and organic acid
secretion (Fig. 9.3).

The presence of plant-associated fungal communities in heavy metal contami-
nated soil triggers the plant nutrient uptake and regulated the phosphorous cycle.
Particularly the filamentous fungi (white-rot fungi) may speed up the bacteria
bioaugmentation (Sasek 2003). Arbuscular mycorrhizal fungi can metabolize and
detoxify cadmium, copper and zinc metals in the soil (Christie et al. 2004). The most
common groups of fungi found in soil are Zygomycetes, mycorrhizal associated
Ascomycota and Basidiomycota. The different groups of fungus involved in the
mycoremediation process have been listed in Table 9.1. The important heavy metal

Fig. 9.3 Schematic representation of fungal biomass and functional groups involved in metal
interaction. (Adapted from Siddiquee et al. 2015)
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Table 9.1 Heavy metals mycoremediation by different group of fungi. (Adapted and modified
from Archana and Jaitly 2015)

Fungi Metal remediate References

Zygomycota
Circinella sp. Ni Alpat et al. (2010)

Cunnighamella
echinulata

Pb, Cu El-Morsy (2004)

Mucor hiemalis Cd, Cr Cabuk et al. (2005)

M.rouxii Pb, Cd, Ni Majumdar et al. (2010)

Rhizopus arrhizus Pb, Cr, Cd, Ni Fourest and Roux (1992)

R. cohnii Cd Luo et al. (2010)

R. nigricans Pb, Cr, Zn Bai and Abraham (2001)

R. oryzae Cu, Cd Mishra and Malik (2014)

Ascomycota
Aspergillus flavus Cu, Ni, Pb Thippeswamy et al. (2012)

Aspergillus foetidus Cr Prasenjit and Sumathi (2005)

A. fumigatus Cu, Cd, Co, Ni, Pb Rao et al. (2005) and Oladipo et al. (2016)

A. luchuensis Cu, Cd Hassanein et al. (2012)

A. nidulans Ar, Cu, Cd, Pb Maheswari and Murugesan (2009) and Oladipo
et al. (2016)

A. niger Cd, Pb, Cu, Cr, Ar Pal et al. (2010)

A. oryzae Cr Nasseri et al. (2002)

A. terreus Pb, Cu, Ni, Cr Seshikala and Charya (2012) and Oladipo et al.
(2016)

A. tubingensis Cu, Cd, Pb, Ar Oladipo et al. (2016)

A. ustus Cu Alothman et al. (2020)

A. versicolor Cr, Ni, Cu Tastan et al. (2010)

Candida species Cu, Cr, Pb, Ar, Ag,
Co, Cd, Hg

Acosta-Rodriguez et al. (2018) and
Pattanapipitpaisal et al. (2001)

Cladosporium sp. Cu Gadd and de Rome (1988)

Curvularia lunata Cu, Cd, Cr El-Gendy et al. (2011)

Drechslera
hawaiiensis

Cu, Cd El-Gendy et al. (2011)

Monacrosporium
elegans

Cu, Cd El-Gendy et al. (2011)

Neurospora crassa Pb, Cu Ismail et al. (2005)

Penicillium
canescens

Cd, Pb, As, Hg Say et al. (2003)

P. chrysogenum Cr, Ni, Cu, Pb, Cd Tan and Cheng (2003) and Skowronski et al.
(2001)

P. decumbens Cd, Ni, Cr Levinskaite (2001)

P. digitatum Cd, Cu, Pb Galun et al. (1987)

P. lilacium Cu, Cd El-Gendy et al. (2011)

P. simplicissimum Cd, Pb Fan et al. (2008)

Pestalotiopsis
clavispora

Cu, Cd El-Gendy et al. (2011)

(continued)
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tolerant soil fungi like Aspergillus flavus, Aspergillus niger, Rhizopus arrhizus and
Fusarium oxysporum has reported by many authors (Kurniati et al. 2014; Akinpelu
2014). The entophytic fungi Lasiodiplodia theobromae was isolated from Boswellia
ovalifoliolata has been reported remarkable detoxification on selected heavy metals
(Aishwarya et al. 2016). Mercury tolerant indigenous fungus mobilizing the mercury
pollution were isolated from agricultural soil (Hindersah et al. 2018).

The source of mercury in soil comes from modern agriculture practices and
industrial effluents. The filamentous fungi Trichoderma harzianum and Aspergillus
niger solubilized the stable mercury and lead (Shoaib et al. 2012; Sarkar et al. 2010).
High concentrated heavy metal pollutant tolerant filamentous fungi like Aspergillus

Table 9.1 (continued)

Fungi Metal remediate References

Saccharomyces
cerevisae

Cd, Ni, Pb, Cr, Cu Thippeswamy et al. (2012)

Trichoderma
harzianum

Cu, Ni, Cr Shoaib et al. (2012) and Sarkar et al. (2010)

T. virde Pb, Ni, Cd, Cr Prasad et al. (2013), Levinskaite (2001) and
Hala and Eman (2009)

Verticillium
fungicola

Cu, Cd El-Gendy et al. (2011)

Basidiomycota
Agaricus biosporous Ni, Cu, Pb, Cd, Hg, Fe Ita et al. (2008) and Nagy et al. (2014)

A. bitorquis Cu, Fe, Cd, Pb, Ni Lamrood and Ralegankar (2013)

Armillariella mellea Ni, Cu, Pb, Cd Ita et al. (2008)

Calocybe indica Cr, Ni Kuzhali et al. (2012)

Ganoderma lucidum Cu Muraleedharan et al. (1995)

Lentinus edodes Cd, Pb, Cr Chen et al. (2005)

Phanerochaete
chysosporium

Cu, Ni, Pb, Cd, Fe Mihova and Godjevargova (2001) and Mamun
et al. (2011)

Pleurotus florida Cr, Zn, Ni, Pb Kuzhali et al. (2012) and Prasad et al. (2013)

P. floridianus Cu, Fe, Cd, Pb, Ni Lamrood and Ralegankar 2013

P. ostreatus Ni, Cu, Pb, Cr, Cd, Fe,
Hg

Ita et al. (2008) and Arbanah et al. (2012)

P. sajor-caju Hg, Pb, Cd, Fe, Pb, Ni Arica et al. (2003) and Lamrood and Ralegankar
(2013)

P. sapidus Ni, Cu, Pb, Cd Ita et al. (2008)

Polyporus frondosis NI, Cu, Pb, Cd Ita et al. (2008)

P. sulphureus Ni, Cu, Pb, Cd Ita et al. (2008)

Volvariella diplasia Cu, Fe, Cd, Pb, Ni Lamrood and Ralegankar (2013)

V. volvacea Cu, Zn, Fe, Cd, Pb, Ni Lamrood and Ralegankar (2013)

Deuteromycota
Alternaria alternate Cd, Cr, Ni, Cu Levinskaite (2001)

Fusarium
oxysporum

Cr Amatussalam et al. (2011)

F. solani Cr, Zn, Ni Sen and Dastidar (2011) and Sen (2013)
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and Penicillium species have been reported. Interestingly the diverse heavy metal
tolerant filamentous fungi like Trichoderma ghanese and Rhizopus microspores
have been reported by Zafar et al. (2007) and Oladipo et al. (2014).

Mushroom can accumulate heavy metals and deposited intracellularly, mostly
sporocarps uptake maximum from the cultivation substrates. However, the molecu-
lar mechanisms of heavy metals accumulation by fungi are not yet studies. Heavy
metals accumulate mostly in percentage on the fungal cell wall and also found in
cytoplasm and vacuoles (Blaudez et al. 2000). The high degree of heavy metal in the
soil created an adverse effect on the fungal population, toxic effects on the cell
membrane and interfered with solute transport and enzyme secretion. Fungal extra-
cellular metabolites and their chelating properties may be involved in the immobi-
lization the heavy metals. The predominant soil fungi Aspergillus niger release/
excretion of organic acid and oxalates compound, those compound may be solubi-
lized/immobilized by the metals (Gadd 1999). Therefore, a different group of heavy
metals tolerant fungus is being exploited in industrial wastewater and soil treatment
process.

Copper metal, on the other hand, polluted the water and soil ecosystems. Copper
are considered harmful to human and animal health (Rojas et al. 2017). The toxic
element coppers taken up by uptake by the plants/tree are released to the environ-
ment through leaching and degradation processes. The increasing amount of copper
(Cu) is witnessed in the forest ecosystem and Cu inhibit the wood rot fungi growth.
However, the copper is an essential microelement and an active component in
copper-containing oxidase enzymes like laccase. Wood degrading fungi are capable
of breaking down toxic compounds. The brown rot fungi (Fibroporia radiculosa)
overcome the copper pollution by secreting extracellular oxalate that can convert
their metabolites to insoluble oxalate crystals (Akgul and Akgul 2018). Other
brown-rot fungi such as Serpula, Postia, Fibroporia and Wolfiporia are copper
tolerant fungal species (Green and Clausen 2003). Pleurotus species play a crucial
role in biosorption/bioremediation of copper and other metals from the environment
(Kapahi and Sachdeva 2017; Vaseem et al. 2017). The yeast species Saccharomyces
cerevisiae can precipitate/bind the copper metals around their cell walls
(Thippeswamy et al. 2012).

Recent studies have shown that mycorrhizal fungi are effective at removing
heavy metals from soil. Introduce the ectomycorrhiza on Cu2+ and Cd2+ contami-
nated soil drastically reduces the metal concentration in soil (Blaudez et al. 2000).
According to Jin et al. (2018), limited scientific evidence has been reported on
Actinomycetes bioremediation. Endophytic fungi are associated with
phytoremediation and them colonization rapidly on heavy metal contaminated soil.
The endophytic fungi secrete siderophore molecules as iron (Fe) binding agents and
indole-3-acetic acid (IAA). Siderophore is involved in the iron uptake and chelating
the toxic compounds, and both these agents contribute to the plant growth (Friesen
et al. 2011). However, endophytic fungi promote plant growth, trigger the mineral
uptake and protect them from abiotic stress (Friesen et al. 2011; Sanchez-Fernandez
et al. 2016). Another microfungi fungi Trichoderma harzianum effectively elimi-
nated the nickel (Ni) from the contaminated soil, including Aspergillus and
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Clonostachys rosea can accumulate the silver from rock dump sites (Cecchi et al.
2017). The laboratory experiment revealed that Aspergillus niger had high resistance
to cobalt and drastically removed the media’s pollutions. Mycoremediation mecha-
nism was revealed by Gadd (2004, 2007). Fungi interact with chemicals and organic
substances through their enzymes and metabolites. However, the formation of
atoms/compounds and chelating agents interact on minerals and other substances
(Fig. 9.4).

9.3 Nonmetal Inclusion Elimination

9.3.1 Plastic and Oil Degradation

Plastics are synthetic or semi-synthetic polymeric material derived from petrochem-
icals. Most of the environmental issues in the current context occur due to the
dramatic usage of plastics. Plastic wastes pollute the soil, atmosphere and water
ecosystems, they recalcitrant the material and accumulate in the environment over
long years. Fragmented micro/nano plastic can be easily distributed to the environ-
ment and might enter the ocean and accumulate in the forest and agricultural lands.
The persistence of plastic fragments/pellets create harmful effects on aquatic animals
and disturb the food web. Un-conditioning burning of plastic emits the greenhouse
gasses and dioxins. In recent, global warming is a severe issue on environmental

Fig. 9.4 The mechanism of organic and inorganic substance uptake and release by fungi.
(Figure courtesy of Gadd 2004)
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concern. The natural degradation processes are done through open sunlight and
microbial interaction and other environmental processes. High intensity of sunlight
and UV radiation can oxidize the plastic and this process may stimulate the microbial
interaction. The filamentous and basidiomycetes fungi are dispersed/degrade the
plastic pollutions from the soil. In recent years much promising research on finding
potential microorganisms towards plastic degradation have been investigated.

Fungi can degrade complex polymeric materials such as lignin and may con-
versely depolymerize/break-down plastic. Fungal Lipases, cutinases and esterases
enzymes can degrade different forms of plastic and depolymerize plastic in the form
of monomers and may utilize their growth (Fig. 9.5). Bacteria and fungi can degrade
the organic/inorganic toxic contaminants as sources of energy and convert them into
carbon dioxide, water and biomass. The wood degrading Pleurotus spp., Lentinus
and Rigidoporus species utilize the polyurethane (PU) instead of carbon. Endophytic
and filamentous fungi can be capable of degrading the low-density polyethylene
(LDPE) reported by Nowak et al. (2010). Aspergillus japonicas degrade low-density

Fig. 9.5 Biodegradation of plastic in soil by the fungal community
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polyethylene (industrial plastic) in laboratory-scale experiments by Raaman et al.
2012. In 2011 a student from Yale University, USA, discovered polyurethane
consumed/degrade fungal species Pestalotiopsis microspora in Amazon rain forest
and few edible mushrooms capable of breaking down and eating the plastic (Russell
et al. 2011). However, fungi are unable to degrade the polyethylene (PE), whereas
the number of fungi that have reportedly could degrade polyurethane and LDPE.

High consumption of petroleum hydrocarbons causes adverse effects on the
ecosystem. The carcinogenic and mutagenic components from the petrochemicals
can harm plant growth and soil health. The seepages and disaster can intensively
affect soil physiochemical property and texture. However, the soil percolation,
porosity and fertility of the soil have been affected permanently. The petroleum
chemical remediation process is an elaborating process and cost-effective. However,
the microbial (bacteria/fungi) degradation approach was cost and effective process.
The detoxification approach is named as biostimulation. The sufficient soil nutrient
enhances the microbial populations and hence, increases the rate by degradation/
mineralization processes. The petroleum products stimulate the microbial growth in
soil, whereas the enzyme activity was altered. Soil enzymes were determined by the
type of pollution in the soil. Photo-oxidation/UV irradiations stimulate the intake of
hydrocarbons, fungal oxygenases and peroxidase are key enzymes involved in the
degradation process. The enzyme activated by oxidative (incorporation of oxygen)
process. The aerobic degradation of aliphatic hydrocarbons (n-alkanes) was initiated
with an oxidation process and alkanes converted into fatty acid as an end product.
The microbial interaction and attachment on the oil droplet surface were unclear.

However, the fungal immobilization system was actively involved in the hydro-
carbon and PAHs degradation process. Hydrocarbon aging thus results in a reduced
rate of degradation in the early stages. The widespread availability of hydrocarbon
on soil surface may increases penetration into the pores leading to reduce microbial
intake and bioavailability. Long time availability of hydrocarbon may have altered
the chemical nature of the soli. Diverse filamentous and white-rot fungi have the
potential to degrade and dissolution the toxic substance into no-toxic metabolites.
PAHs mineralized through extracellular ligninolytic enzymes such as manganese
peroxidase, laccases and lignin peroxidase. Those enzymes respond to lignin bio-
degradation and also participate in the different aromatic and organic complexes.
Yeast genera, Yarrowia and Pichia were isolated from the oil-spilled soil and
reported high potential degradation of petrochemical and diesel oil.

Fungi utilized the hydrocarbons as a source (carbon) of energy, most probably the
polycyclic hydrocarbons (PAHs) in petroleum products (Sun et al. 2010).
Copiotrophic fungi (molds) are anticipated to the rich organic and carbon sources
and effectively utilize diesel oil. For the laboratory experiment aspect, few efficient
filamentous fungi like Aspergillus niger, A. japonicas, Penicillium glabrum and
Cladosporium cladosporioides were utilized in the remediation process. Fungi
degrade the alkanes through the mono/di-terminal oxidization process. The
corresponding alcohols are modified to aldehydes and fatty acids. Iida et al.,
(2000) reported that the eukaryotic P450 enzyme system was involved in the
petrochemical degradation in yeast species. Besides P450 enzyme actively
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participated in alkane’s degradation under aerobic conditions. Young (2012)
reported six different white-rot fungi capable of degrading the short-chain alkane
cultivated on oil containing spawn inoculum. Fungi degrade the oil inclusion in the
water purifying units, and this may be applied in the Eco-Machines.

9.3.2 Polycyclic Aromatic Hydrocarbons (PAH)

Polycyclic aromatic compounds are carcinogenic/or mutagenic and they persistent in
the environment. The structure is constructed only with carbon and hydrogen atoms,
PHs constitute several benzene rings infused form. PAHs are naturally present in the
oil and are released by burning petroleum products, coal and oil drilling (Cerniglia
and Sutherland 2001). PAH are generated through industrial activities and natural
combustion processes. These compounds are hydrophobic with low water solubility.
Thus PAH are readily adsorbed on organic matters such as soils and sediments. The
presence of light/high molecular weight aromatics is showed a low degradation
coefficient. Most fungi degrade the PAH to their extracellular enzymatic reaction
and synergic action with other soil microorganisms. However, the PAH degradation
proportion was negligible in marsh soil compared to forest soil, due to high salinity
and the enzyme action. The high salinity and slurry conditions inhibited the enzyme
action most of the ligninolytic capacity of fungi. Few white-rot fungi and other
anamorphic ascomycetes have halotolerant efficiency, whereas other fungi may be
affect by a high salinity environment. Phlebia species are high salinity tolerance and
modify the lignin under a saline environment (Li et al. 2003). Zygomycetes fungi
were capable of degrading the PAHs by their cytochrome enzymes. Also, PAHs can
be degraded by other white-rot basidiomycetes fungi due to their excellent extracel-
lular enzymes. Fungal extracellular enzymes degradation of PAHs mirrors resamples
with lignin and both water-insoluble with fused benzene rings and stereo irregular
(Harvey and Thurston 2001). Ligninolytic enzymes degrade PAHs molecules and
fragment in the large hydrophobic particles to pass through the cell walls.

Further, the oxidative enzyme activity on aromatic rings creates PAH-quinones
that may mineralize. Litter-decomposing fungi had a high level of Mn-peroxide
activity compare with wood decomposer fungi and efficiently degrade such organ
pollutants (Steffen et al. 2007). The key enzyme laccase was involved in the first
stage of PAH oxidize through the downstream process by fungal peroxidases.
Relative numbers of scientific evidence were documented on PAHs remediation
by Agrocybe praecox, Bjerkandera adusta, Irpex lateus, Phlebia spp. Pleurotus
ostreatus and Trametes versicolor (Beaudette et al. 1998; Novotny et al. 2000;
Kamei et al. 2005; Tuomela et al. 1999). Basidiomycetes white-rot fungi break
down the lignin substrate, and the remaining cellulose represents the white color or
yellow. White-rot lignicolous fungi produce enzymes such as laccases and peroxi-
dases enzymes instead of polysaccharides. The Mn-Peroxide catalyzed the H2O2-
dependent oxidation process. The phenolic components from the lignin substrate
were oxidized by chelated Mn3+. However, Stropharia rugosoannulata, the
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decomposing litter fungi, and the fungi exhibited high degradation capacity on PAH
(Steffen et al. 2007). The mechanism for PAHs degradation process has similar to
lignin degradation.

Meanwhile, enzyme activity (intercellular cytochrome P-450) and other mecha-
nisms like manganese peroxidase-mediated lipid peroxidation were involved in the
initial degradation process (Fig. 9.6). Polycyclic aromatic hydrocarbons are
converted into PAH-quinines and phthalates, forming of ring fission phthalates
converted to carbon dioxide. The polycyclic aromatic hydrocarbons were converted
to highly oxidized products such as trans-dihydrodiol by cytochrome P450
monooxygenase enzyme (Fig. 9.6). For example, Cunninghamella elegans a fila-
mentous fungus was isolated from soil and capable of mineralizing PAH with
varying degradation rates.

9.3.3 TNT (2-methyl-1,3,5-trinitrobenzene) Elimination

Trinitrotoluene (TNT) is a yellow solid explosive and carcinogenic toxic substance
under group C. Synthesis and usage of TNT in the battlefield and military training
has led to its extensive distribution. When prolongs exposed the TNT, creating
adverse side effects on animals and plants (EPA 1991). The mammalian organ
systems turn TNT in more harmful products and damage the genome function and
metabolic processes. Low solubility TNT migrated through the surface soil and
washed gradually into groundwater systems. Fungi play an essential role in clearing
the environmental pollutants, instead of a non-biological process. Microorganisms
like bacteria and fungi utilize TNT as a nitrogen source in aerobic conditions.
Nitrogen is released from TNT and finally, nitrogen reduces as ammonium and is

Fig. 9.6 Mechanism of polycyclic aromatic hydrocarbon (PAH) degradation by fungi. (Adapted
from Cerniglia and Sutherland 2001)
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integrated with their carbon skeletons (Fig. 9.7). Fungal bioremediation processes in
TNT contaminated sites is practical and applicable in the full-scale remediation
process.

In recent, strains-destructors of environment toxicant mainly belonging to white-
rot fungi and bacteria have been investigated (Lee et al. 2009; Solyanikova et al.
2012). Aspergillus niger and Mucor species can degrade the TNT and they utilized
as a source of carbon (Kutateladze et al. 2018). Mushroom ligninolytic and manga-
nese peroxide enzyme systems cause a minimal amount of degradation. The
Agaricales fungi Agrocybe praecox is a brown spored edible mushroom that has
been involved in the TNT bioremediation process. However, both white-rot fungi,
namely Phlebia species and Pleurotus ostreatus, were involved in the remediation
process. White-rot fungi produced high amounts of MnP in TNT contaminated soil
rather than laccase (Anasonye et al. 2015). The ligninolytic fungi provide the most
powerful and potential enzymes and degrade the TNT pollutants. In resent, other
white-rot fungi and litter decomposing fungi have been investigated.

Fig. 9.7 Mycoremediation of TNT contaminated soil with ligninolytic fungi
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Mycoremediation process was achieved in laboratory scale by liquid culture tech-
nique (Eilers et al. 1999), by their enzymes (Van Aken et al. 1999) and few studies
on soil environment (Spiker et al. 1992; Fritsche and Hofrichter 2000).

9.4 Conclusions and Future Prospect

Mycoremediation is natural restoration processes that detoxify or removes contam-
inants in the soil and other environments. Naturally, fungi are cosmopolitans, high
stress-tolerant and have high enzyme capacity to degrade the organic/inorganic
pollutants in soil and water ecosystem. Several fungi have been successfully iden-
tified, which can grow in heavy metal contaminated soils and accumulate or detoxify
the heavy metals. The use of the microbial approach for substantial metal tolerance
and remediation is an eco-friendly and economical approach. The chapter discusses
the types of fungi involved in the mycoremediation and about their metabolites. Both
fungal enzymes and their metabolites are involved in the remediation process, and
they utilized the pollutant as a carbon source. The fungal enzymes like lignocellu-
lose, laccases, lignin, Mn-peroxidases and cytochrome P450 monooxygenases are
involved in the mycoremediation. Most of the research findings revealed that the
fungi had a high capacity to remove the heavy metals from polluted soil. Which
evidence numbers of fungi were isolated, filamentous and non-filamentous fungi
were isolated from contaminated soils. Fungi can uptake, incorporated and assimi-
lated the heavy metals, and fungi tolerate the heavy metal toxicity. Mushroom other
fungi were involved in plastic degradation and the assimilation process. From a
future perspective, identifying fungi from the contaminated site and identifying the
substrate specified enzymes and their coding genes and metabolites produced during
the remediation process. To identification of the specific fungal gene, regulations
may use to identify the fungal diversity. Furthermore, identification of pollutant/
stress-tolerant fungi from contaminated soil and their participation towards
mycoremediation and addition efficient biomarkers identification are warranted.
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Chapter 10
Photocatalytic Degradation of Dyes
in Wastewater Using Metal Organic
Frameworks

Thabiso C. Maponya, Mpitloane J. Hato, Edwin Makhado,
Katlego Makgopa, Manika Khanuja, and Kwena D. Modibane

Abstract The current major global crisis is in the sector of water, energy and food
security. Due to the growth in civilisation, industrialisation and environmental
fluctuations water scarcity and freshwater availability poses major concern to the
world, especially to the developing countries. Nearly, one-third of drinkable water is
obtained from surface sources such as rivers, dams, lakes, and canals, and some of
this water is exposed to contamination. Therefore, appropriate treatment methodol-
ogies must be implemented in order to mitigate and prevent water contamination.
Photocatalysis is an approach to curb the challenge of water contamination by
introducing the use various materials for the degradation of pollutants from waste-
water. Metal organic frameworks (MOFs) and their composites as materials of
interests have gained popularity in addressing water pollution in photocatalysis
applications by acting as absorbents of light, prominent to improve performance
of photocatalytic activity. This chapter focuses on the synthesis and characterization
of MOFs and their composite materials as efficient photocatalysts for degradation of
dyes from wastewater.
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10.1 Introduction

Water plays a crucial role in the society since food security and supply depends on an
irrigation system or rain falling directly on a field. Apart from the food security and
supply, other aspects where water is essential includes aspects of socio-economic
development and for the maintenance of healthy ecosystems. With increasing human
population, urbanization as well as living standards, water resources such as ground
water and surface water have been contaminated with pollutants such as organics,
partly because of the huge production and high usage of pharmaceutical and personal
cares.

The most critical issue concerning the portable water arises due to it being
scattered at various places and being unequal distributed. Also, places where this
portable water are found, they are extremely polluted or contaminated (Dubreuil
et al. 2013; United Nations World Water Assessment (WWAP) 2016; Gleick 1993).
Due to the scarcity and contamination of the portable water globally, the trends on
water demand indicates that more that 1400 million will suffer the detriments of this
crisis in the next decades (Dubreuil et al. 2013; United Nations World Water
Assessment (WWAP) 2016). The United Nations World Water Report (2016)
projected that by 2025, 1.8 billion people will be in the likelihoods to experience
water shortage as their daily normality. The faster rate at which population is
increasing (having an impact on rapid industrialization that comes with environ-
mental problems) together with parameters such as global warming (having an
impact on the ecosystem and the environment) creates challenge in providing
sufficient and clean drinkable water (Kulshreshtha 1998; Shannon et al. 2008;
Tuzen 2009). On average, agriculture sector accounts for 70% (taken out of rivers,
lakes, and aquifers) of global freshwater withdrawals, while 20% is from practical
usage and 10% is from domestic and smaller industrial sectors (Tuzen 2009). Due to
the continuous clean water demand by the developing countries since the year 1980,
there world has experienced a yearly increment of 1% of freshwater withdrawals
(Shannon et al. 2008; Tuzen 2009). The issue of freshwater withdrawal intensifies
water shortages, thus negatively impacting job markets since about 78% directly
depend on water utilization (Kulshreshtha 1998; Shannon et al. 2008). The main
sources of water pollution arise from the constant contamination by a wide range of
organic and inorganic toxins originating from developed industries (Schwarzenbach
et al. 2006). The main culprit for the contamination of clean water emancipate from
the improper disposal and the extensive use of organic products such as hydrocar-
bons, detergents, carbohydrates, plasticizers, pharmaceuticals and personal products
(PPCPs), and organic dyes (Zhao et al. 2011). These organic pollutants together with
other water pollutants such as heavy metal ions, bacteria, and viruses are released
into the environment posing great threats to human health. All these stated factors
bring such an urgent need to find alternative ways to assist in removing pollutants
from wastewater, especially organic pollutants. The great danger of these pollutants
is that they pose great threat to the society due to their toxicity, carcinogenic nature
and non-biodegradability. These biohazards have large effect on the provision of
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clean and fresh water that is adequate for human consumption. There are several
techniques/methods used to try remedy the impact by the removal of pollutants in
water. The widely explored techniques include reverse osmosis, membrane filtration,
adsorption, and disinfection (Zhao et al. 2011). Unfortunately, these techniques
display some limitations during the removal process. Some of the identified limita-
tions include high operational costs, generation of secondary pollution, and the
inefficiency at low concentration (Zhao et al. 2011). Recently, advanced oxidation
processes (AOPs) such as photo-Fenton, heterogenous photocatalysis, sonolysis,
ozonation, as well as their combined procedures displayed great potential as solu-
tions for the removal of organic toxins from wastewater Zhao et al. 2011; Chen and
Wang 2006; Fu and Wang 2011; Crini and Lichtfouse 2019). These methods have
showed improved efficiency for decomposing and mineralising organic toxins at
lower concentrations without the generation of secondary pollution. AOPs proceed
through the formation of reactive free radicals of OH which act as oxidising agents
towards organic pollutants, and thus forming carbon dioxide, water and inorganic
mineral salts. Heterogeneous photocatalysis that employs metal oxides such as TiO2,
WO3, CdS and ZnO as semiconductor starts to gain a great deal of attention due to its
unique characteristics such as the ability to operate at ambient temperature and
pressure, being environmental friendly and their low energy band gap. As much as
this technique holds some good promise for application in wastewater treatment, its
popularity is sometimes quenched by the fact that it has limitations such as the less
conversion efficiency of solar energy and difficulty in separation suitable for recy-
clability. These limitations greatly affect the real-life environmental implementation
of this technique for applications in wastewater treatment. Hence, metal organic
frameworks, MOFs, (with their tuneable structures that can attain such high surface
area), are the sort after materials to enhance the catalytic activity of metal oxides.
Another added advantage of MOFs is that these porous crystalline materials display
features of semiconductors when exposed to light. Meaning that, MOFs possess the
light harvest properties like that of a photocatalyst. In this chapter, the recent
developments and advances of photocatalysis for wastewater treatment are summa-
rized. This is achieved by doing comprehensive review focusing on the understand-
ing of reactions mechanisms involved in wastewater treatment with the primary
objective being on photodegradation of organic dyes. Then, we introduce the role of
metal-organic framework (MOF) as a photocatalyst for wastewater treatment. Fur-
thermore, we describe the challenges and approaches faced by MOF and highlights
on the recent studies which are on addressing the limitation encountered by MOF.
Finally, a detailed summary is provided to provide future perspective on using MOF
as a photocatalyst in wastewater treatment.
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10.2 Wastewater Treatment Methods

The choice of selecting wastewater treatment techniques is based on assessing the
initial quality of water and parameters recognized by regulations. As shown in
Fig. 10.1, the procedures involved in the remediation of wastewater treatment are
classified as physical, chemical, or biological treatment. Their modes of operation
are based on the mechanism of removal of pollutants (Zhao et al. 2011; Chen and
Wang 2006; Qu et al. 2013; Wei et al. 2013).

Also, it has been observed that the conventional wastewater treatment approaches
are not efficient for potable uses, especially against water comprising of pollutants
that are found in lower concentrations (Fu and Wang 2011; Crini and Lichtfouse
2019) The only way to utilize water treated using the conventional approaches is for
irrigation of crops or landscapes, refilling of aquifers and non-potable urban uses.
The harvested water obtained from treatment using conventional approaches is
adequate for reusability in industrial applications (i.e., cooling and boiler feed) and
potable urban uses (Crini and Lichtfouse 2019). All these challenges necessitate the
development of improved wastewater treatment technologies that will mitigates
issues of provision of potable water (i.e., some listed in Fig. 10.1). Chemical
processes, which falls amongst various technologies explored for wastewater treat-
ment, have been employed for the removal of heavy metals and organic dyes. The
mode of action for water treatment in this process apply technologies such as
advanced oxidation processes (AOPs). There has been extensive investigation on
the AOPs during the past decade which enabled the photo-degradation of organic
compounds by producing reactive oxygen species (ROS), such as hydroxyl radicals
(�OH) (Bedia et al. 2019; Deng and Zhao 2015). The AOPs utilize applications

Fig. 10.1 Comparison of various technologies offered for removal of contaminants from waste-
water. (Crini and Lichtfouse 2019)

264 T. C. Maponya et al.



such as of Fenton mechanism (iron/H2O2), ozonation (O3), electrochemical oxida-
tion, ultra-violet (UV), heterogeneous photocatalysis, or the blend of all the stated
applications) (Bedia et al. 2019).

10.3 Photocatalysis

10.3.1 Background

It is well known that HP is regarded as an emerging vehicle for water detoxification
in the removal of various dyes (Ribeiro et al. 2015; Singh et al. 2013; Carp et al.
2004; Ahmed 2018; Hopfield 1961; Chong et al. 2010; Babu et al. 2015). HP process
involves an irradiation of photocatalyst with UV light to separate charges followed
by development of the ROS (Carp et al. 2004; Ahmed 2018; Babu et al. 2015). The
material which is used in HP is known as a photocatalyst. It is a semiconductor that
posseses the valence band (i.e. highest occupied molecular orbital) level and con-
duction band (i.e. lowest unoccupied molecular orbital) level. The distance between
the levels is called the energy band gap (Eg) (Hopfield 1961; Chong et al. 2010).
During the irradiation of a semiconductor with the UV light, the semiconductor
absorbs light with energy which is equivalent to its Eg (Bedia et al. 2019). The
electrons are promoted from the valence band to the conduction band for generation
of photons of charges and create an electron hole, h+ behind (Chong et al. 2010;
Babu et al. 2015). There are several pathways that photogenerated charges can take
at an excited state. These include recombination, the release of the excitation energy
as heat, migration to the surface of the photocatalyst or production of the reactive
oxygen species (Bedia et al. 2019). Lastly, �OH is produced through oxidation of
water which is accomplished by the h+, whereas superoxide radical anions (O2��) is
generated via adsorbed oxygen reduction mechanism. On the other hand, it was seen
that the protonation process may take place to oxidize this O2�� to hydroperoxyl
radicals (HO2��) (Bedia et al. 2019; Babu et al. 2015). These oxidants together with
a direct oxidation by h+ are responsible for the mineralization of the organic dye to
CO2 and H2O (Bedia et al. 2019; Deng and Zhao 2015; Ribeiro et al. 2015; Singh
et al. 2013; Carp et al. 2004; Ahmed 2018; Hopfield 1961; Chong et al. 2010; Babu
et al. 2015).

10.3.2 Photocatalysts for Wastewater Treatment

The fast growing interests in the area of photocatalysis for wastewater treatment has
risen in the manufacture of various photocatalysts such as metal oxide and metal
sulfides (Kumar and Rao 2017; Lee et al. 2016; Fagan et al. 2016; Mondal et al.
2015; Wang et al. 2015). A number of photocatalysts in water (Bedia et al.
2019; Kumar and Rao 2017; Lee et al. 2016). Nonetheless, the application of
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TiO2 in a powder form possesses some several drawbacks such as poor porosity, low
adsorption capacity and its poor recovery from water (Bedia et al. 2019). In
addition, it was seen that the photocatalytic activity of TiO2 anatase, possesses a
band gap energy of 3.2 eV (λ � 387 nm) which is high and needs to be activated by
UV radiation (Kumar and Rao 2017; Lee et al. 2016). Therefore, it is necessary to
modify the surface of TiO2 with materials such as carbon, graphene or metal
deposition (Bedia et al. 2019; Kumar and Rao 2017; Gao et al. 2014). However,
it is always difficult to prepare TiO2 based photocatalysts for wastewater treatment
using visible and solar light. Consequently, it is imperative to explore competent,
robust and cost-effective photocatalyst for replacement of the traditional ones. In the
past few years, a type of crystalline materials named metal organic organic frame-
works (MOFs) have received consideration in photocatalysis. These type of mate-
rials offer a wide spectrum of applications due to their structural arrangement of
coordination bonds between unsaturated metal core/node and multidentate organic
linkers (catalytically active) (Kojtari and Ji 2015). Furthermore, MOFs possess large
surface area and well-ordered porous structures that can contribute significantly in
many fields. In HP, the use of MOFs photocatalysts in HP is mainly based due to the
following important factors such as encapsulation of chromophores in the internal
structure of MOF, promotion of e�/h+ separation in the metal core and preparation of
MOFs using materials with absorption bands at visible region (Bedia et al. 2019;
Llabrés i Xamena et al. 2008). Moreover, some MOFs such as MOF-5 (Llabrés i
Xamena et al. 2007), NTU-9 (Gao et al. 2014) and UiO-66 (Shen et al. 2013) can act
as semiconductors. In these MOFs, the energy transfer takes place from the organic
linker to the metal-oxo cluster (Qiu et al. 2018). Nevertheless, most MOF
photocatalysts possess large band gap values caused by an insulating character of
the organic linker which results in poor conductivity (Ramohlola et al. 2017a, b, c,
2018; Monama et al. 2018, 2019; Mashao et al. 2019). The large band gap limits
their further application (Qiu et al. 2018). and this could be enhanced using dye
sensitized materials (Yuan et al. 2015), decoration of linker or metal center (Silva
et al. 2010; Fu et al. 2012) and also to combine with other semiconductors (Majedi
et al. 2016). Hence, surface modification and functionalization of MOFs are required
for their application as suitable photocatalytic materials.

10.4 Metal Organic Frameworks

By a careful inspection of the structure of MOFs (as shown in Fig. 10.2), one can see
that the metal nodes function as both the joining points and the organic linkers whose
sole purpose is to connects the ligands (Loera-Serna et al. 2012; Llabrés i Xamena
et al. 2007). Due to the distinct crystallinity of MOFs, identification of the exact
positions of all atoms in the framework can be observed. To properly identify a
porous solid, the structure should contain permanent channels or pores which
permeate through it and have dimensions huge enough to permit solvent or other
molecules to migrate into the structure (Kumar et al. 2013). The other great features
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about MOF is that its structure is highly tuneable by changing the metal nodes or
organic ligands. This characteristic makes it probable to acquire a suitable MOF
material suitable for a specified application (Suna et al. 2017; Vlasova et al. 2016).
MOFs pore permeability can range from 20 and be as high as 95 percent (Meng et al.
2017). The excellent pore permeability is associated with the high internal surface
areas and due to this property, MOFs have gained much attention from the scientific
community (Zhao et al. 2016; Cheetham et al. 2006).

10.4.1 Discovery of Metal Organic Frameworks

MOFs discovery occurred at the time when several scientists where studying the
Zeolites (Li and Yang 2007; Tranchemontagne et al. 2008). This led to Yaghi
coining the term “metal-organic frameworks, MOFs in 1995 when copper-4,4-
0-bipryridal complex which displayed extended metal-organic interactions was suc-
cessfully synthesised (Zhao et al. 2016; Li and Yang 2007). MOFs have its place to
the general family of coordination polymers and specifically, to the 2D or 3D
crystallized networks possessing porous property in comparison to the traditional
coordination polymers (Qiu et al. 2018; Ramohlola et al. 2017a, b, c, 2018; Monama
et al. 2018, 2019; Mashao et al. 2019; Yuan et al. 2015; Kreno et al. 2011).
Currently, most researchers have turned their attention into developing and synthesis
of MOFs and thus resulting in an exponential growth on scientific literature of these
materials and their derivatives. Most of these researches, focusses on the

Fig. 10.2 The structure of metal organic framework. (Li and Yang 2007]

10 Photocatalytic Degradation of Dyes in Wastewater Using Metal Organic Frameworks 267



experimental design and gas adsorption properties of MOFs and their derivatives for
hydrogen storage applications (Campesi et al. 2010; Wang et al. 2017) and also clean
energy applications due to their excellent high surface area, permanent porosity and
pore size distributions (Tranchemontagne et al. 2008; Wang et al. 2017; Zhang et al.
2017).

10.4.2 Structure of Metal Organic Frameworks

The arrangement of MOFs structures can either be two-dimensional (2D) or three-
dimensional (3D) networks. These networks are assembled from organic ligands and
metal ion or cluster nodes (Jiang et al. 2013). Unsaturated metal sites or accessible
metal sites in MOFs play a major role in influencing their adsorption performance.
Transition metals such as Cu, Zn, Mn, Co are usually the ones chosen as centre
connectors and they serve as Lewis acids for an activation of the coordinated organic
ligands for organic transformation (Raoof et al. 2015; Kim et al. 2013; Nas et al.
2015). The adsorption capacity is due to partial positive charges of metal sides
(Cheetham et al. 2006; Raoof et al. 2015). The transition metals can provide variety
in geometries depend largely on their oxidation number (Tan et al. 2017; Feng et al.
2013). The linkers possess the aromatic rings in the framework, which help to
maintain the structural integrity of the complex and direct the geometry of the
framework. The pore volume and surface area of MOFs can be organized by
Modification of organic ligands influences the surface area of the MOFs. The
common used organic linkers are provided in Fig. 10.3 (Bedia et al. 2019).

Secondary Building Units (SBUs) are critical role players dictating the final
geometry of MOFs. The structural and chemical properties of the SBUs and
organic ligands result in the prediction of the schemes and synthesis of MOFs. It
has been reported that under careful selection of reaction preconditions, multidentate
linkers can form some aggregates which affect the formation of SBUs (Salunke-
gawali et al. 2012). Subsequently, the SBUs will join with rigid organic links to
develop MOFs with high structural stability (Yuan et al. 2016). However, the
structure of the SBU is controlled by the metal-to-ligand ratio, solvent and source
of anions used in balancing metal ions charges [Sun and Sun 2014; Wang et al.
2014). MOF structures with internal diameter of pores of up to 4.8 nm can extend the
free space and thus results in H2 storage (Abbasi et al. 2017). However, the empty
spaces remain intact after the guest molecules have been removed. The size of the
pores on the adsorbents is responsible for possible interaction between the absorbed
gas molecules and the surface of the surrounding walls. Furthermore, it should be
close to the kinetic diameter of H2 molecule (0.289 nm) to endorse stronger
interactions amongst H2 molecules and the framework. The MOF (NU-100)
containing <2 nm micropores possesses storage capacity of 8 wt.% [Zhao et al.
2014; Azad et al. 2016) and 7 wt.% for MOF-5 possessing 0.77 nm micropores
(Langmi et al. 2013). Generally, the structure of MOFs with bigger pore sizes are
more susceptible to collapse, and this affects their permanent porosity. However,
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MOF based materials with these structures can result in enhanced performance in
hydrogen gas storage (Wang et al. 2016).

10.4.3 Synthesis of Metal Organic Frameworks

Fig. 10.4a demonstrates a summary of different strategic for the synthesis of MOFs.
The core aspects of MOF synthesis are to decide synthetic methodologies which can
produce MOF of a good metal building units without breakdown the organic linker.
Attention in this work is provided to the selected synthetic routes for preparation of
MOF materials which are presented in Fig. 10.4 (Joseph et al. 2019).

10.4.3.1 Hydro/Solvothermal Preparation

The hydro/solvothermal procedure has been efficiently utilized in preparing MOFs,
because it gives nanoscale structure which is difficult to obtain using conventional
method (Tan et al. 2017; Loera-Serna et al. 2017,). It was seen that one of imperative
factors in the synthesis of MOF is the choice of metal and organic linker followed by

Fig. 10.3 The synthesis of MOF-5 and HKUST-1 (Cu-MOFs) using various organic linkers.
Yellow and blue spheres denote the free spaces in the framework with no chemical meaning.
(Bedia et al. 2019)
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temperature, concentration of metal salt, and the solubility of the reactants (Lin et al.
2012). In this case, the metal cores are attached to organic linker through functional
groups to give a 3D structure of porous materials which is a paddle-wheel-like unit
of cubic structure. Furthermore, the use of conventional synthesis schemes, pow-
dered MOFs with low densities have often been synthesized (Candu et al. 2013).
Nevertheless, it was observed that the low density property of MOF is not suitable
for hydrogen storage application (Ramohlola et al. 2017a, b, c; Qamar et al. 2016).
The hydrothermal approach is normally performed in a stainless steel autoclave as
given in Fig. 10.5a. This approach allows a defined regulation on the shape and size
of the material to be prepared, not like conventional approach (Ramohlola et al.
2017a, b, c). As presented in Fig. 10.5d, the epitaxial growth ZIF-67 attached to
ZIF-8 benefits from harmonized unit cell parameters, and core-shell structured
ZIF-8@ZIF-67 crystals were prepared (Wang and Hu 2018).

10.4.3.2 Microwave-Assisted Synthesis

Microwave-assisted preparation route has revealed to be an interesting method for
fast fabrication of nanostructured porous materials (Qamar et al. 2016). Moreover,
this route gives potential advantages like facile morphology control on MOF

Fig. 10.4 Summary of (a) preparation methodologies, (b) potential reaction conditions (tempera-
ture), and (c) synthesized products of MOF structure. (Joseph et al. 2019)
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Fig. 10.5 (a) Hydrothermal preparation of MOF materials (Qamar et al. 2016), (b) microwave-
assisted solvothermal synthesis of MOF materials (Lin et al. 2012; Song et al. 2006), (c) mecha-
nochemical preparation of MOF materials (Langmi et al. 2013) and (d) schematic representation for
the synthesis of (i) MOFs (ZIF-8) (ii) ZIF-67 crystals and NC@GC, and core-shell ZIF-8@ZIF-67
crystals and (iii) NC@GC via a conventional solvothermal method. (Wang and Hu 2018)



structure, and structural phase selectivity as well as narrow particle size distribution
(Lee et al. 2013). The microwave-assisted in the preparation of MOFs employs
heating a substrate mixture in a suitable solvent with microwave radiation for an
hour in order to produce nanosized crystals (Fig. 10.5b). The quality of the crystal
materials generated by microwave-assisted technique are similar to the one prepared
by the ordinary solvothermal route, but microwave-assisted method achieved the
preparation process very faster (Li and Yang 2007).

10.4.3.3 Mechanochemical Process

Mechanochemical method is one of the solvent-free synthetic routes employed
to prepare MOF structure using only metal salt and organic linker without any
solvent (Fig. 10.5c). This method uses two reaction steps, where it involves the
mechanical breakdown of intramolecular bonds followed by chemical transforma-
tion (Song et al. 2006). It has several advantages over other method because
chemical reactions can take place at room temperature, qualitative and quantitative
yield of product are obtained in less than 20 min. In most cases, preference of
the source of metal ions were metal oxides instead of metal salts because metal
oxide produce in water as by-product during preparation (Wang and Hu 2018).
In addition, it was shown in recent years that the mechanochemical method has
been efficiently applied for the fast synthesis of MOFs with the help of liquid-
assisted grinding (LAG). The LAG is used as a structure directing agent by addition
of small amount of solvent into a solid reaction mixture. Moreover, the synthetic
route was advanced to prepare pillared-layered structured MOFs using ion-and
liquid assisted grinding (ILAG) (Tan et al. 2017). However, the method is limited
to explicit MOF types which cannot yield large amount of product (Langmi et al.
2013).

10.4.3.4 Post Synthesis

MOFs has ability to combine with compound of additional functional groups into
MOF framework, hence producing a different of MOF structures with varied of
functional groups still maintaining the same topology (Volkova et al. 2014). Nev-
ertheless, the introduction of functional groups onto the MOF structure remains to be
a challenging problem during preparation method. This setback may be addressed by
employing a post-synthesis modification (PSM) route. The PSM is one of surface
modification or functionalization of MOF structure after their formation (Fig. 10.6).
The addition of functional groups onto MOF structure can be obtained by
noncovalent, coordinative or covalent interactions (Yuan et al. 2015; Kim et al.
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2013; Candu et al. 2013). It was seen that protonation and doping of the MOF
structure may be used as one of the simplest approachesin carrying out PSM (Candu
et al. 2013).

10.4.4 MOFs Applications

MOFs have been studied widely and found applications in many different fields such
as adsorption, gas storage and separation, heterogeneous catalysis, chemical sensors,
biomedicine, supercapacitors, photocatalysis, fuel cells and others (Sundriyal et al.
2018). Table 10.1 exhibits MOFs in selected various applications. For example, Sun
et al. 2018 created a nanostructured Fe-Co based MOF-74 adsorbent, which is an
adsorbent for the extraction of arsenic in water with maximum adsorption capacity of
292.29 and 266.52 mg/g towards As (V) and As (III), respectively. In another study
(Zhang et al. 2019), the authors designed and created a new anion-pillared material
(ZU-66) entrenched with molecular rotors towards the separation of CO2/CH4 and
CO2/N2 gas mixtures. This behaviour improved the separation selectivity of ZU-66
for both CO2/N2 and CO2/CH4 mixtures, and obtained the high CO2 capacity
(4.56 mmol g�1, 298 K, 1 bar). Yu et al. 2018, reported the use of microporous
structure and multi-components as O2, P, C, Ni, and N2 in the MOF for producing
supercapacitors with an improved performance. Their results exhibited the moderate
electrochemical capacitance of 979.8 F g�1 at a current density of 1 A g�1.

Due to a number of synthesis methods that are available for the preparation of
MOFs, there is an ongoing research on the host-guest behaviour of MOFs for

Fig. 10.6 PSM used for the synthesis of MOFs and their functionalized ligands. (Kim et al. 2013)
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Table 10.1 The use of MOFs in selected applications

MOF
Preparation
method Application Refs.

MG@MIL-100-B Solvothermal Determination of the
endogenous
catecholamines

He et al.
(2018)

ZIF-8 Ultrasonic
assisted

Removal of tetracycline
and oxytetracycline
antibiotics

Li et al.
(2019)

MIL-53(Al)-GO Hydrothermal Removal of arsenic Chowdhury
et al. (2018)

{[(CH3)2NH2][Zn6(m3-OH)(m4-
O)(NSBPDC)5(H2O)2].
DMF.12H2O}n

Hydrothermal Adsorption and separa-
tion of organic dyes

Cui et al.
(2018)

P2W18@ MIL-101(Cr) Hydrothermal Removal of organic dyes Jarrah and
Farhadi
(2018)

ZU-66 Hydrothermal CO2 separation

MIL-101@M-X-Y Hydrothermal CO2 and H2S adsorption Alivand
et al. (2019)

MG@MIL-100-B Solvothermal Determination of the
endogenous
catecholamines

He et al.
(2018)

Fe3O4-NH2@HKUST-
1@PDES-MSPE

Hydrothermal Separation of ationic
dyes

Wei et al.
(2019)

0.4 M-Cu@MIL-100(Fe) Solvothermal Adsorptive separation of
C3H6/C3H8 mixtures

Yoon et al.
(2019)

Fe0.05/ZIF-8 Hydrothermal Oxygen reduction
catalysts

Yang et al.
(2019a)

VNU-21 (Fe3(BTC)
(EDB)2.12.27 H2O)

Solvothermal Heterogeneous catalyst To et al.
(2019)

[(CH2COOH)2IM]HSO4@H-
UiO-66

Hydrothermal Catalyst in biodiesel
synthesis

Ye et al.
(2018)

UNiMOF/g-C3N4 Ultrasonic
assisted

Photocatalytic H2

production
Cao et al.
(2018)

Co-MB Hydrothermal Photocatalysis for
hydrogen production

Liu et al.
(2018)

[Zn3(L)2(nbta)2]n Hydrothermal Photocatalytic degrada-
tion Rhodamine B

Yang et al.
(2019b)

MoS2/Co-MOF Hydrothermal Electrocatalytic hydro-
gen evolution reaction

Zhua et al.
(2019)

MOF-808 Hydrothermal Biocatalyst Baek et al.
(2018)

[MIL-101(Cr)] Hydrothermal Biocatalyst for clean
synthesis of benzoazoles

Niknam
et al. (2018)

MIL-101-NH2-SO3H Solvothermal Humidity sensing He et al.
(2018)

(continued)

274 T. C. Maponya et al.



application in adsorption process (Vlasova et al. 2016). The focus of this chapter is
on the photocatalytic degradation of wastewater pollutants by MOFs.

10.4.5 Photocatalytic Degradation of Dyes Using MOFs

The photochemical reactivity and stability of MOFs have gained them popularity for
application in the degradation of dye pollutants from wastewater. Table 10.2 shows
some of the MOF materials that have been studied for the degradation of organic dye
pollutants such as methylene blue (MB), methyl orange (MO), and rhodamine blue
(RhB). These studies revealed that MOFs have various photoactive properties based
on their different structures as shown in Fig. 10.7a (Glatzmaier et al. 1990; Zeng
et al. 2016; Sharma and Feng 2017). In Type I strategy, metal cores (semiconductor
dots) in MOFs act as sequestered nano-semiconductors that are separated by organic
linkers (Bedia et al. 2019). These types of MOFs are more effective due to their
high porosity, when comparing them to conventional semiconductors and the
adsorption of pollutants that are near t the semiconductor and photo-generated
charges is favoured. Furthermore, the photo-response of MOFs is enhanced by the
high density of photoactive dots and the organic linkers which serves as light

Table 10.1 (continued)

MOF
Preparation
method Application Refs.

Cu/Tb@Zn-MOF Hydrothermal Sensor detection for
aspartic acid

Ji et al.
(2019)

[Co(NPDC)(bpee)].DMF.2H2O Solvothermal Luminescent sensing for
MnO4

� and Hg2þ
Li et al.
(2019)

Zn-Ag2O@PEDOT:PSS Solvothermal Battery charged by wind
energy

Li et al.
(2019)

UiO-66 Solvothermal Electrolyte additive for
Li-metal battery

Chu et al.
(2018)

Zn-POMCF Electrochemical Lithium-ion batteries Yang et al.
(2019a)

Ni-MOF Hydrothermal Supercapacitor Jiao et al.
(2019)

CoCuNi-bdc Hydrothermal Supercapacitor Mohd Zain
et al. (2018)

{[(Me2NH2)3(SO4)]2[Zn2
(ox)3]}n

Solvothermal Fuel cells Kabir et al.
(2018)

NU-(1000 and NU-901) Hydrothermal Drug delivery Teplensky
et al. (2017)

CD-MOF Vapor diffusion Drug delivery Li et al.
(2017)

Cu-MOF/IBU@GM Mechanochemical Drug delivery Javanbakht
et al. (2019)
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absorbing antennae (Bedia et al. 2019; Zeng et al. 2016). Type II MOFs involves
the use of a photo-responsive dye-based organic ligand to absorb light and to transfer
photogenerated charges to the metal centers (Bedia et al. 2019). In type III
MOFs, the porous nature of the material serves a matrix in which the photo-active
components are compressed within its structure (Zeng et al. 2016). Nevertheless, the
lack of stability in water by MOFs hinders their application in photodegardation.
Alvaro et al. (2007) reported on the photo-degradation of phenol in water using
MOF-5. In a study conducted by Hausdorf et al. (2008) on MOF-5, the instability of
the material was found to be dependent on the modification of MOF structure and the
environment of the water. Laurier et al. (2013) reported on the photocatalytic
degradation of rhodamine 6G under visible light (550 nm) using Fe-MOFs. Their
studies showed that the photocatalytic performance of Fe-MOFs was more efficient
in comparison to traditional TiO2. Furthermore, they were able to maintain their
structural characteristics after a photocatalytic activity. Fig. 10.7b shows
photodegradation mechanism of MB using MOF where excited high-energy states
of electron and hole pairs occurs upon irradiated with light and this reacts with MB
resulting in their oxidation producing end products. Liu et al. (2014) reported on
photocatalytic activities of Cd(II)-imidazole MOFs for degradation of the MB and
methyl orange (MO) using UV light to promote the photogenerated charges that are

Table 10.2 MOF photocatalysts for the degradation of organic dyes

Material
Organic
dye

Irradiation time
(min)

PDE
% References

MOF, [Cu(4,40-bipy)Cl]n + H2O2 MB 150 94 Zhang et al. 2018

MOF, [Co(4,40-bipy)
(HCOO)2]n + H2O2

MB 150 55 Zhang et al. (2018)

Fe2O3/MIL-53(Fe) MB 240 70 Feng et al. (2017)

Au@MIL-100(Fe) MO 150 100 Liang et al. (2015)

Pd@MIL-100(Fe) MO 150 100 Liang et al. (2015)

Pt@MIL-100(Fe) MO 150 100 Liang et al. (2015)

rGO/NH2-MIL-125 MB 30 100 Hong et al. (2016)

rGO/MIL-88(Fe) RhB, MB 20 100 Wu et al. (2014)

GO/MIL-101(Cr) MG 60 92 Fazaeli et al.
(2015)

MIL-53(Fe) Phenol 180 99 Sun et al. (2015)

NH2-MIL-53(Fe) Phenol 180 92 Sun et al. (2015)

Fe(BDC)(DMF) Phenol 180 99 Sun et al. (2015)

BiOBr/NH2-MIL-125 RhB 100 100 Zhu et al. (2016)

Bi2MoO6/MIL-100 RhB 90 90 Yang et al. (2017)

Ag3PO4/MIL-53(Fe) RhB 90 100 Sha et al. (2015)

g-C3N4/MIL-125 RhB 60 100 Wang et al. (2015)

g-C3N4/MIL-100 RhB 240 100 Hong et al. (2016)

g-C3N4/MIL-53(Al) RhB 75 100 Guo et al. (2015)

MIL-53(Fe) RhB 50 98 Ai et al. (2014)
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important for conversion of organic dyes. Moreover, Zhang et al. (2016) studied
other types of Cd(II)-imidazole MOFs for photocatalytic retreatment of MO. They
showed that the properties of the photocatalyst such as efficiency in the transference,
bandgap energy, and separation of charges play important role in producing the
photogeneration of charges. In addition, the high photocatalytic efficiency for the
removal of MB UV radiation was observed using Zn(II)-imidazolate MOF (ZIF-8)
(Jing et al. 2014).

10.5 Conclusions

This chapter encompasses the work done on MOFs for the photocatalytic degrada-
tion of organic dyes from wastewater. For example, MOFs are important materials
can be employed in variety environmental applications. The significance of MOFs in

Fig. 10.7 (a) Example of the types of photocatalytic mechanisms using MOF photocatalyst
mechanisms (Zeng et al. 2016), (b) photodegradation mechanism of MB and (c) effect of irradiation
time on MB using MOF as a photocatalyst under UV radiation. (Zhang et al. 2018)
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wastewater treatment includes adsorption, heterogeneous photocatalysts along with
enhancement of reactive oxygen generation. Photocatalytic process has been widely
explored owing to its flexible design and simple operation. Thus, the use of MOFs as
photocatalysts has been investigated for removal of pollutants owing to their inher-
ent properties such as high surface area, environmental stability, easy preparation
and tunable structure. The plethora of literature reported that a variety of morpho-
logical characteristics can be accomplished, which strongly depends on the method
of synthesis, and thus have various effects on the removal of pollutants. In this
chapter, we have demonstrated that different types of MOF have an influence on the
photodegradation efficiency of organic dyes. Henceforth, the synthesis of variety of
MOFs and their composites have been studied for the photocatalytic degradation of
dyes such as phenol, MB, MO, MG and RhB from wastewater. Overall, these MOFs
composites display improved photocatalytic efficiency towards dyes degradation.
Therefore, data in this chapter provides an insight into MOF based materials for
potential use as economically valuable photocatalysts for the degradation of organic
dyes from wastewater.
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