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Fundamental of Advanced Oxidation
Processes

Pallavi Jain, Prashant Singh, and Madhur Babu Singh

Abstract Today’s most concerning situation is wastewater releasing from printing,
dyeing, and textile industries. It contains reactive dye residuals, harmful chemicals,
and many inorganic and organic pollutants. Pre-treatment of these pollutants is very
important before release. For the treatment of these pollutants, the use of biotech-
nology with highly concentrated organic and inorganic chemicals is more difficult.
So, there is a need for an alternative for it, which has the ability to degrade this non-
biodegradable pollutant. The application of advanced oxidation processes (AOPs) is
a sustainable solution. InAOPs, there is the formation of radical specifically hydroxyl
radical (•OH) which is an excellent oxidant. Nowadays, the use of AOPs is started
in many places for the treatment of wastewater. In this chapter, there is detailed
information on all AOPs.

Keywords Textile industries · Pre-treatment · Organic and inorganic · Advanced
oxidation process · Hydroxyl radical

1 Introduction

Water is the prime natural resource on our planet. Without water, life cannot be
possible beyond a fewdays and the lack of access to adequatewater leads to the spread
of many diseases. As we know that the ocean contains most of the water on the planet
and is highly prone to getting polluted [1]. Major sources of water contamination
are agriculture, construction, industrialization, and marine dumping. The studies in
last 10 years show that industrialization, tourism, and fishing occupation are mostly
affecting surfacewater and pose toomany diseases [2]. “In 2008, the EuropeanUnion
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developed theMarine Strategy Framework Directive (2008/56/EC to scan themarine
environment and related activities.” This was made to achieve “Good Environmental
Status (GES)” by 2020. The ugly unregulated trend of releasing effluents in the water
bodies comprising organic dyes, plastic, toxic chemicals, and agricultural waste
destroying the quality of water [3, 4]. Presently, the convention method for treating
water has drawbacks and challenges with satisfactory results. The adsorption process
has the drawback that it generates a huge amount of toxic sludge, convert into another
form of pollutant, and remain in the ecosystem [5, 6].

With the increasing civilization, we have to focus on the techniques that are able
to meet up the growing demand for clean water [7, 8]. Hence, advanced oxida-
tion method for the treatment of water was developed. This method is one of the
most efficient methods used for the oxidation of biological pollutants that are not
conceived by the convention method due to their chemical stability. The mechanism
of degradation involves the production of reactive and unstable products like ozone,
hydroxyl, and hydrogen peroxide radicals that react with the pollutant into decom-
posed product and other inorganic salts [9]. In the reaction, hydroxyl radical (•OH)
undergoes electron transfer or abstraction of hydrogen and forms a double bond with
the pollutant [10, 11]. Advanced oxidation technology involves the four different
methods for producing •OH using different reacting system [12].

2 Advanced Oxidation Process (AOPs)

It is a chemical treatment that is used to remove the organic and inorganic compounds
from the water and wastewater by the oxidation reactions with the •OH. It is basi-
cally called the in situ production of the highly reactive •OH. These are the reactive
species that can oxidize the compounds present in the water matrix. •OH reacts as
it can produce, oxidize, and separate the inorganic molecules [13, 14]. Aromatic,
volatile organic chemicals, petroleum components, pesticides, sewage, and other
harmful and non-degradable compounds are removed from wastewater using this
method [15]. Figures 1 and 2 show the steps involved in AOPs and main features of
•OH, respectively.

3 Ozone (O3)-Based AOPs

Ozone is utilized as both an oxidant and a disinfectant in water treatment. O3-based
AOPs basically attack the functional groups that are rich in electrons like double
bonds, amides, and aromatic compounds because they form •OH [16] in the aqueous
solution and the reaction is second-order reaction which is quite slow having the rate
constant 70 M−1 s−1.

O3 treatment is found to be a more effective advanced oxidation method as it
effectively oxidizes a wide range of pollutants and is used to decolorize bleaching
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Fig. 1 Steps involved in advanced oxidation process

Fig. 2 Features of hydroxyl
radical

HYDROXYL 
RADICAL 

CONTROL 
THE RATE OF 

REACTION 

HIGHLY 
REACTIVE 

EASILY 
GENERATED 

NOT 
SELECTIVE SHORT LIVED 

HARMLESS 

POWERFUL 
OXIDANTS 

water in the textile, pulp, and paper industries. It is widely used for the treatment
of pharmaceutical in water by combining O3 as oxidant. The O3 gas is completely
unstable in an aqueous medium, so it directly attacks the substrate or generates
•OH that attacks the substrate [17]. The generation of O3 involves different methods
such as corona discharge (production of ozone by passing dust-free oxygen through
the high-energy electrical field between two electrodes separated by the dielectric
material), photocatalytic method, or conversion of oxygen molecule into O3. Most
economic and environmentally preferablemethods are corona discharge andUVradi-
ation method. In corona discharge method temperature control is important because
at high temperature decomposition of O3 get started [18]. The spontaneous degrada-
tion of O3 occurs above 35 °C, and thereforemust be equippedwith a cooling system.
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Equations 1 and 2 explain when the oxygen gas passes through the electrode it gets
split into oxygen atom, i.e., reactive radical which combines with oxygen molecule
to generate ozone [19, 20].

O2 + e− → 2O− (1)

O2 + O → O3 (2)

The UV radiation method involves photo-dissociation of oxygen molecule which
gives unstable O2 atom at 140–190 nm wavelength of UV radiation. However, the
O3 gas gets decomposed above the wavelength of 180 nm. Therefore, this method is
not widely used in the industrial areas because of the poor yield of O3 gas.

3.1 Ozonation at Elevated pH

Oxidation performed by ozone can be achieved by two following processes:

(a) Indirect oxidation followed by generation of (•OH).
(b) Direct oxidation with dissolved O3.

pH of the medium is an important factor on which the degradation of a compound
depends. Generally, when pH <4 then direct ozonation wins.

3O3 + OH− + H+ → 2OH + 4O2 (3)

When pH > 9 then indirect oxidation wins the race. According to rule, rate of
degradation in ozonation increases with increase in pH.Hence, elevated pH promotes
indirect oxidation via radical generation

O3 + OH− → O2 + HO−
2 (4)

3.2 O3/H2O2

The peroxone process involves the reaction of O3 with peroxide (H2O2) and forms
the •OH precursors which act as an oxidizing radical. In essence, O3 and H2O2 (in
ionized form, hydroperoxide H2O−) had a fast reaction, leading in the creation of
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•OH radicals (Eqs. 5–7). This process is more efficacious as H2O2 boosts the O3

decomposition rate, leading to a significant amount of highly reactive •OH radicals.

H2O2 + 2O3 → 2•OH + 2O3 (5)

H2O2 ↔ H+ + H2O
− (6)

H2O
− + O3 → •OH + •O2 + O2 (7)

Additionalmechanisms that occur under optimumconditions, such as anH2O2/O3

ratio of 0.5 and a pH of 7.7, are utilized to degrade H2O2 by the radicals. This
technique is employed to reducemicropollutants from industrialwater, potablewater,
and groundwater, and is also used to lower the bromate formation [21].

3.3 O3/Catalysts

Ozonation performed by the use of catalysts increases the rate of ozone decompo-
sition followed by generation of hydroxyl radical. d-block elements are generally
used as catalysts in the homogeneous catalytic oxidation method for degradation
of pollutant (organic). In this process, metal ions mainly alter the reaction rate, the
ability of ozone employment, and ozone oxidation selectivity.

There are two following approaches through which homogenous catalytic
ozonation will be achieved:

(a) Generation of free radical by decomposition of O3 through metal ion.
(b) Complex formation within organic molecule and catalyst through complex

oxidation.

Fe2+ + O3 → FeO2+ + O• (8)

FeO2+ + H2O → Fe3+ + OH• + OH− (9)

FeO2+ + Fe2+ + 2H+ → 2Fe3+ + H2O (10)

Heterogeneous catalytic ozonation method is an effective process for ozonation
of poorly biodegradable organic by using solid catalyst. Frequently used catalyst in
this process are oxide of metals such as manganese dioxide, iron(III)oxide, copper
iron oxide, and some porous material like zeolite and activate carbon. Potential of
these catalytic methods mainly relay on pH of the solution, targeted pollutant, and
type of catalyst. Heterogeneous catalytic ozonation can be achieved via two steps:
(a) hydroxyl method and (b) interfacial reaction method.
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4 AOPs Based on UV Irradiation

Combining UV with H2O2 is the most commonly used UV-based AOP. Persulfate
and chlorine are among the other radical promoters that generate sulfate radical,
•OH and •Cl radical, respectively, and are investigated. This type of process is
called advance oxidation. The sources used for UV irradiation are low-pressure and
medium-pressure mercury lamps [22, 23].

4.1 UV/H2O2

UV radiation has been intensively investigated for its potential to decrease contami-
nants in water and wastewater. The radiation is commonly used to kill microorgan-
isms and breakdown aquatic organic compounds [24].Various researches have shown
that this technique is effective in removing drugs and pharma products from various
kinds of surface water [25]. This method is limited to photosensitive chemicals
containing water and the water having low COD value [26]. UV/H2O2 is a potential
alternative to eliminate photoactive organic compounds having less reactivity to •OH
and O3.

When UV radiation is coupled with H2O2, the photolytic cleavage of H2O2

results in the formation of two •OH (Eq. 6), which oxidizes another organic moiety
further [27]. A series of radical formation reactions is as follows (Eqs. 11–15):

H2O2 + hv → 2•OH (11)

H2O2 + 2•OH → •OOH + H2O (12)

H2O2 + •OOH → •OH + O2 + H2O (13)

2•OOH → H2O2 + O2 (14)

2•OH + 2•OOH → 2H2O2 + O2 (15)

Though the photolytic cleavage of H2O2 produces •OH radicals, excessive quan-
tities of H2O2 may have a shielding effect on the •OH radicals, reducing the efficacy
of the oxidation reaction [28, 29]. As a result, the H2O2 preliminary concentration
should be strictly managed to enhance the removal process’ effectiveness.
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4.2 UV/O3

In UV/O3 processes, dissolved O3 is cleaved due to the UV radiation followed by
the reaction of water with atomic O2 that forms the thermally excited H2O2 which
decompose into the two •OH radicals.

2H2O2 + O3 → 2•OH + O2 → 2H2O2 + O2 (16)

The cage recombination of generated H2O2 decomposed to •OH in free •OH 0.1
quantum yields [30].

4.3 UV/Peroxydisulfate (UV/PDS)

UV/PDSAOP is more effective than UV/H2O2 under identical situations. The degra-
dation rates of ATZ, TCA, and TCS rise when the oxidant dosage is increased while
the concentrations of these three chemicals are decreased. The presence of organic
compounds scavenging the sulfate radical and •OH reduces the removal rate of the
targeted compounds.

4.4 UV/Cl2

In the UV/Cl2 AOPs, UV-activated chloride forms the free radicals, i.e., Cl• and •OH
radicals that oxidize the target compounds. Here Cl• is more favorable than the •OH
as it selectively reacts with the electron-rich contaminants and impurities. This type
of AOP is favoring to those that have lower pH value water like reverse osmosis
permeate.

5 Physical AOPs

5.1 Microwave (MW) AOP

The utilization of extremely energetic waves or radiation under themicrowave region
(300 MHz–300 GHz) has been examined for effective water contaminant oxidation
process. The microwaves are utilized together with catalysts and oxidants (mostly
H2O2) to help in the devastation of the organic pollutants. These microwaves are
capable of enhancing the rate of the reactions and an inner molecule vibration that
helps to induce particular heating of various contaminants. Furthermore, microwaves
can produce UV radiations through a discharge lamp which is electrodeless for
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united UV/MW reactors. Regrettably, a larger amount of applied microwave energy
is transferred into heat. Due to the small electrical productivity, various kinds of
cooling appliances must be operated for preventing the purified water from excess
heating.

5.2 Electron Beam AOP

The implementation of the ionizing radiation origin by an electron beam source
(0.01–10 meV) has been investigated since 1980 for wastewater treatment. The elec-
trons that are accelerated go through the surface of the water; as a result, an electron-
ically excited species is formed in water that includes a range of free radicals and
ionic species. The highest penetration strength of the fast-moving electrons and the
incident electron energy is directly proportional to each other (around 7 mm) [31].
The electron beam process indicates a high degree of oxidizing strength and a slight
intrusion via water surrounding substances and electrical capability is under the
practicability range.

5.3 Ultrasound AOP

Water sonication through the ultrasound process results in the development and
collapse ofmini-bubbles through sound propagation contraction and unusual faction.
These resulting bubbles break down viciously after getting a significant reso-
nance dimension (size) and create transitory high temperature (>500 K), pressure
(>1000 bar), and excessively reactive free radicals. Due to the thermal decay and
diverse radical chemical reactions, the devastation of aqueous contaminants takes
place. The cavitation through ultrasound shows less obstruction from the aqueous
matrix and low heat flow in contrast to UV radiation. The sonochemical methods are
well known for oxidizing the various water contaminants in laboratory-scale exper-
imentation [32]. Although the function of ultrasound is very much energy in depth
and produces in an extremely less electrical order of AOPs as compared to other
techniques [33]. Hence, the combination of ultrasound with UV radiation (known as
sonophotolysis), catalysts (TiO2) or oxidants (mainly O3 and H2O2) or both (known
as sonophotocatalysis) achieves great consideration [34]. These fused routes can
result in additional benefits. Although a large enhancement of energy effectiveness
is gained frequently because of the large competence of the united additionalmethods
or processes (UV/H2O2 in ultrasound/UV/H2O2) [35].
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5.4 Plasma

Aqueous-phase electrically liberating reactors are used as AOPs for wastewater treat-
ment. In this process, a powerful electric field is applied inside the aqueous medium
(known as electrohydraulic discharge) or in between the gas phase (non-thermal
plasma) and water which commence both physical and chemical processes [36].
Along with the immediate oxidation of pollutant species present in water, numerous
oxidizing active radicals, revelation waves, and UV radiations are produced at the
time of discharge that can stimulate further oxidation.

6 Catalytic AOPs

6.1 Fenton AOP

Fenton process is preferred most because of its ability to degrade pollutants
completely and converting them into harmless products like H2O, CO2, and many
more inorganic salts. When ferrous ion Fe2+ and H2O2 were mixed by maintaining
the condition acidic, it leads to the production of •OH, and this process is known as
the Fenton reaction. For obtaining optimum catalytic activity of iron, the pH must
be 3.0 because at higher pH there is a precipitation of ferric oxyhydroxide [37].
Surplus addition of H2O2 results in the reduction of Fe3+ to Fe2+. For achieving
increased trace organic chemical removal activity, iron oxide (FeO) can be substi-
tuted by transition group metals [38]. Acidic condition is maintained in the Fenton
process to avoid precipitation of iron. That’swhy the replacement for iron-free Fenton
methods is recently investigated as summarized [39]. Due to its low operational cost
and simple residual iron separation by a magnet, the process is more feasible and
economical. As a result, the Fenton process has been established in a number of
full-scale applications [40, 41].

6.2 Photo-Fenton AOP

In the photo-Fenton process, H2O2 and UV radiation combined with Fe2+ and Fe3+

led to an increase in the production of •OH in comparison with the Fenton method
or photolysis, and as a result the rate of organic pollutant degradation has increased.
When it comes to the photo-Fenton reaction, Fe3+ builds up in the solution, and if
all of the Fe2+ ions are consumed, the reaction will stop.

Fe(OH)2+ + hv → Fe2+ + •OH (17)
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Equation 17 represents the regeneration of ferrous ion by photo-reduction of ferric
ion Fe3+ which occurs in photo-Fenton reaction. The reaction ofH2O2 with this newly
produced ferrous ion leads to the generation of •OH and ferric ion and like the same
manner cycle continues [42].

Organic pollutant shows better degradation by Fenton reaction in conventional
radiation zone of the visible and near-UV range. Some pollutants which were
effectively degraded by the photo-Fenton method are ethylene glycol, herbicides,
anisole, and 4-chlorophenol [43]. For getting •OH which is used in organic pollutant
degradation, direct photolysis of H2O2 is done (Eq. 11).

For getting optimum performance in the photo-Fenton process, pHmust be at 3.0,
hydroxy-Fe3+ must be soluble, and Fe(OH)2+ are more photoactive. In comparison
with Fenton process, photo-Fenton process has a better result. For an economical
approach, sometime sunlight is used instead of UV radiation. This approach of using
sunlight results in a lower rate of pollutant degradation [44]. Acidic condition (pH 3)
is found better because at this pH there is a conversion of carbonate and bicarbonate
family to carbonic acid, and these have a low rate of reactivity with •OH [45].

6.3 Photocatalysis AOP

Thephotocatalytic process has received great attention as it can dealwith awide range
of organic pollutants at ambient temperature and pressure [46, 47]. In this method,
excitation and transfer of electron from the valence band to the empty conduction
band, and the excitation of electron takes place only when catalyst absorbs enough
energy to cross the bandgap. The process produces hollow-electron (h+/e−) pairs that
react with O2 and H2O molecule which further produce highly reactive superoxide
anion and •OH that oxidize the substrate with an oxidation reaction. The energy
absorbed by the photocatalyst in form of photons is equal or higher than the bandgap
energy for the excitation of electrons and hence the generation of h+/e− [48] (Fig. 3).

Fig. 3 Mechanism of photocatalysis AOP [49]
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Themostly usedphotocatalyst areTiO2 andZnO2 as they are chemically stable and
have good photosensitivity but in this mechanism must have efficient reducing and
oxidizing power [50]. However, the large bandgap (3.2 eV) of these catalyst makes
them unfavorable for the application. For improving their efficiency and stability,
reduction in h+/e− pairs regeneration canbe done viaTiO2 andZnO2 doping (Eqs. 18–
21). In doping, the electron of conduction band or holes in valance band are confined
in defect sites, reducing h+/e− pairs and improving interfacial charge transfer. Later
it reduces the bandgap and enables the absorption which occurs in visible light [51].

TiO2 + hv → TiO2
(
e−) + TiO2

(
h+)

(18)

TiO2
(
e−) + O2 → TiO2 + O−

2 (19)

TiO2
(
h+) + H2O → TiO2 + •OH + H (20)

TiO2
(
h+) + OH− → TiO2 + •OH (21)

7 Electrochemical AOPs (EAOPs)

Electrochemical oxidation process is the oxidation process of pollutants through
(•OH) generation with no secondary sludge produced. The mechanism of degrada-
tion of organic matter is reaction of highly reactive radical with substrate through
addition, substitution, or electron transfer reaction that completely decompose the
pollutant into organic matter [52, 53]. The generation of (•OH) is pH and tempera-
ture independent. However, the efficiency of treating water is pH and temperature
dependent, it also depends on the quantity of carbonate ions [54].

7.1 Boron-Doped Diamond Electrodes (BDD)

In electrochemical advanced oxidation process, most favorable and researched elec-
trode is boron-doped diamond electrode. By using chemical vapor deposition (CVD)
methodmostlyBDDelectrodes aremade. CVDmethod iswidely used in this because
of its low cost. Owing to low-point charge carrier activation energy (0.37 eV) boron
is chosen as dopant for diamond electrode. Substitution of boron atom in the lattice
of diamond for carbon atom results in a p-type of semiconductor in which the extra
electron is consumed for bonding which results in the formation of holes in semi-
conductor. When level of doping is low (~1017 atoms cm−3) semiconductor property
is shown by diamond having conduction performed by hopping method. When level
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of doping is high (~1020 atoms cm−3) semi-metallic property is shown by diamond
because of its impurity bands having low energy which permit electron conduction
having metallic resistivities <0.1 � cm generally achieved [55, 56].

7.2 Doped TiO2 Electrode

For water processing conductive Magneli phase suboxide of doped TiO2 and TiO2

emerged as efficient electrode materials. Electrical conductivity ~10–9 �−1 cm−1 of
stoichiometric TiO2 shows that it is an insulator. At temperature above 900 °C and
within the H2 atmosphere, electronic property of TiO2 can be altered drastically with
the help of generating O2 deficiencies in their lattice structure or by doping of group
five elements which results in the formation of Ti4+ to Ti3+ and behavior to n-type
semiconductor [57].

7.3 Lead Oxide (PbO2) Electrodes

Packed bed reactors consisting oxidized Pb pellets have been used in earlier studies
of compound oxidation at PbO2. On exploration of PbO2 and doped PbO2 anodes
at a various substrate (e.g., Ta, Ti), many studies show the formation of hydroxyl
radical on PbO2 electrodes. But till now how •OH is formed at PbO2 electrode is not
well explored. Research focused on PbO2 electrodes, lead-acid battery, and (•OH)
generated in a hydrated PbO2 gel layer, which is formed on the outer surface of the
electrode. In this method, there is an assumption that an equilibrium exists between
the hydrated gel layer of PbO2 and PbO2 crystal. A photon and electrically conductive
linear polymer chain are formed by gel layer.

7.4 Doped SnO2 Electrodes

For getting optimum conductivity of SnO2 electrode, it has to be doped which make
it to work as efficient EAOP electrode. The dopant which is used to increase the
conductivity of electrode and provide potential forO2 evolution versus SHE is Sb.But
using Sb as a dopant is quite harmful because of its toxicity. That’s why researchers
move to its alternative (B, F, P, Ar). After many investigations and study, researchers
conclude that the use of doped SnO2 electrode is in laboratory but it is not used in a
large scale or commercially because of its short life service. The two theories which
were proposed for the deactivation of these electrodes (i) on the outer surface of the
anode nonconductive Sn(OH)2 layer is formed and (ii) there is a delamination in
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SnO2 film because of formation of layer of the underline Ti substrate. For improving
the doped SnO2 electrode, layering of Ti support has to be minimized by placing of
IrO2 inter-layer between Ti and SnO2-Sb2O5 coating [58, 59].

8 Advantages and Limitations of Conventional AOPs

As already discussed, the chemical stability of AOPs proved it as one of the most
efficientmethods for removal of contaminants that are not envisioned by conventional
methods. Still, it has some limitations which are illustrated in Table 1.

Table 1 Advantages and limitations of conventional AOPs

AOP Advantages Limitations References

O3 Effectively high oxidation
performance, less time
needed, no residue left, O3
left residue can be easily
decomposed

Not pocket friendly,
requires lots of energy,
pre-treatment of
compound is required

[60, 61, 20]

O3/UV Better result with good
efficiency, hydroxyl
radical generation is more,
better than UV and O3 as
compared alone

Requires more money, lots
of energy needed, limits to
the mass transfer, muck
production

[62–66]

H2O2/UV Disinfectant, simple
process

Light penetration can be
interfered by turbidity,
generate •OH less
efficiently

[67–69]

O3/H2O2/UV Effective degradation of
polyphenols and
aromatics, non-selectively
with complete solution
species

Expensive, COD removal
not complete, sludge
production

[70, 66]

Fenton-based process Economic, eco-friendly,
rate of reactions is fast,
production of powerful
•OH, can degrade variety
of pollutants

No full-scale application,
small of sludge
production, acidic
environment

[71–75]

Electrochemical-based
process

Eco-friendly, able to
automate, worked as
single-electron oxidizing
agent •OH effectively

Reliability toward
electrode, expensive in
terms of both money and
energy

[76–79]
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9 Future Perspectives

In above-discussed AOPs, many issues are neglected such as while treating under-
ground wastewater many pollutants are present but targeted portion is organic pollu-
tants not inorganic which decrease the efficiency of process and water is also not
pollutant free. So, there is a need to work on treating inorganic pollutants more.
Nowadays, use of AOPs is limited and it is used only in labs or in a small scale. Work
is needed to be done to implement the AOPs on a large scale which helps us to treat
wastewater and pollutants released from textile industries in a large scale.

10 Conclusion

Old methods used for treatment of pollutants released from industries were insuffi-
cient and inappropriate because those methods were not cost-effective as well not
green process. So, there is a need of an alternative for treatment of these organic
pollutants. AOP emerged as boom alternative for the treatment of organic pollu-
tant for industry wastes. AOP falls under green process for degradation of waste
released from an industry and for textile wastewater treatment. There are different
AOPs which have been reported and give ease for selecting the more appropriate
methods for degrading pollutants. Different AOP had been tested for removal of
organic pollutants and inorganic pollutants from wastewater and it gives a way to
find a more suitable and efficient method. According to literature, the photochemical
AOPs and Fenton AOP are found to be more potent for reduction of pollutant from
textile wastewater. In comparison of UV and •OH or SO4

•− with UV photolysis or
per-sulfate oxidation, it was found that the combination of UV and radicals has more
potency in removal of pollutants.
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Fenton Processes in Dye Removal

Helhe Daiany Cabral Silva Pimentel, Lívia Fernandes da Silva,
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Abstract Dye wastewater comprises contaminants that are difficult to degrade.
When released into water bodies without proper treatment, it can cause a variety
of problems for human health and aquatic ecosystems. Among several alternatives
for treating wastewater contaminated by dyes, the Fenton process is an option with
many advantages. The Fenton process involves the formation of the hydroxyl (HO•)
and hydroperoxyl (HO2

•) radicals through the oxidation of Fe2+ (Fe2+ + H2O2 →
Fe3+ + HO− + HO•). It is an advanced oxidative process that involves easily acces-
sible reagents, is low-cost, and the conditions, such as pH range, temperature, and
concentration ratio, are well established in the literature. The Fenton process can
proceed in a homogeneous or heterogeneous manner, and through both pathways,
total mineralization through oxidation can be achieved. Methods that cannot achieve
total mineralization can be coupled with the Fenton process to achieve greater effi-
ciency, and in some cases, reduced consumption of the hydrogen peroxide oxidizer.
The Fenton process has high applicability in environmental fields, mostly because
its mechanism involves the total destruction of the contaminant. However, the degra-
dation process often results in the formation of new toxic by-products, which means
that the end product remains toxic.

1 Introduction

A large volume of wastewater is currently generated worldwide due to rapid indus-
trial, economic, and population growth [5, 63]. These large volumes of effluent-
contaminated water bodies, especially freshwater, generating complex effluents, and
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have become a critical problem worldwide in recent decades [25, 59, 63]. Organic
contaminants have high toxicity, low biodegradability, refractory characteristics [27,
79], and among organic contaminants highlight color agents such as dyes [55].

Dyes are synthetic or natural substances that are used for various applications,
such as in the textile, paint, tanning, paper, cellulose, food, beverage, pharmaceutical,
and wood industries [33, 55, 63, 66, 78]. Dyes can be classified as disperse, reac-
tive, direct, acid, or basic, according to their chemical structure: azo, anthraquinone,
indigo, phthalocyanines, sulfur, nitrated, and nitrosated [41, 78]. Dyes have chro-
mophore groups responsible for color and auxochromes responsible for solubility
[11, 63]. It is estimated that there are more than 100,000 dyes currently available
[66].

When untreated discharge enters waterways, the dyes in the wastewater can cause
numerous problems, such as high chemical and biological oxygen demands [59],
limited access to sunlight, which affects the photosynthesis capacity of plants [55],
contamination of food chains [47, 53], carcinogenicity, toxicity, and mutagenicity
in aquatic organisms [3, 10, 16, 28, 37]. Prolonged exposure in humans can cause
tumors, respiratory problems, allergies, and congenital diseases [70].

In recent decades, several treatments for wastewater containing dyes have been
proposed, such as biological treatments with microorganisms and activated sludge
[23, 44], and physical treatments such as adsorption [54, 69], ion exchange [46], and
chemical treatments [43]. Biological treatments have the disadvantages of substantial
operational cost, potential for microorganism inactivation, and sludge generation
[70]. Physical treatment has the disadvantages of transferring the contaminant to
another material and the need to constantly search for low-cost and easily obtainable
materials [20].

Owing to the disadvantages of biological and physical treatments, chemical treat-
ments are desirable, especially advanced oxidative processes (AOPs) [57]. AOPs
can be homogeneous or heterogeneous, and the main AOPs are the Fenton, electro-
chemical, photochemical, and sonochemical processes the processes that use ozone
[57].

Among the AOPs, the Fenton process is a simple, low-cost technique capable of
degrading soluble and insoluble dyes [66]. The Fenton process involves the oxidation
of Fe2+ ions, which generates HO• via the catalytic decomposition of hydrogen
peroxide [70].

Fe2+ + H2O2 → Fe3+ + HO− + HO• (1)

The radicals formed by the Fenton process can repeatedly attack organic
compounds in a non-selective manner, degrading their chemical structures, poten-
tially causing total mineralization [29, 36]. Thus, the Fenton process is highly appli-
cable for the treatment of dye-containing effluents. There are many publications that
demonstrate the applicability of the Fenton process to treat effluents with dyes. A
ScienceDirect [67] search for the phrase “Fenton andDyes” produces a large number
of results corresponding to research in several related areas (Fig. 1). These results
confirm the increase in annual citations and highlight the importance of dye studies.
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Fig. 1 Publications relating
to the search words “Fenton
and Dyes” from 2016 to May
2021
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Therefore, a review was conducted to examine the Fenton process since its incep-
tion, addressing the various types of Fenton processes and their application for the
removal and degradation of dyes, as well as the toxicity of the process when used
for this purpose.

2 Fenton Process

The process known as “Fenton” was discovered by Henry John Horstman Fenton
in 1876, when he observed the strong oxidizing power of a mixture of hydrogen
peroxide (H2O2), a low concentration of Fe2+ ions, and tartaric acid (C4H6O6) [34,
35, 81]. Henry JH Fenton observed that a violet-colored solution was formed by
mixing an oxidizer (H2O2) with tartaric acid, sodium hydroxide, and ferrous salt;
however, if a ferric salt was used instead of a ferrous salt, the same color was not
observed [34, 35, 81].

In his research, Fenton demonstrated that iron can also be removedbyprecipitation
and that other oxidants could be used to replace H2O2; however, the results were
disappointing [35]. Fenton did not propose the mechanisms of radical formation,
and the reactions that occur in the process have been studied and debated in the
literature for years [17, 40, 81].

In 1930, mechanisms for the Fenton process were proposed by Haber and Weiss
[42] through kinetic studies. Themain stages (reactions (2)–(5)) are described below:

Fe2+ + H2O2 � Fe3+ + HO− + HO• (2)

HO• + H2O2 � H2O + HO2• (3)
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HO•
2 + H2O2 � O2 + H2O + HO• (4)

Fe2+ + HO• � Fe3+ + HO− (5)

In Bray and Gorin [15], through a series of kinetic studies, demonstrated the
formation of an intermediate composed of tetravalent iron (FeO2+). Their results
demonstrate the reduction of Fe3+ in the presence of H2O according to reaction (6):

2Fe3+ + H2O � Fe2+ + FeO2+ + 2H+ (6)

In the presence of hydrogen peroxide, Fe2+ ions can react to form FeO2+, water,
and oxygen (reactions (7) and (8)).

Fe2+ + H2O2 → FeO2+ + H2O (7)

FeO2+ + H2O2 → Fe2+ + H2O + O2 (8)

Barb et al. [7–9] investigated the iron system with hydrogen peroxide and their
results conflicted somewhat with those of Haber andWeiss. A new chain mechanism
was proposed with the formation of •OH and •OOH radicals, oxygen, water, and iron
ions (reactions (9)–(13)):

Fe2+ + H2O2 → Fe3+ + HO− + HO• (9)

H2O2 + HO• → H2O + HO2• (10)

Fe2+ + HO• → Fe3+ + HO− (11)

Fe2+ + HO•
2 → Fe3+ + HO−

2 (12)

Fe3+ + HO•
2 → Fe2+ + O2 + H+ (13)

The results of studies by Barb et al. [7–9] demonstrate that reactions (9), (10), and
(11) are similar to those reported by Haber and Weiss, who state that the formation
of oxygen (O2) occurs via a reaction between the Fe3+ ion with the radical HO2

•

(reaction (13)), and that the ferrous ions are regenerated.
According to the authors, when there is a high ratio of ferric ions to both ferrous

ions and hydrogen peroxide, it can lead to the formation of Fe(OH)+++ or FeO++

species from the HO• according to reaction (14):

Fe3+ + HO• → Fe(OH)3+ � FeO2+ + H+ (14)
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Many other reports in the literature suggest potential mechanisms [56, 57, 60, 84].
Briefly, the equations that describe the classical Fenton process can be expressed as
follows:

Fe2+ + H2O2 → Fe3+ + HO− + HO• (15)

H2O2 + HO• → H2O + HO•
2 (16)

Fe2+ + HO• → Fe3+ + HO− (17)

Fe2+ + HO•
2 → Fe3+ + HO−

2 (18)

Fe3+ + HO•
2 → Fe2+ + O2 + H+ (19)

Fe3+ + H2O2 → FeOOH2+ + H+ (20)

FeOOH2+ → Fe2+ + HO•
2 (21)

HO•
2 + HO•

2 → H2O2 (22)

All studies agree that the first step of the Fenton process involves the catalytic
decomposition of H2O2 by Fe2+ (reaction (15)), and the termination steps proceed
according to reactions (17) and (22) [56, 60]. Iron complexes and intermediates
with a high oxidation number can also be formed under specific conditions or when
irradiated with light [13, 19, 64].

Fenton reactions have a broad application spectrum, as they can take place in
aqueous media at a wide variety of temperatures under constant pressure, and can
form HO• and HO2

• radicals that are non-selective [64]. The formed radicals have a
high oxidizing power, 2.8 V and 1.42 V (SHE) for HO• and HO2

•, respectively [22,
38, 80]. The determining factors are the easily obtained reagents (Fe2+, Fe3+, and
H2O2), the pH dependence, and the organic constituents of the medium [64, 84].

The Fenton process can be heterogeneous or homogeneous; it can be modified
by changing the reagents or manipulating external factors such as electromagnetic
radiation, electrons, or a combination of different processes, thus ensuring greater
applicability and a broader application scope [19, 52, 64, 84].

Figure 2 shows the diverse range of disciplines that make use of the Fenton
process, as well as the percentages of articles searchable using the query “Fenton”
for each subject area [67]. The fields in which the process is most used are as follows:
(i) environmental science (19%); (ii) biochemistry, genetics, and molecular biology
(16%); (iii) chemical engineering (15%); (iv) medicine and dentistry (12%); and (v)
chemistry (10%) (Fig. 2).
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Fig. 2 Main application fields of the Fenton process

In environmental science, chemical engineering, and chemistry, the Fenton
process can be applied to degrade a wide variety of contaminants, such as pesti-
cides [61], medicines [83], and dyes [19]. Thus, different methods for removing
dyes from effluents have been reported in the literature.

3 Applications of the Fenton Process for Dye Degradation:
Factors Affecting Process Efficiency

Studies on dye degradation by the Fenton process gained visibility in the 1990s. In
a study by Kuo [48], the Fenton process is described as a new treatment method for
dye wastewater, with high efficiency of chemical oxygen demand (COD) reduction
and decolorization for different types of dyes (disperse, reactive, direct, acid, and
basic dyes).

The factors most often reported to affect the efficiency of dye degradation in
the Fenton process are pH, temperature, agitation gradient, concentration (ratio) of
reagents, and the presence of salts and inhibitors [14, 30, 48].
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3.1 pH

The Fenton process proceeds optimally between pH 3 and 4 [4]. Above pH 4, the
availability of free iron species declines due to the formation of ferrous complexes
or the precipitation of ferric oxyhydroxides [49, 85], which are less reactive with
H2O2 and therefore reduce the rate of oxidative degradation. The reaction rate and
degradation efficiency of the Fenton process are also affected between pH 1 and 3
because of the formation of iron(III)-hydroperoxy complexes [39]. In addition, H2O2

can react with excess H+ ions to form the ion (H3O2
+) with Fe2+ to form the HO•,

which could react with H+ to form water [32, 73].
Bouasla et al. [14] evaluated the degradation of methyl violet dye by the Fenton

process and reported that the use of phosphoric acid for acidification of the medium
was not suitable, as phosphate anions have the capacity to complex Fe2+ and Fe3+

(FeH2PO4
+ and FeH2PO4

2+, respectively).

3.2 Temperature

The effect of temperature was evaluated by Emami et al. [30], who observed that
an increase in temperature (20–60 °C) contributed positively to the increase in dye
discoloration and reaction speed as a function of the increase in the rate of HO•

generation. According to Bouasla et al. [14], the ideal temperature range for the
Fenton process is between 30 and 40 °C; above this temperature, H2O2 decomposes,
thus reducing the degradation rate [14].

3.3 Agitation Gradient

When evaluating the effect of agitation during the Fenton process for the degrada-
tion of Reactive Blue 19 dye, Emami et al. [30] observed an increase in the reaction
speed with an increase in rotation from 1000 to 2000 rpm (k = 0.29 and 0.44 min−1,
respectively). Bouasla et al. [14] reported that the ideal agitation during the Fenton
process is 240 rpm, because the oxygen input improves the efficiency and decoloriza-
tion kinetics through the generation of HO• (reactions (23)–(26)); however, above
this value, atmospheric CO2 is dissolved and the HO• is consumed, reducing the
efficiency of the process (reactions (27)–(34)).

R• + O2 → ROO• (23)

ROO• + RH → ROOH + R• (24)
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ROO• + H2O → ROH + HOO• (25)

HOO• + H2O2 → HO• + H2O + O2 (26)

CO2 + H2O → HCO−
3 + H+ (27)

HCO−
3 → CO2−

3 + H+ (28)

Fe2+ + HCO−
3 → FeHCO+

3 (29)

Fe2+ + CO2−
3 → FeCO3 (30)

Fe2+ + 2CO2−
3 → Fe(CO3)

2−
2 (31)

Fe2+ + CO2−
3 → HO− + Fe(CO3)2

(
OH−)

(32)

HO• + HCO−
3 → H2O + CO•−

3 (33)

HO• + CO2−
3 → HO− + CO•−

3 (34)

3.4 Reagent Concentration

In their evaluation of the contribution of Fe2+ concentration to the degradation of
azo dye Orange G (OG) by the Fenton process, Sun et al. [74] observed that an Fe2+

concentration of 5.0 × 10–6 mol L−1 reflected a degradation efficiency of approxi-
mately 40%, while a concentration of 3.5 × 10−5 mol L −1 Fe2+ resulted in greater
than 90% degradation ([OG]= 6.63× 10−5 mol L−1; [H2O2]= 1.0× 10−2 mol L−1;
pH = 4.0; at 20 °C; 60 min), the authors explained that an insufficient Fe2+ concen-
tration limits the formation of HO• and that the H2O2:Fe2+ ratio directly affects the
production of HO•. The H2O2:Fe2+ ratio has great significance in the Fenton process
for the degradation efficiency of the dye, and an increase in the H2O2 concentration
tends to contribute to the formation of HO•, and consequently an increase in discol-
oration. However, according to Sun et al. [73], above a critical concentration ofH2O2,
the reaction rate reduces due to the formation of HOO•, according to reaction (35):

H2O2 + HO• → H2O + HOO• (35)
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Fan et al. [32] observed a reduction in the degradation efficiency of crystal violet
in the Fenton process with a H2O2:Fe2+ molar ratio of 1000:1. According to Souza
et al., there is an optimal H2O2:Fe2+ molar ratio. However, there is no consensus, and
values ranging from 1:1 to 400:1 (H2O2:Fe2+) have been reported in the literature.

Notably, the use of Fe2+ or Fe3+ ions in the Fenton process can result in similar
degradation efficiencies for dyes, but the Fe3+ ions react more slowly with H2O2,
reducing the reaction speed [57].

Silva and Baltrusaitis [71] theorized that the consumption of H2O2 in the Fenton
process depends on the concentrations of the pollutants and the concentration of
dissolved organic matter (DOM) in the effluent. Shanmugam et al. [68] observed a
decrease in the decolorization efficiency of acid blue dye 113 from 40 to 30% in a
study comparing synthetic and real effluents. In this study, the lower rate of degra-
dation of the dye by the Fenton process was attributed to the presence of organic
impurities in the real effluent, which reinforces the importance of combination
treatments.

3.5 Presence of Salts and Inhibitors

Salts that come from dyes in textile effluents can also interfere with the efficiency of
the Fenton process. Emami et al. [30] evaluated different concentrations of sodium
sulfate and sodium chloride in a Reactive Blue 19 dye solution and observed that an
increase in chloride and sulfate ions impaired dye discoloration in the Fenton process.
The negative effect was attributed to the reactions between chloride and sulfate ions
with HO•, producing chlorine (1.36 V), sulfate radicals, and peroxydisulfate ions
(2.01 V), which have lower oxidation potentials than HO• (2.8 V).

Another factor that can affect the efficiency of the Fenton process is the presence of
inhibitors. Ashraf et al. [4] evaluated the degradation of the dye Rhodamine B using
the Fenton process in the presence of surfactants and observed that anionic surfac-
tants can completely inhibit the degradation of the dye, and that cationic surfactants
inhibited degradation better than non-ionic surfactants.

4 The Heterogeneous Fenton Process

Although the homogeneous Fenton process is efficient for dye degradation, the
formation of iron complexes can increase sludge production, which is disadvan-
tageous, and the alternative for sludge reduction is the use of the heterogeneous
Fenton process, which uses solid catalysts [51]. When using the heterogeneous
Fenton process, supports are required for iron ions [12], iron oxides, other metal
oxides, and metal–organic frameworks (MOFs) [51, 71].

Thomas et al. [76] reported that the most accepted mechanism to describe the true
heterogeneous Fenton process was published by Lin and Gurol [50], who described
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that the interaction between the surface of goethite (≡FeIII–OH) and H2O2 promotes
the formation of a complex. By transferring the charge from the ligand to the metal, a
new transition state complex is formed (≡FeII•O2H), which dissociates into a HO2

•

and ≡FeII and generates HO• in the presence of H2O2.
The heterogeneous Fenton process can also occur through the leaching of iron

from solid catalysts. According to Cai et al. [18], the heterogeneous Fenton process
can occur via the corrosion of metallic iron (Fe0) to Fe2+, which reacts with H2O2 in
an acidic medium to form HO• and Fe3+, and subsequently Fe0 reduces Fe3+ to Fe2+,
promoting a cyclic process. However, the reduction kinetics from Fe3+ to Fe2+ are
inherently low. Thus, the use of electrical energy or ultraviolet or visible radiation
can be used to accelerate the process [76].

5 Fenton Process Combined with Biological Degradation

Studies on the Fenton process for the degradation of azo dyes are very common in
scientific literature because this class of dyes represents 60–70% of all textile dyes
[62, 72, 78]. Furthermore, most azo dyes are resistant to bacterial activity, and direct
biological treatment is not effective [45, 74].

The BOD:COD ratio of textile effluents is estimated to be <0.1 [31, 75], that is,
of low biodegradability due to biorecalcitrance of dyes [21]. However, because of
their lower cost, biological treatments are the most commonly used processes for the
treatment of these effluents, evenwith limited efficiency for the complete degradation
of the dye [1, 24, 68].

Xie et al. [82] evaluated the degradation of ReactiveBlack 5 andRemazol Brilliant
Blue R dyes using the Fenton process and biological degradation. They described
increased discoloration and higher dissolved organic carbon reduction rates using
the Fenton process. They also reported that the biological degradation of dyes
resulted in increased antiestrogenic activity, which can interfere with reproduction
and development in organisms. Thiswas not observedwhen using the Fenton process.

The use of hybrid treatment processes that integrate the Fenton process with
biological processes to increase the efficiency of contaminant degradation is
described for textile effluents. Bae et al. [6] described good results for research aimed
at treating real textile effluent using activated sludge with pure oxygen followed by
the Fenton process. The authors reported that the initial biological process reduced
the organic load of the effluent, which contributed to Fenton reagent being more
available for the degradation of recalcitrant compounds in the second stage of the
reaction. The presence of ferric ions also promoted the coagulation of the effluent,
increasing the efficiency of the treatment. According to Arslan-Alaton et al. [2], in
addition to contributing to the complete discoloration of dyes and partial reduction
of organic carbon, the Fenton process does not inhibit anaerobic, anoxic, and aerobic
processes.

Shanmugam et al. [68] evaluated the pre-treatment with the Fenton process
followed by biological degradation using a defined bacterial consortium and obtained
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40% removal of the dye in the Fenton process and another 45% during biological
treatment of a synthetic effluent containing the azo dye acid blue 113. The authors
obtained a COD reduction of 93.7% in real effluent, which led them to conclude that
the method is viable for the treatment of industrial effluents on a large scale.

6 Fenton Process-Related Ecotoxicity

In the textile industry, 10–15% of the dye is lost during the dyeing step and this
figure doubles in the case of direct and reactive dyes [58]. In water bodies, these
contaminants interfere with the passage of solar radiation, inhibiting photosynthesis,
and can also cause harm to aquatic organisms due to their toxicity [26].

According to Rizzo [65], studies that report a reduction in the toxicity of dyes after
exploiting the Fenton reaction prevail in the literature. However, the use of AOPs
can generate degradation by-products with higher toxicity than the dye, mostly due
to the formation of toxic aromatic intermediates [21] such as aromatic amines [86].

Vieira et al. [77] observed an increase in the toxicity of methylene blue dye after
its degradation by the Fenton process, using the test organism Girardia tigrina. In
this study, the authors warned of the toxicity of residual H2O2.

7 Conclusion

The Fenton process is one of the most used AOPs for the treatment of dye-containing
effluent and has a growing number of applications owing to its cost-effectiveness.
The great applicability of the Fenton process in dye removal can be justified by its
good yield, easy applicability, and well-established reaction conditions.

The Fenton process has been described by numerous mechanisms since its
discovery by Fenton in 1876, and even today, the mechanisms are still studied.
Its versatility allows the realization of combined processes. It is most often coupled
with biological processes, as a pre- or post-treatment, to assist in degrading the dye
more effectively. Furthermore, the process can be easily optimized through already
established changes, such as an external source of light irradiation, electrons, or
through the change of some reagent, which makes the process well adaptable to real
operating conditions.

In conclusion, the Fenton process is a consolidated chemical process with demon-
strated utility for the treatment of dyewastewater; however, as with any process based
on the chemical transformation of contaminants, more research is needed to mitigate
the problem of toxic by-products.
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10. Barbusiński K (2005) The modified fenton process for decolorization of dye wastewater. J
Environ Stud 14:281–285

11. Benkhaya S, M’ rabet S, El Harfi A, (2020) A review on classifications, recent synthesis and
applications of textile dyes. Inorg Chem Commun 115:107891. https://doi.org/10.1016/j.ino
che.2020.107891

12. Blanco M, Martinez A, Marcaide A et al (2014) Heterogeneous fenton catalyst for the efficient
removal of azo dyes in water. AIDS Patient Care STDs 05:490–499. https://doi.org/10.4236/
ajac.2014.58058

13. Bokare AD, Choi W (2014) Review of iron-free Fenton-like systems for activating H2O2 in
advanced oxidation processes. J HazardMater 275:121–135. https://doi.org/10.1016/j.jhazmat.
2014.04.054

14. Bouasla C, Samar ME-H, Ismail F (2010) Degradation of methyl violet 6B dye by the Fenton
process. Desalination 254:35–41. https://doi.org/10.1016/j.desal.2009.12.017

15. Bray WC, Gorin MH (1932) Ferryl ion, a compound of tetravalent iron. J Am Chem Soc
54(5):2124–2125. https://doi.org/10.1021/ja01344a505

16. Brillas E, Martínez-Huitle CA (2015) Decontamination of wastewaters containing synthetic
organic dyes by electrochemical methods. An updated review. Appl Catal B 166–167:603–643.
https://doi.org/10.1016/j.apcatb.2014.11.016

17. Buda F, Ensing B, Gribnau MCM, Baerends EJ (2001) DFT study of the active intermediate
in the Fenton reaction. Chem Eur J 7:13. https://doi.org/10.1002/1521-3765(20010702)7:13%
3c2775::aid-chem2775%3e3.0.co;2-6

18. CaiM, Su J, ZhuY et al (2016) Decolorization of azo dyes Orange G using hydrodynamic cavi-
tation coupled with heterogeneous Fenton process. Ultrason Sonochem 28:302–310. https://
doi.org/10.1016/j.ultsonch.2015.08.001

19. Carlos TD, Bezerra LB, Vieira MM, Sarmento RA, Pereira DH, Cavallini GS (2021) Fenton-
type process using peracetic acid: efficiency reaction elucidations and ecotoxicity. J Hazard
Mater 403:123949. https://doi.org/10.1016/j.jhazmat.2020.123949

https://doi.org/10.1016/j.mrgentox.2006.08.002
https://doi.org/10.1016/j.dyepig.2007.11.001
https://doi.org/10.1111/wej.12482
https://doi.org/10.1016/j.chemosphere.2013.10.074
https://doi.org/10.1016/j.jece.2019.103521
https://doi.org/10.1016/j.jhazmat.2015.01.052
https://doi.org/10.1016/j.inoche.2020.107891
https://doi.org/10.4236/ajac.2014.58058
https://doi.org/10.1016/j.jhazmat.2014.04.054
https://doi.org/10.1016/j.desal.2009.12.017
https://doi.org/10.1021/ja01344a505
https://doi.org/10.1016/j.apcatb.2014.11.016
https://doi.org/10.1002/1521-3765(20010702)7:13%3c2775::aid-chem2775%3e3.0.co;2-6
https://doi.org/10.1016/j.ultsonch.2015.08.001
https://doi.org/10.1016/j.jhazmat.2020.123949


Fenton Processes in Dye Removal 33

20. Chang M-W, Chern J-M (2010) Decolorization of peach red azo dye, HF6 by Fenton reaction:
initial rate analysis. J Taiwan Inst Chem Eng 41:221–228. https://doi.org/10.1016/j.jtice.2009.
08.0

21. Chang S-H, Chuang S-H, Li H-C et al (2009) Comparative study on the degradation of I.C.
Remazol Brilliant Blue R and I.C. Acid Black 1 by Fenton oxidation and Fe0/air process and
toxicity evaluation. J Hazard Mater 166:1279–1288. https://doi.org/10.1016/j.jhazmat.2008.
12.042

22. Chu L, Wang J, Dong J, Liu H, Sun X (2012) Treatment of coking wastewater by an advanced
Fenton oxidation process using iron powder and hydrogen peroxide. Chemosphere 86:409–414.
https://doi.org/10.1016/j.chemosphere.2011.09.007

23. Cui D, Li G, Zhao M, Han S (2014) Decolourization of azo dyes by a newly isolatedKlebsiel-
lasp. strain Y3, and effects of various factors on biodegradation. Biotechnol Biotechnol Equip
28(3):478–486. https://doi.org/10.1080/13102818.2014.926053

24. de Aragão UG, Freeman HS, Warren SH et al (2005) The contribution of azo dyes to the
mutagenic activity of the Cristais River. Chemosphere 60:55–64. https://doi.org/10.1016/j.che
mosphere.2004.11.100

25. De Gisi S, Notarnicola M (2017) Industrial wastewater treatment. Encycl Sustain Technol
Elsevier 23–42. https://doi.org/10.1016/B978-0-12-409548-910167-8

26. de Luna LAV, da Silva THG, Nogueira RFP et al (2014) Aquatic toxicity of dyes before and
after photo-Fenton treatment. J Hazard Mater 276:332–338. https://doi.org/10.1016/j.jhazmat.
2014.05.047

27. Dhangar K, Kumar M (2020) Tricks and tracks in removal of emerging contaminants from the
wastewater through hybrid treatment systems: a review. Sci Total Environ 738:140320. https://
doi.org/10.1016/j.scitotenv.2020.140320

28. dos Santos AB, Cervantes FJ, van Lier JB (2007) Review paper on current technologies
for decolourisation of textile wastewaters: perspectives for anaerobic biotechnology. Biores
Technol 98:2369–2385. https://doi.org/10.1016/j.biortech.2006.11.013

29. dos Santos AJ, Sirés I, Alves APM et al (2020) Vermiculite as heterogeneous catalyst in
electrochemical Fenton-based processes: application to the oxidation of Ponceau SS dye.
Chemosphere 240:124838. https://doi.org/10.1016/j.chemosphere.2019.124838

30. Emami F, Tehrani-Bagha AR, Gharanjig K, Menger FM (2010) Kinetic study of the factors
controlling Fenton-promoted destruction of a non-biodegradable dye. Desalination 257:124–
128. https://doi.org/10.1016/j.desal.2010.02.035

31. Esteves BM,Rodrigues CSD, Boaventura RAR et al (2016) Coupling of acrylic dyeingwastew-
ater treatment by heterogeneous Fenton oxidation in a continuous stirred tank reactor with
biological degradation in a sequential batch reactor. J Environ Manag 166:193–203. https://
doi.org/10.1016/j.jenvman.2015.10.008

32. Fan H-J, Huang S-T, ChungW-H et al (2009) Degradation pathways of crystal violet by Fenton
and Fenton-like systems: condition optimization and intermediate separation and identification.
J Hazard Mater 171:1032–1044. https://doi.org/10.1016/j.jhazmat.2009.06.117

33. Farshchi ME, Aghdasinia H, Khataee A (2018) Modeling of heterogeneous Fenton process for
dye degradation in a fluidized-bed reactor: kinetics and mass transfer. J Clean Prod 182:644–
653. https://doi.org/10.1016/j.jclepro.2018.01.225

34. Fenton HJH (1876) Chem News 1876(33):190
35. Fenton HJH (1984) Oxidation of tartaric acid in presence of iron. J Chem Soc 65:899–910
36. Fernandes NC, Brito LB, Costa GG et al (2018) Removal of azo dye using Fenton and Fenton-

like processes: evaluation of process factors by Box-Behnken design and ecotoxicity tests.
Chem Biol Interact 291:47–54. https://doi.org/10.1016/j.cbi.2018.06.003

37. Forgacs E, Cserháti T, Oros G (2004) Removal of synthetic dyes from wastewaters: a review.
Environ Int 30:953–971. https://doi.org/10.1016/j.envint.2004.02.001
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Treatment of Textile Industrial Dyes
Using Natural Sunlight-Driven Methods

Thinley Tenzin, Shivamurthy Ravindra Yashas,
and Harikaranahalli Puttaiah Shivaraju

Abstract Textile industry is one of the seven major polluting industries and large
amounts of different dyes and colorants are released into the environment through
the effluents. Industrial dyes and colorants are very complex in structure and toxic
and they need to be removed to prevent ecological damages. Due to the drawbacks
in the existing conventional wastewater treatment methods and complexity of dye
molecules, it is required to find an alternative method for potential treatment of
dyes in the effluents. Among the wastewater treatment techniques, photocatalysis-
based advanced oxidation processes have potential to remove diversified dyes and
colorants in industrialwastewater.Moreover, photocatalysis applications in treatment
of industrial dyes in wastewater are eco-friendly and not produce any secondary
pollutants. This chapter highlights photocatalytic treatment of various industrial dyes
and its advantages.

Keywords Textile industry · Ecological damages · Photocatalysis · Eco-friendly

1 Introduction

Textile industries have been present since civilization and subsequently have been
growing and proportionally blooming, along with the increasing fashion trend
through time [1]. The waste components from the textile industry starting with the
natural compounds as the chief raw material, which include both toxic and safe
natural colorants derived from plants, insects, mollusc shells, and natural-colored
minerals [2]. The waste thus produced from the textile productions can be considered
negligible and are easily removed or treated with dilution and natural neutralization.
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But, since the introduction of the chemically engineered colorants and dyes, subse-
quently increasing the utilization of such cheaper and stronger dyes which replaced
the natural dyes [3]. Synthetic dyes are classified into different groups based on their
chemical makeup. Extensive studies on structure and toxicity of most of the dyes are
well understood for various applications [4]. The contamination of synthetic dyes
and colorants causes negative effects on environment and health [5]. For instance,
presence of any colored inclusion in the aquatic system blocks sunlight penetration
that further damages the aquatic ecosystems [6]. Chemically synthesized dyes are
very complex in nature, stable, and last for an extended duration influencing the
natural water system negatively [7]. The presence of industrial dyes and organic
synthetic dyes in the environment leads to various health issues and it linked to many
illnesses ranging from organ damage to cancer [8].

Conventional methods including chemical and biological wastewater treatment
methods are used for the remediation of such textile wastes, unfortunately the
synthetic organic dyes are unable to be removed by conventional treatment tech-
niques. Even some of the synthetic dyes and industrial colorants are very lethal to
the microorganisms which are involved in biological treatment methods due to their
complex and toxic structure [9]. Under the chemical treatment process, more chem-
ical additives are introduced to remove the waste in solid form, which does not work
for many water-soluble dye molecules [10]. Membrane filtration is the final step
in removal of the leftover dye molecules. Reverse osmosis is usually preferred for
its ability to remove any material from the effluent water, but the process usually
is energy-consuming and more than 75% of the water is rejected back as a concen-
trated solution [11]. The conventional water treatment process is energy and resource
consuming and is not sustainable in the long run [12].

Sunlight-driven treatment processes such as catalyst-based photo-degradation is
an alternative and potential method to treat such toxic dyes and industrial colorants.
Among all renewable energy Sun is the basic source of energy for life as we know
to exist and is renewable. Catalysts are a group of emerging materials, which are
capable of initiating the degradation reaction under light. Photocatalysis can be a
better solution for the demineralization of various textile dyes and offers a better
alternative to conventional methods [13]. There are different kinds of nanocatalysts
with desired properties which can be used for treatment of dyes at different levels
[14].Metal–organic frameworkmaterials are found to have a greater surface areawith
the presence of pockets that enhances the absorption and adsorption process in waste
removal, having heavy metals and other toxic ions usually adsorbed. The presence
of fibers with defined shape and structure is very good at selective filtration under
modification. This leads to the introduction of nanofilters, a selective membrane that
mimics the biological membrane in functionality [15]. Then comes the more sustain-
able and efficient nanomaterial for waste treatment nanophotocatalyst, which is from
carbonaceous nanomaterials to inorganic metal oxide nanomaterials. A nanophoto-
catalyst is capable of demineralization of various textile industrial dyes in presence
of a light source [16].
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2 Classification and Toxicity of the Textile Dyes

Dyes are vaguely classified into natural and synthetic, the natural dyes are derived
from thenaturalworld such as plant, animal, insects, and evenminerals [17].Anatural
dye is usually very laborious with a high price tag and often the dye molecules are
not stable and are easily removed or degraded under the washing and drying process
[18]. Now natural colors are limited in food industries mainly and but not in textile
industries. On the other hand, synthetic organic dyes are brighter and resistant to
degradation and are available at a cheaper rate,making them a perfect fit for the textile
industry [19]. The synthetic dyes are further subdivided into different categories
based on the presence of chromophore groups in their structural framework, such
as azo dyes, anthraquinone, etc. [20] or as acidic and basic as per their dissociation
property in water [21].

Among all the groupsmentioned, themost prominent and evasive dyes used across
the globe are the aromatic azo dyes [22]. The toxicity of these dyes is more or less
well known to science. Natural dyes can be considered safer compared to synthetic
ones [23] with several exceptions. Certain natural dyes are retrieved from very toxic
plants and ingestion of such dye is lethal [24]. The presence of such dyes bears
both ecological and health deterioration effects. Many of these dyes are persistent
and remain for a long duration with increased negative impacts on environment and
human health [25]. The textile dyes in an aqueousmedium tend to present themselves
in either acidic or basic contributing to pH fluctuation in the water body and lethal
to the aquatic animals [26]. Many of the dyes from the azo group are considered to
be highly toxic for both environment and human, and exposure to such chemicals
is found to cause skin disease to organ failure and cancer [27]. A small quantity of
organic dye is enough to color the water bodies and presence of a colored compound
in water can limit the penetration of sunlight for aquatic fauna. In short, untreated
dumping of dyes and colorants from the textile industry certainly causes an impact on
the environment and the organisms. The schematic in Fig. 1 illustrates the influence
of textile dyes in the environment [28].

3 Phytoremediation

Plants and other photosynthetic organisms are the pillar of any ecosystem. They
are naturally existing components capable of utilizing solar energy and converting
it into chemical energy [29]. Phytoremediation is vastly studied and used in many
places for remediation, such as heavy metal removal from the soil by growing plants
such as cabbage. Phytoremediation can be performed with plants and also with
phytoplankton [30]. The process of remediation of textile dyes using photosynthetic
organisms is through different modes starting with adsorption, absorption, and enzy-
matic digestion, starting from the root hairs to other tissue parts in plants and through
the cell itself in phytoplankton [31].
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Fig. 1 Schematic representing influence of textile dye on environment

3.1 Phytoremediation with Plants

Plants are the multicellular organism with defined tissue structures. This photosyn-
thetic mass is capable of absorption, digestion, and another process with the sun as
the source of energy [32]. The plants produce different proteins and enzymes which
are considered as naturally existing nanomaterials capable of catalysis [33]. Many
studies have been carried throughout the decade to provide plants, which are easily
available, cheaper, safer, and sustainable method for remediation of pollutants like
synthetic dyes, heavymetals, etc. Usually, the setup for phytoremediation process has
a different process, such as phytoextraction, phytofiltration, and phytostabilization,
which is carried out for removal of inorganicmetals from thewaste solution in the soil
[34]. Figure 2 gives a summarized view of processes involved in phytoremediation.

3.1.1 Phytotransformation

A process where the plant absorbs dye molecules from the soil with water molecules
and then converts them into less toxic substances through enzymatic action [35].
Eichhornia crassipes, a wetland plant is shown to remove 95% of colorant Black B
and Red RB through adsorption and it reduces the toxicity level of the dyemolecules.
Some plants used for this phytotransformation are Lemna minor, Pistia stratiotes,
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Fig. 2 Process involved in
phytoremediation of dye
waste effluent

Typha angustifolia, Typhoniumflagelliforme,Nasturtiumofficinale, andAzolla filicu-
loides, etc. are found to be efficient in adsorbing different dye molecules from the
aqueous solution and also capable of degrading the dyes with enzymes such as
laccases, tyrosinases, azo-reductases, 2,6-dichlorophenol indophenol reductases, etc.
which will reduce the BOD and COD providing stability to the water body [36].

3.1.2 Rhizo-degradation

A process where a plant sends a chemical signal through the root to microbes,
which breaks down the organic molecules. This is a synergistic method of degrading
complex organic molecules [37]. The humus layer of soil is filled with microor-
ganisms and many form synergistic relationships with the plant root. The in vitro
synergistic effect of such relation was seen inGaillardia pulchella (plant) and Pierre
monteilii (bacteria), where 100% degradation of the textile effluent was reported
[38].

3.1.3 Phytovolatilization

It transforms the organic molecules into gaseous molecules and ejects out through
respiration [39]. Many plant species are capable of phytoremediation without having
any negative influence on the plants. Typhonium flagelliforme is one such plant that
is capable of degradation of dye molecules from the water system even when the
water has no nutritional content [40]. A study conducted for remediation of waste
effluent with mono- and di-sulphonated anthraquinone was carried using Rheum
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rhabarbarum was found to be efficient under hydroponic setup. Certain species of
Aloe vera was found to degrade toxic colors like malachite green and Congo red
[41].

4 Phytoplankton for Phytoremediation

Phytoplanktons are a group of photosynthetic organisms made up of single cells or
few groups of cells [42]. These are mainly composed of different algal groups. The
potential benefits of using algae over larger plants are less requirement of land, ease
of growing, more efficient at degradation, and rapid growth under nutrient-rich soil
or solution with enough sunlight [43].

Algae are divided into macroalgae andmicroalgae, based on their size. Both algae
are efficient in phytoremediation [42]. Lab-scale studies have proven macroalgae
to be efficient in the demineralization of dyes. Macroalgae like Streptomyces
glaucescens and Solanum marginatum where adsorption is studied for degradation
of dye effluent and is found to remove diazo dye effectively. Many other species of
macroalgae are also efficient in the removal of dye from waste effluent. Biosorption
using microalgae is studied for the same purpose of removal of the dye from waste
effluent. Acutodesmus obliquus andChlorella vulgaris are species of microalgae that
have shown removal efficiency of 44 mg/g and 53 mg/g of acid red dye and remazol
golden yellow dyes, respectively [44]. The process of phytoremediation with algae
is dependent on the solution pH. In lower pH, the organic materials get protonated
and attain a positive charge, which enhances the adsorption process as the negative
cell wall will attract the positively charged organic particles. The reverse happens
when the pH is increased and the adsorption decreases as well [45].

5 Nanocatalyst-Based Photocatalytic Degradation
of Textile Dyes

One of the most sustainable treatment methods of industrial dyes and colorants is
nanoparticle-based photocatalysis. Nanoparticles are any material whose size is less
than100nm in anyonedirection [46]. Thematerial,when in nanometre, functions and
presents characteristic capacity which is usually not associated with bulk or atomic
element or compound [47], such nanomaterials possess enhanced optical and elec-
trical properties [48]. Nanoparticles are comparatively stable compared to organic
and inorganic catalysts. They have high surface area that contributes to increased
adsorption and reaction area. Most of these materials are capable of catalytic reac-
tion when exposed to light [49, 50]. This property can be enhanced by doping the
nanomaterialwith ionicmetal or other nanomaterialswhich can be used in the various
fields from sustainable energy to sustainable waste management [51]. This chapter
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Fig. 3 Schematic representing mechanism involved in photocatalysis

will discuss materials for textile dye degradation with solar energy as the driving
force rendering the process sustainable and effective as well. The nanomaterial is
categorized into organic and inorganic at broad and further subdivided into a different
group based on their chemical and structural makeup. Such different compositions
and morphologies play an important role in their function as photocatalysts. The
most well recognized and studied nanomaterial for photocatalysis are metal oxides
due to their efficiency with easy synthesis and safety [52].

The principle behind photocatalysis of textile dye using nanophotocatalyst is
based on the excitation of the particle under exposure to the sun. Thematerial absorbs
an amount of photon, which on excitation allows for an electron to jump from the
valence band to conduction band creating an electron–hole pair, which in presence
of the aqueous solution produces intrinsic hydroxide and oxygen radicals that aids
in the degradation of the organic dye molecule [14]. Figure 3 summarizes the basic
mechanism of photocatalysis.

5.1 Metal Oxide Nanoparticles

Themetal oxide nanoparticles are one of the earliest discovered and studiedmaterials
for their catalytic property in the field of electronics and sustainable material. Metal
oxide nanoparticles are easier to synthesize compared with other complex materials
[53]. Such materials are synthesized using the salt of the respective metal oxide.
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Titanium dioxide was the first nanomaterial discovered as a photocatalyst. Titanium
dioxide is widely studied and used for remediation process, but due to their high
bandgap of 3.2 eV they can effectively use only 4% of the solar spectrum, hence
doping is carried out which in turn reduces the bandgap and allows photocatalysis
under visible light as well [14]. Titanium dioxide is doped with organic materials
like polyacrylamide, chitosan, and other carbonaceous materials for improvement
[54]. Much research follows the variation in synthesis pattern to increase the visible
light absorption. Tin oxide, zinc oxide, copper oxide, and iron oxide are a few metal
oxides that are used for solar-driven photocatalysis for remediation of textile dye
effluents [55]. Other metal oxides like zinc, copper, and manganese can also be
tuned as functional catalyst under both UV and visible light with different methods
of synthesis and doping [56].

5.2 Chalcogenide

Chalcogenides are complex cations along with elements from groups of 16 in the
periodic table. Elements like oxygen, sulfur, selenium, tellurium, and polonium are
branded as Chalcogen [17]. These materials are well studied and used in the field of
optoelectronics. They are also excellent photocatalyst with most of them having a
small bandgap within 1–2, making them a perfect photocatalyst for degradation of a
pollutant under sunlight [57]. Layered metal chalcogenide is a very efficient hetero-
geneous catalysis and is found to degrade textile dyes efficiently. TiSx, AgSX are
some metal chalcogenides which are used in the degradation of textile dye effluents
[58].

5.3 Metal–Organic Framework (MOF)

Ametal–organic framework is a group of nanoparticles that are also known as porous
coordination polymers and are gaining interest over its highly porous and diverse
structural property. Due to the presence of pores the surface area increases, which
can increase the adsorption site of the material. This material is of great interest for
storage of gases like hydrogen, or membrane filtration, sensors, or in drug delivery.
MOF material is a photocatalyst that is mainly functional under visible range and
UV light [59]. A metal–organic framework is one of the most efficient materials for
photocatalytic reduction of gases and water into organic fuels and hydrogen fuel,
which are the future of the energy industry. Due to such capability, it is also widely
studied in degradation of dynamic dyes released from the textile industry [60]. Zr
Porphyrin metal–organic framework has been used in the removal of the dyes and
used as a self-cleaning material under solar irradiation. Cu- and Zn-based metal–
organic frameworks are some of the most efficient and studied materials capable of
improved dye degradation. Certain studies show a degradation percentage of above
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90%within a very short duration [61]. The benefit of this material over metal oxide is
that it is composed of both organic and inorganicmaterialswith increased surface area
and characteristic function with reduced bandgap with functionality spreading into
visible to far-infrared spectrum increasing catalytic efficiency [62]. Further doping
with nanoparticles can enhance its catalytic efficiency in the degradation of organic
pollutants.

5.4 Carbonaceous Nanophotocatalyst

Carbonaceous nanomaterial is an organic structure derived from different organic
precursor chemicals like urea, graphite,melamine, proteins, etc. and also fromnatural
plant parts like leaf stems and barks [63]. Most of such material is either polymeric
sheet or hollow tube in structure with high surface area for adsorption [64]. These
materials contain great conductors of electricity unlike their bulk counterparts, e.g.,
graphene [65]. Usually, suchmaterials are used alongwith certainmetallic nanoparti-
cles to function as an efficient catalyst but throughmuch research. Different carbona-
ceous nanomaterials which are capable of photocatalysis without any dopant have
also been developed [66]. These advanced materials are of great use in the sensor
applications for environmental monitoring to optoelectronics and photocatalysis.
Carbon nitride, graphene oxide, etc. are several engineered carbonaceous materials
that are capable of demineralization of textile dyes under sunlight. Band structure
engineering of graphitic carbonitride deems the material as a great material in the
degradation of dye under solar irradiation [67]. Carbonaceous materials are safer for
the environment and human health comparatively as it is organic based [68].

5.5 Perovskite

A perovskite is a group of material having formulae of ABO3, where the A and B
are metals [69]. The perovskite material is a very well-established material in opto-
electronics application for its exceptional optical and electrical property [70]. Recent
studies have revealed that perovskites are great photocatalysts and have proven very
efficient in the degradation of textile dyes. Some examples are degradation of dyes
with ZnTiO3, SrTiO3 that is doped to reduce the bandgap, which have been proven
as efficient catalysts for degradation of dye under constant solar irradiation [71].
Sometimes the precursor molecule and synthesis procedure can also influence the
absorption efficiency such as black SrTiO3 which even is capable of photocatalysis
under sunlight with high efficiency [72].
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5.6 Quantum Dots

The discovery of quantumdots has been amilestone in the field of optoelectronics due
to its small size that provided enhanced optical and electrical property [73]. Besides
being used in optoelectronics, they are also a great catalyst and dopant. They are
used along with effective nanoparticles to enhance absorption process to enhance
degradation of textile dye waste and other organic pollutants [74]. They are used in
combination with other nanoparticles like titanium dioxide to reduce the bandgap
and increase their activity in the visible light allowing the material to demineralize
textile dye waste using the sun as the driving energy [74].

6 Advantages of Using Material Which Uses Photon
as the Driving Energy

Depending only on the sun as the major driving energy in degradation of textile
dye has both negative and positive influence. The utilization of materials capable
of photocatalysis using solar energy allows for a cleaner and greener alternative to
the traditional remediation of textile dye. The exhaustion of solar energy won’t be
a concern and can provide energy for a prolonged duration. The cost and energy
consumption for such a setup will be lower than the conventional method of treat-
ment of textile dye. Conventional treatment plant used both high energy-consuming
and polluting chemicals while photocatalysis requires only the catalyst and the sun
to complete the remediation process. Phytoremediation is also the most efficient
and cheap natural photocatalytic complex system. Throughout its lifecycle, it will
keep on absorbing and degrading textile dye from wastewater. Fast reproduction and
high metabolism make the phytoplankton an ideal organism for phytoremediation of
textile dye-polluted water.

Nanoparticles of all kinds mentioned above are an abiotic catalyst that has been
studied and developed over the years of research. Such particles are very efficient
photocatalysts due to change in their physical and electrical properties as a result of
small size. These materials possess a high surface area, which helps in the adsorption
of the dye molecule, which is then degraded under the photocatalytic process. The
utilization of nanoparticles for remediation of textile dye is efficient in both degra-
dation and time conservation. Duration required for maximum degradation of textile
dye usually takes 2–4 h allowing for efficient degradation of textile dye within half a
day. In brief, the utilization of materials that can harness solar energy for remediation
of the textile dye pollutant is a very sustainable technique that can provide enhanced
remediation of any pollutant with no energy wastage and low capital cost.
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7 Disadvantage of Using Sun as the Driving Energy

Even though the utilization of solar energy as driving energy is very sustainable, it is
not always efficient. The intensity of solar energy is never constant and is dependent
on environmental conditions like weather, duration of day and night, air quality, etc.
The sun will be available all day on a summer day but that is not the case in the rainy
and winter season. The solar energy will be abundant near to the equatorial region
while it reduces as it drifts toward poles making this technology obsolete. The plants
take longer duration to completely remove dye from the textile wastewater while
the nanoparticles are not well studied at full scale in remediation of textile waste
treatment. The nanoparticles performance usually reduces over time due to loss of
the material while filtering and washing.

8 Conclusions

Nanocatalyst-based photocatalytic treatment of industrial wastewater has great
advantages especially to remove organic dyes and colorants which are not able to
degrade by conventional methods. Photocatalytic treatment of textile industrial dyes
and colorants is environmental friendly and economic where natural sunlight can be
used as an alternative driving energy without production of any secondary pollutants.
Recent studies clearly revealed potential removal of various dye molecules using
improved nanocatalysts. However, some of the associated problems like designing
of affordable nanocatalyst and their availability for real-time applications at commer-
cial level yet to be studied and optimization of photocatalytic process for target dyes
need to be done urgently.
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Solar Photocatalytic Treatment of Dye
Removal

Li-Ngee Ho and Wan Fadhilah Khalik

Abstract Textile industries are one of the major causes of water pollution due to
large amount of effluent produced. Solar photocatalytic treatment of dye could be
considered as a green and sustainable method to degrade and mineralize dye to
harmless products. This is in line with the Sustainable Development Goals (SDGs),
i.e. goal 6: Clean water and sanitation and goal 14: Life below water. The major
influencing factors on the solar photocatalytic treatment of dye wastewater include
light source and intensity, functional groups of the dye molecules, pH, aeration,
initial dye concentrations, photocatalyst loading, physical properties of photocatalyst
(band gap, surface area, crystalline phase). Higher light intensity could enhance
photocatalytic activity. Functional groups of the dye molecules are crucial in dye
degradation mechanisms. Solar photocatalytic degradation of dye is more favorable
at slightly acidic and alkaline condition at pH 5–9. The presence of aeration facilitates
the dye removal efficiency with the formation of superoxide radicals. Excess dosage
of photocatalyst hinders light penetration and reduces photodegradation efficiency.
Narrow band gap leads to recombination of the electron–hole pairs. Larger specific
surface area enhances the photocatalytic activity. Different crystalline phases of the
semiconductor photocatalyst yield different photocatalytic efficiencies.
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1 Introduction

Dye wastewater such as textile wastewater from industries has drawn increasing
concern globally due to its intense color and large amount of chemicals that applied
during the dyeing process. The textile wet processing industry consumes large
amount of water and thus leads to vast discharge of wastewater [30]. Textile wastew-
ater is usually high in chemical oxygen demand, inorganic salts, complex chemicals,
total dissolved solids, turbidity, and salinity [84]. These effluents will pose severe
environmental problems if they are discharged without proper treatment.

Conventionally, dye wastewater is treated by using physicochemical, biological,
and membrane-based methods, such as adsorption, coagulation-flocculation, biolog-
ical degradation, electrolysis, and microfiltration/ultrafiltration [17]. However, these
treatment methods have a few drawbacks in terms of high chemical consumption,
expensive, low efficiency, and generation of secondary waste. In order to overcome
the current problems, seeking for an alternative treatment method for textile wastew-
aterwhich is sustainable, simple, and highly efficientwithout generation of secondary
sludge is of great importance. In view of this, solar photocatalytic treatment of dye
could be a right solution to this problem as it is economical, sustainable, and able to
mineralize the recalcitrant dye molecules to harmless products without generating
secondary sludge.

2 Basic Concept of Photolysis and Solar Photocatalytic
Process

2.1 Photolysis

Photolysis is a photochemical reaction initiated by light irradiation which is capable
to eliminate and degrade various chemical compounds [7]. Through absorption of
photons with sufficient energy in aqueous solution, radicals such as •OH and O2•−
will be produced [32, 87]. These reactive oxygen species (ROS) will further react
with the organic compounds in the solution which will lead to degradation or miner-
alization to H2O and CO2 that are harmless to the environment as illustrated in
Fig. 1. Hence, photolysis is a clean technology that is simple and cost-effective
without generation of secondary waste [7]. The rate of photolysis can be influenced
by various factors such as the light absorption properties, reactivity of the chemicals,
and the intensity of solar radiation [48].

Photolysis or photolytic degradation of dye in aqueous solution has been widely
reported by researchers worldwide. A comparative study of photolysis and photocat-
alytic degradation of three commercial acidic dyes was reported by Márlen and
Azevedo [49]. The results revealed that under photolysis of natural solar light,
xanthenic dye Acid Red 51 (AR 51) could be degraded almost completely (98%)
compared with azo dye Acid Yellow 23 (AY 23) and triarylmethanic dye Acid Blue



Solar Photocatalytic Treatment of Dye Removal 55

Fig. 1 Photolysis or
photolytic degradation of dye

9 (AB 9) which only degraded sparingly (7%). Therefore, photolysis could be a
cost-effective alternative for treatment of xanthenic dye (AR 51), while it was not
favorable for the treatment of azo dye (AY 23) and triarylmethanic dye (AB 9).

In a comparative study of advanced oxidation processes by de Moraes et al. [20],
three different lights such asUVA,UVC, and sunlightwere used for photolysis of acid
violet 17 (AV17). It was found that only UVC light slightly degraded AV17 (9.62%)
while there was insignificant degradation observed under the UVA and sunlight
irradiation. Besides, Lee et al. [43] investigated on the photolysis of Methylene Blue
(MB) under sunlight and ultra-violet (UV) light irradiation. The findings showed that
MB degraded significantly and more efficiently under photolysis of natural sunlight
compared with UV light where the degradation was trivial. These findings revealed
that light source also played a crucial role in photolysis. Furthermore, it was found
that MB degradation could be further enhanced in photocatalytic process under both
sunlight and UV light, respectively.

Pérez-Estrada et al. [62] investigated the photolytic degradation ofmalachite green
under natural sunlight irradiation and its degradation mechanisms. However, they
found that the intermediates compounds produced were more persistent and toxic
than the parent compound. This indicated that the photolysis process is not powerful
enough to mineralize the dye. Besides, Venkatesh et al. [83] found that the photolytic
degradation of RhodamineB under artificial sunlight irradiationwas 56%while addi-
tion of SnO2 as photocatalyst could achieve almost complete degradation efficiency
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at 99%. Hence, incorporating photocatalyst into photolysis is necessary to enhance
the photochemical reaction by transforming it to solar photocatalytic process.

2.2 Solar Photocatalytic Process

Solar photocatalytic process is an economical way for treatment of dye. Solar light
is abundantly available especially in tropical countries. Its wide range of wavelength
consists of UV and visible lights that are very useful for irradiation of photocatalyst
to initiate the photocatalytic process. The most commonly used photocatalysts are
titanium dioxide (TiO2) and zinc oxide (ZnO) as these semiconductor materials are
readily available and cost effective. The band gap energy of TiO2 and ZnO is about
3.0–3.3 eV depending on the particle morphology [69, 75]. As shown in Fig. 2,
solar light irradiation could stimulate electron from the valance band (VB) of the
semiconductor photocatalyst to the conduction band (CB) to create an electron–hole
pairs, followed by generation of reactive oxygen species or radicals which are vital
for further oxidation and degradation of the dye molecules.

Solar photocatalytic process for treatment of dye is a heterogeneous photocatalysis
process which always carried out by application of a suspension of photocatalysts
inside a dye solution. It has been intensively investigated by researchers worldwide
since the early years of 1990s [19, 50, 55].

Fig. 2 Electron–hole pairs
and reactive oxygen species
generation in a
semiconductor photocatalyst
under solar light irradiation
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Inmost of the studies of solar photocatalytic treatment of dye, researchers directly
applied suspension of photocatalysts powder in the dye solutions [1, 14, 27, 58].
However, photocatalyst suspension is difficult to be recycled and it is not economical
and sustainable. In order to overcome this problem, researchers have improved and
modified the application of phoocatalysts through attachment or immobilization of
the photocatalyst powder on a supporting material or substrate such as cement coated
borosilicate glass, steel wire mesh, electro-spun membrane, and ceramic tiles, which
enables the recycling of the photocatalyst more conveniently [3, 52, 92].

According to numerous studies [36, 51, 59] reported by researchers worldwide,
it has been proven that solar photocatalytic degradation of dye is highly efficient
which could achieve complete mineralization of dye. It could be said that solar
photocatalytic treatment of dye is feasible with its high removal efficiency and simple
operation. Hence, treatment of dye through solar photocatalytic process is considered
as an economical and sustainable method which will benefit both the industries and
environment.

3 Influencing Factors in Solar Photocatalytic Treatment
of Dye Removal

Solar photocatalytic treatment of dye removal is governedby a few influencing factors
that could significantly affect the photodegradation efficiency of the dye. Thus, it is
of utmost importance to understand each of these influencing factors explicitly as
discussed hereinafter.

3.1 Light Source and Intensity

Light is the initiator in the photocatalytic reaction to induce electron–hole pair gener-
ation in the semiconductor photocatalyst. Without light, it is impossible to further
proceed to produce reactive oxygen radicals for photocatalytic degradation of dye.
Thus, light source and its intensity are both important in the solar photocatalytic
reaction.

Sunlight, or the solar radiation spectrum, includes bands between 100 nm and
1mm, which encompasses ultraviolet, visible, and infrared radiation [80]. Generally,
solar light or sunlight (wavelength range: 100 nm–1 mm), ultraviolet (UV) light
(wavelength range: 100–380 nm), and visible light (wavelength range: 380–780 nm)
[24] are the three main light sources that researchers used in photocatalytic study.
Since light source is the initiator that stimulates the photocatalytic reaction in the
photocatalyst, so it plays a crucial role in determining the photocatalytic activity.

Solar light that used in photocatalytic study can be divided into (i) natural sunlight
and (ii) artificial solar light. Natural sunlight is available abundantly in many tropical
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Table 1 Wavelength of
UVA, UVB, and UVC light
according to ISO standard
(ISO-2138)

Name Abbreviation Wavelength (nm)

Ultraviolet A UVA 315–400

Ultraviolet B UVB 280–315

Ultraviolet C UVC 100–280

countries. However, the intensity of the natural sunlight cannot be controlled as it
depends on the weather. Thus, it may affect the overall photocatalytic activity due
to the uncertainty of the weather. In order to maintain consistent sunlight intensity,
some researchers utilized artificial solar light generated by Xenon lamp to initiate
the photocatalytic reaction [22, 85], instead of natural sunlight. The main advantage
of applying solar light as light source in photocatalytic research is that sunlight
comprises of both UV and visible light that contribute to wider wavelength range
and higher energy can be attained.

UV light mainly used in photocatalytic study can be mainly categorized into (i)
UVA, (ii) UVB, and (iii) UVC light. Table 1 shows the wavelength of UV light
according to ISO standard ISO-21348. Among these 3 types of UV lights, the most
commonly used are UVA and UVC light in the photocatalytic research by employing
UVA or UVC lamp as light source [40, 43].

Compared with UV light, visible light has longer wavelength (400–700 nm) and
thus a lower energy. Hence, it can be considered that UV light with a shorter wave-
length andhigher energy ismore advantageous to beused as a light source in photocat-
alytic degradation of dye comparedwith that of visible light with a longer wavelength
and lower energy. Several researchers have attested that the efficiency of photocat-
alytic degradation of dye under UV light was higher compared with that of the visible
light [10, 16, 78].

However, this phenomenon is not always true as the optical property of the photo-
catalyts itself is key factor which could affect the light absorbance region during
light-irradiation in the photocatalytic process. When the light absorbance region of
the photocatalyst is near to the UV region, more UV light will be absorbed, and
vice versa in the case of visible light [45]. Thus, it can be said that the photocat-
alytic activity is also determined by the photoresponse of the photocatalyst which is
governed by the band gap of the semiconductor photocatalyst.

Besides comparison between UV and visible light, comparative studies on the
photodegradation of dyes under the influence of UV and solar light (natural or arti-
ficial) have also been widely explored. Most of the results revealed that enhanced
photocatalytic degradation efficiency of dye could be observed under solar light irra-
diation compared with UV light alone [45, 63]. This is due to the electromagnetic
spectrum of solar light includes both UV and visible light region. This wider range of
spectrum possesses greater energy to induce excitation of the electrons from valence
band to conduction band in the semiconductor photocatalyst for stimulation of the
photocatalytic reaction.

On the other hand, light intensity is equally important in determining the photo-
catalytic activity. Higher light intensity means higher power or light energy which
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will lead to enhanced photocatalytic performance. Larbi et al. [42] reported that the
increasing in UV power from 8 to 16 W increased the MB removal from 34 to 64%
with the sample doped with 6% of Ce. This result indicated that UV light intensity is
important in photocatalytic degradation of dye. Enhancing the power of light radia-
tion provides more energy to excite the electron of the semiconductor photocatalyst
and creates more electron–hole pairs, thus improves the photocatalytic process [31].

Hence, it could be considered that both light source and intensity play critical
roles in the photocatalytic degradation of dye. As solar light includes both spectrum
of UV and visible light range (wavelength: 100 nm–1 mm), it is advantageous for
various types of photocatalysts with different band gap energy and dye solutions of
different wavelength (in the UV–Vis spectrum). Meanwhile, higher light intensity
could enhance photocatalytic activity by larger power of light irradiation for electron–
hole pair generation in the photocatalyst.

3.2 Molecular Structure and Functional Group of Dye

Degradation of dye in photocatalytic system depends on the molecular structure and
functional group of dye itself. These include number of azo bonds of dye, sulfonic
groups or sulfonic substituents, methyl groups, nitrite groups, alkyl side chains,
chloro groups, carboxylic groups, and number of hydroxyl groups.

3.2.1 Monoazo and Diazo Dye

Azo dyes are extensively used as coloring agent in most of industries especially
textile, paint, and leather. They are one of the organic compounds that industrially
synthesized which represent major group (60–70%) of more than 10,000 dyes that
currently manufactured [11, 13, 93]. Due to their chromophores (–N=N–) which
also known as azo bond, the wastewaters are often recalcitrant and carcinogenic
which then became hazard to the human as well as aquatic life. The number of
chromophores for each of azo dyes distinguished their name as well as degradation
rate. For example, azo dye that contains one –N=N– bond namely monoazo, mean-
while azo dye which had two –N=N– bond namely as diazo. The difference between
number of azo bonds is shown in (Fig. 3a–c). In addition, other than napthalenes,
benzene rings, or aromatic heterocycles, the azo group may also be bonded to enoliz-
able aliphatic groups which all of them essential to give the color of the dye with
their shades of different intensities [8].

Studies showed that dye attached to many azo bonds were easily to be degraded
compared to less azo bonds [60, 67].During photocatalytic process, hydroxyl radicals
may firstly attack the azo bond or site near the chromophore (for example, C–N=N–
bond). The cleavage of azo bond and C–N= then may result in the decolorization of
the dye.
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(a) (b)

(c)

Fig. 3 Molecular structure a acid orange 7; b Congo red; c direct blue 71

Compared the decolorization or degradation rate between Reactive Black 5 (diazo
dye) and Reactive Orange 4 (monoazo dye), it was observed that Reactive Black 5
completely decolorized after 7 min, meanwhile for Reactive Orange 4, the decol-
orization only achieved 92% in the same duration by using ZnO as photocatalyst
Kansal et al. [33]. Ljubas et al. [47] reported in their study regarding degradation of
azo dyes by sol-gel TiO2 films found that rate constant for diazo dye (CongoRed)was
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much higher compared to monoazo dye (Methyl Orange). A study between various
type of dyes including Congo Red and monoazo dye (Orange G) using TiO2-CNT
as photocatalyst showed rapid degradation rate of Congo Red rather than Orange G
[26].

3.2.2 Sulfonate Group

Other than number of azo bonds, sulfonate group that substitutes to the molecular
structure of dye alsomay responsible to the rapid degradation of dye in photocatalytic.
Once the azo bond of dye is destructed, it then leads to the destruction of sulfonate
substituent of the dye. It believed that sulfonic group may act as another electron
acceptor in photocatalytic leading to the higher degradation rate of dye. One of the
methods or techniques to determine the destruction of sulfonate group in dye is
through ion-chromatography analysis. Once the sulfonate group is break down, the
concentration of sulfate ion in the dye may increase. This phenomenon was reported
byKhalik et al. [38] in a comparative study betweenmonoazo dyeOrangeG andNew
Coccine using zinc oxide as catalyst. The breakdown of bonding between sulfonate
and benzene ring led to the increased in sulfate concentration. In addition, New
Coccine with three sulfonate groups showed higher degradation in photocatalytic
compared to Orange G which only attached to two sulfonate groups. Several studies
which investigated dyes with sulfonate groups also found that removal of these group
happened at early stage in the photocatalytic degradation process [29, 73, 86].

However, at some point, study of the influence of sulfonate groups is very difficult
due to its operation in different fields. For example, sulfonate groups may decrease
the electron density in the aromatic rings and β nitrogen atom of the azo bond through
–I and +M effects.

3.2.3 Other Functional Groups (–OH, –NO2, –CH3 and –Cl)

Other than sulfonate groups, destruction of hydroxyl groups (–OH) and nitrite groups
(–NO2) also may lead to the rapid degradation rate of dye. These –OH groups have
electronic properties which are –I and +M effects. The reactivity of the dyes due
to effect of –OH groups can be determined through field effect (–I). The resonance
effect and degradation rate of dye can be increased depending on the number of
hydroxyl groups in dye molecule. The para position of Chromotrope 2B contains
a nitrite group and delocalization of the p electrons of phenyl ring and unpaired
electrons of the heteroatom may occur once this substituent interacts with the ring.
Due to the enriched electrons at the phenyl ring, an electrophilic entity favors to be
attacked by nitrite group [39].

Meanwhile, reactivity of the dye may slightly decrease due to the existence of
methyl groups (–CH3) and chloro groups (–Cl) that attached to their structure. This
is due to the competition of hydroxyl radicals between parent of dye molecule and
the substitution (–CH3, –Cl). For instance, hydroxyl radicals that generate during
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photocatalytic process may react with chloro groups to form chloride anions in the
solution. However, due to short life of hydroxyl radicals, these radicals tend to attack
the dye chromophore compared to the chloro groups.

Overall, it could be concluded that functional groups of the dye molecules play
pivotal role in influencing the dye degradation mechanisms in the photocatalytic
reaction which will indirectly affect the dye degradation efficiency.

3.3 pH

pH of azo dyes solution is a crucial parameter in the photocatalytic reactions since it
ascertains the surface charge properties of photocatalyst, aggregates’ size formation
as well the adsorption behavior of photocatalyst [64]. The ionization state or also
known as point of zero charge (PZC) of surface for each type of photocatalyst may be
differ under alkaline or acidic medium, respectively. The point of zero charge can be
described as the limiting pH when the net charge of catalyst surface is zero [41, 89].
For example, point of zero charge for TiO2 (Degussa P25), ZnO, and Fe2O3 is widely
reported at pH ∼6.25, pH 9, and pH 6.6, respectively [54, 68, 90]. When pH of azo
dye solutions less than pHat point of zero charge, the surface of photocatalyst become
positively charged, meanwhile, the surface become negatively charged when pH of
azo dye solutions higher than pH at point of zero charge. Due to different molecular
structure, the degradation rate of azo dye for effect of pH may be different.

For instance, using Reactive Black 5 and ZnO as model of azo dye and photo-
catalyst, respectively, below PZC, due to dye molecules attached to four sulphonate
anions, surface concentration of the dye is relatively high, meanwhile OH− and •OH
has low concentration. On the other hand, above pH 9, catalyst surface is negatively
charged by means of metal-bound OH−, resulted in decreased the surface concentra-
tion of dye and increased the amount of •OH [2]. The enhancement of photocatalytic
degradation rate of dyes in higher pH due to the higher concentration of OH− to react
with holes, which then may form •OH [34]. In addition, Tang et al. [77] found that
Methylene Blue dye showed highest degradation in alkaline solution and lowest in
the acidic solution with CaIn2O4 as photocatalyst. However, when the dye solution
pH is too alkaline, it may reduce the dye removal efficiency as reported by some
of the researchers [35, 56]. It was found that in highly alkaline condition (pH 10
and above), there is electrostatic repulsion between the OH− and negatively charged
surface of ZnO which will hinder the oxidation reaction and increase the chances of
the recombination of electron–hole pairs [25, 44].

Most studies reported that the degradation of dye less effective in acidic solu-
tion [37, 74]. This might be occurred due to the dissolution of photocatalyst in
strongly acidic solution, where photocatalyst may react with acids to produce the
corresponding salt, which then hindered the degradation rate of dye. Furthermore,
photocatalyst also may dissolve, disappear, or tend to agglomerate in dye solution
which has too low pH (for example, pH 1), resulted in reduced the availability of
surface area for the dye and photon to be absorbed [23].
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Accordingly, solar photocatalytic degradation of dye is more favorable at slightly
acidic and alkaline condition at the range of pH 5–9. As dissolution of photocatalyst
may occur when the dye solution is too acidic (below pH 3), while too alkaline
condition (above pH10)may lead to electrostatic repulsion between the photocatalyst
and the dye molecules. Thus, adjusting the pH of the dye solution to a suitable pH
range is important in solar photocatalytic degradation of dye.

3.4 Aeration

The critical operational parameters which may affect the photocatalytic efficiency
of organic contaminants especially dyes are aeration [5]. Aeration means air, pure
oxygen or nitrogen is purged into the organic compounds before or during the photo-
catalysis. The interaction between photocatalyst and light irradiation may cause the
electrons to be excited from valence band to the conduction band and then leave holes
in the valence band. The reaction between holes and either with water molecules
(H2O) or hydroxide ion (OH−) may form •OH, meanwhile, electrons will react with
oxygen molecules (O2) to form superoxide radicals (•O2) as shown in following
reaction [57]:

e− + O2 → •O−
2 (1)

•O−
2 + dye → dye-OO• (2)

•O−
2 + H+ → •HO2 (3)

•O−
2 + •HO2 + H+ → H2O2 + O2 (4)

Other than hydroxyl radicals, these superoxide radicals may enhance the degra-
dation rate of dye. By adding aeration into the photocatalytic process, it will boost up
the degradation rate of dye. The recombination of electron–hole pair may be reduced
when oxygen is purged into the system as it performs as an effective conduction
band “electron-trap” [23]. According to [5], mixing in the photocatalytic process
also can be improved with the presence of aeration. The oxygen molecule acts as an
electron acceptor which will minimize the chance for electron and hole to recombine
in photocatalytic process [46, 64].

In a study by Bizani et al. [9] regarding decolorization and degradation of dye
solutions andwastewater in the presence of titanium dioxide, they found that aeration
improved the decolorization rate of Cibacron Red FNR and Cibacron Yellow FN2R.

In view of the role of oxygen in photocatalysis, it could be considered that applica-
tion of aeration in solar photocatalytic removal of dye will facilitate the dye removal
efficiency with the formation of superoxide radicals in the photocataytic reaction.
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3.5 Initial Dye Concentration

One of the important factors in degradation of azo dyes is initial concentration.
The concentration level of dye wastewater of the textile industries normally is very
high which may affect the environment and aquatic lives without proper treatment.
The decolorization of dye depends on its concentration where the reduction rate
decreases as its concentration increases. In other words, dye with low concentration
only requires less time to degrade compared to dye with high concentration. The
increase in initial concentration of dye takes more time to degrade results in decrease
of the path length of light penetration into the solution. The degradation rate relates to
the formation of •OHon the catalyst surface aswell as probability of reaction between
•OH and dye molecules [76]. The chance of reaction between dye molecules and
oxidizing species will be increased as the initial dye concentration increases, which
then lead to enhancement of degradation rate of the dye. On the other hand, the
degradation rate of dye decreased as increased in the dye concentration is due to the
restricted production of •OH on the surface of photocatalyst since dye ions had fully
covered the active sites. For example, initial dye concentration of 20 and 100 mg/L
with constant amount of catalyst, irradiation time and light intensities, may form
similar amount of •OH. Since the formation of •OH and •O2

− remains constant in
both initial dye concentration of 20 and 100 mg/L, the probability of dye molecule
reacting with •OH decrease in high concentration.

Similar results were reported earlier for the degradation of dye [15, 71, 91]. Brites
et al. [12] reported that higher concentration of textile dye required longer time to
be degraded by using ZnO as photocatalyst. In addition, Dubey et al. [21] evaluated
the degradation of methyl orange using TiO2/NaY and found that decreased in dye
degradation rate at higher concentration was due to prevention of light intensity into
the solution which was blocked by adsorbed dye. Thennarasu et al. [79] investigated
the photocatalytic degradation of Orange G dye under solar light using ZnO as
photocatalyst stated that reduction in degradation rate at higher dye concentration
was due to the increased in dye concentration as well as number of dye molecules
adsorbed on the ZnO surface, but amount of •OH that formed on the surface of ZnO
was constant.

In brief, controlling the initial dye concentration in solar photocatalytic process
is important to achieve optimum dye degradation efficiency. When the initial dye
concentration is too high, dye degradation rate decreases due to the absorption of
light by dyemoleculeswhich blocks the light transmission reaching the photocatayst.
Thus, it is more feasible to dilute the industrial textile wastewater with high concen-
tration of dye to lower concentration in order to decolourize and mineralize the dye
molecules efficiently during the solar photocatalytic process.
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3.6 Photocatalyst Loading (Dosage)

Photocatalyst loading or dosage is one of the key factors in determining the efficiency
of the solar photocatalytic degradation of dye. Photocatalyst provides the active sites
for photocatalytic reaction to take place. Higher photocatalyst loading will increase
the number of active sites for adsorption of dye molecules, which is then followed
by the photocatalytic reaction upon solar light irradiation. However, photocatalyst
loading closely correlates with both initial dye concentration and volume of the dye
solution. When the initial dye concentration remains constant, increasing the photo-
catalyst loading will initially accelerate the photocatalytic efficiency until it achieves
saturation of the dye molecules. Subsequently, further increasing the photocatalyts
loading will only lead to excessive active sites for adsorption of dye molecules which
will not further enhance the photocatalytic efficiency [27, 70].

Meanwhile, by increasing the volume of the dye solution with constant dye
concentrations, the increase of photocatalyst loading will provide more active sites
for the larger number of dye molecules due to increased volume of the dye solution.
Thus, it will elevate the photocatalytic process. If the volume of the dye solution
remains constant, additional photocatalyst loading will increase the photocatalytic
efficiency up to a certain level, where all of the dye molecules have already been
consumed. Eventually, further increasing the photocatalyst loading will not have
significant effect on boosting the photocatalytic efficiency due to limitation of the
number of dye molecules exist in the dye solution.

In addition, over dose of photocatalyts may deteriorate the photodegradation effi-
ciency as reported by some of the researchers [6, 28]. It may be ascribed to the
increase of light reflectance by the catalyst and reduction in light penetration [28,
35]. Furthermore, high dosage of photocatalyst will increase the turbidity of the
dye solution which hinders the light irradiation for photocatalytic reaction, thus
degradation efficiency depleted [66, 79].

Hence, optimum photocatalyst loading (dosage) is very important to ensure the
efficiency of the photocatalytic activity. Excess dosage of photocatalyst increases
light reflectance by the catalyst and hinders light penetration which leads to deple-
tion in photodegradation efficiency. From the economical viewpoint, it is rational
to evaluate and determine the optimum photocatalyst loading or dosage in order to
avoid excessive photocatalyst dosage and wastage.

3.7 Physical Properties of Photocatalysts

The physical properties of photocatalysts are one of the crucial factors in solar photo-
catalytic degradation of dye. The main physical properties of semiconductor photo-
catalyst that have profound influence on the solar photocatalytic activity are: (i) band
gap energy; (ii) specific surface area; (iii) crystalline phase.
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3.7.1 Band Gap Energy

The band gap energy of semiconductor photocatalyst indicates the amount of energy
required to be absorbed from the light source to generate the electron-hole pair to
initiate the photocatalytic reaction. Thus, band gap energy plays the most important
role in determining the efficiency of the photocatalytic process. Titanium dioxide
(TiO2) and zinc oxide (ZnO) are the two most widely used semiconductor photocat-
alysts which possess band gap energy within 3.0–3.2 eV and 3.1–3.3 eV, respectively
[69, 75].

A study by Al-Mamun et al. [4] compared the photocatalytic performance of
the pure synthesized TiO2 (3.17 eV) with the nanocomposites of TiO2 doped with
graphene oxide (3.10 eV) and nanocomposites TiO2 doped with graphene oxide and
Ag (2.96 eV). The results revealed that removal efficiency ofmethyl orange dye under
solar irradiation decreased following the increase of the band gap energy. This finding
indicated that smaller band gap energy could accelerate the photocatalytic reaction
by reducing the energy required to stimulate the electron transfer from valance band
to the conduction band in the semiconductor photocatalyst.

However, this phenomenon is not always true in all band gap energy range. In a
solar photocatalytic degradation of New Coccine dye by using four types of different
photocatalysts, i.e. TiO2, ZnO, CuO and Fe2O3 [36], it was found that both TiO2 and
ZnO with similar band gap energy (3.2 eV) achieved nearly complete dye removal
comparedwith relatively low removal efficiency attained by CuO (1.4 eV) and Fe2O3

(2.2 eV) which possessed relatively narrow band gap. It was reported that photocata-
lysts with narrow band gap such as CuO and Fe2O3 will permit rapid recombination
of hole and electron, which will retard the photocatalytic activity for decolorization
and degradation of dye [53]. Thus, it could be concluded that band gap energy of the
semiconductor photocatalyst plays a pivotal role in solar photocatalytic degradation
of dye.

3.7.2 Specific Surface Area

Specific surface area has always become a matter of concern in photocatalysis. High
specific surface area provides larger number of active sites for dye molecule attach-
ment to undergo photocatalytic reaction. Hence, there are considerable efforts in
synthesis of porous materials to increase the porosity and enlarge the surface area.
In a typical study by Dash et al. [18], a range of mesoporous titanium dioxide (TiO2)
nanostructure were fabricated with different surface area and pore volume. It was
found that the TiO2 with the highest surface area (157.35 m2/g) and pore volume
(0.31 cm3/g) yielded the highest photocatalytic degradation of Rhodamine 6G dye
(98%) compared to that of the TiO2 with lowest surface area (3.52 m2/g) and pore
volume (0.09 cm3/g) which has only 15% of photocatalytic degradation. Meanwhile,
a comparative study on the photocatalytic dye removal between mesoporous titania
and non-porous titania showed that 68% dye removal was achieved by mesoporous
titania compared with the non-porous titania which only showed 57% removal. It



Solar Photocatalytic Treatment of Dye Removal 67

may be ascribed to the porous nature of the mesoporous titania surface that could
provide sufficient surface area for the adsorption of dyes and faster migration or
diffusion of parent as well as intermediate products and thus enhancing the overall
removal efficiency [65]. Therefore, it could be stated that specific surface area of the
photocatalyst plays a key role in determining the photocatalytic efficiency.

3.7.3 Crystalline Phase

Besides band gap energy, crystalline phase of the semiconductor photocatalyst is also
crucial in photocatalytic reaction. For instant, a study by Singh et al. [72] reported
that the TiO2 with mixture of 48% rutile and 52% anatase phase showed higher solar
photocatalytic degradation of Rhodamine B and methyl orange dyes, respectively,
compared with that of the TiO2 with 100% of anatase phase. Besides, a comparative
study of three different phases of TiO2 (brookite, anatase and rutile) showed that
photocatalytic decolourization of Rhodamine B was almost completely achieved
(97%) by using brookite and anatase as photocatalyst, respectively. However, only
about 48% decolourization could be attained by rutile [81]. These findings revealed
that the crystalline phase of semiconductor photocatalyst has significant influence
on the photocatalytic degradation of dye.

Overall, it could be concluded that physical properties of the photocatalyst such as
band gap energy, specific surface area and crystalline phase, significantly affect the
performance of the solar photocatalytic treatment of dye. When the band gap is too
narrow, it will lead to recombination of the electron-hole pairs. Meanwhile, larger
specific surface area with higher amount of active sites will enhance the photocat-
alytic activity. Last but not least, different crystalline phases of the semiconductor
photocatalyst yield different efficiencies in solar photocatalytic degradation of dye.

3.8 Applications—Solar Photocatalytic Treatment of Real
Textile Dye Wastewater

In the research of solar photocatalytic treatment of dye, synthetic wastewater has
always been applied in most of the studies. As the synthetic dye wastewater is more
convenient to prepare and the composition of this synthetic dye solution is not as
complicated as that of the real textile dye wastewater. However, application of real
textile dye wastewater in solar photocatalytic treatment is vital and important for
evaluation of the feasibility of this treatment method for application in the industries.

Although the application of real textile wastewater in solar photocatalytic process
is not as direct and simple as that of the synthetic dye wastewater, there are still quite
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a number of studies on the solar photocatalytic treatment of local textile dye wastew-
ater. For example, Khalik et al. [35] from Malaysia investigated on the solar photo-
catalytic degradation of a local Batik textile wastewater by applying ZnO as photo-
catalyst. The findings showed that about 92% of decolourization efficiency and 91%
of chemical oxygen demand removal could be achieved. Besides, Tijani et al. [82]
from Nigeria compared the photocatalytic mineralization of local dye wastewater
under artificial visible light and natural sunlight irradiation using Ag2O/B2O3/TiO2

nanocomposite as photocatalyst. The results revealed that natural sunlight showed
significant higher removal efficiency compared with artificial visible light. Under
natural sunlight, chemical oxygen demand removal of 96.2%and total organic carbon
removal of 86.1% could be attained. In a study by Zahoor et al. [88], CeO2–TiO2

nanocomposites were used as the photocatalysts to treat a dye wastewater collected
from local textile industry in the Faisalabad region of Pakistan. Significant degrada-
tion of dye could be observed within 60 min of reaction time. In addition, Parvin et al.
[61] reported on the application of synthesized Fe2O3 nanoparticles under sunlight
for degradation of dissolved organic matter from a local textile wastewater obtained
from Savar, Bangladesh. The real textile wastewater was solar irradiated without any
dilution in the presence of photocatalyst Fe2O3 nanoparticles. The results showed that
after 40 h of photocatalytic irradiation, TOC, COD and biological oxygen demand
were reduced by 42.2, 44.68 and 37.89%, respectively.

Overall, from the results reported by researchers from different countries in the
world, it could be concluded that the solar photocatalytic degradation of real textile
dye wastewater is feasible. The main factor to be concerned when dealing with
the photocatalytic treatment of real textile wastewater is the pH condition and the
initial concentrations of the raw textile wastewater. Thus, adjustment of the pH of
the raw textile wastewater to a suitable pH could facilitate and enhance the dye
removal efficiency. Besides, the raw textile wastewater should always be diluted
before undergoing solar photocatalytic irradiation in order to boost up the removal
efficiency. As the highly concentrated textile wastewater reduces the penetration of
the solar light into the solution which leads to lower photocatalytic reactivity for
degradation of dye.

4 Conclusions

In summary, it could be concluded that solar photocatalytic degradation of dye is
a green and sustainable treatment method that not only able to decolourize the dye
wastewater, but also mineralize the recalcitrant dye molecules to harmless products
such as carbon dioxide and water. In order to achieve the optimum condition for solar
photcatalytic degradation of dye, one must consider the main influencing factors in
solar photocatalytic process such as light source and intensity, molecular structure of
dye, pH, aeration, initial dye concentrations, physical properties of the photocatalyst,
and photocatalyst dosage. It has been proven that real textile wastewater could be
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treated efficiently through solar photocatalytic process. Therefore, solar photocat-
alytic treatment for dye removal is considered as a sustainable, simple, feasible, and
economical method for application in the textile industries.
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Photo (Catalytic) Oxidation Processes
for the Removal of Dye: Focusing
on TiO2 Performance

Jayato Nayak

Abstract Production, exploitation and discharge of awide variety of organic dyes by
different industrial houses have thrown a critical challenge to maintain the effluent
quality. Industrial reluctance in third world countries made significant deteriora-
tion of ground and fresh water quality and overall environment. Though different
technological approaches were forwarded, but photon induced catalytic decay of
organic dye particles by titanium dioxide (TiO2) has opened up newer possibili-
ties to the global scientific communities due to its diversified utilization. In-fact,
TiO2 is a preferred photocatalytic-oxidative agent due to the salient features of its
excellent photocatalysis activity such as its narrow band gap with high thermo-
chemical stability. Moreover, its water insolubility, environmentally non-toxic and
non-reactive nature, less energy intake during reaction with room temperature oper-
ating conditions, made it a highly preferential amongst other photocatalysts. Such
heterogeneous catalytic activity is activated by the ultraviolet radiation on the TiO2

particles while contact with pollutants present in waste effluent stream. After several
researches, integrated photo(catalytic) oxidation is being slowly implemented for
degradation of dyes in waste water in some of the developed countries. A number of
diversifiedmethods could be adopted tomodify the structure of TiO2 integrated nano-
composite photocatalyst by varying the dopant, particle size and irradiation, which
can improve the photo-oxidative performance. The chapter contains the comprehen-
sive and fundamental aspects with thorough scrutiny of recent researches regarding
the photo-oxidation of organic dye compounds by titanium-di-oxide nanoparticles
which paves the pathway towards the use of such photo-oxidative catalysts more
anticipated and conducive in imminent R&D and commercial applications.
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1 Introduction

During the present era of booming industrialization of chemical and allied processing
sectors like textile, pharmaceutical, automobile, textile, paint, and leather industries
are reckoned as the indicators of economic development of a country. However,
the use of organic dyes as colouring agent for different purposes of applications is
bringing severe threat when released as waste water. Though the developed coun-
tries are critically pondering over the issue of dye mitigation from waste effluents,
but the developing countries need to put more efforts regarding such environmen-
tally vulnerable problems. Separation and treatment of dyeing chemicals received
considerable attention because of intensification of colour and toxic characteristics in
aqueous solutions. These are treated as critically emerging pollutants because even a
minute amount of about <1mg/L for some dyes are even scaringly harmful [1]. In the
present times, about 15,000 types of synthetic dyes are commercialized with a global
production rate of more than 800,000 ton per year. A huge quantity of dyes of about
200,000 tonnes per year get mixed with the in the open environment as solid wastes
or liquid effluents. In fact, about 20% of textile industry waste effluent volume gets
generated from the dyeing and finishing process [2, 3]. Such wastewaters comprise
of highly poisonous, cancer causing and mutagenic highly reactive organic and azo
dyes [4, 5]. Contaminating dyeing chemicals due to the direct discharge results in
detrimental effects to the aquatic ecosystem and the biodiversity with the indirect
effects on human civilization [6, 7].

Though a wide variety of treatment methodologies were proposed involving
physical, chemical and biological routes but none of those could overcome the
inherent drawbacks. As an example, sedimentation cannot be efficient as a stand-
alone process, membrane separation suffers from frequent pore blocking and high
cost. Though adsorption and coagulation-precipitation methods are effective, but
the contaminated sludge disposal turns out to be a huge environmental concern [8–
10]. Moreover, advanced oxidative technologies using chlorine or ozone can degrade
some the dyes but the cost of process is usually high enough to be implemented easily
[11]. Amongst all, for themitigation of such harmful dyes, photodegradation by TiO2

is gaining overwhelming response from the researchers in the current decades [12,
13]. Such nano-catalytic semiconductor materials exhibit excellent ability towards
photocatalytic remediation under solar or UV irradiation [14, 15]. In the galore
of different diversified transition metal oxides, titanium-di-oxide due to its narrow
energy band gap with a sufficiently positive valence band initiates the oxidative
degradation, even by exposure under solar irradiation [16]. Exhaustive experimental
investigations for the degradation and mineralization of specific organic dyes indi-
cated that that TiO2 used to be themost efficient photo active catalyst in the abatement
of azo and phenol group containing dyes from waste effluents [17].

Due to the lower cost and easier lab-based preparationmethodologies with respect
to other materials for discarded discharge treatment [18], TiO2 is always preferred
due to its alteration in oxidation level even at low light intensities which is respon-
sible for quick degradation of pollutants with elevated efficiency [19]. Thus, it could
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be referred as an emerging advanced oxidising agent for complete mineralisation,
while consuming reduced energy and stopping the generation of unwanted inter-
mediate products [20]. In case of cadmium sulphate and zinc oxide photocatalysis,
some further formation of toxic intermediates used to occur while being used for
waste water treatments. TiO2 nanomaterials are having efficient photoactive antibac-
terial properties against E. Coli, where the microbial cell is killed without damaging
the parent tissues. The structural modifications and surface morphologies could
be easily tailor made for TiO2 including the formation of nanotubes, nanosheets
spheres and crystalline structures. Structural alterations offer huge numbers of active
sites, extremely efficient mass transfer rates and effective degradability to the target
pollutants [21–23]. The most common commercial form of TiO2 is Degussa P25,
containing 25% rutile and 75% anatase, which inhibits the electron–hole recombi-
nation phenomena [24]. Such photoactive reactions are dependent on the pH of the
medium [25] and by the utilization of co-catalytic systems [26]. Improvement of
easy overcome of band gap energy of TiO2 could be done by the incorporation of
doping substances like platinum, iron, sulphur, gold and copper [27]. After doping
with TiO2, under light irradiations, new energy levels are created which enables
faster, highly improved, effective and efficient degradation of pollutants [28].

The present chapter summarizes the mechanism, development and recent photo-
catalytic mitigation studies employing TiO2 nanoparticles for the non-toxic transfor-
mation of pigments under light irradiation.

2 Photo-reactive Mechanism of TiO2 for Degradation
of Organics in Wastewater

The general light induced reaction stages for TiO2 nano-catalysts for degradation
of organics in wastewater are as following [28], [13]: (i) mass transfer of contami-
nating agents from bulk aqueous volume to the catalyst surface; (ii) chemisorption of
contaminants on the photo exited superficial area of TiO2; (iii) oxidative mineraliza-
tion over photocatalyst surface; (iv) desorptive process of the decayed contaminants
in form of non-toxic materials from nano-catalyst surface; and finally the (v) interfa-
cial mass transfer of the mineralized products to the bulk liquid. As usual, the slowest
stage used to be the considered as the rate determining one, where the mass transfer
stages are much quicker than the stages involving chemical reactions. Such photo-
chemical degradation is dependent on the generation and reactivity of extremely
active OH− ions having oxidative potential 2.80 V and relative oxidative strength of
2.06, which is mainly responsible for the effective destruction of toxic contaminating
organic materials present in industrial effluents, onto the surface of TiO2 [29]. As
a matter of fact, photo-induced holes get generated after exposure of TiO2 nano-
catalysts under active photons. These holes participate in the oxidative activity with
water and produce negative hydroxyl radicals which is extremely active in oxida-
tive destruction of organic materials. Furthermore, availability of oxygen averts the
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recoupling of electrons and holes, where under dearth of oxygen, the efficacy of the
photoactive degradation reduces drastically. Photocatalytic mechanism for organic
dye degradation by TiO2 with governing reactions are shown as following [13, 30]:

TiO2 + hv → TiO2
(
e−
CB + h+

vB

)

TiO2
(
h+
vB

) + H2O → TiO2 + H+ + OH∗

TiO2
(
h+
vB

) + OH− → TiO2 + OH∗

TiO2
(
e−
CB

) + O2 → TiO2 + O∗−
2

O∗−
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2

HO∗
2 + HO2∗ → H2O2 + O2

TiO2
(
e−
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) + H2O2 → OH∗ + OH−

H2O2 + O∗−
2 → OH∗ + OH− + O2

Dye + OH∗ → Degraded to non-toxic chemicals

Dye + TiO2
(
h+
vB

) → oxidised non-toxic chemicals

Ultraviolet-A light of wavelength range of 310–400 nm induces excitation of
electron of valance band to get transferred to the conduction band. With an approx-
imate λmax value of 400 nm, the energy difference between the bands of TiO2 is
about 3.1 eV [31]. This band gap reduces by the use of doping agents enabling easy
movement of electrons from valance band to conduction band with fast generation
of huge number of mobile holes and electrons. Diagrammatic representation of elec-
tron transfer within the energy bands for pure and doped TiO2 has been shown in
Fig. 1. Holes and electrons can recouple and sifted by proper scavenging agents
like hydroxyl ions, water molecules or other oxidizing molecules. Thereafter, by the
formation of negatively charged hydroxyl, hydroperoxyl and superoxide radicals on
the photocatalyst surface take active part in degradation of organic dye species of
wastewater [32, 33].

3 Doping with TiO2 to Enhance Reactivity Towards Dye
Contaminated Liquid Discharge

In the recent times, a lot of researcheswere carried out to intensify the photo-reactivity
of TiO2 through the incorporation of dopant materials with TiO2 for the degradation
of dye contaminated clothing industrial discharges. Researches were reported on
the incorporation of metal dopants (like, iron (Fe), manganese (Mn), copper (Cu),
aluminum (Al), chromium (Cr), silver (Ag), gold (Au), platinum (Pt), Titanium
(Ti), palladium(Pd),dysprosium (Dy),yttrium (Y),zinc (Zn), bismuth (Bi), molyb-
denum(Mo), cobalt (Co), nickel (Ni), europium (Eu), cerium (Ce) etc.) [34–40], non-
metal dopants (like, nitrogen (N), carbon (C), sulphur (S),phosphorus (P),fluorine(F),
iodine (I),boron(B) etc.). Combinations of metal–metal (like, Zn-Cu, Fe–Ni, Y-Dy,
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Fig. 1 Energy band gap representation for pristine and doped TiO2. Reproduced with copy-
right from “Kannappan Panchamoorthy Gopinath, Nagarajan Vikas Madhav, Abhishek Krishnan,
Rajagopal Malolan, Goutham Rangarajan, Present applications of titanium dioxide for the photo-
catalytic removal of pollutants from water: A review, Journal of Environmental Management 270
(2020) 110,906”

Cr-Co, Co–Ni, Ag-Mo, Zn- Eu, etc.), metal/non-metal (Pt–N, Mn-P, Y-N, Mo-C,
Cu–N, etc.) and nonmetal/nonmetal (N-S, B-N, C-F, N-I, etc.) were also integrated
with TiO2 [30, 41–44]. Use of different types of dopants integrated with TiO2 under
Ultraviolet irradiation could be referred as the most efficient route to degrade the
contaminating chemicals by reducing the energy of band gaps while increasing
the photoactive catalytic surface [45]. During such photo-degradative activity, TiO2

crystal particles are employed in suspended forms in liquid or fine films. In those
forms, the metallic dopants could be effectively incorporated at ease inside the TiO2

lattice because of their nearly equal radius of ions [46].
In-fact, such efforts developed with photocatalytic degradation of contaminants

present in blended/sewage/clothing industrial liquid discharges employing doped
TiO2 nanomaterials have been reported to be extremely efficient from the perspectives
of mitigation of colour and degradation of contaminating organics [47]. Supporting
reports have been found on mitigation of COD, colour and black sulphur pigments
from textile industrial discharge containing organics and compounds of sodium,
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using a UV-photoactive batch reaction unit and TiO2 particles. Effectiveness and
the performance of colour reduction was found much higher for a fine-film layered
TiO2 photoreaction vessel than an uncoated one. This is the main reason of grab-
bing devotion of scientists to use the nano-catalyst layered reaction chambers to
degrade the dye contaminated liquid discharges [48]. Moreover, some of the pilot
scale UV-photocatalyzed reactive degradation studies were carried out for the scale-
up validation of the bench-scale results. Though these works represent significant
breakthrough, but, for the degradation of dye containing wastewaters, modelling-
simulation and optimization studies, quick partition, recycle and reuse of nano-
catalysts post to the use should be rigorously studied for pilot scale applications
[49, 50].

4 Mitigation of Dye from Industrial Waste Effluents
by Photoreactive TiO2 Nano-catalyst

In the indirect photodegradation by TiO2, the dyemolecules get excited by the energy
of photons leading towards the formation of triplet excited state,which follows further
conversion towards the generation of a partially oxidized radical by the transfer of
electrons into the conduction band of the photocatalyst [51].

Dye + hv → Dye ∗ (intermediate)

Dye + TiO2 → Dye+ + TiO−
2

In the direct photoreactivemitigation, dyemolecules reactwith the strongly oxida-
tive OH− radicals along with the generated electrons and holes that is responsible for
the redox reaction of the dye chemicals [29]. But, the indirect degradation used to be
quicker and dominating than the other one as observed in case of bioaccumulation
and destruction of bodies of living species, deterioration of ecology and environ-
ment. Cancer causing azo pigment removal has opened up newer challenges due to
its recalcitrant properties. Thus, some potential catalysts are required to get devel-
oped and implemented that is effective, less costly and possess the ability to degrade
bulk volume of dyeing chemicals at a quicker rate [52, 53]. This is where the appli-
cations of TiO2 nanocatalysts come to the forefront showing remarkable catalytic
degradation potential, extraordinary surface area, cost effectiveness and null toxicity
in aqueous solutions. Immobilization of such supported photoactive catalysts was
proved to be efficient in degradation of commercial C.I Acid Orange 10, 12 and 8,
azo dyes. More than 95% colour and total organic matters were mitigated within 6 h
by the breaking of azo bonds and formation of ammonium radicals [54]. TiO2 amal-
gamatedwith zeolite ZIF-8 showed about 15%more efficiency than the pristinewhile
photo-degradation of the dye rhodamine blue because of the bigger pore structures
of the zeolite framework [55]. Methylene blue could be fully degraded at ease within



Photo (Catalytic) Oxidation Processes for the Removal of Dye … 81

a quicker time period employing TiO2 nanocatalysts. In-fact, at the superfine struc-
tural levels, effectiveness of the decaying transformation of pigments got improved
linearly with the mass of TiO2 and the use of acid dosing [56]. Through solvothermal
synthesis of TiO2 crystals with egg shell support in 1:1 ratio, the surface area features
and amount was improvised by dispersion and synergic effects, which exhibited
remarkable degradation efficiency (>90%) to methylene blue and rhodamine R6
dyes [57]. Hydrothermal synthesis of TiO2 nanotubes in NaOH solution resulted
high mitigation of commercial pigment Orange II at elevated temperatures [58]. It
was found that 500 and 1500 ppm TiO2 photocatalyst concentrations were optimum
for the 99% decay of methyl orange and Congo red dyes with 100% colour elimina-
tion under solar irradiation [59]. Doping of TiO2 in the metal framework of Pt, Ni
and Pt-Ni produced huge surface area which enriched stability and photocatalytic
potential with recycle characteristics [60]. Use of transition metal dopants like Mn,
Co, Zr, Cr, Fe, Ni and Cu with TiO2 exhibited enlarged active surface area, decrease
of energy band gap and fast degradation to methylene blue, methylene orange and
malachite green under visible conditions. Copper doping showed the best outcome
because of its comparatively lesser energy necessities and reduced charge carrier
recombination potential for the transfer of electrons [61–63]. For the Reactive Red
dye 198, use of dopants like iron, sulphur and nitrogen generate superoxide radi-
cals boosted the reactivity of developed catalyst due to the generation of N2p and
S2p electronic configurations which decreases the bandgap energy [64]. Graphene
supported TiO2 enabled the generation of superoxide radicalswhichmitigatedCongo
red and methylene blue [65]. Employing the carbon doped TiO2 nanorods showed
more than 85% degradation performance against methylene blue and rhodamine B
at temperature higher than 400 °C [66]. Use of recycled Yttrium dopant in TiO2

nanosheets reduced hexavalent chromium with 95% deterioration of methyl orange
[67]. Using the strontium dopant, TiO2 could be modified by hindering the electron–
hole recombination and, Brilliant green, commercial pigment, can be completely
mitigated by it [68].

Immobilization of TiO2 could be done on hydrophilic polymeric films (e.g.
polyvinyl alcohol) that forms a bonding of Ti–O–C group by the dehydrating reac-
tivity during the application of heat. It enables 98% mitigation of methyl orange
dye under UV irradiation with enriched recycling potential [69]. Nanocomposite
catalytic materials made through the combination of TiO2/CuO and ZnS/TiO2 exhib-
ited high porosities with enhanced surface area generation that effectively boosted
chemisorption anddegradation ofAcidBlue 113 (99%) [70], parathion-methyl (95%)
and polyoxometalates (97%) [71]. Silica derived from rice husk could be doped
with TiO2 resulting high anatase content which enhanced the surface characteristics
for photocatalysis of methylene blue [72]. This was further modified with copper
doping that reduced the band gap energy showing 95% mitigation of Rhodamine B
[73]. Immobilization of TiO2 done with PDMS-SiO2-chitosan on pumice support,
NaYF4:(Gd 1%, Si) phosphor, and NaYF4: (Yb, Tm) complex was proved to be
efficient in degrading methylene blue and other organic pigments from discarded
discharge streams by the reduction of band gap energy while providing strong
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mechanical support [74, 75]. SnO2 doped TiO2 showed lesser recombination of elec-
tron and holes, high surface area. Moreover, the use of on clay material palygorskite
(Mg, Al)2Si4O10(OH)·4(H2O) and Montmorillonite support, the improvisation of
nano-structures with surface area showed more than 80–95% dye removal [76–
78]. Though the process of hydrothermal production, an excellent adsorbing agent,
zeolites could be used as a support for BiVO4 doped TiO2 which can completely
degrade the commercial pigments like methylene blue and Acid red 10 [79]. Forma-
tion of composite materials with carbon nanotube, activated carbon can boost up
the adsorption efficiency and photoreactivity of TiO2 while degrading dye chemi-
cals like methyl orange, Acridene, Indigo carmine, Methyl blue, Rhodamine B, and
acid orange II and Sunset Yellow along with remarkable reusability of developed
photocatalyst [80, 81].

TiO2 nanoparticles impregnated inside the Graphene oxide framework can take
part in efficient treatment of wastewater containing methyl orange and rhodamine B
[82], acid navy blue dye. Graphene oxide containing single layer molecular config-
uration enriches quick transfer of electrons and holes inside the supported catalytic
structure which enables quick reactive degradation of target pigments and concen-
tration dyes decrease linearly with concentration of graphene oxide [83]. Reduced
graphene oxide supported TiO2 doped with cobalt(II,III) oxide or carbon nitride
composite catalyst manufactured through precipitation method [84] or hydrothermal
technology [29], [56] showed more than 95% light induced mitigation of methylene
blue, Rhodamine B and crystal violet dyes. Graphene derived component prevents
positive–negative charge recombination while reducing the energy between conduc-
tion and valence bands [85]. Some of the remarkable researches on dye chemical
degradation studies in the recent times has been shown in Table 1.

5 Conclusion

Based on the exhaustive literature review-based analysis, it could be culminated that
oxidative degradation of organic dyes through the use ofmodified TiO2 nanoparticles
would be a preferred pathway for the degradation of polluting effluents discharged
from industrial hubs. Such photocatalytic oxidations are having its intrinsic merit
of using UV light or sun light for the energy of reactive activation which lessens
the cost of energy consumption. Moreover, the target organics could be degraded
or transformed into nontoxic materials and the TiO2 nanoparticles could be easily
separated out because of its null aqueous solubility. But, for the operational purpose
and to achieve maximum contact area and time, proper design considerations with
optimization studies should be surveyed in depth. Wise versatile modification of
TiO2 could be done by metallic and non-metallic doping and co-doping techniques
and immobilization. But also, a process suffers due to some of the demerits which
could be minimized by thorough scrutinization where the best anticipated techniques
should be chosen for the development of catalyst and design of reactor. Employing
light eradicated titanium oxide nanocomposite catalysts, dye and organo-phenolic
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Table 1 Typical researches on doped TiO2 photocatalyst on mitigation of organic dyes from indus-
trial effluents. Reproduced with copyright from “Kannappan Panchamoorthy Gopinath, Nagarajan
VikasMadhav, Abhishek Krishnan, Rajagopal Malolan, Goutham Rangarajan, Present applications
of titanium dioxide for the photocatalytic removal of pollutants from water: A review, Journal of
Environmental Management 270 (2020) 110,906”

Doping agent Dye Findings References

Boron (B) Acid yellow 1 Complete removal within
120 min by doping of
boron. Rate of
photoreaction and
Effectiveness were twice
with respect to application
of TiO2 alone

[86]

Gold (Au) Methyl orange Formation of interfacial
layers between pure and
doped catalysts in
heterogeneous doping
makes it more efficient
than homogeneous doping
methodology

[87, 88]

Rhodamine B
Congo red Methylene
blue

Remarkable removal
efficiency was found under
solar radiation than UV
light. Lowering of toxic
nature confirms
biocompatibility of doped
TiO2

[89]

Magnesium (Mg) Congo red Incorporation of dopant
increased the mitigation
efficiency by a factor of 2
due to the reduction of
band gap energy through
doping process

[90]

Gold (Au) Methylene blue
Auramine O
Basic red 5
Basic blue 7

Formation of emerging
catalyst which showed high
stability and efficiency
during dye mitigation.
Developed catalyst showed
excellent reusability and
was able to endure
consecutive oxidation and
reduction steps because of
its exclusive structure and
configuration

[91]

(continued)
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Table 1 (continued)

Doping agent Dye Findings References

Iron (Fe3+) Acid orange 7 Remarkable degradation
efficiency even after 6
cycles of application under
any kind of light irradiation

[92]

Cobalt (Co) Amido black Spontaneous
photo-transformation
resulted around 90% dye
mitigation efficiency
because of improved
surface characteristics and
amended reactivity
between the photocatalyst
and target pigments

[93]

Iron (Fe3+)
Platinum(Pt4+)

Eriochrome
black-T

Application of dopants
made remarkable
improvised the
effectiveness of dye
mitigation where Pt
produced better efficiency
than iron by the
improvement of active
surface area

[94]

Carbon(C) Nitrogen (N) Violet-3B The rate of pigment decay
was inversely proportional
to the pigment
concentration. Increase in
active specific surface area
with adsorption efficiency
and colour mitigation of
more than 95% was
observed by the use of
co-dopants

[95]

Crystal violet Lesser crystallized
structures showed lesser
decaying performance
because of smaller life
period of the evolved pairs
of electrons and holes

[96]

components of waste effluents could be completely degraded, and issues of aqueous
contamination could be abated. Based on the typical features of TiO2 nano-catalysts,
it could be reckoned as the most promised photo-oxidative agent in which further
research will inevitably proceed. In-fact, such techniques accomplish all the aspects
of sustainability for the generation of clean water from industrial dye contaminated
effluents, which is required to be critically studied, optimized and scaled up for future
implementations [97, 98].
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Abstract The general practice carried out by the textile industry in treating its
wastewater is chemically, physically, biologically or a combination of the three.
As a case study that occurred in Indonesia, regulations regarding color parameters
were not regulated until 2019. To cope with the new and more stringent regulatory
threshold values, many textile industries have to modify or even rebuild their existing
wastewater treatment plants (WWTPs) by adapting the latest wastewater treatment
technologies. One promising alternative that can be added and/or modified to the
existing WWTP is advanced oxidation using ozone. The use of ozone in textile
wastewater treatment applications has several advantages including having a very
large oxidation power so that it only requires a relatively short contact time (CT) to
oxidize impurities contained in wastewater in the order of minutes. This chapter will
discuss a brief history of ozone use in water and wastewater treatment, its chemistry
and generation methods, degradation process, mechanisms, and factors affecting dye
removal using ozone, also its practical application and integration with the existing
WWTP process.

Keywords Textile · Wastewater · Dye · Ozone · Oxidation · Decolorization ·
Hydroxyl radical · Degradation · Organic compound · Color removal · Color
standard

Q. Helmy (B)
Faculty of Civil and Environmental Engineering, Water and Wastewater Engineering Research
Group, Bioscience and Biotechnology Research Center, Institute of Technology Bandung, Ganesa
St. 10, Bandung, West Java 40132, Indonesia
e-mail: helmy@tl.itb.ac.id

I W. K. Suryawan
Environmental Engineering Study Program, University of Pertamina, Teuku N.A. St., Simprug,
Kebayoran Lama, Jakarta 12220, Indonesia
e-mail: i.suryawan@universitaspertamina.ac.id

S. Notodarmojo
Faculty of Civil and Environmental Engineering, Water and Wastewater Engineering Research
Group, Institute of Technology Bandung, Ganesa St. 10, Bandung, West Java 40132, Indonesia

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
S. S. Muthu and A. Khadir (eds.), Advanced Oxidation Processes in Dye-Containing
Wastewater, Sustainable Textiles: Production, Processing, Manufacturing & Chemistry,
https://doi.org/10.1007/978-981-19-0987-0_6

91

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0987-0_6&domain=pdf
mailto:helmy@tl.itb.ac.id
mailto:i.suryawan@universitaspertamina.ac.id
https://doi.org/10.1007/978-981-19-0987-0_6


92 Q. Helmy et al.

1 Introduction

The textile industry is one of the industries that consume water and produces large
amounts of wastewater. More than 80% of the water consumed by the textile industry
will eventually become wastewater that must be treated before being discharged into
the environment. The average amount of water consumption to produce cloth in the
wet process of textiles is 150 m3/ton of product [40]. One of the textile processes that
contributes greatly towater consumption andproduces the largestwastewater is fabric
dyeing. This process requires 80–200 L of water/kg cloth [63, 70, 100] in dyeing
cotton cloth using conventional methods. This raises concerns about the availability
and need for clean water sources, especially in industrial areas. In general, the textile
industry utilizes deep groundwater as a source of rawwater. This activity can damage
the aquifer and cause land subsidence. Based on land surface measurements carried
out between 2000 and 2012, it was found that several locations in the textile industry
in Indonesia had experienced land subsidence reaching from 8 to 17 cm/year which
was thought to occur due to groundwater extraction by textile industry activities [32].

The wastewater released by the textile industry contains residual dyes that are
toxic, mutagenic, and carcinogenic [42]. An example is a dye containing azo chro-
mophore which is the dominant chromophore used in 50–70% of all types of dyes
in the textile industry. This azo compound has been reported in many studies to
cause cell mutations and has the potential to cause cancer. Another chromophore
compound is phthalocyanine with three to four cyanin groups bonded to Cu, Cr, or
Co metals making the molecular size of these dyes large, making them very diffi-
cult to decompose naturally. In the dyeing process, 10–50% of the dye is wasted
as wastewater because it cannot be fixed into the fiber. Around 700,000 tons of dye
are consumed per year, thus putting pressure on the textile industry which is consid-
ered one of the main polluters [80]. Approximately 280,000 tons of textile dyes are
released as textile wastewater effluent [41]. The complex chemical structure of dyes
forms cyclic bonds and has a large molecular weight making these compounds non-
biodegradable. Some types of dyes also contain azo compounds which are strictly
regulated by many countries. For example, the European Union has identified 24
types of aromatic amines that are classified as harmful to humans and prohibits the
use of azo dyes that produce 30 mg/kg or more of these aromatic amines. In Asian
countries, restrictions on dyes containing azo compounds have been implemented by
India starting in 1997 (112 types of dyes), China (in 2005), South Korea (in 2010),
Taiwan (in 2011), and Japan (in 2014) [17].

Colored waste is psychologically more frightening to society in addition to its
very disturbing aesthetics. The minimum concentration of color that can be seen
visually in river flows is around 1–10 mg/L, depending on color, illumination, and
the degree of water clarity. In addition to aesthetics, colored substances in water
will block the transmission of light through the water so that it can interfere with
the photosynthesis process which results in an ecological imbalance. In general, the
textile industry in Indonesia uses WWTP with coagulation-flocculation processes,
biological processes, and or a combination thereof, with highBODandCOD removal
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efficiency but not for color removal. Several AOPs methods, such as ozone, Fenton,
photo-Fenton, photocatalytic, and UV-based oxidation have been carried out to over-
come this problem. The use of ozone is reported to have a good ability to remove
color, but its low solubility in water and the use of high energy in producing ozone
are some of the drawbacks of this method.

Ozone (O3) is the allotropic form of oxygen (O2), comprising of identical atoms,
however, they are consolidated in a different structure. The difference is oxygen
has just two oxygen atoms, while ozone consists of three oxygen atoms. Ozone
has a low molecular weight (MW = 48 g/mol) in which three oxygen atoms are
chemically arranged in chains. Ozone is a gaseous compound that naturally exists
in the atmosphere and is formed as a result of ultraviolet radiation [43]. Ozone has
been used for water disinfection in drinking water treatment plants for centuries and
to help remove unpleasant odors and organic/inorganic impurities [54, 72]. Ozone
has been used in European countries for a long time and recently the application
of ozone in the food and beverages industry has begun to be widely used [33]. The
United States Food and Drug Administration (FDA) granted safe status for the use of
ozone in bottled water in 1982. Ozone has also been declared Generally Recognized
as Safe (GRAS) for use in food processing by the FDA in 1997 [30]. Furthermore,
now ozone is also recognized and permitted as a food additive as an antimicrobial
agent by the FDA in 2001 [26, 58].

Ozone is formed naturally in the stratosphere in small quantities (0.05mg/l) by the
action of ultraviolet irradiation on oxygen. Small amounts of ozone are also formed
in the troposphere as a by-product of photochemical reactions between oxygen,
nitrogen, and hydrocarbons, released from industries, oil-fired engine exhaust, forest
fires, and volcanic eruptions. However, the gas produced is very unstable and rapidly
decomposes in the air [47]. To produce ozone, diatomic oxygen molecules must
first be broken down. The resulting oxygen free radical thus freely reacts with other
diatomic oxygens to form triatomic ozone molecules. However, to break the O–O
bond, it requires a lot of energy [10, 34]. When used in industry, ozone is usually
generated at the point of application and in a closed systems. Ultraviolet radia-
tion (wavelength 188 nm) and corona discharge methods can be used to initiate the
formation of oxygen free radicals and thereby generate ozone. To generate commer-
cially viable ozone concentration, corona discharge methods are commonly used for
large-scale applications [24].

This chapter provides a summary of the physicochemical properties of ozone,
the mechanism of ozone formation, and ozone application in water and wastewater
treatment. Ozone can be produced through several methods, i.e., quiescent discharge,
phosphorus contact, photochemical reactions, and electrochemical reactions, which
in principle proceed through the reaction of oxygen atoms with oxygen molecules.
However, there are side reactions to ozone formation, which are responsible for
ozone depletion including thermal decomposition and cooling reactions by reactive
species. The solubility of ozone in water is higher than that of oxygen, indicating that
it can be reliably applied in water and wastewater treatment. Based on the resonance
structure of ozone, one oxygen atom in the ozone molecule is electron deficient
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which shows electrophilic properties, while one electron-rich oxygen atom holds
nucleophilic properties.

1.1 History of Ozone Use in Water and Wastewater Treatment

Ozone has a long history of research and application. A Dutch chemist called Van
Marum in 1785 was probably the first known scientist who noticed the presence of
ozone by the specific odor of the air in the neighborhood of his electrostatic generator
when subjected to the passage of electric sparks. Another scientist named William
Cruickshank, a Scottish chemist in 1801, observed the same specific gas odor that
formed near the anode during the electrolysis of water [51, 64, 84]. The history of the
ozone discovery has been reported in an excellent articles series by Rubin [9, 49, 68,
76–79, 98, 99]. Table 1 shows the brief history of ozone application and regulation
in water and wastewater.

Treating wastewater with ozone, primarily for disinfection, was a major focus to
date due to Corona Virus Outbreak since 2019. As per the report published in 2021, it
has been indicated that there is a possibility of the virus becomingwidespread through
the raw water and wastewater network. The risk of exposure via the fecal–oral route,
due to its excretion into the sewer, has also been highlighted in areas with inadequate
sanitation facilities, especially in developing countries.Although the infectivity of the
virus is unknown, the presence of the virus was confirmed in human feces even after
1 month after the patient tested negative for COVID-19. Risk is higher in third-world
countries with a high magnitude of open defecation. WHO data in 2010 estimated
that 1.1 billion people or 17% of the world’s population still defecate in open areas.
As many as 81% of the population who practice open defecation are found in 10
countries in the world, where Indonesia is the second-largest country whose people
practice defecating in open areas after India [92].

Commercially produced ozone for oxidation reactions is always produced as a
gas, from the air at concentrations between 1.0 and 2.0 weight percent, or from liquid
oxygen at concentrations greater than 2%. Because ozone is highly reactive and has
a short half-life, it cannot be stored as gas and transported. As a result, ozone is
always generated on-site for direct use. When ozone is applied as gas for drinking
water treatment, it does so primarily because of its oxidative power. This strong
oxidizing potential allows ozone to be effective in reducing or eliminating color,
residual taste, and odor. More importantly, ozone will effectively destroy dormant
bacteria and viruses faster than other disinfectant chemicals. Ozone will also oxidize
metals impurities, for instant iron and manganese can be oxidized into iron (III)
and manganese (III) form which is easier to remove by simple filtration. This same
process is used to liberate organically bound heavy metals, which otherwise are
not easily removed. When properly applied in the water treatment process, ozone
will not lead to the formation of halogenated compounds such as Trihalomethanes
(THMs), which are formed when chlorine is added to raw water containing humic
materials. Ozone can be used as an oxidant, which is applied in the final stages of
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Table 1 History of ozone, application, and regulation

Year Achievement References

1785 Martinus Van Marum was probably the first known scientist who
observed the presence of the specific odor which will later be
named ozone

[51, 76, 84]

1801 William Cruickshank observed the same specific gas odor that
formed near the anode during the electrolysis of water

[73]

1840 Christian Friedrich Schonbein, Professor of Chemistry at the
University of Basel, determined that the odor produced during
electric sparking was caused by an unknown compound that he
called ozone, derived from the Greek word “Ozein” meaning to
smell

[68 ,76]

1856 Thomas Andrew, Professor of Chemistry at Queen’s University of
Belfast, showed that ozone from whatever source derived, is one
and the same body, having identical properties and the same
constitution, and is not a compound body, but oxygen in an altered
or allotropic condition

[77, 94]

1857 Werner von Siemens invented the apparatus of an electric discharge
ozone generator, and only this invention made industrial
applications of ozone possible at that time

[73]

1865 Jacques Louis Soret determined the molecular formula of ozone
and established the relationship between oxygen and ozone, by
finding that the three volumes of oxygen produce two volumes of
ozone

[77]

1870 The German physician, Lender, published the first study about the
biological practice effects related to the application of ozone in the
disinfection of water and its antimicrobial properties. This finding
eventually revolutionized medical practice during this period, more
than half a century before the discovery of penicillin

[84]

1893 The first ozone-based drinking water treatment prototype plant was
built in Oudshoorn, Netherlands. After sedimentation and filtration,
the water of the Rhine River was purified with ozone. Some French
scientists and chemists examined this apparatus and decided to
build their own plant, in Nice, France

[74, 75]

1900 Tesla Ozone Co., (the Tesla ozone company) was established and
started marketing ozone generators for medical applications

[67]

1906 France commissions its first ozone disinfection unit installation for
their water treatment plant in Nice, where ozone was used to
disinfect 22,500 m3/day raw water drawn from the Vesubie River
after being filtered by a slow sand unit

[73]

1909 Ozone was used as a preservative for meat cold storage in Germany [34]

1914 Interest in ozone for water treatment began to decline as many
studies led to the production of cheap chlorine gas as a disinfectant

[98]

(continued)
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Table 1 (continued)

1916 Around 49 ozone installations were in use throughout Europe (26
of which were located in France)

[49]

1920 The Swiss dentist, Dr. Edwin Parr began using ozone as part of his
disinfection system. Dr. Charles S. Neiswanger, Professor of the
Chicago Hospital College of Medicine, publishes “Electro
Therapeutical Practice.” where chapter 32 was entitled “Ozone as a
Therapeutic Agent.”

[29, 64]

1931 Dr. E. A. Fisch became a pioneer in its dentistry application thanks
to his use of ozonated water for dental procedures

[50]

1936 Ozone was used to depurate shellfish in France [34]

1939 Ozone was used to prevent the growth of yeast and mold during the
storage of fruits

[34]

1942 Ozone was used in egg-storage rooms and cheese-storage facilities
in the USA

[34]

1957 Ozone is applied for the oxidation of humic substances, undesired
odors, taste, iron, and manganese in German drinking water

[49]

1964 Spontaneous flocculation in ozone contact basins led the French to
build an ozone plant to improve the removal of particulate matter

[49]

1965 United Kingdom and Ireland started to use ozone in controlling the
color of surface water. Switzerland started the use of ozone to
oxidize micropollutants such as phenolic compounds and some
pesticide residues

[49]

1970 Ozone was used to control algae growth in France [49]

1982 The US food and drug administration grants GRAS (generally
recognized as safe) status for ozone disinfection application in the
bottled drinking water industry

[34]

1987 After seven years of trial, an ozonation plant with a 600 MGD
(million gallons per day) capacity was commissioned in Los
Angeles, USA

[49]

1992 Russia reports the use of ozone in salt water baths for burn
treatment applications

[67]

1996 The government of Japan, The Canadian Food Inspection Agency
(CFIA), The government of Australia have approved the use of
ozone for direct contact with all types of food

[34]

1997 In the United States, ozone has received GRAS (Generally
Recognized as Safe) classification

[34]

2001 United State department of agriculture approved the application of
ozone as an antimicrobial agent for direct contact with food and
can be used in all meat and poultry products

[103]

(continued)
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Table 1 (continued)

2004 The International Ozone Association reports the installation of 894
ozone installation projects with a total ozone capacity of
21,246 kg/hour during the 1969–2004 period

[49]

2008 Montreal, Canada, plans to be the first metropolis city in the world
using ozonation to disinfect all of its wastewater treatment
facilities, with the ozone capacity is expected to be approximately
1,800 kg/h

[49]

2009 More than 50 water treatment plants have installed ozonation as an
advanced process for the removal of taste, color, and odor and for
the control of trihalomethanes (THMs) formation, with
approximately 800 kg/h (42,000 lb/day) ozone capacity in
operation in Japan
Ozone-treated reclaimed wastewater is being used with a total of
final discharge is more than 100,000 m3/day

[36, 88]

2010 In the US, the installed ozone capacity to treat drinking water
exceeds 525,000 lb/day. Meanwhile, wastewater treatment using
ozone during 2005–2010 was 7 facilities with a flow capacity of 60
MGD and an ozone capacity of 2,000 lb/day

[49]

2020 Ozone as a potential oxidant for Coronavirus disease (COVID-19)
virus inactivation. Ozonated nanobubbles were used in Hospital
Wastewater Treatment Plant to eradicate the persistent
SARS-CoV-2 residues even though it has been through the final
disinfection by chlorine

[3, 8, 46, 52, 89, 97]

water treatment. There are more than 2,000 major installations worldwide that use
ozone to treat drinking water, not to mention for the small-scale household drinking
water supplier. Ozone is an effective disinfectant for treatingmunicipal and industrial
wastewater, effective in dealing with a variety of complex and toxic chemicals.

1.2 Chemistry of Ozone

Due to the unstable nature of ozone that spontaneously reverts back into oxygen,
ozone production can only be carried out on-site with an ozone generator which can
be operated practically and stably. In terms of its application in water and wastew-
ater treatment, it is very important to understand the physical and chemical proper-
ties of ozone, with a focus on its solubility and chemical reactivity to the pollutant
compounds of concern.Ozonehas a structure of 3 oxygen atoms,which are bondedby
the same oxygen-oxygen bonds at an angle of 116.8°. The steric hindrance prevents
it from forming a triangle with each oxygen atom forming the expected 2 bonds.
Instead, each oxygen forms only 1 bond, with the remaining negative charge scat-
tered throughout themolecule. Ozone is a dipolemolecule, giving it the characteristic
properties that ozone reacts very selectively and is electrophilic (Fig. 1).
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Fig. 1 Schematic of the two resonance structures of ozone with a triatomic molecule with no
unpaired electrons and a bent molecular shape, length, and angle formed by three oxygen atoms
are shown

Ozone is slightly soluble in water, although it is about 10 times more soluble
than oxygen [98]. At 20 °C, the solubility of 100% ozone is about 570 mg/l and
decreases to 400 mg/l at 30 °C (Table 2). It is known that ozone solubility is higher
than oxygen, however, chlorine solubility is 12 times more than ozone in water. The
stability is influenced by the presence of sensitizing impurities, such as metal oxides,
heavy metal cations, and by temperature and pressure [37]. Generally, a decrease in
the temperature or an increase in pressure will enhance the solubility of ozone in the
aqueous phase. Ozone concentrations used in water treatment are generally below
12%, which limits its mass transfer driving force into the water. This results in a low
concentration of ozone in the water, only in the range of 0.1–1 mg/l. In addition, due
to the limited half-life of ozone in water (±20 min at 20 °C), if we need a certain
amount of ozone to react, a larger amount of injection must be given.

Many research reports have shown that ozone decomposes spontaneously during
water treatment by a complex mechanism that involves the generation of hydroxyl
free radicals. The hydroxyl free radicals are among themost reactive oxidizing agents
in water, with reaction rates on the order of 1010–1013 M-1.s-1, however, the half-life
of hydroxyl free radicals is on the order ofmicroseconds, therefore, its concentrations
in water can never reach levels above 10-12 [93].

O3 + H2O → HO3 + OH∗ (1)

HO3 → O3
∗ + H+ (2)

HO3 ↔ OH∗ + O2 (3)



Ozone-Based Processes in Dye Removal 99

Table 2 Physical and chemical properties of ozone and oxygen

No Property Ozone Oxygen

1 Molecular weight, g/mol 48 32

2 Density (at 101 kPa), kg/m3

Gas (0 ºC) 2.144 1.429

Liquid (−183 ºC) 1571 1142

3 Color Gas: blue-colored
Dissolved: purple-blue

Gas: colorless
Dissolved: light blue

4 Boiling point (101 kPa), °C −112 −183

5 Melting point, °C −192.7 −218.8

6 Solubility in water, mg/l

0 °C 1090 14.6

10 °C 780 11.3

20 °C 570 9.1

30 °C 400 7.6

40 °C 270 6.5

50 °C 190 5.6

7 Oxydation potential, eV 2.07 1.23

8 Ozone Half-life, Gaseous Dissolved in water

3 months at −50 °C 30 min at 15 °C

18 days at −35 °C 20 min at 20 °C

8 days at −25 °C 15 min at 25 °C

3 days at 20 °C 12 min at 30 °C

1.5 s at 250 °C 8 min at 35 °C

Summarized from [48, 73, 74, 93]

When ozone is in contact with water, several types of oxidizing agents will be
produced which will compete for the substrate. In Eq. (1), more HO3 will be formed
than OH*, even though oxidation using dissolved ozone tends to take place more
slowly than oxidation using hydroxyl free radicals. On the other hand, at an acidic
pH, oxidation using hydroxyl free radicals tends to be small and substrate oxidation
is dominated by dissolved ozone as in Eq. (2). On the other hand, at alkaline pH, UV
exposure, and the addition of a catalyst, free hydroxyl will dominate as in Eq. (3).
In alkaline conditions, the decomposition of ozone in water can also be described in
Eqs. (4)–(10) [37].

OH− + O3 → O2 + HO2
− H+↔ H2O2 (4)

HO−
2 + O3 → HO2

∗ + O3
∗− (5)
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HO∗
2 ↔ H+ + O2

∗− (6)

O∗−
2 + O3 → O2 + O∗−

3 (7)

O∗−
3 + H+ → HO3

∗ (8)

HO∗
3 → HO∗ + O2 (9)

HO∗ + O3 ↔ HO2
∗ + O2 (10)

Ozone can react with either and/or both modes in aqueous solution as direct
oxidation of compounds by molecular ozone and/or oxidation of compounds by
hydroxyl free radicals produced during the decomposition of ozone. Ozone also
produces no by-products in the media, very effective in various applications such
as oxidizing agents, disinfectants, color removers, odorants, tastes, etc. The biggest
drawback of this oxidizing agent is that it must be produced where the reaction takes
place so that a production system is needed at the place of usewhich causes high costs
[35, 62]. To carry out oxidation using ozone, the ozone must be dissolved into the
water. To get good oxidation results, the ozone level in the water must be kept as high
as possible. The solubility of ozone is difficult to predict compared to other gases
because the solubility of ozone is influenced by several factors such as temperature,
pH, and other solutes. Strategies that can be done to increase the solubility of ozone
in water include:

(a) Increase the concentration of ozone in the air
(b) Increase gas pressure
(c) Lowering the temperature of the liquid
(d) Increases pH
(e) Make contact with UV.

Ozone decomposes spontaneously through a series of mechanisms. The exact
mechanism and reactions associated have not been established but many researchers
proposed several models [6, 12, 19, 38, 98]. Ozone can be decomposed to form free
radicals (OH*/hydroxy radicals) which have a very high oxidation potential of 2.8 V,
so they act as a stronger oxidizing agent than ozone. Therefore, the ozonation process
in water always involves two species, i.e., ozone (direct oxidation) and OH* (indirect
oxidation). Hydroxyl free radicals forms are believed as one of the intermediate
products that directly react with compounds in water, therefore, ozone demands are
associated with the following:

(a) The presence of scavenger compounds, carbonate or bicarbonate ions (usually
measured as alkalinity), will react with hydroxyl radicals to form carbonate
radicals.
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HCO−
3 + OH∗ → CO∗−

3 + H2O (11)

(b) The presence of natural organic compounds (NOM) in water will trigger an
oxidation reaction to form aldehydes, organic acids, and ketoacids. These
oxidation by-products are generally more amenable to biological degrada-
tion and are one of the strategies applied to increase the biodegradability
of compounds (BOD/COD ratio) in wastewater treatment plants. Meanwhile,
synthetic organic compounds can be oxidized under favorable conditions. In
the case of mineralization of such compounds, hydroxyl free radicals oxida-
tion should be the predominant pathway in the process such as in advanced
oxidation processes (AOPs), e.g., O3/UV, Fenton, and/or O3/H2O2.

(c) Oxidation of bromide ion leads to the formation of bromate ion, hypobromite
ion, hypobromous acid, bromamines, and brominated organics.

1.3 Ozone Generation Methods

Probably the first known scientist that notice and report the presence of the specific
odor of the air in the neighborhood of his electrostatic generator when subjected to
the passage of electric sparks, which will later be named ozone, is a Dutch chemist
Martinus van Marum in 1785. The passage of a high voltage, alternating electric
discharge through a gas stream containing oxygen will result in the breakdown of
the molecular oxygen, to atomic oxygen. Some of the oxygen atoms liberated can
react with oxygen to form ozone, while others simply recombine to form oxygen.
This process is known as one of the most popular ways to produce ozone gas. The
three most popular methods of generating ozone are corona discharge, UV lamp, and
cold plasma.

Corona Discharge

Corona discharge in dry process gas containing oxygen is currently the most widely
used method of ozone generation for water treatment. Corona occurs due to acceler-
ated ionization events between the two electrodes caused by a high enough electric
field. If two electrons are given a high enough voltage, this causes the electric field
between the two electrodes to be high enough to be able to move the electrons
between the two electrodes. The movement of electrons allows electrons to collide
with free molecules. The collision causes the free molecule to have sufficient energy
to release its outer electron. The collision event will produce two new electrons,
namely electrons that hit the molecule and electrons that come out of the molecule.
Because the two electrons are still under the pressure of the electric field, the two
electrons will move and collide with other free molecules [27]. In the process of
ozone formation, the corona is formed due to the ionization of oxygen. There are
two electrodes with different voltages, one is a high-voltage electrode and the other
is a low-voltage electrode. These electrodes are connected to a high-voltage source.
The two electrodes are separated by a dielectric medium and a narrow discharge gap
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Fig. 2 Ozone generation by electrical discharge method

is provided. Schematic of ozone formation by corona discharge method is shown in
Fig. 2.

The presence of a high electric field inside the electrode causes the ionization
of air-containing oxygen, which flows in the electrode. The movement of elec-
trons allows the collision of electrons with oxygen molecules and will produce two
oxygen atoms (O). Furthermore, these oxygen atoms will naturally collide with the
surroundingoxygenmolecules to formozone.The reaction equation for the formation
of ozone can be seen in Eqs. (12 and 13).

e− + O2 → 2O + e− (12)

O + O2 → O3 (13)

This method is the most widely used method of ozone formation in various indus-
trial activities because it has advantages such as high ozone productivity, does not
require complicated maintenance, and is easy to apply. The drawback is that the
amount of energy consumed is quite large while the concentration of ozone produced
is low, so this technology is considered expensive. Ozone generation by electrical
discharge produces heat, where excessive heat can cause decomposition of ozone in
the product gas. This makes heat dissipation an important part of the ozone gener-
ator unit and must be carried out as quickly and efficiently as possible. Heat can be
removed by using heat sinks, water coolers, and/or air coolers.

There are two electrodes in the corona discharge, a low-voltage electrode (ground)
and a high-voltage electrode, separated by a dielectric medium in a narrow discharge
gap. When the electrons have sufficient energy to separate the oxygen molecules, a
certain fraction of these collisions occur and ozone molecules can form from each
oxygen atom. The efficiency of ozone production by corona discharge depends on
the strength of the micro discharges which is affected by several factors such as the
gap width, gas pressure, dielectric and metallic electrode properties, power supply,
and the presence of moisture. In a weak discharge, most of the energy is consumed
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by the ions, while in a stronger discharge, almost all the energy of the release is
transferred to the electrons responsible for the formation of ozone. The optimum
is a compromise that avoids energy loss for the ions but at the same time obtains
a reasonable conversion efficiency of oxygen atoms to ozone. If air is used as the
feed gas, it must be dry because the humid air produces nitrogen oxides in the
ozone generator which will form nitric acid and will corrode the generator, requiring
frequent maintenance. If air is passed through the generator as the feed gas, 1–3%
ozone is created; when using high purity oxygen can produce as high as 16% ozone
[74].

Ultraviolet Light Lamp

This process of ozone generation is similar to how the ultraviolet from the sun radi-
ation splits O2 to form individual oxygen atoms. Ultraviolet light changes oxygen
into ozone when a wavelength at 254 nm hits an oxygen atom. The oxygen molecule
splits into two atoms (O) which combine with another oxygen molecule (O2) to form
ozone (O3). Ultraviolet light occurs naturally through the sun rays, but this process
is considered to be less efficient than corona discharge. Ultraviolet lamps have been
used for decades to produce ozone. This lamp emitsUV light at 185 nanometers (nm).
Light is measured on a scale called the electromagnetic spectrum and the increments
are referred to as nanometers. When exposed to UV light, oxygen molecules in the
ground state absorbs light energy and dissociate to a degree that depends on the
specific energy and wavelength of the absorbed light. The oxygen atom then reacts
with other oxygen molecules to form ozone (Fig. 3). Because of present technolo-
gies with mercury-based UV emission lamps, the 254 nm wavelength is transmitted
along with the 185 nm wavelength, and photolysis of ozone is simultaneous with its
generation. Moreover, the relative emission intensity is 5–10 times higher at 254 nm
compared to the 185 nm wavelength. The advantages of using UV Light include a
lower cost than a corona discharge, it is simpler to assemble and use, and the ozone
output using UV Light is less affected by humidity.

Fig. 3 Photochemical ozone generation using a tubular UV lamp with a cylindrical outer container
wall
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Fig. 4 Schematic of a cold plasma dielectric ozone generator

Cold plasma

Plasma can be called the fourth phase element in nature after solid, liquid, and gas
phases. In contrast to the normal gas phase, plasma contains gas where the compo-
nents of the atomic nucleus (ions) and electrons have been separated due to the energy
received and have reactive properties. Plasma can formnaturally as happens in the sun
or the elements of the stars in space. Plasma can also be formed by providing high
energy into the gas medium which makes the gas undergo a dissociation process
and an ionization process. Depending on the amount of energy transferred, both
processes will result in the transformation of neutral gas into highly reactive nega-
tively and positively charged particles or ions, either partially or completely trans-
formed. Based on the temperature, plasma can be categorized into high-temperature
plasma (thermal/equilibriumplasma) and low-temperature plasma (cold plasma/non-
equilibrium) [45]. It is a similar design to a corona discharge tube, the difference
being that the anode and cathode of this cold plasma are encased in a glass rod filled
with noble gases. In this design, the voltage jumps between the anode and cathode
rods forming an electrostatic or “plasma” field. The advantage of the cold plasma
system is that no heat release is given to the gas as it passes through the electro-
static field. Cold plasma technology has a very long service life due to this design
feature. Plasma is a gas that is ionized in an incandescent discharge either partially
or completely [44]. This phenomenon can occur when there is a very high potential
difference between the two electrodes [61]. Gas ionization that occurs will form free
electrons which will collide with gas ions to produce radical active species (OH·, O·,
H·), molecules (H2O2 and O3), and UV light [44, 56, 102] (Fig. 4).
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2 Ozone for Dye Removal

2.1 Process and Mechanisms

Ozone can be formed naturally or human-made. Naturally, ozone can be developed
through ultraviolet radiation (UV) rays from sunlight which can decompose oxygen
gas in free air. The oxygen molecule breaks down into two oxygen atoms (O*),
which then naturally collide with the oxygen gas molecules around them to form
ozone (O3). Artificially, ozone can be developed through some different processes,
e.g., through the collision process and light absorption. Ozone can be produced
through the collision process through several methods such as Dielectric Barrier
Discharge Plasma (DBDP), Corona Discharge, and electrolysis. Meanwhile, through
light absorption, ozone can be formed through methods such as ultraviolet radiation.
Ozone will experience a decomposition of concentration during the ozone process
due to reactions between radicals and non-radical compounds. Ozonation is capable
of producing oxidizing hydroxyl radicals, which can decompose organic pollutants
in wastewater. The potential for radical oxidation is very high, which means that
reactivity can occur with contaminants. Reactive oxygen species (ROS) such as HO•,
O2• –/HO2•, H2O2 are also formed and contribute to redox processes enabling the
transformation of pollutants [53]. Radical reactions of organic pollutants depend on
chemicals in the waste. Organic components can promote the formation of unstable
radical oxidation, which can be easily oxidized to H2O, CO2, and acids [53].

Most of the impurities contained in textile wastewater are dyestuffs, especially
synthetic dyes. Synthetic dyes are molecules with a delocalized electron system and
contain two groups, namely chromophore and auxochrome. Chromophores function
as electron acceptors, while auxochromes are electron donors that regulate solubility
and color. The important chromophore groups are azo group (−N = N−), carbonyl
group (−C = O), ethylene group (−C = C−), and nitro group (−NO2) which can
cause color. While some important auxochrome groups such as –NH2, −COOH, −
SO3H, and –OH are polar, so they can dissolve in water [69]. Currently, there are
various types of synthetic dyes whose use is adjusted to the type of fiber to be dyed,
the desired color resistance, other technical and economic factors. The classification
of textile dyes based on the method of dyeing is presented in Table 3.

The classification of dyestuffs in Fig. 5 can determine the treatment method
selected. For dissolved dyes, physical separation methods are relatively difficult,
so chemical, AOPs or biological methods are mostly applied to this type of dye. In
contrast to insoluble dyes, absorption or physical methods can be applied with high
efficiency. The textile industry is one of the industries that produce wastewater with
high non-biodegradable organic content. In general, to reduce degradable organic
pollutants, the technology applied is biological wastewater treatment technology,
such as activated sludge processes, aerated lagoon,moving bad biofilm reactor, anaer-
obic–aerobic biofilter, or trickling filter. Meanwhile, wastewater that contains pollu-
tants, long-chain dyes commonly used in textile industries, is such as azo compounds,
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Table 3 Type, application, and characteristics of dyes

No. Type of dyes Application Characteristics

1 Direct dyes Viscose, Cotton Direct dye having affinity with
cellulose fibers, dyeing is carried out
directly in solution with suitable
additives

2 Mordant dyes Cotton, Wool, Silk Mordant dyes have a weak bond
with the fiber, the dyeing process is
usually done by adding chromium to
the dye to form a metal complex

3 Reactive dyes Viscose, Nylon, Cotton, Wool, Silk Reactive dyes have a reactive group
that can form strong covalent bonds
with cellulose, protein, polyamide,
and polyester fibers, which can be
carried out at low and high
temperatures

4 Acid dyes Nylon, Wool, Silk Acid dyes have a strong bond with
protein and polyamide fibers, dyeing
is carried out under acidic conditions
and directly added to the fiber

5 Basic dyes Jute, Acrylic, Paper Basic/cationic dyes have a strong
affinity with protein fibers, dyeing is
carried out under alkaline conditions
and directly added to the fiber

6 Disperse dyes Nylon, Acrylic, Polyester, Acetate,
and Tri-acetate fiber

Disperse dyes were initially
developed to color secondary
cellulose acetate fibers, relatively
insoluble in water and are prepared
for staining by grinding the dye into
fine particles in the presence of a
dispersing agent

7 Sulfur dye Viscose, Linen, Cotton Sulfur dyes have a strong bond with
cellulose fibers, the side group
contains sulfur which is able to bind
strongly to the fiber

8 Vat dyes Viscose, Rayon, Linen, Cotton,
Wool, Silk

Vat dyes are based on the natural
indigo dye, which is synthetically
produced. Contain a water-insoluble
complex polycyclic molecules based
on the quinone structure and are
known for their characteristic of
requiring a reducing agent to get
absorbed

(continued)
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Table 3 (continued)

9 Azoic dyes Viscose, Cotton Azoic dyes are composed of at least
one azo group (–N = N–) attached to
one or often two aromatic rings.
Since azoic dyes are water insoluble,
the water fastness of these dyes is
excellent. Azoic dyes have high
coloring properties, in the range of
red to yellow

Acid dyes

Reactive 

Direct dyes

Mordant dyes

Cationic Basic dyes

Insoluble

Disperse 

Sulfur dyes

Vat dyes

Azoic dyes

DYE

Soluble

Anionic 

Fig. 5 Textile dyes classifications

which normal biological processes cannot quickly treat non-biodegradable wastew-
ater. The ozonation process can degrade specific dyes well. Previous research has
shown that three types of dyeing agents such as reactive black 5, reactive red-239,
CI Reactive Blue 19, and Reactive Orange 16, require several stages in the degra-
dation process with ozone (Figs. 6, 7, 8 and 9). The degradation of reactive black 5
dyes is CH3COOH, H2C2O, HCOOH, and CO2 [101]. Meanwhile, reactive red 239
produces CH3COOH and CO2 [22]. CI Reactive Blue 19 can be degraded with ozone
to become CO2, H2O, and organic acids [25]. Overall, the desired result of the color
degradation process with ozone is CO2. The dye degradation process is quite difficult
to explain practically in the field, one of the methods commonly used to determine
the dye degradation process using ozonation is by analyzing the biodegradability
index (BOD5/COD).

The increase in the biodegradability index in textile wastewater treatment
measures the increased likelihood of dye degradation. The research shows that ozona-
tion as a pre-treatment step could increase the biodegradability index for all types
of dyes wastewater or textile wastewater (Table 4). This increase in biodegradability
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Fig. 6 The process of degradation of reactive black 5 dye with the ozonation process (adapted from
[101])

Fig. 7 The process of degradation of ci reactive blue 1 dye with the ozonation process (adapted
from [25])

was achieved with moderate COD removal and short ozone times. In addition, the
pre-treatment process is considered feasible for a biodegradability index greater than
0.3.

There are two main reactions in the degradation process of RB5 dye with the
ozonation process, namely the detachment of the sulfonate group and the cleavage
of the azo bond which occurs simultaneously with the increase in the OH group
formed during the RB5 oxidation process. Specifically, the release of the sulfonate
moiety from the parent compound leads to the formation of P2 (when one –O–SO3H
group is cut off) and P5 (when both –O–SO3H groups are eliminated or degraded).
Meanwhile, the cleavage of the azo group in the initial RB5 dye molecule will
produce S1 and R1 compounds. S1 compounds can also be produced due to the



Ozone-Based Processes in Dye Removal 109

Fig. 8 The process of degradation of reactive orange 16 with the ozonation process (adapted from
[15])

process of breaking the azo bond in R2. Compound R3 is formed from compound
S1 through the removal/elimination of sulfonic groups or formed from compound
R5 through breaking azo bonds and subsequent hydroxylation reactions. The same
azo bond cleavage reaction can also occur at R3 with the formation of hydroxylated
naphthalene compounds (R6) and alkylsulfonyl phenolic compounds (R4). Then,
desulphonation and subsequent hydroxyl addition reactions to the R6molecule result
in the formation of R7, which can be converted more quickly to R8. Furthermore,
R1 is converted to R4 through the release of a sulfonate group. In the end, further
oxidation of R8 will produce organic acids with smaller molecular weights such as
formic, acetic, and oxalic acids, as well as mineralization to carbon dioxide andwater
[100, 101].

The possible mechanism for the degradation of dyestuffs through the oxidation
process with ozone as described in the Figure above generally consists of two
main mechanisms, namely the mechanism of reductive severing of double bonds
in dyes which causes color loss in the visible color absorbance spectrum. Degrada-
tion is continued by further oxidation mechanism of aromatic amine intermediate
compounds which produce simpler degradation products in the form of aromatic and
aliphatic acids which will eventually be mineralized. Possible mechanisms of dye
degradation through oxidation by ozone are as follows [85]:

1. Cleavage of azo bonds (–N = N–)
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Fig. 9 The process of degradation of reactive red 239 dye with the ozonation process (adapted
from [22])

The mechanism of reductive breaking of azo bonds in dye molecules appears to be
the initial reaction to produce intermediate compounds in the oxidation of azo dyes.

2. Cleavage of C–C, C–N, and C–S bonds

The C–C and C–N bonds of the color chromophore groups and the C–S bonds
between the aromatic ring and the sulfonate groups are broken by hydroxy radicals.
This leads to further breakdown of the intermediate product.

3. Naphthalene ring termination

The intermediate compound formed from the breaking of the adsorbed azo bond
undergoes a structural change.
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Table 4 Results of increased biodegradability of dyes by ozonation

No. Dye Initial
biodegradability

Biodegradability
after ozone
pre-treatment

Dosage Contact
time

References

1 Acid Red 14 – ±0.45 – 25 min [95]

2 C.I. Reactive
Blue 19

0.15 0.33 88.8 mg/min 10 min [25]

3 Polypropylene
and polyester
yarn dyeing
industry

0.18 0.32 26 mg/L 75 min [91]

4 Reactive
Black 5

0.056 0.46 2 g/h 270 min [23]

5 Reactive
Black 5

– 0.27 15 mg/L 60 min [4]

4. Benzene ring termination

With further reaction on azo dye, benzene derivatives are degraded into smaller
molecular organic acids. Hydroxy radicals also attack COOH compounds to produce
simpler organic acids such as maleic acid, acetic acid, oxalic acid, and formic acid.

5. Mineralization toward the final product in the form of carbon dioxide and water.

2.2 Factors Affecting Dye Removal

The ozone process as a pre-treatment shows an increase in the biological degradation
of organic pollutants. The pre-treatment process can improve the quality of waste to
meet existing quality standards [5, 14]. The main drawback of the ozonation process
is its short half-life, and it can be increased if the dye is present in acidic conditions,
so adjusting the pH of the textile waste is necessary [2]. In the ozone operation, the
short half-life can be caused by a diffuser that is too large, resulting in low ozone
solubility. This can be done utilizing porous glass or metal armor, solid catalysts,
stirring, contact, and increased retention time by large bubble columns or diffusers
to overcome low solubility [11]. The wastewater that has just come out of the textile
industry has a relatively high temperature, around 70–80. This high temperature is
also an obstacle in the textile industry because this wastewater must be cooled first
in the cooling tower before being processed further. Theoretically, the solubility of
ozone in water is getting lower due to the increase in temperature. The solubility of
ozone in the liquid phase decreases at a temperature of 43 °C. In chemical reactions
such as that occurring in the color decomposition reaction using ozone, an increase
in temperature every 10 °C will speed up the reaction speed twice as fast. Thus there
is an optimum temperature where the solubility of ozone and the reaction rate of
decomposition is high. The effect of temperature on ozonization must be observed
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for the consequences of both products. However, the presence of other factors such
as homogeneous and heterogeneous catalysts, lighting, initiators, and inhibitors in
the reaction flux will determine the temperature dependence in very complex modes
[55].

The ozone decomposition process is faster in alkaline conditions, pH > 8.5, so
continuous monitoring of the textile waste pH is required. Increasing the pH value
will increase the ozone decomposition in the water. For example, at a solution pH of
10, the half-life of ozone in water is less than 60 s. Oxidation of organic compounds
can occur due to a combination of the reaction of the ozonemolecule and the reaction
with OH radicals [55]. The reaction between ozone and hydroxide ions can trigger
the formation of superoxide anions of O2 radicals and hydroperoxyl HO radicals
[35]. Bicarbonate and carbonate play an essential role in forming OH radicals in
the system. The reaction between OH radical and the carbonate or bicarbonate is the
passive carbonate or bicarbonate radical, which has no further interaction with ozone
or organic compounds. OH radicals reaction rate is usually 106–109 times faster than
the appropriate reaction rate for ozone molecules. In an acidic environment, protons
H+ react with O3 to form O2 and H2O, preventing the direct reaction of O3 with
pollutants as described in the equation [11].

Most textile dyes use long-chain organic compounds. Dyestuff is a complex
compound that can be retained in a network of molecules. The dye is a combination
of organic substances that are not far away, so the dye must consist of chromogen as
the color carrier and Auxochrome as the binder between the color and the fiber. The
ozonation mechanism for color removal is very complex, and its interpretation based
on the composition of the intermediates and the final product is difficult to determine.
The reaction rate constant is calculated using a simple mathematical model; the rate
constant for ozone reaction with dyes is also calculated using the same model. The
variation of ozone in the reactor output is significant for studying dye decomposition
dynamics and ozonization kinetics. The first pseudo-order constant for dye decom-
position shows a strong dependence on the hydrogen peroxide concentration for
O3/H2O2 and the O3/H2O2 /UV process [7]. Decomposition of color by the ozona-
tion process can reach the optimum condition influenced by the type of dye, initial
concentration, the dose of ozone given, and detention time. Table 5 shows the results
of the exclusion of various kinds of research. Generally, the color removal cannot
reach 100%, and it seems that some studies only produce around 70% removal at
10–14 min of contact time.

3 Practical Application

3.1 Ozone System Configuration

System for generating and applying ozone to water and/or wastewater typically
consist of five components:
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Table 5 References to previous research regarding colour removal efficiency with ozonation
process

No. Dye Initial dye
concentration
(mg/L)

Ozone dose Dye removal
(%)

Detention
time (min)

Source

1 Acid Red 14 1500 5 g/h 93 25 [22]

2 C.I. Reactive
Black 5
(RB5)

200 3.2 g/h 70.21 10 [21]

3 Direct Red 28 1500 5 g/h 92 25 [100, 101]

4 Methylene
blue

10 46.32 mg/L 73.01 13 [31]

5 Methylene
orange

10 0.83 mg/s 100 15–30 [31]

6 Methylene
blue

1500 5 g/h (93.5) 25 [82]

7 Reactive
Black 5

1500 5 g/h 94 25 [95]

8 Reactive Red
239

50 40 and
20 mg/L

More than 95 4–12 [95]

9 Reactive Red
239

50 20 mg/L 100 20 [95]

10 Reactive Red
239

500 16.6 mg/min 90 90 [60]

11 Reactive Red
X-3B

100 0.66 L/h 92 6 [1]

12 Reactive
Yellow 176

500 16.6 mg/min 90 90 [96]

13 Reactive
Black 5

100 40.88 mg/min 96.9 60–300 [86]

14 Acid Red 14 1500 – 93 25 [94]

(a) Electrical power generation,
(b) Ozone generation method,
(c) Feed gas preparation,
(d) Contacting of liquid with ozone, and
(e) Excess ozone destruction method.

The five basic components of an ozonation system, all of which must be taken
into account when designing ozone to ensure effectiveness and safety at the same
time. Instrumentation and controls systems can be added to ensure the effective
and safe operation of the entire ozonation system. Electrical power generation
is closely related to the type of ozone generation method that is usually catego-
rized by the frequency of the power applied to the ozone generator. Low-frequency
(50 or 60 Hz), medium-frequency (60–1000 Hz), and high-frequency (>1000 Hz)
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Table 6 Comparison of low, medium, and high frequency ozone generators

Characteristics Low frequency Medium frequency High frequency

Hertz (Hz) 50–60 60–1000 More than 1000

Level of electronics sophistication Low High High

Turndown ratio 5:1 10:1 10:1

Cooling water required (L/kg ozone
produced)

4.1–8.2 4.1–12.5 2.1– 8.2

Optimum cooling water differential 8°–10 °F 5°–8 °F 5°–8 °F

Typical application range <225 kg/day To 900 kg/day To 900 kg/day

Optimum O3 Production (%) 60–75 90–95 90–95

Operating concentrations

– Air as feed gas (wt-%)
– Oxygen as feed gas (wt-%)

0.5–1.5
2.0–5.0

1.0–2.5
2.0–12

1.0–2.5
2.0–12

Power requirements for air feed system,
(kW-h/kg O3)

11–15 11–15 11–15

Power required, (kW-h/kg O3)

– Air as feed gas
– Oxygen as feed gas

17–26
8–13

17–26
8–13

17–26
8–13

Adapted from [93], with modifications

ozone generators can be found in the market this day. Low-frequency generators
generally produced less heat compared to medium and high-frequency generators,
although using medium or high-frequency generators tend to effectively produce
ozone more than low generators. Table 6 summarized a comparison of the three
types of generators.

Ozone can be generated on-site, either by corona discharge or ultraviolet (UV)
radiation methods. With the UV radiation technique, usually low concentrations of
ozone (below 0.1 wt%) can be generated, whereas, with corona discharge, ozone
concentrations in the range of 0.5–2.5 wt% can be generated when dry air is fed to
an ozone generator. When pure oxygen is used as the feed gas, ozone concentra-
tion of 2–5 wt % is produced typical for low output generators and can reach 10–
12 wt % in general for large-scale applications by ozone generator manufacturers.
Oxygen concentrators often replace air drying units to supply oxygen-enriched air to
ozone generators to provide higher output and gas-phase ozone concentrations, thus
avoiding the need for on-site oxygen production or storage facilities. In all cases,
ozone is only partially soluble in water and must be in contact with water and/or
wastewater to be treated in such a way as to maximize the transfer of ozone to a
solution. For this purpose, many types of ozone contactors have been developed; all
of them are effective for the designed water treatment purpose. However, as higher
ozone concentrations are used, the contact system design becomes more critical due
to the lower ozone gas-to-liquid ratio. Figure 10 shows the simplified ozone system
configuration. In addition, the use of pure oxygen as feed gas can lead to oxygen
saturation in the treated water which causes operational problems in following the
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Fig. 10 Simplified typical ozone system configuration

treatment process and aesthetics in the distribution system [71]. Table 7 summa-
rized comparison of the advantages and disadvantages of either air or oxygen as feed
systems.

Table 7 Comparison of air and oxygen feed system in ozone generation

Feed gas Advantages Disadvantages

Air Proven technology, simple and
uncomplicated mechanical
equipment, suitable both for
small and large-scale installation
systems

Low efficiency, used more energy
per ozone volume produced,
required gas handling and
adjustment

High purity oxygen Produce higher ozone
concentration for approximately
double for the same generator
that uses air as the feed gas,
suitable both for small and
large-scale installation systems

Required oxygen concentrators,
oxygen resistant material, and
safety concerns

Liquid oxygen (LOX) Simple to operate and to
maintain, less equipment
required, can store excess oxygen
to meet peak demands, and
suitable for small to medium
scale installation systems

Higher cost for liquid oxygen,
on-site storage including safety
concerns, and potential loss of
LOX in storage when not in use

Cryogenic O2 generation Equipment is similar to air
preparation systems, can store
excess oxygen to meet peak
demands, and is feasible for
large-scale installation systems

Higher capital cost, extensive gas
handling equipment that is more
complex than the LOX system,
and sophisticated in its operation
and maintenance

Adapted from [93], with modifications
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The air feed system for an ozone generator is quite complicated because the air
must be properly conditioned to prevent damage to the generator. The air must be
clean and dry, with a dew point of −80º to −40º F) and free of impurities. An air
preparation system usually consists of an air compressor, filter, dryer, and pressure
regulator. For this purpose, an air dryer unit is needed to reduce or even eliminate
the content of moisture and impurities in the free air. Air dryers that are often found
in the industry are compressed air dryers, where the main unit is an air compressor
and a compressed air storage tank. The compressed air that is dried will experience a
process of decreasing the dew point temperature, where the water vapor contained in
the air can condense so that the air output of the air dryer is relatively dry. One type
of air dryer that is commonly available in the market is the regenerative desiccant air
dryer, which uses the working principle of an adsorption system to remove moisture.
Generally, desiccant dryers are supplied with dual towers/tubes containing moisture-
absorbing substances such as silica gel, activated alumina, zeolite, or other water-
absorbing materials.Water vapor is removed from the dryer by using an external heat
source or by passing a fraction of dry air (between 10 and 30%) through a saturated
tower/tube at reduced pressure. Another type of air dryer available in the market is
refrigeration dryers and membrane air dryers.

Compressed air usually contains water in the form of liquids and vapors which are
affected by local ambient air conditions. The 100 cfm compressor capacity and dryer-
cooler combination, operating for 4000 h in typical climatic conditions produces
approximately 8300 L of liquid condensate per year and will increase significantly
with larger compressors or in warmer and humid climates. Water, in any form, must
be removed for the system to run properly and efficiently. That’s why dryers are so
important to produce clean, dry air.

Air drying operations can range from trapping condensed water and preventing
additional condensation of moisture to remove nearly all of the water present. The
more water removed, the higher the cost. However, if too much water is left in the
compressed air supply, more costs will be incurred in the future due to downtime,
higher maintenance, corrosion, product failure, and premature equipment failure.
A typical simplified air preparation system with several optional unit operations
available is shown in Fig. 11. Aftercoolers reduce the temperature and water content
of compressed air. Bulk liquid separators remove liquid condensed in the distribution
system. Particulate filter removes solid-particle impurities down to 1–5 microns in
size and separates bulk liquid from the air stream. Coalescing filters remove liquid
aerosols and particle impurities down to 0.01 micron in size [13].

Ozone contact system options include pressurized gas-to-liquid mass transfer
processes, the use of ceramic or stainless steel fine bubble diffusers, static mixers,
or venturi injectors that can be used to mix ozone gas with the water and/or wastew-
ater to be treated (Table 8, Fig. 12). In small systems, small in-line injectors and
pressure reaction vessels replace large concrete, cost-effective 20 foot deep bubble
diffuser tanks on a large scale. Once dissolved in water, ozone is now available to
act on water contaminants to achieve the purpose of disinfection and/or oxidation
of the intended pollutant. The final component required in ozone treatment is a unit
for the destruction of excess ozone which is always present in the off-gas contactor
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Fig. 11 Simplified typical air preparation system

Table 8 Type of ozone contact system and apparatus

Diffuser type Characteristics

Stainless steel fine bubble • Material: SS304, SS316
• Size Pore: 2.5–160 µm
• Airflow per band: 15–63 Nm3/h
• Withstand Pressure: 0.5–3 Mpa
• Temperature Resistance: 600–1000 °C

Ceramic fine bubble • Airflow per unit: 1.2–4 Nm3/h
• Effective Surface Area per unit: 0.5–1 m2

• Standard Gas Transfer Rate: 0.2–0.6 kg O2/h. unit

Static mixer (Teflon/Fiberglass/Resin) A static mixer based on the turbulent mixing principle,
the mixing effect is mainly achieved by internal rotation
and the shearing of the layers of fluid at the point where
the direction of rotation is reversed. When small rates of
shearing are required, a pitch between two rotations can
be programmed. This pitch delays the rotation process
and causes an additional mixing effect. Common
advantages: no moving parts, no mechanical seals, less
to no maintenance, no leakage, predictable
homogeneity, low energy dissipation, easy scale-up, and
in-line processing

Jet mixer/Aerator Jet Mixer uses a low shear rotor–stator mixing head to
create a unique tank flow pattern efficiently and
uniformly. Common advantages: eliminates
vortexing-stratification and dead mixing area. Standard
Gas Transfer Rate: 1.5–40 kg O2/h
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Fig. 12 Schematic of various ozone diffusers a stainless steel fine bubble, b ceramic fine bubble,
c static mixer, and d unit placement perspective
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when generated by corona discharges. Without an effective off-gas ozone-destroying
unit, this excess ozone will expose people and surrounding materials to a hazardous
oxidizing environment. Destruction of the ozone off-gas contactor is easily accom-
plished thermally (370 ºC), thermally catalytically, or by passing through the catalyst
medium alone.

3.2 Integration with Existing WWTP Process

The textile industry usually consists of 4 processes that producewastewater: desizing,
bleaching, dyeing, and mercerization. Based on [39], the effluent of the bleaching
and dyeing process needs to be given more attention related to the biodegradability
value. At first, the raw material is subjected to a singeing process to burn the hairs
on the fabric surface, and then a desizing process is carried out to remove starch.
Starch must be removed from the fabric to not interfere with the following process
because it will block the absorption of the substances used in the process. The starch
removal process aims to convert water-insoluble starch into water-soluble glucose
and maltose compounds. Hydrolysis can occur in hot water, acidic solutions, and
alkaline solutions. For starch that cannot be hydrolyzed but is easily oxidized, an
oxidizing agent can be used. In addition, it can also use enzymes that function as
catalysts and convert starch into water-soluble sugars [57]. Usually, this process is
wastewater with good biodegradability for the biological treatment of wastewater
[39].

In the bleaching process, auxiliary chemicals often used are sodium hypochlo-
rite, sodium silicate, hydrogen peroxide, and organic stabilizers such as enzymes as
bleaching agents. The use of chloride or peroxides causes inhibition problems, and
these problems cause acidic pH. The dyeing process is the process of giving color
evenly to the fabric. Before dyeing, several stages of dirt removal were performed,
including desizing (removing starch that was still attached to the fabric), scouring
(removing dirt adhering to the fabric), singeing (removing projecting fiber), and
washing. After washing, the preparation stage is carried out, namely the selection
of the dye, which is then carried out by dissolving and entering the textile materials
into the solution [57]. The coloring process requires a substantial volume of water
compared to other processes [81]. Not only immersion, but rinsing also involves a
lot of water. In the staining process, many chemicals such as metals, salts, surfac-
tants, organic matter, sulfides are added to the fiber. Wastewater resulting from the
bleaching and dyeing processesmust be re-analyzed to see the biodegradability value.
If it meets the biodegradability index above 0.3, it can be continued with biological
treatment. Meanwhile, if it does not meet the biodegradability index, it is necessary
to do pre-treatment with ozonation (Fig. 13).

Dye wastewater that is disposed of into the environment will cause environmental
disturbances such as eutrophication, production of hazardous, and toxic by-products
through chemical reactions such as oxidation, hydrolysis, and adverse ecological,
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Fig. 13 Recommended textile wastewater management scheme

aesthetic effects, water quality degradation [59]. Therefore, the treatment of contam-
inated wastewater with color has an essential role in environmental pollution and the
practical application of technology. These colors usuallywill not be treated by aerobic
biodegradation and cannot quickly be processed by conventional biological treat-
ment processes [20, 28]. The reason for causing the color to be non-biodegradable
waste is the lack of enzymes needed for color degradation in the environment. Phys-
ical and chemical treatment methods such as adsorption, coagulation, sedimenta-
tion, and oxidation can treat colored wastewater. However, the application of this
method requires advanced processing, high costs, and a lack of complete conversion
to inorganic compounds [20]. Reactive colors containing poly-aromatic molecules
are highly soluble in water, making absorption more difficult by absorbent agents. In
several studies, activated sludge is often used as a sorbent to remove reactive colors,
where the absorption capacity depends on environmental conditions, pH, type, and
color concentration. High operational costs such as restoring the sorbent or treating
the resulting solid waste are considered the most important limitations.

The results of previous studies showed color removal with ozone pre-treatment
was higher than without pre-treatment (Table 9, Fig. 14). The finding confirms that
color removal by biological treatment alone is not effective enough compared to
biological treatment with ozonation pre-treatment regardless of the type of biological
treatment used.
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Table 9 Biological treatment types integrated with ozone pre-treatment process for wastewater
containing dye

Dye Biological
treatment

Color removal with
ozone pre-treatment
(%)

Color removal
without ozone
pre-treatment (%)

References

Reactive
Black 5

Upflow anaerobic
sludge blanket
(UASB)

94 – [96]

Reactive
Orange 16

Moving-bed
biofilm reactor
(MBBR)

More than 97 0 [15]

Reactive
Orange 16

Anaerobic
moving-bed
biofilm reactor
(MBBR)

61 ± 18 – [16]

Real Textile
Wastewater

Anoxic-aerobic
activated sludge

76.60 30 [87]

Remazol
Black 5

Moving-bed
biofilm reactor
(MBBR)

86.74 68.60 [65]

Remazol
Black B

Activated sludge
(biomass from a
municipal
wastewater
treatment plant)

91 59.30 [90]

Fig. 14 Visual image of reactive black 5 color gradation with an initial concentration of 50 mg
dye/l after 5–120 min degradation processes in the MBBR reactor. The upper image shows effluent
color of MBBR reactor with pre-treatment using ozonation for 120 min with 3.81 mg O3/min
(color removal eff. 86.74%), and the lower image shows effluent color of MBBR reactor without
pre-treatment (color removal eff. 68.60%). Source modified from [66]



122 Q. Helmy et al.

The mechanism of color removal by ozone can occur based on two mechanisms,
i.e., directly, where ozone molecule O3 oxidizes dyes, or indirectly, where ozone
decomposes into OH radicals which have a higher oxidation potential of 2.8 eV
compared with 2.07 eV of ozone. The direct mechanism mostly occurs at the pH of
the solution which is acidic and neutral. Meanwhile, the indirect reaction occurs at
the pH of the alkaline solution because ozone will decompose into hydroxyl radicals
(OH radicals) with a higher reaction rate [18, 100, 101].

The first stage of the color degradation process in the ozonation reaction that may
occur in most dyes is the ozone reaction with a single chromophore group such as an
azo group or a carbon double bond (C=C) in an aromatic ring [18]. Ozone can cleave
the conjugate bonds of azo dyes, and convert dye compounds with high molecular
weight to compound with smaller molecular weight such as organic acids, and cause
the color to deteriorate. Ozone and OH radicals, both in the dissolved phase, are able
to break aromatic rings and oxidize inorganic and organic compounds [83].

The initial design of textile WWTPs in Indonesia was not specifically designed to
eliminate color because before 2019, color parameters were not regulated by national
quality standards. Knowing the ineffectiveness of the current WWTP in removing
color, the textile industry must modify and improve the WWTP system by adding a
decolorization unit combined with the previously existingWWTP unit. Based on the
poor performance in decolorization, an appropriate solution is needed to improve the
WWTP so that the effluent released complies with quality standards by evaluating the
existingWWTP unit and planning new alternative designs that are effective and able
to provide benefits to the textile industry from both technical and financial aspects.
Alternative textile wastewater treatment technology that can be used is the addition
of an ozonation unit that can be positioned in front as a pre-treatment of a biological
process or post-treatment as a polishing system (Fig. 15).

4 Concluding Remarks

Textile wastewater treatment can be done chemically, physically, biologically or a
combination of the three. Chemical treatment is carried out by coagulation, floccu-
lation, and neutralization. The coagulation and flocculation processes are carried out
by adding coagulants and flocculants to stabilize colloidal particles and suspended
solids to form flocs that can settle under gravity. The formed flocs are able to absorb
the color and then settle as sludge. Physical wastewater treatment can be done by
adsorption, filtration, and sedimentation. Adsorption is done by adding adsorbent,
activated carbon or the like. Filtration is a solid–liquid separation process through
a filter. Sedimentation is a solid–liquid separation process by depositing suspended
particles in the presence of gravity. Biological wastewater treatment is the utilization
of microorganism activity to decompose organic materials contained in wastew-
ater. Each of the three processing methods above has advantages and disadvantages.
Chemical wastewater treatment will produce large amounts of sludge, thus creating
new problems for the handling of the sludge. The use of activated carbon in the
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Fig. 15 Modification of the existing textile WWTP option with the addition of an ozone system as
pre- and/or post-treatment

treatment of waste-containing dyes results in a high percentage of dye reduction, but
the price of activated carbon is relatively expensive and will also increase the cost of
equipment for the regeneration of the activated carbon. The use of ozone in textile
wastewater treatment applications has several advantages. For starters, it has a very
high oxidizing power, so it only takes a few minutes of contact time (CT) to oxidize
the impurities in the liquid waste. Second, ozone makes oxygen more soluble in
water. Third, by using ozone, the WWTP almost eliminates the need for chemicals,
except for those absolutely necessary in the sedimentation process (coagulation and
flocculation). Fourth, ozone can react with organic compounds dissolved in water
(TOC, total organic compounds) and remove them very effectively, thus improving
the performance of biological processes. Fifth, because ozone decomposes quickly
in water (on the order of 1–15 minutes), the residual effects of ozone are easily
overcome. On the other hand, some of the weaknesses or obstacles of the appli-
cation of this ozone technology include, ozone is a toxic gas (TLV from OSHA is
0.1 ppm), whose toxicity is directly proportional to concentration and exposure time.
The installation cost of ozonation is high due to its energy consumption and is rela-
tively more complex than other oxidation processes. An ozone destruction catalyst is
highly recommended to be installed at the outlet, to prevent ozone poisoning and fires
hazard. Can produce unwanted carbonyl compounds (aldehydes and ketones), espe-
cially if the contact time is too short. Recently, the application of ozone to both air,
water, and wastewater treatment as a disinfection agent has received great attention
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worldwide. New technological research related to the development of disinfection
chambers using ozone as a decontamination agent is growing, largely driven by the
2019 COVID-19 pandemic.
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Nanomaterials in Advanced Oxidation
Processes (AOPs) in Anionic Dye
Removal

Aiswarya Thekkedath, Samuel Sugaraj, and Karthiyayini Sridharan

Abstract Water, popularly known as Universal Solvent, plays a vital role for
surviving in this environment. Over a decade, water bodies are being polluted in
several ways (wastewaters, chemicals, dyes, papers, etc.). Out of these pollutants,
dyes are relatively more toxic. Dyes are the pigment used in textile industries. The
dye waste from the industries is likely to pollute the water. For the degradation of
dyes from water, different methods were introduced. Advanced oxidation processes
are one of the prominent methods. In this process, there are physical, chemical as
well as biological methods involved. This chapter coveys a detailed description of
water pollution, how dyes are affecting the quality of the water, advanced oxidation
process, and the nanomaterials used in the advanced oxidation process.

1 Water Pollution—Introduction

In this era, the most challenging situation is freshwater access, a major issue faced
by every region. In rural parts the major cause for drinking water are pollution and
scarcity. Interpreting the causes of pollution, we can say themajor reasonwill be over
population, and besides the increasing demand in agriculture and industry. When the
strange particles enter into the water, the quality is being disturbed resulting in a
change in the environment and human health hazard [1].

Major issues for human health as well as surroundings is the sewage or effluents
disposed to the water as well as environment. It will destroy the common natural
resources, thereby resulting in severe diseases like typhoid like fever, diarrhea,
vomiting, etc. There is another possibility for the quickest destruction of animals
and plants. The pollutants from the water will kill marine life and our ecosystem
also. In our normal food processes some insecticides also influencing more [2].
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2 Hazards of Water Pollution

Factories discharge a huge amount of toxic waste, colors, and organic chemicals.
Heavy metals like copper, arsenic, lead, cadmium, mercury, nickel, and cobalt and
certain auxiliary chemicals and acids, dyes, soaps, chromium compounds, etc.,
make the water highly toxic. Some formaldehyde-based dyes, hydrocarbons, non-
biodegradable dyeing chemicals are other kinds of toxic materials. Some factories
dispose of water having high temperature and pH, which may affect the system.
Other forms which make water appear bad with a foul smell are the colloidal matter
present along with colors and oily scum. This prevents the light penetration into the
water that is necessary for photosynthesis, resulting in refraining the oxygen transfer
mechanism at the air interface. Another issue is the depletion of dissolved oxygen in
water causing hindrance to marine life which will stop the self-purification of water.

In addition, when this effluent is allowed to flow in the fields, it clogs the pores
of the soil resulting in loss of soil productivity. The texture of soil gets hardened and
penetration of roots is prevented. The wastewater that flows in the drains corrodes
and incrustates the sewerage pipes. If allowed to flow in drains and rivers, it affects
the quality of drinking water in hand pumps making it unfit for human consumption.
It also leads to leakage in drains increasing their maintenance cost. Such polluted
water can be a breeding ground for bacteria and viruses. Impurities in water affect
textile processing in many ways. In scouring and bleaching, they impart a yellow
tinge to thewhite fabric. In the dyeing stage, metallic ions present inwater sometimes
combine with the dyes causing dullness in shades. Textile effluent is the cause of a
significant amount of environmental degradation and human illnesses. About 40% of
globally used colorants contain organically bound chlorine a known carcinogen. All
the organic materials present in the wastewater from the textile industry are of great
concern in water treatment because they react with many disinfectants, especially
chlorine. Chemicals evaporate into the air we breathe or are absorbed through our
skin and show up as allergic reactions and may cause harm to children even before
birth.

2.1 Effects of Water Pollution on Human Health

Bonding between human health and pollution is much higher. The spreading will
be through microorganisms commonly known as pathogens and they will spread
diseases easily [2]. Most of the diseases which we commonly know are waterborne
diseases [3]. Floods and heavy rainfall also favor the spreading in developing as
well as developed nations [4]. Only a few percent of the whole population, say
10%, depends on veggies and others grown from this wastewater [5]. Diseases
caused through water were linked with waste excreted toward the water sources
and their resultants [6]. Human health became high risk with this contaminated
water as it results in cancer, nervous disorder, etc. [7]. Chemicals excreted into the
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water will cause blue baby syndrome and cancer [8]. Both urban and rural areas’
mortality rates are increased due to this sewage water. People who are poor will
be more at risk of unhygienic and improper water supply [9]. Women are also
affected because of effluents, as it will cause a lower fetal birth rate [10]. Lower
the quality of water, lesser the production of crops and will affect the marine as well
as human life [11]. Whenever the pollutants are heavier, it will enter into fish’s body
which will be directly eaten by the humans thereby results the entering the pollutants
inside the human body as the pollutants effects the respiratory system of fishes [12].
Water contamination due to metals will result in liver cirrhosis, hair fall, nervous
system failure [13] http://www.alliedacademies.org/environmental-risk-assessment-
and-remediation/. ISSN: 2529–8046.

2.2 Categories of Water Pollution

The twomain sources for water pollution can be generally concluded as point sources
and non-point sources.

Point sources

The directly identifiable sources that are causing pollution are popularly known as
point sources. For example, pipe attached to a factory, oil spill from a tanker, effluents
coming out from industries. Point sources of pollution include storm sewer discharge
and wastewater effluent (both municipal and industrial) and affect mostly the area
near it.

Every type of source related to pollution causes its own consequences and health
issues. The substances which are considered as major water pollutants are thus clas-
sified into several groups which are organic compounds (pesticides, hydrocarbons,
dyes, and oil), inorganic substances (salts, acids, phosphate, sulfates, fluorides, and
toxic heavy metals) or microbial (bacteria, protozoa, and viruses). If any substance
exceeds their sill, then it will cause a series of issues which will be harmful to human
as well as aquatic life. Apart from these, the waste from textiles and paint industries
have colored components (persistent color, organics, toxicants, surfactants, chlori-
nated, and inhibitory compounds), that are resultants from dyeing also one of the
major issues.

Water pollutants may be (i) Organic and (ii) Inorganic water.

(1) Organic water pollutants:

Contaminants include organic wastes such as detergents, disinfection by-products
found in food processing waste, insecticides, chemically disinfected drinking
water, herbicides, chlorinated solvents, petroleum hydrocarbons, volatile organic
compounds, etc.

(2) Inorganic water pollutants:

http://www.alliedacademies.org/environmental-risk-assessment-and-remediation/
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Inorganic pollutants include acidity causing substances from industrial discharges,
ammonia from food processingwaste, chemical waste as industry by-products, fertil-
izers containing nutrients such as nitrates and phosphates, heavy metals form motor
vehicles, secretion of creosote preservative into the aquatic ecosystem, slit sediment
(adapted from [14]).

Non-point sources

The non-identifiable sources which are appeared from numerous sources of origin
and number of ways by which contaminants that may enter into groundwater or
surface water and occur in the environment. Water drained from agricultural lands
and waste from cities are some examples. Causing severe pollution in one place is
known as transboundary pollution. The best example of this pollution is radioactive
waste. This waste will flow to the ocean and different water bodies, thereby resulting
in disaster. The main non-point sources of pollution are the following:

• Industrial Wastes: Waste coming out from factories and mines will come under
this category. Industrial wastes are of different types, somemay be chemical, scrap
metal, solvents, food waste from hotels. These wastes may be in liquid, solid or
semi-solid form.

• Agro-chemical Wastes: This waste includes a wide area of pesticides which
includes herbicides, fungicides, nematicides, and insecticides. Agro waste also
includes some hormones synthetic fertilizers.

• Nutrient enrichment: Heavy production of nutrient will damage the algal growth
and affect finally with a high toxicity. It manages rich productivity in water which
will either be natural or artificial.

• Thermal pollution: Unexpected rise in the temperature of a water body is thermal
pollution. When a plant put back in water with change in temperature will cause
this pollution.

• Sediment pollution: Land erosion is the main reason for sediment pollution.
• Acid Rain Pollution: Chemicals that were excreted into the surroundings will

cause acid rain. It may be because of oxides of nitrogen and sulfur dioxide.
Exhausts from trucks, buses, and cars are also one of the reasons.

• Radioactive waste: This is one of the most dangerous waste which is the after
effect of nuclear research, nuclear medicine, etc.

[https://www.researchgate.net/publication/321289637]

3 Different Sets of Pollution

Water can be polluted by different factors. Some are described briefly as follows
(Fig. 1).

https://www.researchgate.net/publication/321289637
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Fig. 1 Sources of water pollution

3.1 Chemical Pollution

The cause for chemical pollution may be either through organic or inorganic species.
Dyes and pesticides include in organic chemicals and also their derivatives such as
nitrophenols, trihalomethanes, etc. [15, 16]. Another category such as hydrocarbon,
namely phenols, benzene, toluene, xylene, in which an amount of 10–59% gasoline
is the regular contaminant of natural waters. Most newborns have been observed to
be at potential risk of drinking elevated levels of sodium ions [17]. These chemicals
are highly toxic for kidney, liver, and nervous system. Toxic heavy metals having
inorganic ions cause cancer, hypertension, poisoning, and infantile cyanosis [18].

3.2 Heavy Metal Pollution

Zinc, arsenic, cobalt, nickel-like heavymetals released into the environment of textile
industries is great consternation all over the world as these pose a high risk to aquatic
life, human life, and nature. Also these are damaging non-biodegradable nature,
biological half-lives, and potential to accumulate in the body. Due to solubility also,
somemetals are highly toxic.Metals likeCu,Mn,Mo,Znhaving lower concentration,
plays a vital role in physiological functions in marine as well as human life. These
metals are even more dangerous in their free state and also in combined form. Heavy
metals are one of the old toxicants for humans [18].

3.3 Water Pollution Due to Organic Dyes

Diverse dyes are used in various applications and they are dispersed to nature in the
formof sewage or effluents. Out of several types of dyes, azo dyes are commonly used
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because of their stability and versatility, it is used in textiles, printing cosmetics, and
tattooing. However, their non-biodegradability and durability cause pollution once
these dyes are released into the water bodies. Some of the azo dyes are very toxic,
carcinogenic, and mutagenic [19]. One of the malignant pollutants is wastewater
discharge. This discharge consists of almost all types of contaminants that causes a
severe threat to humanity [18].

3.4 Dyes-The Major Pollutant and Its Types

One of the most beautiful words which might give the human a visual pleasure is
none other than color!!! At the same time, it kills us as a sweet poison!!! Color
enhances its self-appearance. Nowadays, pigments and dyes are commonly used in
mills, and various coloring compounds are being utilized for the dyeing process. The
most dangerous and toxic nature of coloring compounds became a threat to aquatic
life. Thus, various methods have been undergoing for the removal of these dyes from
water such as filtration, oxidation, etc. [20].

The major class of dyes is reactive dyes. They are highly distinguished because of
their excellent binding capability due to the covalent bond formationwith the reactive
groups of dyes and surface groups seen on textile fibers. Dyes when discharged into
the environment, cause a disturbance to the ecosystem, thereby increasing the level
of toxicity and threat to humanity. Most common dyes can be seen in fabric materials
(Fig. 2).

Fig. 2 Types of dyes
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3.4.1 Azo Dyes

Azo dyes (mono, dia, tria, poly) account for the majority of synthetic aromatic dye,
which are composed of one, two, three or more (N=N) groups and connected to
benzene and naphthalene rings that are substituted frequently with some functional
groups, e.g., triazine amine, chloro, hydroxyl, methyl, nitro, and sulphonate. They
are basically used in cosmetics, paper printing, pharmaceutical, textile dyeing, and
food. However, 80% of azo dyes are used in textiles because of high stability, low
cost, and color variation. Studies estimated that 10–15% of dyes from textiles are
released into water bodies. For example, the dyestuff of 30–60 g and water of 70–150
L were needed for dyeing 1 kg of cotton, and about half percent of the dyes which
are used ones were thrown by either direct or indirect sources [21].

3.4.2 Reactive Dyes

Dyes are formed by the formation of covalent bonds between diflurochloropyrimi-
dine, chlorotriazine, vinyl sulfone, trichloropyrimidine. In contrast to other classes
of dyes, reactive dyes have many advantages in textiles because of their simple appli-
cation techniques with low energy consumption bright colors, which are water-fast.
Thus, reactive dyes are usually used at present. During the dyeing process, cova-
lent bond bonds faster with reactive dyes. These are widely used in wool an cotton
dyeing processes. Coloring cellulose fibers is done through reactive dyes. Second
case these dyes also be put in nylon, wool but under weaker conditions. In reactive
dyes, the functional groups create hydrolysis by bonding with water resulting in low
utilization.

Reactive dyes are the most problematic dyes among others, as they tend to pass
unaffected through conventional treatment systems [Vol. 4, No. 1, 22–26 (2012)
Natural Science http://dx.doi.org/10.4236/ns.2012.41004].

However, reactive dyes were found to be mutagenic and carcinogenic and even
the intermediate products, i.e., mineralization, aromatic amine, and arylamine, also
have severe adverse effects on human beings, including damages caused to the brain,
liver, kidney, central nervous system, and reproductive system [22].

3.4.3 Anthraquinone Dyes

After azo dyes, another set of dyes that are commonly used in textiles were
Anthraquinone dyes and have been widely used in the garments owing to their
different colors, fastness properties and ease of application, and low energy consump-
tion. Another major advantage of anthraquinone dyes applied in dyeing processes is
their high affinity to silk and wool. However, due to their fused aromatic structure,
anthraquinone dyes exhibit a lower rate of decolorization. Most of these dyes are
mutagenic, carcinogenic, and toxic, therefore, the removal of anthraquinone dyes
has attracted an enormous recognition.

http://dx.doi.org/10.4236/ns.2012.41004
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3.4.4 Triarylmethane Dyes

Triphenylmethane dyes are aromatic xenobiotic compounds that were formed by a
carbon atom placed in center connected with two benzene rings and one p-quinoid
group-chromophore. The common auxochromes are –NH2, NR2, and –OH. These
dyes have brilliant colors with typical shades of green, violet, red, and blue, such as
Malachite green (MG), Crystal violet (CV), Bromophenol blue (BB), etc. These dyes
are widely applied in the garments for coloring the substrates like modified nylon,
polyacrylonitrile, cotton, silk, and wool.

Another important application of triphenylmethane dyes is their use in paper and
leather industry. Their relatively inexpensive dyeing, high tinctorial strength, and
low light fastness, especially in the slow washing and light are considered apt for
dyeing a wide range of garment substrates. In addition, triphenylmethane dyes have
been extensively employed in medicine as medical disinfectants, because these dyes
exhibit antibacterial, antifungal, and antiprotozoal properties, they can be used for
the disinfection of post-operative wounds, and also employed in controlling diabetes.
Some of these dyes (phenolphthalein, fuchsine, and fluorescein) are used as indicator
dyes because of their pH sensitivity.

3.4.5 Other Dyes

One of the most popular azo dyes is Congo red (CR). Congo Red is an anionic
dye (diazo benzidine) that contains –N=N– linkage (double azo). This is highly
dangerous, carcinogenic too. Janus Green B (JGB) is incorporated by conjugating
dimethyl aniline to diethyl safranine through double azo linkage. It has been used
for reduction–oxidation capability. The color of JGB is blue. The dyes which are
highly used in the manufactural and industrial processes such as textile dyeing,
cosmetics, and food includes triphenylmethane dyes. These dyes are carcinogenic
for microbes and mammals. This will result in abnormalities in the reproduction of
aquatic animals. An aromatic amine and an important element of polymers, drugs
are o-Phenylenediamine (OPD). It has been found that this dye is highly dangerous
in case of eye contact and inhalation. A synthetic dye that consists of a large amount
of organic compounds is Brilliant Cresyl Blue (BCB). Some of the cationic dyes
are BCB, JGB, etc., are some organic dyes that have different industrial as well
as scientific applications. Rhodamine 6G (R6G) is widely used in biotechnological
applications. This dye is one among the rhodamine family of dyes. This dye shows
unfortunate effects on humans and microorganisms. R6G is water-soluble and shows
photostability with better absorption coefficient.

Another water-soluble dye which is commonly used as a coloring agent in
garments and food industries is Rhodamine B (RhB). It is basically N-[9-(ortho-
carboxyphenyl)-6- (diethylamino)-3Hxanthen-3-ylidene. RhB is an irritant to eyes,
skin, and highly toxic.
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A water-soluble anthraquinone dye, Alizarin Red S (ARS). It is basically salt
known as 1,2-dihydroxy-9,10-anthraquinonesulfonic acid, sodium. ARS is meant to
be a biologically active dye, which is highly toxic toward human life.

Methylene blue (MB) is a cationic dye that is yet another dye used widely for
colouring in paper, leather, and wool industries.

Crystal Violet (CV) is commonly used in textiles and also used as detection of
structures or tissues in veterinary and human medicine. This causes tumors in fishes
and is also a poisoning agent.

A benzidine-based dye, namely Malachite Green (MG) has been used prefer-
ably in fish farms to stop infections caused by fungi. The combination of MG and
leucamalachite green causes severe health hazards toward humans as well as the
environment. Direct contact of MG will affect our eyes and irritate the skin, which
results in redness [18, 23].

4 Detection of Dyes in Water Samples

In water samples, the detection of dyes is a big issue. As we know the dyes are
colored and spectrophotometry is not possible as the interference of spectral lines in
a mixture may contain a number of dyes including both anionic as well as cationic
dyes, namely BCB, R6G, MB, CV < MO, AO, etc. The quickest analysis of dyes in
water effluents is strenuous, excessive, and requires particular techniques and proce-
dures. Several dyes may undergo biological, chemical, and photochemical degra-
dation in water. The final products formed from degradation were tenacious to the
environment and more injurious to water bodies. Studies reported that under direct
sunlight the photodegradation green dye is transformed into more toxic chemicals.
Due to this degradation, some dyes form intermediates like benzidine, benzene, etc.,
which makes the detection even more difficult [18, 24].

5 Removal of Dyes

One of the huge water consumption industries is the textile industry. The resultant
coming from these industries include different chemicals and coloring compounds
that should be properly treated before disposal. But this treatment is difficult as
the sewage contains various compounds for which the differentiation is tougher.
Currently, the usage of a combination of different methods of treatment so as
to remove the contaminants seen in wastewater treatment (Holkar 2016). Thus,
adsorption became the most effective method for the removal of dye in textile water.

In adsorption, the affordable source of adsorbents is sludge (plant biosolids),
magnetically modified brewer’s yeast, cassava peel activated carbon, tapioca peel
activated carbon, soil, fly ash, jack fruit peel activated carbon, groundnut shell acti-
vated carbon activated with Zinc chloride solution, neem leaf powder, kaolinite,



138 A. Thekkedath et al.

montmorillonite, hazelnut activated carbon, bagasse pith, natural clay, maize cob,
rice bran based activated carbon, guava seeds activated with Zinc chloride solution
followed by pyrolysis, etc. These sources are commonly used for the removal of
colors from dye-house by various research studies.

5.1 Dye Removal Techniques

The major removal techniques involve physical, chemical, and biological method.
The limitations that are faced under these techniques are huge capital costs, lower
efficiency, and formation of excess sludge. Out of these methods, some are adaptable
and better, and appropriate for the removal of dyes [25].

5.1.1 Physical Methods

The physical method involves, first, membrane filtration, which includes reverse
osmosis, nanofiltration, and electrodialysis, Second, it involves ion exchange, and
third is the adsorption. In membrane filtration, the demand for periodic replace-
ment have a severe problem in membrane fouling, which is the major limitation.
Because of low cost, easy operative, simple design, high efficiency, the adsorption
technique became attractive, and also it serves as a better alternative compared to
other treatments. A detailed description of every method is given below.

5.1.2 Membrane Filtration

A membrane is a thin layer material that separates the substance when a force is
applied. This method involves microfiltration (MF), ultrafiltration (UF), nanofiltra-
tion (NF), and reverse osmosis (RO), an advanced treatment technology to remove
color, biochemical oxygen demand (BOD) and chemical oxygen demand (COD).
Usually, the pore size is determined to check whether the particle is passing or
retaining within the membrane, which is the core principle for membrane filtration
accompanied by different membrane techniques. When particles are larger than the
pore size of the membrane, particles will be hindered to pass through.

Membranes with a pore size of 0.03–10 microns having molecular mass greater
than 1,000,000 daltons and low feed water pressure of 100–400 kPa are separated
using microfiltration process.

For treatment of organic colloids or inorganic particles having a separation of
0.05–0.15 μm, is generally used in ultrafiltration method (UF). The studies were
carried out with Reactive Black 5 [26]. The rejection remained as 70% for dye
concentration of 500 mg/L. Thus, UF is considered less suitable for dye removal.

Nanofiltration involves the size of the pore ranging from 1 to 10 angstronm.
Nanofiltration is a combination of ultrafiltration and reverse osmosis. Compared to
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Fig. 3 Nanofiltration process

UF and RO, the maintenance costs, low operation, low investment, higher diffusion
of flux, detention of salts were lower. So nanofiltration is considered superior to UF
and RO (Fig. 3).

Usage of cellulose nanocrystals proved as an effective filtration process for
removal of dye (Methylene blue (MB), Victoria blue (VB), andMethyl violet (MV)).
Later Reactive black 5was studied byAmin et al. using nanofiltration technique from
sewage under different conditions such as flow rate, pressure, temperature, etc. The
results show as the rejection of dye exceeding 99% is possible with a pressure of
15 bar, temperature of 35 °C, and flow rate of 480 L/h. From this study, nanofiltration
is a highly efficient technique in the removal of reactive dyes. Inorganic contaminants
present in water are removed by reverse osmosis (RO). RO removes natural organic
substances, radium. The advantages of reverse osmosis are low waste concentration
is possible, removes nearly all ions contaminated in water, bacteria, and particles are
removed.

5.1.3 Ion Exchange

An attractive feature with high efficiency, low cost for the purification of water is
the Ion exchange method. The strong interaction of functional groups and charged
dyes on the exchange of resins is possible in the removal of dyes in aqueous
solution. Resins are classified into four parts, namely cation exchange membrane,
anion exchange membrane, cross-linkage membrane, and other ion exchange
membrane. Out of these four categories, anion and cation are mostly used for the
removal process. Anion exchange removal represents positively charged groups such
as –NH3+, –NRH2+, –NR2H+, which pass anions and restrict cations.Whereas cation
exchangemembrane contains negatively chargedgroups, namely-SO3−, –COO−, etc.
which allows only cations and prevents anions.

Some removal examples are depicted below.
Congo Red (CR) an anionic dye is removed from water bodies using an anion

exchange membrane studied by Ismail et al. [18]. The study showed that the
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membrane dosage and contact time is a significant influence on CR removal effi-
ciency. The effect of temperature and ionic strength was compared to be very
less.

Removal of Acid dye Orange (AO7) through anion exchange was carried out
by Akazdam and Chafi. The studies include various parameters like pH, contact
time, temperature, adsorbent dosage, agitation speed, etc. The results indicated that
solution pH is an important factor for the removal. The resin almost removed 75%
of AO7 within 100 min. Results indicate that the experimental data was fitted well to
the Langmuir isotherm model with the maximum adsorption capacity of 200 mg/g.
Adsorption kinetics showed that the adsorption process followed the pseudo-second-
ordermodel and thermodynamic studies further confirmed that the adsorption ofAO7
on themacroporous basic anion exchange resin under the investigated conditions was
a spontaneous and exothermic process.

5.1.4 Adsorption

Sticking of ions or atoms or molecules of dissolved solid or liquid or gas to a surface
is known as adsorption. On the surface of the adsorbent, a thin film of the adsorbate
will be created during the process. Adsorption is different from absorption as the
absorption phenomenon involves the volume of the material and adsorption involves
only surface.

The adsorption process is categorized into two, namely: physical adsorption and
chemical adsorption depending upon how the adsorbate is adsorbed on the adsorbent
surface.

Physical adsorption involves the sticking of adsorbate to adsorbent through Van
der Waals force (weak force), hydrogen bonding, hydrophobicity, static interactions,
polarity, dipole interactions, and π-π interactions. Whereas in chemical adsorption,
adsorbates are chemically bound to the surface of an adsorbent by the force of the
electrons exchange.

For environmental remediation purposes, this adsorptionmethod is widely used as
it has been considered superior to other dye removal methods. Moreover, adsorption
does not cause hazardous substances and avoids secondary pollution. Adsorption
by eco-friendly and cost-effective adsorbent was selected for the adsorption process
depending on the adsorption capacity, surface area, and potential for reuse cost of
the materials (Fig. 4).

Fig. 4 Nanoparticles as adsorbents
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5.1.5 Chemical Methods

Chemical methods include ozonation, coagulation-flocculation, precipitation-
flocculation with Fe2+/Ca(OH)2, photocatalytic degradation, electrochemical treat-
ment. These chemical techniques are efficient for the removal of dyes from wastew-
ater, but the excessive use of chemicals causes the difficulty of sludge disposal and
the possibility of a secondary pollution problem. In addition, high electrical energy
and high cost are needed for these techniques resulting in limited use.

5.1.6 Ozonation

The introduction of ozone into water is known as ozonation or ozonization. It is
basically chemical water treatment. One of the strong oxidants is Ozone (contains 3
oxygen atoms).

They can easily decompose into oxygen and free radicals. These free radicals then
combine with dyes causing color destruction. Ozone can strike on pollutants by the
indirect or direct reactive path.

The direct path involves the ozone molecular activity and the indirect path results
in highly oxidative free radicals. The rate of decomposition of ozone is truly affected
by pH and dye concentration. For a low pH, the ozone will be present as molecules
to react with dye as an electrophile.

At high pH, ozone can decay suddenly into hydroxyl radicals in solution, which
are a powerful, effective, and nonselective oxidizing agent. The decolorization effi-
ciencies of Reactive orange 7 (RO 7), Reactive blue 19 (RB 19), and Reactive black
5 (RB 5) were almost 100% are reported in Shaikh et al. For pH 4, 7, 9, and 11
the percentage of color removal was studied in RO7 as 19, 50, 60, and 75%. The
homogenous trend can be noted in the decolorization of RB 5 when the pH reached
11. O3 decomposition and OH radicals production occurred at higher pH values
which hold the performance of decolorization. The research investigated by Manali
and coauthors demonstrated that the degradation of Methylene blue (MB) was up to
94.6% after 26 min [27].

5.1.7 Coagulation–Flocculation

The treatment of drinking water, textile wastewater, and reducing cop partly were
carried out using coagulation–flocculation technique. It is considered an essential
and most efficient method. The usefulness is being reported in Sanchez-Martin et al.
[28].

By adding coagulant to neutralize the negative charges is accompanied with the
destabilization of colloids is happening in the coagulation process.

In the flocculation process, the huge particles are collected to formmicroflocs that
will be taken out in subsequent sedimentation stages or flotation stages. An agent
that causes a liquid or sol to coagulate is called a coagulant.
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Coagulants are divided into two main types coagulants and coagulant aid. Coagu-
lants are either metallic salts, polymers or naturally occurringmaterials. The removal
of dyes by aluminum sulpfate and polyaluminium chloride has been reported. Khayet
et al. stated that the effectiveness of aluminum sulpfate for the removal of Acid black
210 (AB 210) is more than 90% under the condition of 40 mg/L of dosage, 4–8 range
of pH, and 35 mg/L of dye concentration [29].

To modify or to assist a process, coagulant aid is always used. It is basically not a
coagulant. It can be a material or can be a chemical. The use of a coagulant aid will
increase the density of slow-settling flocs and increase the toughness of the flocs so
that they do not break up during the mixing and settling processes.

5.1.8 Electrochemical Methods

In recent years, the most attractive method due to complete decolorization, low final
temperature, operating under moderate pH range, reduced BOD and COD with no
sludge formation is the electrochemical method. Electrochemical method is used in
the preparation of compounds or retrieval of metals, huge growth of decolorization of
dye applications. In this process, highly toxic pollutants are destroyed either directly
or indirectly by oxidation process.

In anode surface, the pollutants are adsorbed first and then destroyed by an anodic
transfer reaction, which is a direct anodic oxidation process.

Strong oxidants are released during electrolysis and then destroyed in the oxidant
solution during its oxidation process, which is known as the indirect anodic oxidation
process [30].

5.1.9 Biological Methods

Themost regular and universal technique used in wastewater dye treatment is biolog-
ical treatment [31]. Microbial technique implementation is shown to be highly
economical, less intensive to treat industrial waste or sewage. These can be treated
better through microbial biosorption and biodegradation. Transformation of dye
molecules to be harmless is done through microorganisms. Functional groups like
amino, hydroxyl, phosphate, carboxyl present in cell wall components are accred-
ited with the above property of microorganisms. This will result in a strong attractive
force between the cell wall and azo dye.

Different species were used for the mineralization and decolorization of various
dyes. This method is advantageous with inexpensive, low run cost, nontoxic resul-
tants. Biological methods are of two types: aerobic and anaerobic, but sometimes a
combination of aerobic and anaerobic is also predicted which is depicted below in
detail [32–36].
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5.1.10 Aerobic Treatment

The potentiality to treat dye wastewaters was carried out by bacteria and fungi
worldwide. Bacteria present in wastewater secretes enzymes which will give out
organic compounds.Aerobic bacteria isolationhas been still persisting [37]. Straining
Kurthia sp. Triphenylmethane dyes such as crystal violet, pararosaniline brilliant
green, malachite green have decolorized upto 92–100%. In this study, after biotrans-
formation, the COD reduction of cell extracts triphenylmethane more than 88%
except ethyl violet (70%). Synthetic dyes does not allow to decompose by activated
sewage in aerobic process [38]. Anerobic strain of bacteria through decolorization
showed outstanding ability on the structure of dye [39].

Research is still going onwhich is based on the study of decolorization of azo dyes
and triphenylmethane dyeswith the help of fungal strains [40]. Different studies were
performed with different fungi, namely Phanerochaete chrysosporium for the decol-
orization of dyes. For the same purpose, several microorganisms were also included.
For example, Cyathus bulleri, Funalia trogii, etc. They concluded during various
tests that concentration, temperature, pH like factors are affecting the decolorization
process.

5.1.11 Anaerobic Treatment

Degradation of synthetic dye was demonstrated [41]. Under aerobic condition, dye
decolorization was succeeded but in conventional aerobic systems perception of
non biodegradability still persists [37]. Mordant Orange 1 and azodisalicylate were
decolorized through methanogenic granular sludge [42]. Zee Van der demonstrates
the possibility of the application of anaerobic granular sludge for the decolorization
of 20 azo dyes [43].

The problem of bulk sludge can be avoided through anaerobic pretreatment. It
was also possible for exclusion of expensive aeration. With the removal of BOD,
decolorization of dyes can be done easily. And also foaming problems can be recti-
fied with the surfactants, through sulfate reduction heavy metals can be maintained,
effluents’ high pH can be acidified, refractory organics degradation can be initiated.
Themain disadvantagewas insufficient onBOD removal, dyeswere loving, nutrients
were not removed [41].

5.1.12 Combined Aerobic–Anaerobic Treatment

A combined form of aerobic and anaerobic treatment is advised to get better results
of decolorization of dyes from industries. A major advantage of this treatment is
the full mineralization through the collaboration of microorganisms. Enhancing
the controlled anaerobic bioreactors resulting in the reduction of azo bond, color-
less aromatic amines. Hence, it will make azo dye treatment fetching. Thus, the
combination is now advised for dye treatment in wastewaters [44–46].
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The factors influencing this treatment are the concentration and pH of the dye
and the temperature of sewage. The main disadvantage of the biological method is
low biodegradability of dyes, less flexibility in design and operation, larger land area
requirement, and longer times required for decolorisation–fermentation processes,
thereby making it incapable of removing dyes from effluent on a continuous basis in
liquid state fermentations [47].

5.1.13 Bioremediation of Dyes

Biodegradation or biological degradation means degradation of the dyes to a less
toxic compound, which is economically feasible, eco-friendly, and eventually aids
color removal [48]. The removal mechanism of azo dyes involves two steps. In the
first step, azo bonds were broken down to form amines and in the second step,
the amines were metabolized into nontoxic molecules under aerobic condition [49].
Under aerobic and anaerobic environments, the bacteria have to survive so that the
degradation will be completely fulfilled for the formation of azo bonds within the
dyes themselves.

The wastewater treatment with using different fungi in dying industries has been
reported [50]. With the combination of aerobic and anaerobic treatment by different
microbes, biological degradation of textile dyes has been noticed a better improve-
ment [51]. Replacement of physical and chemical with the fungal based dye decol-
orization have conducted [52]. An important tool for the effluent treatment from
textiles, paper and pulp industries that comprises PAH-polycyclic aromatic hydro-
carbon is Phanerocheate chrysosporium [53]. This develops lignin and manganese
peroxidases like enzymes. Another study involves Trichoderma harzianum, intro-
duced for cleaning the sludge from different industries [54]. Combo of bromophenol
blue dyes and Congo red were completely degrades using semi-solid PDA as a
medium with fungal mycelium process. The growth of Trichoderma harzianum was
inhibited by the medium which contains Basic blue, Congo red, Acid red, Direct
green, and Bromophenol blue.

Bromophenol blue was considered as a good inhibitor compared to other dyes.
Fungi is distinct as it is fast-growing with larger biomass and the hyphal spectra
are comparatively higher than bacteria. Fungi have a high surface to cell ratio, thus
it is considered as a string degrader [55]. Filamented fungi can be developed as a
strong degrader as it has high surface to cell ratio. The degradation of textile dyes
like Orange 3R was studied based on the combination of Aspergillus Strain (MMF3)
with NaCl having different concentrations [54].

The high decolouration even in a naïve condition, the fungal strain is considered
in the biological treatment of the wastes from the dyeing mills. The anthraquinone
dye-Reactive Blue4 dye can be removed by marine derived fungus as bioremedia-
tion process [56] involves two steps for degradation. First is the partial treatment of
purified laccase and the second is with compounds (with low molecular weight) as
the final enzymatic degradation process. It is found that 29% reduction is confirmed
in total carbon and in toxicity, a twofold reduction is found. The azo dyes found in
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wastewater by the biosorption of paramorphogenic form of Aspergillus oryzae are
reported [57]. The laccase enzyme isolated from Trametes polyzona strain WR710-
1is examined for the decoloration and deprivation of bisphenol-A and other synthetic
dye. About 61% decoloration was observed by Anthraquinone dye (Reactive Blue 4)
andwas found that theCODwas reduced by twofold in 12 h by laccase treatment. The
whole process of metabolites synthesis was monitored bymass spectrometry, UPLC,
and UV–vis spectroscopy to analyze the Characterization. Recently, for eliminating
tannins along with dyes, Biodegradation combined with ozonation has been investi-
gated to minimize pollutant load in the effluent. The biodegradation of wattle extract
and various synthetic dyes was extensively studied using various fungal cultures, like
Penicillium sp. and Aspergillus niger. The removal process of tannins and dyes was
successful with the usage of a hybrid model of ozonation and biodegradation. As the
degradation rate is higher in ozonation, this method is highly beneficial compared
with biodegradation. The pollution level of different physical parameters like BOD,
COD, TOC, TSS, and TDS was found to be at a minimum by this combined model
[58].

5.1.14 Bacterial Degradation of Dyes

In bioremediation, microorganisms capable of catabolizing the organic pollutants to
either recognize the toxic pollutants or to degrade the dyes in wastewater is to be thor-
oughly studied [59, 60]. The study of the dye degradation ability of bacteria must be
done vigorously because it is easy to culture and grow them. Further, it is found that
chlorinated and aromatic hydrocarbon-based organic pollutants are catabolized by
bacteria. Carbon source will decompose the bacteria and the same bacteria have the
ability to oxidize the sulfur-based textile dyes to sulphuric acid. Many bacteria were
identified to degrade different azo-based dyes at a faster rate. By the reduction of azo
dyes, different bacterial group under traditional aerobic, anaerobic and under extreme
oxygen deficient conditions are employed for decolorization. The azo dyes start with
the breaking of N N linkage is the first chemical reaction during the reduction
under anaerobic environment by the azoreductase enzymewhich results in a colorless
solution of aromatic amines. It is also reported that after dye reduction, the metabo-
lites formed [61] can further be catabolized using aerobic or anaerobic processes.
Also during dye decolorization, the intermediate products can also be reduced by
hydroxylase and oxygenase and other enzymes produced by the bacteria [62, 63]. The
aerobic bacteria that propagates in azo compounds are responsible for the formation
of intermediate sulfonated amines which are aerobically degraded. Bacillus subtilis,
Clostridium perfringens, Proteus sp., Pseudomonas aeruginosa, Pseudomonas putida
are some Gram-positive bacterial strains that were found to decolorize various struc-
turally different textile azo dyes effectively. Similarly, Klebsiella pneumonia, Ente-
rococcus sp., and Escherichia coli, being Gram-negative bacterial strains, exhibit
decolorizing efficacy on various dyes. Thus, some naturally occurring bacteria in the
natural water and soil systems are used to biodegrade textile wastewater.
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6 Advanced Oxidation Processes

Advanced Oxidation processes (AOPs) are the processes that involves the powerful
generation of hydroxyl radical (•OH). The hydroxyl radical, •OH, is the neutral
form of the hydroxide ion. Hydroxyl radicals are short-lived and highly reactive.
Hydroxyl radicals are produced from different kinds of energy (electrical, sound,
etc.), hydrogen peroxide, ozone, catalyst. AOPs play a vital role in removing organic
waste from the water. Numerous studies were out regarding the AOPs in water treat-
ment. Generally, in AOPs •OH radical will be released for the degradation of pollu-
tants. They attack the molecules quickly and unselectively. AOPs depend on the
production of highly reactive hydroxyl radicals (•OH). Hydroxyl radicals are strong
oxidants, can oxidize anything present in water. It also reacts indiscriminately and
can easily fragmented results in the conversion of small inorganic molecules. These
radicals are formedwith the help of hydrogen peroxide, ozone or UV light. Two types
of systems are possible in AOPs. Homogenous system and Heterogeneous system.

Nonbiodegradable materials such as pesticides, aromatics, some volatile
compounds present in water can be cleansed up using AOP process. The secondary
treated water with sewage can be treated using AOPs known as tertiary treatment.
The contaminants will undergo mineralization. The ultimate goal of AOPs is the
purification of water from chemical contaminants there by reducing the toxicity of
water (Fig. 5).

For the generation of hydroxyl radicals, the AOPs are classified into different
types.

Fig. 5 Advanced oxidation process-brief
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6.1 Chemical AOPs

Various combinations of chemical agents produce some temporary products. Usually,
hydrogen peroxide is used as an oxidant, sometimes ozone and air are also used.

Fentons’ Reagent (Fe2+/H2O2)

A combination of soluble ion (II) salt and H2O2 known as Fenton’s reagent is used
for the degradation process. As it was developed by Fenton, the reagent was later
known as Fenton’s reagent. Fenton tried a mixture of Fe2+ and H2O2 for the tartaric
acid destruction and oxidation.

Fe2+ + H2O2 → Fe3+ + HO• + OH− (initiation of Fenton’s reagent)

By reduction of oxygen on different electrodes such as gas diffusion electrodes,
graphite hydrogen peroxide can be formed.

O2 + 2H+ + 2e− → H2O2 (1)

With the addition of Fe2+ ions as a catalyst, very strong, active oxidant hydroxyl
radical can be generated which initiate the oxidation of pollutant (RH) molecules

Fe2+ + H2O2 + H+ → Fe3+ + •OH + H2O (2)

Fe3+ + H2O2 → Fe2+ + •OOH + H+ (regeneration of Fe2+ catalyst) (3)

•OH + RH → R• + H2O (4)

H2O2 → HO• + HOO• + H2O (Self scavenging and decomposition of H2O2)

Controlled production of radicals is the advantage of the Fenton process. Fenton
process has been studied in vast contaminants such as pesticides, organic molecules,
also degradation of benzene ring compounds, azo dyes. As this process is easy
to handle, simple inexpensive chemicals and energy output truancy paved the
advantages toward the water treatment.

Heterogeneous Fenton Process (Fenton Like Reactions)

Homogeneous Fenton process has shortcomings for Fenton reactions, heterogeneous
Fenton process taken into account. In this system, the Fe (III) species immobilized
within the structure of pores of catalyst generates hydroxyl radicals from H2O2. In
this method, the strain of iron ions into water results in the precipitation of iron
hydroxide is prevented.
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This method is easily separable, recovery of the catalysts and extendable during
continuous operations. In this process, nano zerovalent iron (NZVI) is highly accept-
able. Oxidation of NZVI delivers an alternative solution for the production of
Fenton’s reagent.

O2 + Fe0 + 2H+ → Fe2+ + H2O2

Nano zerovalent iron commonly influences Carbon-based materials, palygorskite
composites, chitosan, etc.

Catalytic Wet Peroxide Oxidation (H2O2/Catalyst)

The heterogeneous Fenton process using water-soluble catalyst is known as the
Catalytic wet peroxide oxidation process. It involves Fe2+/Fe3+ ions for degradation
process. Some variable valency materials such as cobalt, copper, gold, nickel, and
carbon-based materials will decompose hydrogen peroxide to hydroxyl radical.

Perozonation (O3/H2O2)

A fast reaction of O3 and H2O2 which produces hydroxyl radical is known as
perozonation.

O3 + HO−
2 → O2 + •OH + O−

2

This process is simple and has good bacterial activity. For this reason, pero-
zonation is highly recommended for the disinfection of potable waters. However, the
drawbacks of this process are sensitivity to pH, temperature, and lowwater solubility.

Catalytic Ozonation (Ozone/Catalyst)

Due to the efficient oxidation capacity of ozone, it plays a vital role inwater treatment.
Mainly the removal of contaminants fromdrinkingwater is carried out in the catalytic
ozonationprocess.Heterogeneous catalysts are used to improve the reactivity through
milder conditions, reduces the cost. A complexwill be formed in between the catalyst
and organic compound which will dispose into ozone and metal particles.

Fe2+ + O3 → Fe3+ + O−
3

O−
3 + H+ ↔ HO3 → O2 + •OH

Materials like NiFe2O4, MgO, Co3O4 have been tried as a catalyst in ozonation.

Catalytic Wet Air Oxidation (O2/Catalyst)

Molecular oxygen is used as an oxidizing agent for the treatment of water. This
process needs high temperature (473–593K) and pressure (20–200 bar) for the gener-
ation of hydroxyl radicals. Thismethod is frequently used for the treatment of sewage
having organic matter, COD, defiant to biological purification. The compounds will
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break down in the form of easily treatable, simple before their release.

RH + O2 → R• + HO2•

RH + HO2• → R• → H2O2

H2O2 + M→ 2• OH +þzM

The main disadvantage of the wet air oxidation process is that it’s unfit for miner-
alization.Mixed oxides, ruthenium, Ru/nitrogen-doped carbon nano fibers have been
used for the oxidation process.

6.2 Photochemical Advanced Oxidation Processes

Light is generally used in photochemical advanced oxidation processes as it is clean,
inexpensive, more efficient than chemical AOPs, can disinfect waters. In thismethod,
UV radiations are coupled with ozone and hydrogen peroxide with the catalyst either
Fe3+ or TiO2.

This method can be degraded under three processes, namely photooxidation in
presence of H2O2, photodecomposition in presence of O3 on UV irradiation, and
oxidation by photocatalysis.

Photo Peroxidation (H2O2/UV)

H2O2 is ionized by absorption of UV radiations (200–300 nm). The decomposition
of uncharged radicals of O–O bond of hydrogen peroxide molecule leads to form
hydroxyl radicals through the following reactions

H2O2 + hν → 2•OH

•OH + H2O2 → H2O + HO2•

HO2• + H2O2 → •OH + H2O + O2

•OH + HO−
2 → HO2• + OH−

2 HO2• → H2O2 + O2

•OH + HO2• → H2O + O2
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2•OH → H2O2

For higher efficiency degradation it is advisable to use a higher concentration of
hydrogen peroxide as the molar absorption of hydrogen peroxide is weaker in UV
radiation.

Photo Ozonation (O3/UV)

Ozone present in water absorbs UV region releases hydroxyl radicals which are
proven highly efficient for sewage removal. The series of reactions are as follows:

O3 + H2O + hν → 2•OH + O2

O3 + •OH → HO2• + O2

O3 + HO2• → •OH + 2O2

•OH + HO2• → H2O + O2

Heterogeneous Photocatalysis

When light is exposed to a semiconductor having bandgap, valence electron is excited
to conduction band leaving a hole in the valence band. In photocatalysis method,
the electron hole pair will move to the surface of the semiconductor leading to
redox reactions, and as a result, hydroxyl radicals with ion radicals are formed.
The hole thus formed in a semiconductor serves as an oxidant which degrades the
contaminants directly and hence purifies the water. Titania nanoparticles under this
photocatalysis method are exclusively studied and now emerged as second widest
method for purification of water.

Photo-Fenton/Fenton Like Systems

UV radiation dissociates hydrogen peroxide directly into hydroxyl radicals with a
range of 250–400 nm. The intensity of UV radiation is significant in the degradation
process. Various materials like ferric hydroxide, Fe/ZSM-5 zeolite Fe- supported
bentonite, nanostructures like nickel ferrite have been experimented under this
process.

6.3 Microwave Enhanced AOPs

Microwave enhanced AOPs are categorized into two processes namely homogenous
and heterogeneous processes. In a homogeneous process, the chemical oxidants are
activated primarily under the influence of microwaves and result in the production
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of hydroxyl and superoxide anion free radicals which will help in the degradation
of pollutant species. In a heterogeneous process, primarily the formation of solid
substrates (including solid catalyst) and hot spots on the edges occur. These are also
under the influence of microwaves. The hotspots make the formation of hydroxyl and
superoxide anionic radicals which will prompt the degradation of organic pollutants.

In this process, microwaves are generated at 2.5 GHz frequency and electrodeless
discharge lamps were used as a source of ultraviolet radiation. Under continuous
microwave exposure, it will give an ultraviolet–visible electromagnetic spectrum.
There will be a glass tube containing electron–ion plasma material that acts as a
plasma chamber. When the microwave enters the chamber, the electrons get excited
and collide with the gas atoms and ionize them to produce more excited electrons.

In themicrowave coupled ultraviolet process,microwaves cause the dyemolecules
to get stabilized at high energy excited states which promote the generation
of hydroxyl radicals and result in rapid decay of dyes. In microwave-assisted
ultraviolet/H2O2 process, H2O2 yields a huge quantity of additional hydroxyl radi-
cals under ultraviolet radiation. A combined microwave/ultraviolet/H2O2 process
is highly recommended for the removal of dyes as coupling of microwaves
will rise the temperature of the aqueous pollutant matrix, thereby resulting in
enormous production of hydroxyl radicals and increasing the degradation of
microwave/ultraviolet/H2O2 process.

The microwave/Fenton process improves the efficiency of dye removal. The
priorities in this process involve pH-insensitive, less floc formation, better settling,
and no need for pretreatment. This method is efficient for the degradation of
dyes/mineralization due to synergistic effect of ultraviolet/microwave radiation. The
limitations of ultraviolet/H2O2 and ultraviolet Fenton processes are encountered by
the investigation of microwave coupled photocatalysis. In this method, secondary
pollutants are produced and offer low mineralization.

Acid Orange 7 is degraded through microwave radiation by using polyaniline as a
catalyst in the absence of light source. Bromothymol blue dye in an aqueous medium
is degraded through microwave/ultraviolet/TiO2/O3/H2O2 hybrid process [64].

6.4 Sonolysis/Sonochemical AOPs

In sonolysis, ultrasonic irradiation is used to produce hydroxyl radicals through the
pyrolysis of water. For removing the toxic pollutants, this process won’t produce
any exterior chemicals in the water system. Accordingly, sonolysis is referred to as
the “green method”. Initially, acoustic bubbles were formed during the ultrasound
irradiation. The bubble formation is controlled by changing the frequency and power
that were given in the form of ultrasound serves as a parameter for controlling the
degradation rate of pollutants. Sonochemical treatment efficiency is controlled by
cavitational activity which is yet another crucial parameter in this process. Usage
of intense ultrasonic waves increases the temperature and pressure of the aqueous



152 A. Thekkedath et al.

matrix resulting in the destruction/oxidation of organic compounds or pollutants into
simpler products due to the formation of highly free reactive radicals.

The major drawback of this process is that it does not require any additional
chemicals for the production of hydroxyl radicals. Later it requires high energy and
extra chemicals for mineralization. With this drawback, the sonolysis process is
limited with lab scale or low initial COD value pollutants. The final products of this
process are carbon dioxide, water, inorganic salts, hydrogen, etc. The combination
of ultrasonic, photocatalytic, Fenton, ultrasonic radiation process has more influence
on the degradation of dyes by the release of a huge amount of hydroxyl radicals.

6.5 Electrochemical Advanced Oxidation Processes (EAOPs)

The electrochemical AOPs involve electrochemical treatments which are used to
remove toxic pollutants. This method is based on the generation of the most powerful
oxidizing agent known as hydroxyl radicals, able to destroy the organic compounds
present in the water. Electrochemical AOPs basically involves three methods

1. AnodicOxidation:One of the popular EAOP isAnodic oxidation,where organic
compounds are directly oxidized at the anodic surface by electron transfer or
indirectly oxidized by •OH weakly physisorbed at anodic surface or agents at
the bulk solution (active chlorine species, O3, persulfates, and H2O2). When
anodic oxidation is combined with cathodic electrogeneration of H2O2, then
the process can be named anodic oxidation with electrogenerated H2O2 (AO-
H2O2). The oxidation process in anodic oxidation is carried out by the following
processes:

• Direct electron transfer to anode surface “X”
• During the oxidation of water to oxygen, heterogeneous reactive species

are formed as intermediates including physisorbed •OH at anode surface
[X(•OH)], H2O2 (weaker oxidants produced from [X(•OH)]) and ozone
formed from water discharge at the anode surface

• Other weaker oxidant agents produced electrochemically formed from ions
existing in the bulk.

The equations for anodic oxidation:

X + H2O → X(•OH) + H+ + e−

2X(•OH) → 2MO + H2O2

3H2O → O3 + 6H+ + 6e−
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The efficiency of anodic oxidation is purely dependent on themass transfer of
pollutants from the bulk solution to the anode surface. Anodes are usually made
up of Ti-based alloys, TiO2, graphite, Ru or Ir oxides, boron-doped diamond
(BDD). Studies arose interest in the mineralization of organic pollutants by
direct electrochemical oxidation using boron-doped diamond. These studies
then conclude that BDD exhibits good chemical and electrochemical stability,
a wide potential for water discharge, and longer durability.

2. Electro-Fenton (EF) Process
Electro-Fenton (EF) process is themost knownmethod in EAOP,which involves
an indirect electrochemicalway to produce/generate hydroxyl radical in aqueous
solutions. This method was developed to overcome the drawbacks of the
chemical Fenton process. It can also be called as electrochemically assisted
Fenton process. •OH is generated through Fenton’s reagent (please refer chem-
ical AOPs) in which Fenton’s reagent is electrochemically produced in situ
preventing the use of high quantities of H2O2 and Iron (II) salt. The production
of hydrogen peroxide is one of the crucial parameters as H2O2 controls the rate
of Fenton’s reagent. Hydrogen peroxide is continuously supplied to wastew-
ater in an electrochemical reactor from the two-electron cathodic reduction of
oxygen gas, directly injected as compressed air.

O2(g) + 2H+ + 2e− → H2O2

The above H2O2 production efficiency is not high and depends on operating
conditions such as solubility, temperature, pH, O2).

The second component of Fenton’s reagent is Fe2+ ion, which is formerly
started in a catalytic amount (0.1 nM) in the form of ferrous salts and is electro-
catalytically regenerated from the reductionofFe3+ formedbyFenton’s reaction.
Now, this Fenton’s reagent is produced continuously producing hydroxyl radi-
cals through Fenton’s reaction, thereby destroying the organic pollutants. The
hydroxyl radicals react in the bulk solution with organic compounds resulting
in mineralization/oxidation [65].

The main advantages of the EF process over the classical Fenton process are:

• Elimination of parasitic reactions that waste hydroxyl radicals.
• Probability of controlling the degradation kinetics and performing mecha-

nistic studies.
• In situ controlled generation of Fenton’s reagent.
• Full control of processing by current/potential control.
• Total mineralization of organic compounds including the intermediates.

The selection of the electrochemical process is purely dependent on the struc-
ture and nature of the electrode material, electrolyte composition, and experi-
mental conditions which prevent electrical fouling. Due to versatility, efficiency,
easy handling, safer toward environment compatibility, electrochemical AOPs are
highly recommended.



154 A. Thekkedath et al.

7 Nanomaterials in AOPs

The metal, metal oxide, and inorganic nanomaterials like nano zerovalent zinc,
magnetic Fe3O4, magnesium oxide (MgO), titanium dioxide (TiO2), zinc oxide
(ZnO) are broadly used for the removal of dyes. It is mainly due to their provide
high surface area and specific affinity properties. Further, it is found that nano metal
oxides have a low impact on the environment, low solubility, and no secondary
pollution (Fig. 6).

7.1 Nano Zerovalent Iron

Nano zerovalent iron (nZVI) is powerful in eliminating pollutants like nitrates,
organochlorine pesticides, chlorinated compounds, heavy metals, and dyes. It is
assumed that the oxidation of the Fe0 is responsible for the reactivity of core–shell
nanoparticles of ZVI with their microscale counterparts. The high density and high
intrinsic reactivity of their reactive surface sites also lead to their higher reactivity.

nZVI is effectively found to remove three azo dyes like Sunset yellow,Acid blueA,
andMethyl orange [66]. Increasing the dosage of nZVI, increased the decolonization
of the dyes. But the degradation decreased with an increase in the concentration of
dyes. The acidic condition was favorable in pH effect to the adsorption which may be
due to reduction of H+ ions to atoms by the electrons released from iron particles. A
cleavage of formedby the chromophore group and conjugated system in dyes by these

Fig. 6 Nanomaterials for
dye removal
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atoms with the decrease of pH. The results in the highly efficient decolorization of
Sunset yellow, Acid blue A, and Methyl orange by nZVI. Reactive black 5, Reactive
red 198 and Light green are removed. 500mg of nZVIwith concentration of 100 ppm
removed Reactive black 5 and Reactive red 198 completely and effectively removed
97% of light green dye.

7.2 Nanomaterials with Magnetic Properties

Iron oxide like magnetite (Fe3O4), hematite (γ-Fe2O3), and maghemite (α-Fe2O3)
[67] due to their high ratio of surface area to volume, high magnetic susceptibility,
and excellent biocompatibility, have the tendency to oxidation by air and aggregation
in aqueous systems.

Fe3O4 nanoparticles coatedwith humic acid (HA),which enhances the stability by
reducing oxidation of Fe3O4 are used to removeRhodamineB (RhB). The adsorption
of Rh B by Fe3O4/HA reached equilibrium within 15 min, with a maximum adsorp-
tion capacity of 161.8 mg/g. It removed over 98.5% of Rh B at an optimized pH
[68]. Fe3O4 nanomaterials were fabricated from cetyltrimethylammonium bromide
by chemical precipitation method. This was used as a surfactant to remove Acridine
orange (AO), Coomassie brilliant blue R-250 (CBB), and Congo red (CR) at pH of 4
for CBB, 6 for AO and CR, and at the dosage amount of 0.02 g.Methylene blue (MB)
was removed by impregnating magnetic nanoparticles onto maize cobs with 99.9%
efficiency. Reactive red 120, Rhodamine 6G, and Direct blue 15 were removed by
surface modification of IONPs like ionic liquids, polyacrylic acid, and silica-based
cyclodextrin (Al-CD-MNPs) [69].

7.3 Nano Magnesium Oxide

Nano magnesium oxide (nano-MgO), a nanosized alkaline earth metal oxide with
high surface reactivity and adsorption capacity, is used as a destructive adsorbent
for the removal of many toxic chemicals. Besides, it has excellent optical, electrical,
thermodynamic, mechanical, electronic, and special chemical properties. Hence, it
is utilized as catalyst support, for toxic-waste remediation, refractory as an additive,
in paints and superconducting products, and as bactericide and adsorbent [70]. It
is reported that MgO nanoparticles act as an effective sorbent for Reactive black 5
(RB 5) and Reactive orange 122 (RO 122) with maximum adsorption capacity of
500 mg/g and 333.34 mg/g, for RB 5 and RO 122, respectively [71].

Removal of toxic dyes such as Congo red and malachite green has been studied
with different morphologies of MgO such as nanorods, nanoflakes, etc. Hence,
synthesis of MgO with enhanced surface area with varying morphologies such as
rods, wires, belts, tubes were recently attempted [72]. In a comparative study of
MgO as nanorods, hierarchical nanostructures and nanoflakes for removal of dyes
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were done. It exhibited excellent adsorption with maximum sorption capacities of
1205.23mg/g and 1050.81mg/g, respectively, for the removal of both the dyes which
was relatively considered much higher than other absorbents, maybe due to the high
surface area and hierarchical structures.

An advanced composite material fabricated by the modification of nano-MgO
form was used as the adsorbent for the removal of Rhodamine B (Rh B) [73].
The adsorption process was explained by Langmuir isotherm, where the maximum
adsorption capacity of 16.2 mg/g at pH of 6.75, dosage of 100 mg, and contact time
of 2 h was observed. By using modified co-precipitation method, Rice straw char-
coal/MgO nanocomposites were prepared to investigate the ability to remove Reac-
tive blue 221 (RB 221) from aqueous solutions by varying the amount of shaking
time of 90min, shaking speed of 200 rpm, pH of 7.0, temperature of 26 °C and adsor-
bent dosage of 250 mg at an initial adsorbate concentration of 30 mg/L. The pseudo
first-order kinetics and the Freundlich isotherm were attributed for the adsorption of
this dye. The Langmuir isotherm was calculated to be 27.78 mg/g as the maximum
adsorption capacity. Thus, adsorption of RB-221on nanocomposite of rice straw
charcoal/MgO nanocomposite from aqueous solutions was shown possible.

7.4 Graphene Oxide and Graphene Oxide Based
Nanomaterials

A two-dimensional nanomaterial with tightly packed six-membered rings of sp2

carbon atoms is known as graphene. Graphene has strong mechanical, electrical, and
optical properties. It is found in applications like nano-electronic devices, sensors,
and nanocomposite materials. Further, it to have strong π-π stacking due to the
graphitizedbasal plane structure, found to strongly interactwith the aromaticmoieties
present in various dyes [73]. Graphene oxide (GO) containing oxygen-rich func-
tional groups on its surface, (i.e., carboxyl, carbonyl, hydroxyl groups) is found
to disperse in water and enhance the electrostatic interactions with cationic dye
molecules. Hence, it is considered as a promising substrate for the preparation of
various graphene-based nanocomposites.

Graphene oxide is found to have high efficiency in removal of lead to the
increase of solution pH. Thus, the magnetite/reduced graphene oxide nanocompos-
ites (MRGO) are used to remove Rh B (over 91%) andMG (over 94%) [74]. And the
removal efficiencies were over 80% even after five cycles. Hence, MRGOmay effec-
tively be used for the removal of dye pollutants. Reduced graphene oxide-supported
nanoscale zerovalent iron (nZVI/rGO) was used in the removal of Rh B using arti-
ficial intelligence tools [75]. To optimize and predict the optimum conditions for
the maximum removal efficiency Response surface methodology (RSM) and artifi-
cial neural network hybridized with genetic algorithm (ANN-GA) were used. The
results predicted and experimental value by the ANN-GA model were found to be
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(90.0%) and (86.4%), respectively. Freundlich isotherm was used to fit the experi-
mental data, and the maximum adsorption capacity based on the Langmuir isotherm
was 87.72 mg/gm [76].

7.5 Silver Nanoparticles.

Antibacterial mechanism and microbial inactivity in water is investigated in silver.
Their lower toxicity nature is reported [77]. Silver nanoparticles are derived from
silver chloride and silver nitrate. The effectiveness of silver nanoparticles in dye
degradation is well studied [78].

Water treatment with silver and medicine with silver nanoparticles has been
studied. Anti-infective efficiency is more in silver nanoparticles. Compared to bulk
material, the antimicrobial characteristics of Ag NPs are improved with mechanical,
physical, and chemical properties. For diabetic patients, antimicrobial bandages with
Ag NPs is the most promising application. According to the synthesis of Ag NPs,
the efficiency varies. Some of such applications are the type of metal precursors,
solvents, and reducing agents. Silver nanoparticles are synthesized as a reducing
agent in which water is the primary solvent, thereby efficiency is determined.

Methyl Orange (MO) can be degraded using silver as a nanocatalyst under
photodegradation/visible light. In general, Ag Nanoparticles have been used as a
catalyst for the degradation of dyes namely CR, MO through chemical reduction
by NaBH4 method [18]. Silver nanoparticles incorporated with the novel nanocom-
posite adsorbent, namely the graft copolymer of Poly (AA)/GG have been studied
for the removal of methylene blue from the water [79].

Silver nanoparticle with activated carbon was examined for the removal of methy-
lene blue [80]. Silver nanoparticles with nano silica powder combination show the
removal of dyes such as Eosin yellow, Bromophenol blue 2, Congo Red, Brilliant
blue on adsorption. Novel composite of silver nanoparticles with ploy (styrene-
N-isopropyl-methacrylic acid) reduces adsorption of methylene blue (Sivasankari
Marimuthu 2020).

7.6 TiO2 Nanoparticles

The most promising nanoparticle used for water purification is TiO2 nanoparticles.
It has been used as a photocatalyst because of its nontoxic nature, highly stable, and
reactive nature.

The removal of Direct black 38 (DB 38) with UV/TiO2 shows the decoloriza-
tion process which is sensitive to pH, which arrives to the conclusion that pH is a
controlling factor in the removal process [81]. Ni-doped TiO2 thin films developed
through chemical bath deposition under UV light irradiation method are prominent
for removal of PonceauS dye [82]. RB 5 a prominent azo dyes are removed by
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the synthesized TiO2-NPs through adsorption process. The behavior of the adsorp-
tion process can be explained with pseudo second-order kinetic model. The initial
concentration of RB5 increaseswith the adsorption of RB 5 onTiO2. The synthesized
Titanium oxide nanoparticles thus proved to remove azo dyes from aqueous solution
in better proportion. Further, the adsorbate and adsorbent ratio provides an econom-
ical way to produce expensive semiconductor material support which is convenient
for the detoxification of pollutants.

7.7 Carbon Nanotubes (CNT)

Carbon nanotubes are one of the remarkable materials in nanotechnology which is
used for different applications. Though it possess in single walled and multi walled,
both were used for water remediation. Multi walled Carbon nanotube was studied for
the removal of Ismate violet 2R dye from contaminated water [83]. The effects were
studied using a batch process with influencing factors such as pH, adsorbent dosage,
dye concentration, etc. Multi walled CNT, magnetically modified, was used for the
removal of cationic dyes such as Crystal violet (CV), Thiionine (Th), Janus green B
(JGB), andMethylene blue (MB) from contaminatedwater. Thiswas easily adsorbed
in water and separated magnetically. The influencing factors like pH, concentration,
adsorbent were studied and concluded byMadrakian et al. [84]. Fe3O4 nanoparticles
with multi walled CNT through chemical methods were used for removing dyes such
as methylene blue and neutral red [85].

7.8 Activated Carbons

Water is polluted by synthetic dyes that are released from textilewastewater.Dyes and
their degradation products are highly venomous. Activated Carbon (ACs) are known
as good absorbents. ACs are used in many processes to remove the contaminants as
they readily adsorb color and odor from wastewater as well as drinking water. The
particle size, pH, surface properties of activated carbon affect the adsorption of dye.
Activated carbon has a distinct molecular structure and it is considered to have high
affinity to a variety of dyes. Methods like physical and chemical methods of dye
wastewater treatment can be boosted by the addition of activated carbon [86].

AC prepared from waste cassava peel employing physical and chemical methods
were tested in the removal of dyes and metal ions from an aqueous solution. The
material impregnated with H3PO4 was reported more efficient than the heat-treated
materials although both efficient as adsorbents for dyes and metal ions. The removal
of Rhodamine-B was removed by using tapioca peel activated carbon as an adsor-
bent was reported [87]. The dye wastewater mainly consists of dying ingredients,
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sodium sulpfate anhydride (Na2SO4), and PVA (polyvinyl alcohol). Granular acti-
vated carbon (GAC) and zeolite was used as the adsorbent for dye wastewater
[88].

Activated carbon obtained from peel, crown, and core of pineapple with phos-
phoric acid can be used for the adsorption of methylene blue and malachite green by
the chemical activation method. The abundance of pineapple waste problem can be
solved through this process [89].

Activated carbon with ground nut shell powder and Zinc Chloride as an adsorbent
was used for the dye removal process. The results concluded with the high adsorption
and high removal. Activated carbon with neem leaf powder was used for the removal
of dyes, namely congo red, methylene blue, and brilliant green. The influence factors
were tested and their interactions were studied [90].

The removal of acid red 183 from an aqueous solution was studied by activated
carbon, raw kaolinite, and montmorillonite using an agitated batch adsorber [91].
Rice bran-based activated carbon and guava seeds activated carbon, followed by
pyrolysis were also used as adsorbents to remove dyes from aqueous solutions.

8 Summary

Contamination ofwater through disposal of dyeswas amajor threat for human beings
and the environment. Various aspects of dyes, their origin, effects toward human
health and hazards, detection and degradation were explained in detail. Advanced
oxidation processes, a vital process for dye removal, offer a promising solution
for the degradation or removal of dyes (both organic and inorganic) from contami-
nated water. In future, we can expect more studies in this area for making mankind
conservative (Table 1).
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Table 1 Nanomaterials and the dyes removed

Nanomaterials Dyes removed References

Nano zerovalent iron (nZVI) Sunset Yellow Acid blue A
Methyl Orange

Rahman [66]

nZVI Reactive red 198 Light Green
Reactive black 5

Ruan [76]

Humic Acid coated with
Fe3O4

Rhodamine B (Rh B) Chaudhary [68]

Fabricated Fe3O4 Acridine Orange (AO)
Coomassie brilliant blue
R-250 (CBB)
Congo Red (CR)

Liang [92]

Ionic nanoparticles (ionic
liquids, polyacrylic acid and
silica-based cyclodextrin (Al-
CD-MNPs)

Reactive Red 120, Rhodamine
6G, Direct Blue 15

Absalan [69]

Nano-MgO Reactive Black 5
Reactive Orange 122 (RO122)

Jamil [71]

MgO nanoflakes, hierarchical
nanostructures, nanoflakes

Malachite Green Congo Red Dhal [72]

Rice straw charcoal/MgO
nanocomposite

Reactive Blue 221 (RB 221) Moazzam [73]

nZVI/rGO Rh B Shi [75]

Magnetite/reduced graphene
oxide nanocomposites

Rh B MG Sun [74]

Silver NP loaded Activated
Carbon

Methylene Blue Ghaedi [80]

Nano silica powder fabricated
with Ag NPs

Congo Red Eosin Yellow
Bromophenol blue 2 Brilliant
Blue

Sivasankari Marimuthu (2020)

UV/TiO2 Direct Black 38 (DB 38) Seyyedi [81]

Ni-doped TiO2 PonceauS Dye Marathe [82]

TiO2 RB 5 Hussein (2014)

Multi walled CNT Ismate violet 2R Abualnaja [83]

Multi walled CNT with
magnetically modified

Crystal violet (CV), Thiionine
(Th), Janus green B (JG), and
methylene blue (MB)

Madrakian [84]

Fe3O4 nanoparticles with
multi walled CNT

Methylene blue and neutral red Qu [85]

(continued)
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Table 1 (continued)

Nanomaterials Dyes removed References

Tapioca peel with activated
carbon

Rh B Fathima [87]

Activated carbon with neem
leaf powder

congo red, methylene blue,
and brilliant green

Sharma [90]

Activated carbon from
pineapple with phosphoric
acid

Malachite Green, methylene
blue

Selvanathan [89]
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Sustainable Development
of Nanomaterials for Removal of Dyes
from Water and Wastewater

Gaurav Yadav and Md. Ahmaruzzaman

Abstract Human beings will experience water scarcity in the future, which has
become a prime threat to human life in recent years all over the world. For industry
and our daily life, we need clean water. Due to the increase in the human population,
urbanization, and industrialization, thewater resources are contaminated. So,weneed
a reliable technique to purify wastewater. Due to this, dyes cause various harm to
human beings as well as aquatic life. Recent studies show that dyes are carcinogenic
to human beings. With the help of conventional methods, it is not possible to provide
clean water to everyone, so we need an alternative, sustainable technique. Nano-
materials have special properties like large surface area and high surface reactivity,
which help in the degradation of water contamination. In this chapter, the deletion
of dyes from water effluents with the help of nanotechnology has been discussed
thoroughly. There are various procedures through which we could remove harmful
dyes from the waste, like photocatalysis, adsorption phenomena, etc.

Keywords Water scarcity · Dyes · Adsorption · Photocatalysis · Nanomaterials ·
Wastewater · Chemical reactions

1 Introduction

Water is the most generous natural asset all over the globe. However, due to the
enormously growing population [3], enough water for human beings is not available.
According to WHO, approximately half of the world’s population will suffer from a
water crisis by 2025. Polluted water consumption causes nearly 1.7 million deaths
per year. Today, one of the major problems worldwide is the scarcity of fresh water.
Various inorganic and organic materials are responsible for water contamination and
these leads to health concerns of nearly 4 billion people as reported by Briggs et al.
[12]. The traditional methods like chemical (flocculation, coagulation, electrochem-
ical, and precipitation), physical (skimming, sedimentation, aeration, screening) as
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well as biological procedures (enzyme treatment, aerobic and anaerobic processes)
are not so efficient for fulfilling the needs of humans.

Nanotechnology is the most appropriate technology to provide an optimal solu-
tion for a different type of environmental pollution. Nanotechnology is the most
advanced technique used to remove pollutants efficiently present in wastewater at a
low cost [10, 117, 81]. Nanomaterials are helpful in the removal of aquatic pollutants.
There are many unique characteristics of nanoparticles that assist in the adsorption
of contaminants on the surface of metal nanoparticles. Many nanomaterials like acti-
vated carbon, graphene oxide, and carbon nanotubes eliminate pollutants by adsorp-
tion. Some sites are chemically active in adsorption, having high adsorption efficiency
[51]. Some examples are composite materials [83], carbon-based materials, metal
oxide-based materials, silica-based and graphene-based materials, etc. In addition,
many photocatalysts like TiO2, ZnO, and other metal oxides are used to degrade the
pollutants.

Dyes are colored substances due to the absorbance of a certain kind of wavelength
that is bound to the substrate. The majority of dyes are used in the textile industry
to color clothes. In the twentieth century, the dyes mostly used were obtained from
nature,which did not cause any contamination inwater, but in the twenty-first century,
we used synthetic dyes (artificial), which are harmful to human beings and aquatic
life. Therefore, dyes used by the printing, textiles, and paper industries are the primary
source of adulteration of lakes aswell as rivers [13]. On an estimate, nearly 34million
tones are produced worldwide each year, and of these, about 11% go out as effluents.
Based on the charge, chemical structure, applications, and color, we can classify
dyes. Dyes are categorized into three parts based on charge: non-ionic, anionic, and
cationic. The class of dyes can also be based on the source of materials. On the basis
of source, dyes can be classified into two parts: synthetic dyes and natural dyes.

2 Adverse Effect of Dyes

Dyes are primarily used in the textile industry. Dyes are generally water-soluble
organic compounds [60], and so, it is not easy to remove dyes from water. The color
present in textile dyes is the cause of water body pollution. It inhibits the supply
of sunlight in water [34], which causes low photosynthesis [40] and decreased DO
(dissolved oxygen) in the water. The fabric stains also act as toxic, carcinogenic, and
mutagenic agents [8, 47] in the environment as well as in the food chain through
biomagnification [85]. The commonly used azo dyes used in the dyeing process
are 15–50% that do not tie with fabric and are released into the water without any
treatment.

Though the textile dyes are highly toxic, they cause environmental deterioration
and cause various types of disease in humans and animals [46]. The recalcitrant nature
of dyes leads to bioaccumulation in soil and sediment, which is further carried to
the water systems [105]. Complex metal dyes are widely used in textiles, having
a half-life of 2–13 years [19]. They are previously released into the water, lead to
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bioaccumulation in the tissue of fishes, and through the food chain, reaches the
human body, generating several problems. Textile dyes cause dermatitis and affect
the central nervous system [46], which results in enzyme inactivity [19]. Inhalation
and oral ingestion of textile dyes cause acute toxicity and lead to irritations of the
eyes and skin [18], allergic conjunctivitis, contact dermatitis, rhinitis, occupational
asthma, and other allergic reactions [38].

3 Physiochemical Properties of Various Dyes

As we know, dyes are colored substances. The color of dyes is imparted due to the
presence of chromophoric groups. Numerous physical properties of some dyes are
given in Table 1.

4 Degradation/Removal of Dyes from Wastewater

In the last few years, many methods are developed for the deletion/degradation of
dyes from water effluents with high efficiency based on various techniques. The
adsorption and photocatalysis method are one of the clean methods used to eliminate
stains from water. Some following processes give you the detailed information of
elimination of dyes from water.

4.1 Adsorption

In the last few years, manymethods have been developed for the deletion/degradation
of dyes from water effluents with high efficiency based on various techniques. The
adsorption and photocatalysis method are one of the clean methods used to eliminate
stains from water. Some following processes give you detailed information on the
elimination of dyes from water.

4.1.1 Activated Carbon

Activated carbon has high adsorption efficiency due to the high surface area for
different kinds of contamination [21]. The sky-scraping adsorption of activated
carbon is due to the inception of the material from natural materials like coal,
lignite, and biomass. Different kinds of functional groups like epoxy, carboxylic,
and hydroxyl are found on the exterior of activated carbon, which is helpful for
adsorption. Due to adsorbed ions or the uncoupling of influential groups of carbon,
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there is an electric charge on the surface of activated carbon that depends on condi-
tions like pH and surface characteristics [21]. The capability of activated carbon is
increased with the help of physical and chemical development. Activation of carbon
with the use of the physical method is typically done with the help of inert gases,
steam, and CO2. This helps in the removal of non-carbonaceous atoms and opens
new vents. Inorganic and organic chemicals are used to alter chemical activation to
increase the efficiency of activated carbon. High temperature is generally required in
physical activation, whereas, in chemical activation, low temperature is used. A study
shows that activated carbon obtained from orange peel and modified with the help
of H3PO4 is used to remove basic dyes, especially Methylene blue and Rhodamine
B, from water [26].

Activated carbon is a versatile and economical material used for bleaching [68].
When activated carbon is used from agriculture waste and assisted chemically with
the help of KOH, then the advanced materials are used to degrade acid yellow 17
dyes with a high rate of efficiency [76]. The highest disclosed monolayer adsorp-
tion efficiency is 215.05 mg/g. Activated carbon is prepared as the precursor of the
date sphate and activated using phosphoric acid, then the material formed is used
to degrade methyl orange from water [25]. In another study, activated carbon was
prepared with the biomass of jacaranda and plum kernels,then, the activated carbon
showed better removal capability of methylene blue and acid blue 25 [104].

4.1.2 Graphene-Based Materials

Graphene-based nanocomposites and nanostructures are being used for dye removal.
Graphene oxides and other graphenematerials show the greatest adsorption capacity.
Graphene possesses various physical properties that are useful for the adsorption of
particular harmful materials fromwater. Graphene oxide can be synthesized with the
help of hummer methods [55]. Due to this process, carboxyl and hydroxyl groups
are added, resulting in chemical stability, physical flexibility, mechanical rigidity,
and a high exterior area of graphene oxide [97]. These belongings make graphene a
suitable adsorbent.

Methylene blue and methyl violet degradation were observed by Liu et al. [56]
with the help of 3D graphene oxide in an aqueous solution. Graphene oxide shows
high degradation efficiency of up to 99.1% for methylene blue, and methyl violet is
98.8% within 2 min, having a primary concentration of 800 and 946 mg/l, respec-
tively.Awide range of pH (6–10) is used to remove cationic dye arbitrated through the
attraction between graphene oxide and dyes. Konicki et al. [49] observed the elimi-
nation of Direct Red 23 (DR23) and Acid Orange 8 (AO8) with the help of graphene
oxide. GO shows that the maximum adsorption efficiency for DR23 is 15.3 mg/g
and for AO8 is 29 mg/g. Based on graphene-related materials, chitosan and algi-
tane gain exceptional attention. A novel nanocomposite based on graphene/algitane
is used to degrade methylene blue [124]. The maximum adsorption capacity of the
graphene/algitane double network is 7.2 mmol/g, and for graphene/algitane single
networks, it shows an efficiency of 5.6 mmol/g.
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4.1.3 Carbon Nanotubes (CNT)

CNT has a wide range of applications, including fluid filters, energy storage,
and catalysis. CNTs exist in cylindrical graphite sheets having 2-dimensional and
3-dimensional structures. These are termed SWCNTs (single-walled CNT) and
MWCNT (multi-walled CNT) based on sheets or layers. Because it has numerous
active sites and large surface areas, SWCNTs play a crucial part in the clean-up
approach. Solute particles get adsorbed on the adsorbent due to hydrophobic interac-
tion. Therefore, these provide a promising solution for eliminating organic dyes from
the water [79]. With the help of surface modification, we can enhance the adsorption
capability of the CNTs. Surface medication of CNTs can be done with the help of
absorption of some metals [101, 122], metal oxides like MnO2, [54] Fe2O3, Fe3O4

[99], and Al2O3 [30] as well as by the help of acid treatment [39, 79].
MWCNT modified with alkali showed great adsorption efficiency for methy-

lene blue (399 mg/g) and methyl orange (149 mg/g) [58]. In another experiment,
MWCNT functionalized by glucose removes wide varieties of dyes [80]. The devel-
oped MWCNT shows higher efficiency than the parent one. Gupta and Suhas et al.
[31], Madrakian et al. [59] show the adsorption of methylene blue (48.1 mg/g) and
janus green (250 mg/g) on the surface of the CNT-nano-Fe3O4 composite.

4.1.4 Miscellaneous Nano-adsorbents

Apart from these nano-adsorbents, several other nano-adsorbents are also used for
adsorption of harmful dyes from wastewater. Some of them are silica-based, metal
oxides, chitosan derived, polymeric adsorbents, etc.

Like others, silica has unique properties such as high surface area, high selectivity,
bio-degradability, bio-compatibility, and high absorption efficiency. Besides these,
it is easy to prepare and has no toxicity. Many dyes are effectively adsorbed on the
surface of silica with high efficiency.

Metal oxides like Fe2O3, Fe3O4, and their various forms like hematite and
magnetite are used to adsorb the dyes via surface exchange. Iron oxide possesses a
high surface area, so it has many active sites, which help them to adsorb the adsor-
bate. Neutral red dye can be effectively adsorbed (105 mg/g) by a hollow nanosphere
of Fe3O4 within 60 min when the initial concentration is 200 mg/g [41]. In another
experiment, when the initial concentration of acid red dye was 103 mg/g, it should be
completely removed with the help of -Fe2O3 within 4 min (Nassar et al. 2010). Here
we can also modify the surface of iron oxide to increase its capacity. Nano-sized
MgO is also used to eliminate stains from contaminated water. Hu et al. [37] and
Moassavi and Mahmoudi et al. [71] investigated the elimination of brilliant red X3B
andCongo red. It shows adsorption efficiency up to 254.3 and 297mg/g, respectively,
greater than activated carbon. Literature shows that anionic dyes are also removed
with the help of MgO. In the case of reactive red 198 and methylene blue 19, MgO
was prepared by the sol–gel method, and it showed the highest adsorption efficiency,
up to 123.25 and 166.7 mg/g [71].
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Chitosan is a nature-based nanoparticle that is used against dyes and other pollu-
tants. It has low toxicity and is easy to produce. It is one of the more optimistic
adsorbents for the elimination of dyes. Some removal applications and the degrada-
tion efficiency of chitosan derivatives are given in Table 2. The nanosheet of MoS2
(molybdenum disulfide) looks like a graphene structure which helps in the diffusion
of dyes to the surface. Massey et al. [65] shows that the adsorption of methylene
blue, rhodamine 6G, malachite green, congo red, and fuchsin acid are 297, 216, 204,
146, and 183 mg/g, respectively, in the presence of MoS2. Molybdenum disulfide is
also used as a photocatalyst.

4.2 Photocatalysis

The photocatalysis method is one excellent approach to eliminating dyes from the
aqueous phase. In nanotechnology, photocatalysis is defined as “the use of light to
remove or degrade pollutants.” In the presence of light, the rate of reaction increases.
The nanoparticles deliver diverse morphologies, large surface area, great surface
states, which are helpful for photocatalysis [103]. Metal oxide nanomaterials such
as TiO2, CeO2, MgO, Cu2O, and ZnO have received significant attention in the last
few years. Photocatalysis generally includes the following steps:

• Excitation of electrons by the help of light
• Excitation of electrons from VB (valence band) to CB (conduction band)
• VB has a hole that needs to be filled
• Hole migration to the catalysis surface
• The reaction of the holewithwater forms a hydroxyl radical, which is very reactive
• Radicals react with pollutants and degrade them.

The primary causes of pollutant degradation are holes and electrons. Chemically,
the detailed mechanism of photocatalyst is given below

TiO2 + hv → h+
VB + e−

CB

e−
CB + O2 → •O2

h+
VB + H2O → •OH + H+

The nanophotocatalyst has a size range between 1 and 100 nm. They produce
various oxidizing species on the surface and increase the efficiency, therefore,
beneficial for eliminating multiple pollutants in water [29].
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4.2.1 TiO2

TiO2 is extensively used as a photocatalyst due to its stability, low toxicity, low cost,
and extreme reactive nature. TiO2 exists in three forms, rutile, anatase, and brookite.
However, due to the vast band gap energy of TiO2 (3.2 eV), it is only applicable under
UV radiation. Researchers use the doping of various metals, non-metals, and other
transition metals to lower the bandgap energy. Non-metals like S, C, and N are used
for doping to reduce the energy of the bandgap so that TiO2 works under visible light
[103]. C and S doped TiO2 is effectively used to degrade reactive black 5, methylene
blue, and methyl orange [15] in a short time. N-doped TiO2 inhibits electron–hole
recombination. Doping leads to an increase in the photocatalytic ability of TiO2.

Nasr et al. [72] have observed the elimination of naphthol blue dyewith the help of
TiO2. The efficiency of dye removal depends on the molecular structure of dyes and
the surface property of titanium dioxide. With the help of SrTiO3 (nano-strontium
titanate), Karimi et al. [45] investigated the elimination of various azo dyes. Nano-
strontium titanate is an advanced type of photocatalyst used to remove reactive orange
72 and direct green 6 dyes.

The effect of chloride ions was observed by Yuan et al. [116]. Although there is
a favorable as well as a harmful effect of the chloride ion on dye removal, a high
chloride ion concentration retards the elimination process of dyes. In contrast, low
concentration magnifies the removal efficiency [116]. They observed the deletion of
acid orange 7 dye in the presence of UV radiation.

4.2.2 ZnO

ZnO draws enormous attention as a photocatalyst because of its huge surface region,
low cost, large capacity to absorb UV radiation [36], and large bandgap (3.37 eV).
ZnO synthesized with the help of the sol–gel and co-deposition methods results in
the high elimination of dyes under UV radiation. Deposition of ZnO on SiO2 shows
higher efficiency than ZnO synthesized by the sol–gel process [90] due to substantial
surface area. Like TiO2, the efficiency of ZnO can also be increased by inhibiting
electron–hole recombination. Decolorization of organic dyes with the help of NiO-
ZnO shows better efficiency than pristine ZnO and Degussa TiO2 (P25) [32] in the
presence of UV–visible radiation.

The association of ZnO and TiO2 increases the physical properties and catalytic
efficiency as compared to pure TiO2 and ZnO. There is a migration of electrons
from the CB of ZnO to the CB of TiO2, which inhibits the reconnection process of
electrons and holes and enhances the photolytic activity of organic dyes [4].

4.2.3 Other Photocatalysts

Along with promising adsorbents, graphene and graphene oxide would be good
photocatalysts. Xiong et al. [112] observed the elimination of rhodamine B dye in
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the presence of visible light with the help of reduced graphene oxide. Graphene oxide
efficiency would also be improved by modifying it with Cu ion [112] and Au [111],
which stimulate the photolytic activity of graphene oxide and degrade rhodamine
B effectively under visible light. MoS2 incorporated with graphene results in better
dye adsorption and helps with light absorption [52]. For example, the elimination
of methylene blue with the help of MoS2 incorporated by reduced graphene oxide
(rGO) shows better photolytic results under visible light. MoS2 quantum dots are
very efficient photocatalysts for dye elimination due to their high reaction sites, high
surface area, and increased stability.

Bismuth-based oxides like Bi2O3, Bi4Ti3O12, BiWO6, and BiVO4 work as good
photocatalysts for effective removal of dyes under visible light because of their
small band gap energy. Bi-based catalysts like BiVO4 are used efficiently to remove
rhodamine B under natural sunlight [22, 24]. However, due to the high cost, bi-based
photocatalyst has not been used widely.

g-C3N4 (graphite carbon nitride) has been used for dye removal under visible light
due to its small bandgap energy. This catalyst has wide applications because of its
low cost, high efficiency, low toxicity, and facile synthesis. The effective degradation
of methyl orange is noticed by Yan et al. [113] in the presence of visible light. The
natural g-C3N4 has low removal efficiency. But a variety of substances are coupled
with g-C3N4 to increase its efficiency. For example, ZnO [106], Ag3VO4 [108–109],
Ag [27], Co3O4 [33], modified g-C3N4 has dramatically enhanced their photolytic
efficiency for removal of organic dyes. For example, Ag-loaded g-C3N4 removes
methyl orange 11.5 times better than pristine g-C3N4 [27].

4.3 Chemical Reactions

Dyes can also be removed with the help of chemical reactions. For example, dye
contamination can be effectively degraded by various oxidizing agents like KMnO4,
H2O2, peroxymonosulfate, etc., from industrial wastewater.

Ozonation is one of the best methods which is used for efficient degradation of
dyes from wastewater effluents. The ozonation process is an effective technique due
to the strong oxidation tendency of ozone. Free radicals like OH and O2, formed due
to ozone decomposition, react instantly with stains.

O3 → HO•
4 + HO•

3 + OH• + O−
2

HO•
3 + HO•

4 + OH• + O−
2 + Dyes → Mineralized products

The by-products formed by the ozonation process are quite toxic. So, the by-
products that are created must be degraded by other methods. Degradation of by-
products by ozonation is time-consuming and increases the cost of operation. To
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overcome this problem, numerous modifications are done. For example, ozonation
of dyes with copper ferrite nanoparticles gives NO3

– and SO4
2– as a by-product [61].

H2O2 is a well-known oxidizing agent for the treatment of wastewater. Several
catalysts are used with H2O2 for the elimination of dyes. The current study shows
Fe alginate gel beads/H2O2/UV eliminate Acid Black 234 and Reactive Blue 222
[23], CuO/-Al2O3/H2O2 eliminates Amaranth dye [121] and TiO2/UV-LED/H2O2

for 100% elimination of Rhodamine B [74].
Several other advanced types of oxidation are used for the effective treatment

of water. The efficiency of elimination of Acid orange 7 with the help of H2O2,
persulfate, and peroxymonosulfate is compared by Yang et al. [114]. Peroxides have
a different degree of activation under UV radiation, heat, and anions. The ultrasound
process is an advanced type of oxidation process. Geng and Thagard [28] observed
the removal of Rhodamine B as a consequence of various parameters.

5 Conclusion

Water pollution is increasing continuously in themodern period. The various contam-
inations are mixed rapidly due to increased industrialization. So, the pure quality of
water is not accessible for every human being as well as other living organisms.
Nanotechnology is a better technology for water remediation than that of other
conventional techniques. Various nano-adsorbents are found to possess excellent
adsorption efficiency of multiple pollutants present in water. Dyes are generally
soluble inwater, and so, their removal is necessary.Activated carbon, graphene-based
materials have good adsorption ability than any other materials. Several photocat-
alysts like TiO2, ZnO, and MgO are also effective for degrading dyes in the water
phase.
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Textile Wastewater Treatment Using
Sustainable Technologies: Advanced
Oxidation and Degradation Using Metal
Ions and Polymeric Materials

Megha Bansal

Abstract Textile industries are considered as one of themajor contributors for water
pollution. Textile wastewater primarily contains organic dye molecules along with
heavy metal ions and some polymeric waste material which causes adverse effects
on aquatic system and human health. Insufficient and incomplete treatment of textile
wastewater is a major concern especially when it is discharged directly into the water
bodies. Removal of dye molecules from wastewater has been addressed by several
researchers using various physical, chemical, and biological processes. This chapter
highlights applications and challenges with conventional and advanced treatment
processes. Advanced oxidation process using various combinations of oxidants and
energy sources has emerged as a significant technique. Applications of nanomaterials
and polymers have also been explored significantly for the degradation of pollutants
present in textile wastewater. Integration of suitable technologies is proposed to
achieve complete degradation of pollutants discharged in textile wastewater.

1 Introduction

India is one of the largest producers and exporters of textiles and garments in the
world. In India, the textile industry plays a significant role towards the economic
growth of the country and offers mutual exchange of technology between the coun-
tries. In addition to these benefits, the textile industry is also considered to be highly
polluting industry and leading consumer of water [1]. The textile waste is inevitable
outcome of industrialization. It uses more than 200 L of water/kg of textile product
along with numerous other chemicals and discharge huge amount of wastewater to
water bodies [2]. It is estimated that about 3 × 106 L of wastewater is reproduced
after processing about 20,000 kg of textiles per day. India is not the only country to
face challenges in addressing the issues of textile wastewater management. China
produces approximately 170 million tons of municipal solid wastes annually where
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the contribution of textile waste is 10–15% [3]. According to US EPA, the contri-
bution of textile waste is 9–10% in the total municipal solid waste generated in the
United States [4].

In addition to textile industry, other industries such as pharmaceutical, leather,
and plastic industry also discharge approximately 50,000 tons of organic dyes every
year into water bodies [5]. Textile wastewater includes (a) suspended solid material,
(b) mineral oils, (c) surfactants, (d) Phenols and resins, (e) halogenated organics
produced, (f) dyes and polymeric substances, and (g) heavy metals such as lead,
mercury, chromium, copper, and zinc. The heavymetals have tendency to accumulate
in the biological tissues and are not easily degradable [6]. The disposal of these waste
generates serious governance issues, thus there is a need to recycle them in sustainable
manner [7].

It has been reported that processing of polyester and cotton requires approximately
100–350 kg of water per kg of fabric which contribute up to 80% total wastewater
load [8]. Dyeing and finishing processes utilize large quantities of chemicals and
release complex organic compounds and heavy metals to wastewater thus poses
major threats [9]. In the wet processing of textile fibers, after dyeing the fibers are
repeatedly rinsed, and treated with numerous surfactants, salts, recalcitrant and toxic
chemicals which eventually discharged in water bodies [10].

In the dyeing process, the usage of reactive dyes is increasing exponentially due
to high demand of bright colored fabric. These reactive dyes contain various reactive
groups such as halotriazine, sulfone, pyrimidine, and dichloro-fluoropyrimidine [11].
These dyes are generally used to dye cotton fabric however their fixation rate is about
60–90% only. Thus, unfixed residual is discharged as the textile effluent along with
other alkali, acids, organic dyes, and heavy metals [12]. The synthetic cationic and
anionic dyes such as methylene blue, methyl orange, and rhodamine B are also not
degraded easily thus adversely affect soft tissues and cause genetic changes [13].
Prolonged exposure to these toxicants leads to nervous system disorders, thyroid
dysfunction, and may result as lethal as well [14]. In addition, due to the presence of
various dyes and heavy metals, it is highly carcinogenic in nature and causes severe
adverse effects [15].

Textile wastewater contains a wide range of organic pollutants with different
chromophores and auxochromes (Fig. 1). Therefore, it is not possible to treat a
wide range of pollutants ranging from nanoparticles to polymers, metallic to non-
metallic, and organic to inorganic using single treatment methodology. In addition,
textile wastewater has highly fluctuating pH, with high chemical oxygen demand,
biological oxygen demand, and suspended solids.

Thus, it is imperative to design and adopt a sustainable and eco-friendly model
of textile industry which reduces and overcomes all challenges of waste minimiza-
tion and disposal [16]. It is needed to design effective techniques to understand
the pathways of pollutant degradation and formation of intermediates or products.
The methodologies should not only meet international standards, but also be able
to protect the biodiversity and to ensure the availability of pure water for future
generations. The Textile and Apparel industry in India contributes to 14% of total
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Textile Dyes

Auxochrome
• Carboxylic (-COOH)

• Amine (-NH2)

• Sulphonic Acid (-SO3H)

• Hydroxyl (-OH)

Chromophore
• Unsaturated Hydrocarbon(C=C)
• Cyano (C=N) 
• Carbonyl (C=O)
• Azo (N=N)
• Nitro (NO2

-)
• Quinoid rings

Fig. 1 List of few major chromophores and auxochromes present in textile dyes

industrial production, 4% of gross domestic product, and 15% of total export earn-
ings (Textile Ministry, Make in India, TechSci Research, 2017). There are various
treatments available for treating textile wastewater such as adsorption, photochem-
ical oxidation, catalytic oxidation, flocculation, coagulation, and membrane filtra-
tion; however, these methods are compromised with certain limitation (Table 1). The
major problem is sludge generation in large quantities which further needs to be
treated thereby increasing the cost of treatment process [17].

Table 1 Methods available
for the treatment of textile
wastewater and their
limitations

S. No Method(s) Major limitation

1 Flocculation, Fenton
oxidation

Sludge production

2 Membrane filtration Sludge disposal

3 Adsorption,
phytoremediation

Disposal of concentrated
pollutants

4 Bioremediation Restricted bacterial growth

5 Photochemical
oxidation

Generation of by-products

6 Ion exchange Can be used for specific
dyes only

7 Electrochemical
oxidation

Expensive

8 Electrolytic
precipitation

Need long contact time

9 Ozonation Short life span
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This chapter will focus upon discharge of heavy metals and polymeric fibers in
textile effluent and their possible remediation. The chapterwill also addressmodifica-
tions in the conventional methods and advanced technologies to address the removal
of various organic and inorganic pollutants from textile wastewater.

2 Heavy Metals in Textile Effluent

Textile effluents are rich in organic and inorganic contents along with heavy metals
and other toxicants. Heavy metal discharge to water bodies is of serious concern as
they are nonbiodegradable in the environment [15]. Among all heavy metals lead,
copper, cadmium, chromium, zinc, andmanganese arewidely used for the production
of textile dyes and other materials in the dyeing process [18].

Several researchers have investigated the concentration of heavy metals in textile
discharge and emphasized their adverse effects on aquatic system and living organ-
isms [19]. Chromium pollution by textile industries is highly prevalent, as chromium
is one of the main elements of metal-based dyes in textile industries [20]. Few essen-
tialmetals such as iron, copper, zinc, andmanganese are required inminute quantities
tomaintain normal cellular growth and functioning, however, excess quantity beyond
permissible limit impose adverse effects on human health.

Direct and indirect discharge of heavy metals into the environment causes envi-
ronmental pollution at various levels and poses threat to aquatic and human lives
on prolonged exposure [21]. To propose possible solutions for the remediations
of heavy metals it is needed to have complete understanding of their permissible
limit, toxicological profile, biotransformation, and distribution in abiotic and biotic
environment. Heavy metals are known to cause disturbances in neurological func-
tion, neurotoxicity, hepatotoxicity and nephrotoxicity in humans and animals, bone
degeneration, damage to soft tissues, impaired heme synthesis, carcinoma tomultiple
organs eventually lead to cellular death [22, 23]. In addition, heavymetals also inhibit
microbial growth, their activities and various biological processes such as nitrogen
fixation, decomposition of organic matter in soil. Lead and chromium possess the
ability to generate reactive radicals, which cause oxidative imbalance, resulting to
cellular and DNA damage [24]. These metals also bioaccumulate in aquatic plants
and animals and further enter to ecological cycle [25]. The heavy metals possess
electron-sharing affinities and form covalent bond with sulfhydryl groups of proteins
thereby inhibiting activity of antioxidant enzymes. Studies associatedwith the assess-
ment of occupational exposure to textile wastewater have reported increased risk of
hepatic, renal, and cardiovascular disorders [26]. Utilization of textile waste water
for irrigation leads to accumulation of various heavy metals in crops which further
enters to food chain undergoes biomagnification [27]. Thus, the toxins and pollu-
tants discharged inwater bodies by industries persist in the environment and decrease
the quality of life. This necessitates the requirement of effective techniques for the
removal of toxicants from industrial effluents prior to their discharge into water
bodies.
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3 Microplastic Pollution by Textile Effluent

Textile industry was earlier considered to release only dye containing wastewater
along with some other organic and inorganic pollutants. However, in the recent past,
it has been studied that it has also contributed significantly towards microplastic
and polymeric pollution. During finishing process of textile, some urea-based resins
such urea–formaldehyde, dimethylol ethylene urea are used for imparting anti-
crease finish to final product which ultimately discharge formaldehyde to wastew-
ater. Formaldehyde blocks respiratory tracts and causes serious respiratory ailments.
Copolymers of acrylic acid such as acrylate and methacrylate containing free
carboxyl groups are also released into water bodies which are resistant to biological
attack. Plastic particles smaller than 5 mm in length are referred to as microplastics
[28]. It has become a growing concern in recent years owing to its small size [29].
In order to propose effective solution for microplastics, it is imperative to evaluate
possible sources of its pollution. These particles have derived from a wide range of
industries such as polymer, personal care products, textile, and processing industries
[30].

In 2016, textile washing processes generated approximately 5.4 million tons of
synthetic fibers worldwide [31]. Among various types of microplastic, synthetic
fibers are of most dominant type detected in water, sediments, and living organisms
[32]. Over 90% of microplastics reaches global coastal environments via synthetic
fibers [33]. Industrial and domestic textile laundry is considered as major sources
of synthetic fibers, however, till date there are not many reports highlighting the
impact of textile industries towardsmicroplastic pollution.At industrial scale produc-
tion of textile, fiber requires large amount of water which ultimately discharge into
water bodies. The wastewater discharged by textile industries contains various toxic
compounds, such as phenols, thiazoles, and phthalates, thus, considered as a primary
source of water pollution source [34].

It has been estimated that a household washing machines release thousands of
synthetic fibers after every wash cycle [35] and due to release of textile wastewater it
adds approximately 160,000,000 microplastic particles per day to water bodies [36].
In wastewater treatment plants these particles undergo stress force, and mechanical
mixing which further decreases their particle size and acts as carrier for various
contaminates to food chain [37, 38].

Microplastics have been classified into five categories on the basis of their shape
as films, fragments, fibers, foam, and pellets [39]. Among all the categories, the most
harmful is microfiber due to its size specification. Usually, the length of this fiber
ranges between 100 μm and 5 mm and width nearly 1.5 orders of magnitude shorter
in comparison to length [40]. Various toxic chemicals such as heavy metals, organic
dyes, poly aromatic hydrocarbons, and polychlorinated biphenyl are adsorbed over
these fibers and easily enter food chain. Due to small size, they are easily ingested
by aquatic animals and cause deleterious effects [41]. In Textile industries, a well-
definedwastewater treatment plant removes various organic and inorganic impurities;
however, the current available technologies retain major part of microplastics which
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are being continuously discharged to the water bodies. According to some reports,
majorities of microfibers are removed in treatment stage before the aeration process
only still a large amount enters the aquatic system because the quality of wastew-
ater discharged to water bodies is very high [42]. Bioavailability of microfibers
largely depends upon their shape and size therefore their accumulation is different
in comparison to chemical pollutants.

In the last one-year, COVID-19 pandemic has created havocworldwide andWorld
Health Organization prescribed mandatory usage of face masks as one of the safety
measures to prevent spread of in human beings. Thus, the usage of face masks and
other accessories such as gloves, face shields, protective shoes, and suits increased
thereby their manufacturing as well. All these materials are manufactured with
various synthetic polymeric materials such as nylon, polyester, and copolymer of
polyether–polyurea [43]. Thus, these types of textile industries have also contributed
significantly to the polymeric pollution [44].

4 Advanced Oxidation Process (AOP) for Removal
of Heavy Metals and Organic Compounds

Advanced Oxidation process is defined as a chemical treatment process for the
removal of organic pollutants from wastewater by oxidation process using gener-
ation of highly reactive hydroxyl radical (OH·). If industrial wastewater contains
nondegradable organic and inorganic compounds such as various dyes, polymeric
substance, heavy metals, and their compounds, it is difficult to remove those pollu-
tants by simple chemical or biological methods. Conventional oxidation techniques
are not able to completely oxidize complex structure of organic compounds as they
are resistant to oxidation. To efficiently remove such complex organic compounds
from water bodies, more aggressive treatment methods are needed [45]. At high
temperature the rate of oxidative degradation is limited owing to lesser availability
of oxygen while at low temperature, though the availability of oxygen remains high
however, degradation rate remains less due to limited activity of microorganisms.
In addition, reducing chemicals discharged in wastewater also absorbs dissolved
oxygen thereby retarding process of pollutant degradation. Thus, if there is sufficient
supply of oxygen in terms of oxidizing radicals, it would help to enhance degradation
of pollutants.

4.1 Fenton’s Reagent

AOP is one of the most promising techniques to degrade organic pollutant from
wastewater. In this method, highly reactive hydroxyl radical (OH·) are generated by
using primary oxidants either O2 or H2O2 (Fig. 2).



Textile Wastewater Treatment Using Sustainable Technologies … 195

Fe0+ 2H+ O2

H2O2+Fe+2

H2O2

H2O+Fe+2

OH. + OH- +Fe+3

Fig. 2 Generation of hydroxyl free radical by advanced oxidation process using iron (Fe) and
other primary oxidants. (Abbreviations used: H2O2—hydrogen peroxide; Fe0—zero valent iron;
OH·—hydroxyl radical; OH−—hydroxyl ion)

In this process, all organic compounds are degraded to carbon dioxide (CO2),H2O,
and inorganic salts [46]. This technique can remove persistent organic pollutants such
as textile dyes, pharmaceuticals, polymeric substances,microplastics and serves as an
effective treatment step in water purification or final stage before water discharge to
water bodies [47]. Hydroxyl radical is highly reactive towards oxidative degradation,
however, themajor drawback is its non-selectivity.Alongwith the targetedmolecules,
it reacts with many other nontarget compounds present in the water matrix. Thus,
demand of OH· increases to complete the process of degradation.

On the basis of generation of OH· Radical, the process can be defined as homoge-
neous and heterogeneous (Fig. 3). Homogeneous process requires chemical reagents

Heterogeneous
Hydroxyl radicals are 
generated by Energy 

Source
UV Light
Photocatalyst (Metal 

Salts)

Homogeneous
Hydroxyl radicals are 
generated by Primary 

oxidants
Ozone
Oxygen
Hydrogen Peroxide

AOP

•
•
•

•
•

Fig. 3 Types of advanced oxidation process (AOP) on the basis of generation of hydroxyl free
radicals
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(O2, O3, H2O2) while heterogeneous process works with energy sources such as UV
light source or photocatalyst.

Fe2+ + H2O2 → Fe3+ + HO· + HO− (Homogeneous Fenton) (1)

Fe3+ + H2O2 + hv → Fe2+ + H+ + HO·
2 (Photo Fenton reaction) (2)

H2O2 + hv → 2HO· (Photo-peroxidation) (3)

Homogeneous Fenton and Photo-Fenton processes have few limitations as [48]:

• These reactions operate at pH less than 3 when Fe exist in soluble form
• Concentration of reagents need to be maintained optimum to avoid scavenger

effects
• Sludge is produced as by-product thus disposal needs to be maintained
• As Fe salts are used for the supply of Fe thus, in the treated water Fe remains is

present in traces which may adversely affect soft tissues
• Textilewastewater contains acidic radicals such as chloride (Cl−), sulfate (SO4

−2),
phosphates (PO4

−3), which may react with OH· and decrease the efficiency of the
oxidation process.

Fenton’s reagents (H2O2 and Fe2+) and ozone (O3) under AOP have been used
extensively to treat textile wastewater to achieve the best results. Fenton’s oxidation
was used to degrade various reactive dyes such as Remazol Yellow, Remazol Black
5, Remazol Blue and Remazol Red, and was found significantly effective in their
decolorization (>99%) [49]. This process is also effective for the degradation of
aromatic amines as well under acidic conditions. This oxidation process can be used
to reduce the organic matter present in textile effluent. In this process, concentration
of H2O2 serves as a limiting factor, i.e., higher concentration of H2O2 produces
more OH· radical; however, increasing H2O2 concentration above a certain level
may further reduce the rate of oxidation due to self-decomposition and generation
of less reactive free radical [50].

Self-decomposition: H2O2 → O2 + H2O (4)

Generation of less reactive free radicals: H2O2 + Fe3+ → OH·
2 (5)

In addition, excess of H2O2 may react with OH· radical and compete with the
degradation and reducing the efficiency of treatment process [51].
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4.2 Ozone (O3)

Ozone is a potent oxidizing agent known for treating wastewater. Ozone gets easily
dissolved in water and oxidize organic compounds and pollutants in two different
ways:

• Direct oxidation as molecular ozone
• Indirect oxidation via formation of secondary oxidants like OH·.

Ozone due to its strong oxidizing property and high oxidizing potential (2.07)
has been used for wastewater treatment since 1970s [52]. Germicidal efficacy of
ozone is 100 times in comparison to hypo chloric acid disinfection property is 3,125
times faster. Ozone due to its highly unstable nature should always be generated
on site. Oxidation potential of O3 is −2.07 V which is greater than that of other
potent oxidizing agents such as hypochlorite acid (−1.49 V) and chlorine (−1.26 V)
(Table 2). With the help of ozone treatment, many nonbiodegradable products can
also be decomposed. The challenges in using ozone treatment are the limited life span
which is 20min inwater, and its reduction in the alkalinewater [53].Ozone function in
two ways (a) a powerful disinfecting agent (b) a strong oxidizing agent and eliminate
color, odor, and toxic organic compounds [54]. Ozone has been reported to decolorize
all dyes, except insoluble vat and disperse dyes because these dyes have slow reaction
rate which becomes a limiting factor in the reaction [55]. Decomposition of ozone
produces free radical OH·

2 and OH· which oxidizes various organic and inorganic
impurities such as heavy metals and their salts, organic matter, and biological matter.

Ozone reacts via three specific reactions for the oxidation of organic molecules
and polymeric substances: electrophilic addition of ozone to the Carbon–Carbon
double bond: Ozone readily adds on to aliphatic unsaturated compounds, such as
olefin and causes the oxidative cleaving of the alkene or alkyne.

Ozonolysis: Ozone gives addition reaction with alkenes to form ozonide. The
reaction takes place in non-aqueous solvents, as presence of traces of water as well
will hydrolyze ozone to other products before the reaction.

Table 2 Electrochemical
oxidation potential of various
oxidizing agents

S. No Oxidizing agent Electrochemical oxidation
potential, V

1 Fluorine −3.06

2 Hydroxyl radical −2.80

3 Oxygen (atomic) −2.42

4 Ozone −2.07

5 Hydrogen peroxide −1.78

6 Hypochlorite −1.49

7 Chlorine dioxide −1.26

8 Oxygen (molecular) −1.23
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Substitution reaction: In this reaction, one atom or functional group is replaced
with other groups. Ozone leads to cleavage of carbon–carbon bonds to generate
fragmented organic compounds via inserting oxygen atom between the ring carbon
and hydrogen atom [54].

The oxidation reaction using ozone is affected by various factors like pH, temper-
ature, total organic carbon, and chemical oxygen demand. It has been reported that
at acidic pH ozone reacts as intact O3 molecule and the reaction is slow while at
alkaline pH the reaction is rapid due to decomposition of ozone into hydroxyl free
radicals. Thus, alkaline pH ranging from 8 to 10 is optimum for oxidation of organic
molecules by ozone [54].

4.3 Ozone (O3)/Ultraviolet (UV)/Ultrasound

Combination of two or more AOPs may provide synergistic effects for oxidative
degradation by generating more hydroxyl radicals. The various combinations can be

• UV radiation + Ozone
• UV radiation + Hydrogen Peroxide
• Ozone + Ultrasound energy + Photochemical/photocatalytic oxidation.

The efficacy of combined system will depend upon the extent of synergism,
number of generated hydroxyl radicals, and efficacy of contact between free radicals
and pollutant molecules [56].

Treatment of organic compounds with ozone does not provide complete oxidation
to CO2 and H2O in many cases. The intermediate remained in water after incomplete
oxidation may be same or more toxic that initial toxicant. Thus, combination of
O3 with UV is more effective in comparison to simple ozonation. Photons of UV
light activate ozone molecules, thus promote generation of hydroxyl radicals at a
quicker rate thus increasing the efficacy of oxidation reaction [57]. For efficient
ozone photolysis maximum radiation output of 254 nm from the UV lamp must be
used.While proposing a combination of ultrasound with O3, the operating frequency
should not be more than 500 kHz which plays as one of the significant factors [56].

4.4 Hydrogen Peroxide (H2O2)/Ultraviolet (UV) Radiation

Hydrogen peroxide alone is not effective for oxidation of organic toxicants at both
acidic and alkali pH [58], however, when H2O2 is irradiated with UV radiations it



Textile Wastewater Treatment Using Sustainable Technologies … 199

forms two hydroxyl radicals 2OH· that react with organic contaminants present in
textile effluent [59]. The combination of H2O2 + UV is also highly effective to the
scavenging effect of carbonate ions at alkaline pH. In the combination of H2O2 with
UV radiation, the peroxide is activated byUV light. The extent of activation primarily
depends upon concentration of H2O2, strength of UV radiation, pH of medium, and
composition of dye. Acidic dyes are most easily decomposed by this system having
accumulative number of azo groups; however, it is not effective for degradation of
pigments [60]. This method has various advantages over other oxidation process and
the most important is no sludge formation at any stage of process.

The process is effective at acidic pH; however, at alkaline pHH2O2 underUV radi-
ation oxidizes alkalis to produce oxygen and water rather in place of hydroxyl radi-
cals. Concentration of H2O2 also largely affects the reaction. At high concentration,
it competes with the dye molecules for reaction with hydroxyl radicals and decreases
the rate of oxidation. In addition, at high concentration, OH· radicals dimerize to form
H2O2 [61]. Thus, it is essential to optimize concentration of H2O2 to have maximum
efficacy of the reaction. The rate of dye degradation increases with the increase in
intensity of UV light [62]. It has been found that increasing the power intensity of
UV radiation from 18 to 54 W increased degradation efficiency from 90.69 to 100%
due to excessive generation of OH· [63].

Advantages of H2O2/UV process are as follows:

• No Sludge formation
• Reaction takes place at ambient temperature
• Oxygen generated as by-product can be used for biological decay
• Rate of reaction depends upon pH, concentration of H2O2, and intensity of UV

radiation.

4.5 Ozone/Ultraviolet/Hydrogen Peroxide

Among all AOPs, the combination of O3/UV/H2O2 has been reported to be best
for the purification of dye wastewater including degradation of polyester fiber, and
degradation of dye molecules [64]. The addition of H2O2 to O3/UV system enhances
the rate of OH· generation by promoting decomposition of ozone and acting as a
catalyst for the reaction [65]. In addition, at alkaline pH H2O2 reacts with O3 to
produce OH·

2 radical which dissociates O3 more effectively than OH·; however, at
acidic pH the reaction is slow. Thismethod is termed as peroxonemethod. At alkaline
pH, H2O2 itself dissociates into OH−

2 ions which also initiate ozone decomposition
more effectively than OH− ion [66].
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5 Advanced Techniques for the Degradation of Metallic
and Polymeric Compounds

5.1 Photocatalysis

The principle of photocatalyst lies in the generation of electron as reducing agents and
hole as oxidizing agents. The mode of action is described in Fig. 4. In photocatalysis,
the design of photocatalytic reactor is also very important in order to have effective
contact between the toxicants and photocatalyst and adequate absorption of photons.
Thus, for an ideal photoreactor it must have high specific surface area, high mass
transfer, and direct light irradiation of catalyst surface [67]. This process has various
advantages as (a) It completely oxidize organic pollutants to CO2, water and mineral
acids, (b) moderate temperature and pressure is needed, (c) no sludge is generated
thus free from sludge disposal problem.

Titanium dioxide (TiO2) is the most commonly used photocatalyst owing to its
high nontoxic nature, inertness towards biological and chemical reagents and high
photocatalytic activity [68]. Photocatalytic degradation of various organic substances
has been assessed using TiO2 since the last six decades [69]. TiO2 has been reported
to degrade wide range of pollutants including dyes, phenols, plasticizers, polychlo-
rinated biphenyls, surfactants, and dioxins [70]. The major challenge in using TiO2

as a photocatalyst is its bandgap width (3.2 eV), which allows absorption of wave-
lengths lower than 380 nm only, i.e., in UV region. Various techniques such as dye

Valence Band UV Light 

e- scavengers

1

Conduction Bande-

h

Reactive Radicals

(OH. , O2
-; HO2

.)
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Fig. 4 Generation of free radicals in photocatalysis (1) With the help of UV light the electrons are
excited, (2) electrons excited from valence band to conduction band generating behind positively
charged holes (h+) which act as oxidizing agent, (3) electrons are quenched by scavengers to prevent
their combination with holes, and (4) electrons act as reducing agents and generate free radicals
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sensitization, modification of surface, and doping have been used by researchers to
enhance the activity of TiO2 [71]. TiO2 has been doped with copper, cobalt, molyb-
denum, and many other metals to increase its light absorption capacity to visible
region [72]. TiO2 doped with zinc showed better photocatalytic activity and reduced
bandgap energy in visible light [73]. However using heavy metals for doping TiO2

may produce toxic intermediates and create heavy metal pollution [74].
TiO2 photocatalytic systems can be used as either photoreactors or immobi-

lized on solid support system (Table 3). In photoreactors, the suspension system
is maintained for the reaction. In suspension system, the catalyst has to be separated
from treated wastewater and recycled before discharge which is a cost intensive
and time-taking process. In addition, absorptions of UV light by catalyst particles
limit its effective penetration to the desired depth thereby limiting complete oxida-
tion [75]. This problem can be addressed by using immobilized photocatalyst over
some suitable support system. However, immobilization of catalyst also decreases
the rate of reaction due to availability of reduced surface area of catalyst for reac-
tion. Researchers have studied degradation of Acid Blue 25 dye using immobilized
titania nano photocatalysis and reported lower generation of hydroxyl radicals with
increased concentration of dye [76]. At high concentration of dye, a smaller number
of photons hit the surface of catalyst resulting in decreased generation of hydroxyl
radicals [77]. Complete degradation of dye converts all carbon, nitrogen, and Sulfur
atoms to CO2, nitrate, and sulfate ions, respectively [78]. Immobilization of TiO2

on polymeric sheets is one of the efficient methods for the photocatalytic imple-
mentations at large scale owing to easy availability and handling, flexibility, cost
effective, and light weight of polymer [79]. The photocatalytic activity of TiO2 is
largely affected by various cations, anions, and organic compounds as they can be
adsorbed over TiO2 surface and decrease the activity [80, 81]. Photocatalytic degra-
dation technique cannot be implemented for field applications in treating large-scale
contaminated sites.

Table 3 Immobilization of TiO2 onto various polymeric systems for the degradation of dyes

S. No TiO2/polymeric system Degraded dye Reference

1 TiO2 immobilized on a glass slide/polyallylamine
hydrochloride/polystyrene sulfonate system

Dimethoate [82]

2 TiO2/reduced graphene oxide/nylon-6 filter
membrane

Methylene blue [83]

3 TiO2/cotton fabric Rhodamine B [84]

4 TiO2/polydimethylsiloxane (PDMS)/ Methylene blue [85]

5 TiO2/cellulose acetate Cytotoxin [86]

6 TiO2/sodium alginate/carboxymethyl cellulose/ Congo red [87]
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5.2 Metallic Nanoparticles

Metals play a very important role in removal of dyes from textile wastewater. One
of the areas is by using magnetic nanoparticle as adsorbents treatment [88]. In the
recent past, many researchers have used various magnetic materials for the removal
of dyes from wastewater [89]. Usually, applications of nanoparticles are limited
for the removal of anionic dyes due to similar charges both on dye and surface of
nanoparticle there for several modifications were done to change surface properties
of these particles (Table 4).

Jabbar et al. [93] synthesized cobalt aluminate (CoAl2O4) nanoparticles by pyrol-
ysis for the dissociation of Novacron Deep Night S-R dye in combination with UV
radiation. They reported that in the presence of H2O2 the dye degraded 67% within
50 min. Several metal oxides have also been reported for the photocatalytic degra-
dation of organic dyes and pollutants [94]. Spinel oxides are stable semiconductors
which have sufficient band gap energies suitable for photocatalytic degradation of
organic dyes [95]. The catalytic efficiency of such metal oxides depends on their
specific surface area, morphology, crystallinity, particle size, and chemical compo-
sition [96]. Several routes of metal oxide preparation and their benefits are presented
in Fig. 5.

Oxidation process by using Zero Valent iron has added advantages as it involves
various pathways comprising of reduction and oxidation reactions which are specific
for the nature of pollutant and reaction conditions [97]. The generation of free radicals
occurs in three stages:

Fe0 + O2 + 2H+ → Fe2+ + H2O2 (6)

Fe0 + H2O2 + 2H+ → Fe2+ + 2H2O (7)

Fe2+ + H2O2 → HO· + OH− + Fe3+ (8)

Nanotechnology is playing an imperative role in environmental remediation of
organic and inorganic pollutants since the last decade [98]. Several researchers have
reported efficacy of nano zero-valent iron towards degradation of organic textile

Table 4 Modified nanoparticles for the oxidative degradation of dyes

S. No Modified nanoparticles Dye Reference

1 Ammonium-functionalized silica
nanoparticle

Methyl orange [90]

2 Modified Fe3O4 magnetic
nanoparticles

Reactive red-120 and resorcinol [91]

3 Surface modified zinc ferrite
nanoparticle

Direct red 23, Direct red 31 and
Direct green 6

[92]
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Fig. 5 Various methods for the preparation of metal oxide along with their benefits and challenges

pollutants [99]. It has beenobserved that specific area of nano zero-valent iron ismuch
larger (29 m2/g) in comparison to bulk particles (0.2 m2/g) which improves the rate
of oxidation and degradation of organic pollutants [100]. The degradation of various
organic and inorganic pollutants by using nano zero-valent iron is summarized in
Fig. 6. In this process, pH of the reaction media, dose of nanoparticle, and initial
concentration of dye play a very important role in degradation process of organic
pollutants. If pH is alkaline, Fe2+ ions and OH− ions may precipitate as Fe (OH)2 on
the surface of zero-valent iron and occupying the reactive sites [101]. At alkaline pH,
the reducing pathway is prevalent which is less effective in comparison to oxidation
process. Aggregation of these particles is a major challenge in this process as due to
high surface area these particles are highly reactive and aggregate at the faster rate.
These particles get oxidized and aggregated in the presence of atmospheric air thus
are highly unstable [102].

Various solid supports can be used to prevent aggregation of nano zero-valent
iron and increase their efficiency for dye degradation (Fig. 7). The solid support
systemmaintains nanoparticles in dispersed phase, protects them from air oxidation,
and increases contact area, however, reduced their activity towards degradation of
textile dyes. Few supports such as biochar, kaolin and rectorite, rather than degrading
the pollutants simply adsorb them and transfer them to the surrounding environ-
ment. Hence, degradation or oxidation of pollutants is recommended instead of their
adsorption.

Incorporation of heavy metals as a support system for the synthesis of nanopar-
ticles may further introduce these toxic substances to the environment. Thus,
researchers proposed the synthesis of nano zero-valent iron using various green
support materials such as extracts of green tea, eucalyptus leaf, grape leaf, and other
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tree leaf extracts. These extracts provide stabilization to nanoparticles and enhance
their efficacy as well for the degradation of textile dyes and other organic pollutants
[103]. Zhang et al. [104] reported removal of Pb(ii) by using nano zero-valent iron
supported over kaolin while Ali et al. [105] synthesized nano zero-valent iron using
porous cation exchange resin as a solid support reported the efficacy for the reduction
of Cr(vi) to Cr(iii) in aqueous solution.

The process of pollutant degradation is based on reducing nature of these particles.
Nano zero-valent iron particles are potential reducing agent (electron donors) while
organic dye molecules are brilliant oxidizing agent (electron acceptors). Therefore,
they reduce Fe2+ ions, and generate hydroxyl ions which further dissociate chro-
mophore bond and auxochrome bond thereby decolorize the dye molecule. The
intermediates on complete mineralization produce CO2, H2O, and inorganic ions.
The efficiency and reactivity of nanoparticles can be improved, by integrating with
other treatments such as irradiationwithmicrowave, UV, or ultrasonic irradiation and
using H2O2 oxidation [106]. Partial removal (up to 55%) of organic pollutants using
nano zero-valent iron has been reported, however, by using additional oxidizing
agent H2O2 and integration of UV technique the removal increases up to 90.0%
[107]. Mao et al. [106] reported decolorization of reactive yellow and solvent blue
dyes up to 60.0% and 94.0%, respectively, in only 5 min using nano iron along with
microwave radiations. Studies are being conducted using scrap zero-valent iron as
well for the treatment of wastewater as a method to propose reutilization of by-
product from machinery industries [108]. These methods are one of the promising
and cost-effective way for treating textile wastewater.

5.3 Natural and Modified Polymers

Natural polymers plant or animal-based serves as an efficient method for treating
textile wastewater and dye removal. Removal of organic and inorganic pollutants
using natural adsorbents is considered to be economic, and sustainable alternative
over other physical and chemical processes [109]. Biosorption is a passive process in
which metal ions present in the textile wastewater interact with the functional groups
on biological material’s surface. This process ensures various advantages such as
cost effectiveness, reduced sludge generation, easy regeneration of adsorbent, and
higher removal capacity [110]. The specific chemical structure and composition of
the polymer play a significant role towards effective removal of dyes from textile
wastewater. Natural polymers are synthesized from various plant sources which then
further subjected to chemical and physical treatment to givemodified natural polymer
with enhanced efficacy for the removal of textile dyes (Fig. 8).

The natural polymers contain various anionic groups such as hydroxyl (OH−),
phosphate (PO4

−), and carboxyl (COO−). These groups show affinity towards
cationic dye molecules present in wastewater by using electrostatic force of attrac-
tion [111]. Usually, these polymers are effective in acidic environment, however,
removal of methylene blue dye is reported in alkaline conditions (pH-8) as well
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[112]. Seeds of nirmali show excellent binding properties for dye molecules due to
the presence of OH− groups along with galactomannan and the galactan molecular
chains. Polymers differ in molecular weights based on their molecular structure.
High molecular weight polymers carryout removal of organic dye molecules more
effectively due to charge neutralization, bridging, and electrostatic attraction. Chem-
ical modifications have been done in cellulose with sulfur-bearing functional groups
such as thiols, dithiocarbamates, dithiophosphates, and xanthates for metal bonding
as these groups have higher affinities for heavy metals ions and least affinities for
other light metals [113]. Xanthates offer high stability with heavy metal ions, in
addition they are easily prepared and cost effective as well. The sludge formed using
xanthate metal complexes is easy to settle down thereby can be disposed of with
minimal efforts. On the other hand, the precipitates as metal hydroxide may release
metals ions into the environment thus, they need to be treated before disposal and
can be pretreated using solidification or stabilization [114].

In recent years researchers have focused on the extraction of microbial polymers
owing to their low cost and easy processing. The microbes which have been used
are Pseudomonas pseudoalcaligenes, Pseudomonas plecoglossicida, and Staphylo-
coccus aureus. These polymers have been effectively used for those dyes which
are resistant towards decolorization due to their acidic nature such as fawn dyes,
mediblue, mixed dyes, and whale dyes [115].
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5.4 Nanocomposites

Metal oxide nanoparticles and nanocomposites show excellent adsorption properties
for heavy metal ions present in textile effluent [116]. Magnesium-based nanoparti-
cles with different morphologies have been used for the removal of various heavy
metal ions and organic pollutants. The mechanism of adsorption using Mg-based
nanoparticles includes electrostatic attraction and surface complexation between the
dye molecule and hydroxyl groups which are present at the surface of the adsorbent.
These nanoparticles carry out oxidative degradation of organicmolecules by breaking
down P–S or P–O bond of organophosphates and other organic dye molecules [117].
Magnesium oxide (MgO) embedded fiber-based substrate have been used success-
fully as an adsorbent for the removal of toxic dyes from textile water [118]. MgO
nanoparticles in combination with carbon nanofibers have been used as a significant
adsorbent for the removal of heavy metal ions from textile effluent [118]. Adsorp-
tion of cadmium (Cd2+) ions have been studied using polyacrylonitrile-based carbon
nanofibers using MgO as adsorbent [119]. Reinforcement of MgO nanoparticles
increases the adsorption capacity of carbon nanofibers. Hybrid nanofibers of MgO
with polypropylene glycol have been also prepared for the removal of heavy metals
[120]. These nanofibers had specific surface area of 185m2/g and found to be effective
for the removal of Pb, Cu, and Cd at pH of 7.5. In addition, regeneration experiments
showed that efficacy remained high even after seven cycles.

5.5 Graphene and Its Composites

Graphene is a covalently bonded two-dimensional lattice having specific properties.
Graphene is oxidized to form graphene oxide which can be further chemically modi-
fied to have several functional groups such as epoxies, carboxyl, and hydroxyl [121].
Presence of such functional groups increases negative charge on graphene oxide
surface and helps to interact with dyemolecules through H-bonding. Graphene oxide
due to its conjugated structure has been studied as a potent option for the adsorption
of dye molecules from textile effluent [122].

Recently, many researchers have givenmuch consideration to the polymericmate-
rials to be used as nano-adsorbents. The polymers such as polyaniline, polystyrene,
and polypyrrole can be coated over the surface of nanoparticles to enhance their
photoelectrical properties environmental suitability. Polymeric nanocomposites of
graphene have been reported to be effective for the degradation of inorganic pollu-
tants and organic dye molecules [123]. Noreen et al. [124] synthesized a range of
nanocomposites of graphene oxide with polyaniline, polypyrrole, and polystyrene
to achieve a higher removal rate of Actacid orange-RL dye. Composite of graphene
oxide with polyaniline has been reported as potential adsorbent for the removal of
Hg2+ ion and dye removal owing to its loose porous structure [125]. However, the
applications of these nanocomposites are limited for the removal of heavy metals
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due to their expensive and complex synthesis and troublesome recycling [126]. In
addition, graphene oxide due to its high clustering tendency is less effective in the
adsorption process [127]. Thus, a sustainable adsorbent should be cost effective,
show high adsorption efficacy, ease of separation and high reusability.

Natural polysaccharide, Chitosan has also been used to improve mechanical
strength and adsorption ability of nanocomposites. The free –NH2 group in chitosan
reacts with other metal/nonmetal oxides and provides chemical stability [128].
The –COOH group in graphene oxide easily interact with highly reactive –NH2

group of chitosan to give a stable nanocomposite with improved adsorption capacity
[129]. Combination of biopolymer chitosan with graphene oxide enhances thermal
and mechanical stability, improves hydrophilic property of composite, and reduces
entangling tendency during separation [130].

Poly vinyl alcohol (PVA) is a biodegradable polymer, with hydrophilic nature
and high fiber-forming ability. It can easily cross-link with graphene oxide/chitosan
nanocomposite to improve its adsorption efficacy for dye removal [131, 132]. The
separation of graphene oxide/chitosan–PVA biopolymer from treated water is very
simple and can be completed with limited technology. Das et al. [133] studied effec-
tive removal of Congo red dye using this nano-polymer composite. Under acidic
condition, the amino group (–NH2) in chitosan get protonated and then ionized
further to ammonium ion thereby increasing swelling properties of GO/Chitosan–
PVA polymer resulting in increased weight of polymer [133]. However, at high pH
swelling decreased due to deprotonation. At high concentration of dye, removal effi-
ciency decreases due to competitive adsorption on active sites of adsorbent [134].
At low pH due to increased ionization, electrostatic attraction between negatively
charged dye molecules and positively charged polymer molecules increases which
accelerates adsorption of dye molecules [135].

5.6 Waste Textile Fiber Copolymer

The prime component of textile industry is fiber, either natural or synthetic which
can be converted to branched copolymer by free radical or ionic polymerization of
chemical groups. The cellulose molecules in textile fiber show strong interaction
with adjacent molecules due to the presence of –OH and develop hydrophilicity,
degradability, and absorption ability [136]. Conversion ofwaste textile into adsorbent
material is a novel approach which can be achieved via two ways (a) incorporation
of metal-binding groups to the fiber backbone (b) Graft copolymerization (Fig. 9).

Incorporation of metal-binding functionalities into textile fiber produces heavy
metal adsorbents [137]. In order to form branched copolymer, the monomers are
grafted to fiber backbone [138]. Heating at specific temperature enhances the rate
of graft copolymerization thus, among available heating processes the microwave
heating is considered as effective and reliable method. Zhou et al. [139] used both
microwave and UV radiation and converted waste textiles fiber to an adsorbent by
grafting acrylic acid. Cerium(iv) ammonium nitrate was selected as free radical
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initiator and adsorption was carried out at high pH. Under acidic conditions, H+ ions
compete with metal ions for the adsorption and decrease the efficiency of process
[140]. However, at alkaline pH deprotonation takes place and the surface of waste
textile fiber becomes negative, which further enhances adsorption of cationic species.
[141], prepared graft copolymer of textiles waste by the reaction with poly-acrylic
acid by the process of free radical polymerization. The chelating properties were
developed by the reaction polymer with diamine solution. They studied the removal
of Pb(ii) and Cr(vi) ions and reported removal as 11.81 mg/g and 2.19 mg/g, respec-
tively. The advantage of such polymers is they can be easily regenerated and adsorbed
metals can be recovered by elution.

6 Conclusion

Enormous number of toxicants have been generated and released into the environ-
ment due to insufficient treatment techniques adopted for the treatment of textile
wastewater. The challenge is to design a process which is cost effective, easy to
operate, less time consuming and able to degrade a wide range of pollutants ranging
from nano to polymer and inorganic to organic level. Advanced oxidation process
using potent oxidants and high energy radiations either alone or in combination is
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one of the promising methods. In addition, due to the advancement of nanotech-
nology, the incorporation of nanoparticle and nanocomposites have provided signif-
icant solutions to this problem. Various modified polymers of natural and synthetic
origin provide high removal efficacy of pollutants. However, it can be proposed that
the best design for textile wastewater treatment can be a hybrid technology which
utilizes principles of advanced oxidation process andmaterials ranging frommetallic
nanoparticles to polymers.
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Multiphase Reactors in Photocatalytic
Treatment of Dye Wastewaters: Design
and Scale-Up Considerations

Suman Das and Hari Mahalingam

Abstract Treatment of dye wastewaters is important to recover and reuse the water
in order tomitigate the impending freshwater crisis precipitated by a growing popula-
tion, industrialization and declining freshwater reserves. Photocatalysis is very effec-
tive in complete mineralization of the different pollutants present, but the complex
design, construction and scale-up of photocatalytic reactors for industrial-scale appli-
cations is still an open problem. Among the different configurations of reactors
studied, the work on multiphase photocatalytic reactors is comparatively less. In this
chapter, after a brief look at the basic fundamentals, a comprehensive review of the
different multiphase photocatalytic reactors is presented with the aim of showing
why this type could be a better option for the degradation of toxic dyes. The impor-
tant operational parameters are discussed followed by an overview of the issues
encountered in scale-up. Finally, the future aspects concerning the use of multiphase
reactors for photocatalytic treatment of dye wastewaters are given.

Keywords Dye wastewater · Multiphase · Reactor · Photocatalyst · Design ·
Development · Scaleup · Gas · Liquid · Solid

1 Introduction

Water is an essential component of life on earth, and access to clean drinking water
is a basic human right [1]. Due to the rapid industrial growth, climate change, and
demographic expansion, depletion in potable water sources is increasingly a global
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issue [2]. Moreover, many existing and even new anthropogenic harmful chem-
ical contaminants are added to the fresh water bodies every year thus reducing the
quality of drinking water [3]. Consequently, almost a third of the world’s popula-
tion suffers from water scarcity and over one billion people lack access to potable
water [4]. The presence of toxic contaminants in drinking water resources leads to
water-borne diseases, and a huge amount of the population is affected [5]. According
to the World Health Organization (WHO), 3.2 million people (including children)
die every year worldwide due to polluted water consumption [6]. The colored or
color-containing wastewater, contributingmajorly to this contaminated water, comes
from several sources such as the textile industry, dyes and pigments industry, pulp
and paper industry, tannery industry, etc., which is not only harmful to human, but
aquatic animals as well. The details of colored wastewater, the eco-friendly modern
photocatalytic remediation of wastewater, and multiphase reactors for photocatalytic
wastewater treatment are discussed in the next few subsections.

1.1 Colored Wastewater

Organic dye colors are one of the main components of toxic compounds discharged
into wastewater from industries such as textile, dye and pigment, pulp and paper, and
tannery industries [6–9]. About 10–15% of the dyes used during the manufacturing
processes in the world are lost as waste and discharged as effluents into the envi-
ronment [10, 11]. Globally, over 0.7 million tons of organic dyes are produced each
year mainly to be used in the textile, leather goods, printing, food, and cosmetics
industries. The main contaminants in dye wastewaters are suspended solids, COD,
color, acidity, and other dissolvable substances [12].

The textile industry utilizes around 21–377 m3 of water for each ton of textile
produced and consequently produces very substantial amounts of toxic, colored
wastewater [13]. This wastewater is considered to be the dirtiest among the wastewa-
ters produced fromvarious industries. The textile industry uses around10,000distinct
dyes and pigments, over half of which are azo dyes (~50 to 70%) [14].

The textile wastewater treatment is an intense issue because of a few reasons
which are described as follows:

• Presence of toxic metals like Cr, As, Cu, etc.(reason for strong colors in synthetic
dyes) [15, 16]

• The presence of large amounts of dissolved solids in the effluent [17]
• Dyes are recalcitrant molecules meaning that the molecules are complex in

structure and therefore very difficult or resistant to break down easily [18]
• The presence of dissolved silica and free chlorine [19].

Most dyes utilized in the textile industries are not affected by light and are not
naturally degradable since dyes usually have a synthetic origin and complex aromatic
molecular structureswhichmake themhighly stable andmore difficult to biodegrade.
Pagga andBrown [20] reported that out of 87dyes tested, only 62%arebiodegradable.
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The same authors estimated that about 12–15% of these dyes are discharged as
effluents during the manufacturing process.

Wastewater treatment and reuse is a crucial part; several conventional economical
processes such as physical, chemical, and biological treatments [21] are in use for
a long time. The major ecological problem is the mineralization of color containing
wastewater from textile and dyestuff effluents. Traditional treatment processes such
as coagulation, anaerobic process, membrane separation have been utilized for the
treatment of textile effluents [22]. However, these treatment processes are not effec-
tive as the dyes are recalcitrant in nature and the dye wastewaters carry a high salt
content. Chlorination and ozonation are very effective processes in this regard, but
their high operating cost makes them unpopular [23, 24]. The traditional physical
techniques, for example, adsorption on activated carbon, reverse osmosis, ultrafil-
tration, coagulation with chemical agents, ion exchange, and so on (Fig. 1), have
been in use for the removal of dyes from wastewater [25–28]. These methods are
effective to some extent to transfer the organic pollutants from the liquid phase to the
solid phase, thereby creating secondary contamination requiring additional treatment
of solid wastes and recovery or regeneration of the solid phase making the process
costlier. The following fundamental factorsmust be considered in the dyewastewater
treatment processes such as (a) Treatment capability, (b) Complete mineralization of
parent and intermediate contaminants, (c) The total productivity of the wastewater
treatment process, (d) Recycling capacity and potential utilization of treated water,
(e) Cost Adequacy and environmental safety.

For these reasons, advanced oxidation processes (AOP) are the most appropriate,
modern, and popular method to completely mineralize the organic pollutants present
in wastewater. Based on the catalyst and pollutant phase, AOPs can be classified as
shown in Fig. 2 [29]. AOPs basically use three different oxidizing reagents (oxygen,
ozone, and hydrogen peroxide) in different combinations or applied with UV irradi-
ation and/or with various types of homogeneous or heterogeneous catalyst mixtures
[30–32]. The generation of ȮH radicals or super oxidant radicals (Ȯ2−) leads to

Fig. 1 Dye wastewater treatment techniques
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Fig. 2 Classification of
advanced oxidation
processes

higher oxidation rates. Among the several AOPs, photocatalysis is one of the widely
used wastewater treatment processes for its various beneficial aspects and inherent
advantages [33, 34].

1.2 Photocatalysis

The photocatalysis process can be described by four simple steps, namely, (a) absorp-
tion of light to generate electron-hole pairs, (b) separation of excited charges, (c)
transfer of electrons and holes to the surface of photocatalysts, (d) the utilization
of charges on the surface for oxidation reactions [35, 36]. In general, the photocat-
alytic reaction for wastewater treatment can be described by the following equations
(Eqs. 1–5):

Semiconductor (hv) → electron (e−) + hole (h+)
→ reformation of semiconductor + heat (1)

e− + O2 → Ȯ
−
2 (2)

h+ + OH− → ȮH (3)

ȮH + pollutant → Intermediate → CO2 + H2O (4)
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Ȯ
+
2 + pollutant → Intermediate → CO2 + H2O (5)

There are two types of photocatalysis, i.e., homogeneous and heterogeneous
photocatalysis. In homogeneous photocatalysis [37, 38], the catalyst, as well as the
reactant, are in the same phase. In the case of heterogeneous photocatalysis [39, 40],
the catalyst and reactant exist in different phases. Catalyst usually exists in a solid
phase while reactant is in the liquid phase. Semiconductor metal oxides, such as
ZnO, TiO2, WO3, are generally used as a heterogeneous photocatalyst.

There are several advantages of the heterogeneous photocatalytic process [41]

• Green technology: this does not produce any sludge or harmful product after the
waste treatment.

• Versatility: it can be used for multiple applications in one operation; H2 produc-
tion as well as pollutant degradation, water splitting as well as electricity produc-
tion, etc. Organic or inorganic contaminants can be removed simultaneously from
wastewater by oxidation or reduction reaction [42].

• Energy efficiency: since multiple applications are possible in the same operation,
it saves time as well as energy. In a typical photocatalytic wastewater treatment
process, lesser energy is required compared to other processes such as reverse
osmosis.

• Cost-effectiveness: since this process needs only light energy to activate the
catalyst for carrying out the degradation process, it is cost effective.

• Higher resistance to toxic pollutants: the semiconductor photocatalysts are capable
of mineralizing the toxic pollutants without affecting itself.

• The mineralization of low concentrations of contaminants: According to recent
research, photocatalysis can be used to treat very small or trace amounts (in ppm
or even ppb levels) of pollutants present in wastewater. [43, 44].

• Simple, light reactor apparatus: the photocatalytic process is very simple, and
reactors consist of only a few simple parts. It can be easily fabricated at low cost.

An ideal photocatalyst should have the following properties [35], (a) highly stable,
(b) economical, (c) non-toxic (to environment or humans), (d) high turnover, (e)
can be supported on various substrates easily, (f) complete destruction of organic
pollutants into harmless compound, (g) high catalytic activity, (h) strong oxidizing
power, (i) stable against photo-corrosion, and (j) chemically and biologically inert.

TiO2 is one of the most widely used photocatalysts as it has almost all the charac-
teristics of an ideal photocatalyst. There are other photocatalysts that work as good
as TiO2, namely, graphene oxide, g-C3N4, ZnO, SnO2, ZrO2, WO3, Si, CdS, ZnS,
SrTiO2, Fe2O3, etc. [45, 46]. Some applications of photocatalysts are shown in Fig. 3.

Even though the photocatalytic process has several advantages, it has a few
drawbacks listed below with strategies to overcome these difficulties such as

• Catalyst recovery: The separation of powdered photocatalysts after the operation
in the slurry reactor is a big challenge as of now. It is also time-consuming,
expensive, and difficult. To overcome this disadvantage, photocatalysts can be
immobilized into different substrate materials [47, 48].
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Fig. 3 Applications of photocatalytic process

• Reusability: The adsorption and photocatalytic activity both are taking place on
the catalyst surface; there is a great possibility of reduction in catalyst activity.
To overcome this problem, photocatalyst can be reactivated by catalyst surface
cleaning [49, 50].

• Activation energy: Most of the photocatalysts work under UV light, which means
high operating cost. To defeat this problem photocatalysts can be dopedwith some
other metal or non-metallic substance [51].

• Low photon quantum yield: The quantum yield is the ratio of photons emitted to
photon absorbed. In case of high bandgapphotocatalysts, the quantumyield is very
low since high activation energy is required. To solve this problem, photocatalysts
with lowbandgap or composite or doped or co-dopedmaterials can be used instead
[52].

In the next section, multiphase reactors for wastewater treatment are described.

1.3 Basic Fundamentals of Multiphase Photocatalytic
Reactors

Multiphase reactors usually refer to a reactor having more than one phase such
as liquid–solid, liquid–gas, solid–gas, and in some cases, all the phases (liquid–
solid-gas). Based on the water quality (temperature, pH, dissolved oxygen, conduc-
tivity, turbidity, etc.), and contaminants (organic, inorganic, biological), the treatment
procedure as well as the reactor type is decided. Other parameters that need to be
considered before choosing the reactor are photocatalyst, photocatalyst attachment
mode, light source, etc. Based on these parameters, requirement of reactors can be
chosen as depicted in Fig. 4 [53, 54].
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Fig. 4 Conventional multiphase reactor selection criteria

The multiphase reactors usually have a few significant properties such as high
mass transfer rate, facile processing of solids, high efficiency, low maintenance,
simple design, which makes it a valuable and worthy choice [55]. There are several
multiphase conventional reactors, which can be used as a photocatalytic reactor for
wastewater treatment, but it might need slight modification since light irradiation is
needed to carry out the photocatalytic process. Those conventional reactors include
bubble column reactor, fluidized bed reactor, trickle bed reactor, slurry photocat-
alytic reactor, thin film reactor, and airlift reactor. The photocatalytic wastewater
treatment process is not limited to those conventional reactors; various innovative
photocatalytic reactors have been developed according to the need and purpose such
as annular fallingfilm reactor, optical fiber reactor, photo capillary reactor, submerged
membrane reactor, recirculating batch reactor, and compound parabolic reactor [56].
In these examples, the reactor contains at least one interface.

The basic requirement of a photocatalytic reactor is a light source, which should
irradiate the catalyst surface to initiate and sustain the reaction. Some photocatalytic



226 S. Das and H. Mahalingam

multiphase reactors recently reported for dye wastewater decontamination are listed
in Table 1.

The above-mentionedphotocatalytic reactors,mostly studied at laboratory scale or
pilot scale, are still waiting to cross the barrier to industrial scale.An efficient scale-up
of the photocatalytic reactor is still a difficult task and needs to consider important
parameters [72] such as the kind of light source needed, maximum utilization of
light, type of photocatalyst: immobilized or suspended, and optimum ratio of reactor
volume to catalyst surface area required to achieve maximum efficiency, etc. [56].
The following common difficulties [73] are encountered in scale-up:

(1) Surface area to volume ratio: To produce the high ratio of irradiated surface
area to total volume is difficult especially in case of immobilized catalyst [74, 75].
For slurry operation, the nano-size particles can be a good choice for high surface
area to volume ratio, whereas for immobilized operation, substratematerial with high
surface area, such as pumice stone and perlite can be a good alternative [76, 77].

(2) External light source and transparent material: A specific design is needed
according to the light source used. If an external light source is used, a transparent
outer shell is needed. Glass, especially quartz glass, is a popular choice in such cases
but with some constraints such as size limitation, sealing problem, and breakage risk.
Instead of glass, any other transparent material, which is not fragile (like perspex),
can be used for the photocatalytic reactor [78]. The need for transparent material of
construction can be eliminated by placing the light source inside the reactor [72, 79];
however, the internal elements need to be carefully designed.

(3) Light distribution: It is very difficult to distribute the light uniformly on the
surface of the catalyst into the photocatalytic reactor. Nanoparticles have a large
surface area; however, in a vertical column photocatalytic reactor, only a portion of
suspended nanoparticles gets to absorb the light from an external light source. In
case of immobilized nanoparticles, a very thin film of catalyst is coated in a carrier
surface; thus, the active part of the catalyst which comes in contact with light is very
less in spite of a high catalyst surface area of catalyst [80, 81]. The light source can
be maintained as close as possible to the catalyst surface and in case the light source
is outside the reactor vessel, the transparent vessel should not absorb the irradiated
light, which is meant for the catalyst activation. Use of a reflector can also help in
this regard.

(4) Catalyst surface area: large catalyst surface area is needed for photocatalytic
reactors driven by solar light. As it has already been discussed that nanoparticles have
large surface area but only a small portion of it will be active; hence, nanoparticles
with larger surface area will be more preferable [82, 83].

(5) Efficient catalyst: Solar light focused photocatalytic reactors need efficient
catalysts that showappreciable photocatalytic activity under solar light. Photocatalyst
with a large surface area and reusable for several times, will be an innovative idea
[84, 85].

(6) Pollutant concentration:Based onpollutant concentration, the required amount
of catalyst should be present in the reactor. This problem may restrict the capacity
of the reactor and the necessary time required to achieve high conversion [86, 87].
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(7) Residence time: Longer residence time for the catalyst is beneficial for the
pollutant degradation, but the use of baffles or any such strategy can reduce the light
irradiation on catalyst surface and hence bring down the photocatalytic efficiency [88,
89]. Highly efficient photocatalyst, which shows better productivity at less residence
times, can be a good solution in this regard.

(8) Weather dependency: Solar light-driven photocatalytic reactors face another
problem, i.e., dependence on weather. Hence, the reactor should be designed in such
a way that the simulated solar light can also be used for the same purpose [90, 91].

(9) Reuse: The reuse of a photocatalyst beyond four times is usually not worth-
while. In case, the photocatalyst is coated on the reactor inner surface, the catalyst
has to be replenished after three or four recycles [92, 93].

(10) Temperature: Maintaining the equilibrium temperature in an industrial-scale
reactor is difficult, especially in case of transparent reactor outer surface, because
the cooling jacket can block the light irradiation. Cool air can be circulated into the
reactor, but that can again increase the operating cost [94, 95].

(11) Catalyst immobilization: The immobilization of the catalyst can be done
using various substrate materials (brick, rock, polymer, glass, metal, ceramic, perlite,
cork, etc.) [96]. The shape, size, and physical properties of the substrate material also
play an important role in this regard. Also, the way of using the substrate material
can also be a vital factor for the efficient outcome. Based on the material packing
(irregular shape, regular shape, film, floatability, etc.), the reactor performance can
change [97].

Most of the photocatalytic reactors are capable of complete degradation or removal
of contaminants but from the above discussion, it is obvious that still there are
some parameters that can be improved for an ideal photocatalytic reactor. Those
parameters are (a) reduction of residence time, (b) reuse of photocatalyst for several
times without reducing efficiency, c) high-performance catalyst, (d) effective design
of photocatalytic reactor, (f) effective use of solar light, (g) reduce the fabrication
cost of a photocatalytic reactor, (h) reduce the reactor surface area, (i) high mass
transfer between gas and liquid, (j) selection of suitable substrate material for the
immobilization of the catalyst, (k) reduce the fabrication and operating cost of the
reactor.

In the next section, differentmultiphase photocatalytic reactors for dyewastewater
treatment in the last few decades will be discussed along with their design and
scale-up consideration in detail.

2 Multiphase Reactors for Dye Wastewater Treatment

As indicated earlier, photocatalytic multiphase reactors can be mainly divided into
two kinds: slurry and immobilized. The advantages and disadvantages of the slurry
and immobilized process are listed in Tables 2 and 3.

From the slurry/immobilized multiphase reactors tabulated in Table 1, it is clear
that the outcome from each reactor is different, because of the design as well as
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Table 2 Advantages of slurry and immobilized photocatalytic system

Advantages of slurry system Advantages of immobilized system

High surface area of catalyst Easy separation process

High mass transfer rate between catalyst and pollutant Reuse of catalyst is also possible

High photocatalytic activity Extended photocatalyst lifetime

High rate of electron–hole pair generation Economically viable

High throughput Proper utilization of the irradiated light

Better mixing

Table 3 Disadvantages of slurry and immobilized photocatalytic system

Disadvantages of slurry system Disadvantages of immobilized system

Catalyst recovery is tedious and expensive Low surface area

Catalyst agglomeration takes place Mass transfer rate is relatively low

Opacity of the wastewater solution increases,
can block the light irradiation on the catalyst
surface

Low photocatalytic yield (can compensate by
increasing the irradiation time)

Continuous agitation at a particular rate is
necessary

Low photon accessibility

Large scale application is quite difficult Waste of small portion of the catalyst

other operating parameters. A few popular reactors used commonly for wastewater
treatment are shown below (Fig. 5).

The modified conventional reactors can be used efficiently as a photocatalytic
reactor with a basic modification by adding a light source placed inside or outside
(with a transparent reactor body). These modified conventional reactors were used
very often for dye wastewater treatment, but recently, there are many novel reactors
which are in use for the same purpose. The newly developed multiphase reactors for
dye wastewater treatment are discussed below.

2.1 Novel and Modified Multiphase Reactors for Dye
Wastewater Treatment

2.1.1 Bubble Column Reactor

It is a vertical cylinder filled with liquid, into which air is passed from the bottom
(Fig. 5a).Mixing takes place primarily due to the gas-induced bulk liquid phase circu-
lation. The bubble column reactor has several advantages: efficient contact between
the phases including the solid catalyst which is generally in slurry form, high liquid
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Fig. 5 Conventional multiphase reactors for dye wastewater treatment: a bubble column photocat-
alytic reactor, b packed bed photocatalytic reactor, c slurry photocatalytic reactor (with inside light
source), d airlift photocatalytic reactor
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holdups,moderatemass transfer rates, easy temperature control, lowcost of construc-
tion, and maintenance. Few limitations are also there in the slurry bubble column
reactor such as high pressure drop with respect to packed bed reactors, and less
residence time of gas.

A modified photocatalytic bubble column reactor is designed [98] for the degra-
dation of methylene blue dye using Fe3+/TiO2 photocatalyst in slurry form under UV
light. The use of microbubbles in their work improved the photocatalytic efficiency
by increasing the mass transfer.

2.1.2 Photoelectrochemical Column Reactor

Boron-doped TiO2 nanotubes [99] were used to remove Acid Yellow 1 dye from
wastewater. A 500 mL cylindrical glass photoelectrochemical reactor at 25 °C was
used as shown in Fig. 6. and the photocatalytic-anode (boron-doped TiO2) was irra-
diated by a Hg high pressure lamp to initiate the reaction. This type of reactor
can be suitable for the small-scale operation, but the scale-up consideration needs
detailed assessment of efficient and stable photocatalytic-anode, catalyst reusability,
and operating cost analysis.

Fig. 6 Schematic of photoelectrochemical reactor
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2.1.3 Fluidized Bed Reactor

In this type of reactor, gas passes through the solid or liquid phase or both from
the bottom of the cylindrical reactor with a high velocity so that fluidization occurs.
Advantages of this reactor are uniformparticlemixing, uniform temperature gradient,
high surface area between solid and fluid per unit bed volume, and can be used in
continuous mode. Important parameters that affect the fluidization are minimum
fluidization velocity, particle terminal velocity, void fraction, minimum bubbling
velocity, etc.

The photocatalytic degradation of reactive brilliant red dye by TiO2/activated
carbon in a fluidized bed photocatalytic reactor was performed [100]. The optimum
parameters (pH, initial dye concentration, effect of Na2SO4 concentration, etc.) for
the degradation of brilliant red dye were also identified.

2.1.4 Airlift Reactor

A cylindrical column contains a draft tube which helps the liquid to circulate into
the reactor. Mixing of liquid is done by gas passing from the bottom. Solid catalysts
can also be used in suspended form. Main advantages of this reactor are simple
design, low construction cost, low maintenance cost, no agitation required, easy
scale-up, high mass transfer, uniform shear stress, etc. Disadvantages include no
bubble breaker, foaming, and lower oxygen transfer rates than bubble columns.

Based on the configuration or structure, an airlift reactor (ALTR) can be
divided into two types (i) internal-loop ALTR and (ii) external loop ALTR. In an
internal ALTR, baffles are placed strategically, which separates the riser and down-
comer medium from each other. with a uniform average superficial liquid velocity
throughout the reactor. An external ALTR consists of a bubble column as a riser,
and downcomer section is provided at the outside of the bubble column. The density
difference between the two sections is the reason for continuous recirculation and
mixing.

The gas–liquid mass transfer rate is the most important factor to estimate the effi-
ciency of air-lift reactors. An ALTR has maximum mass transfer rate at minimum
power consumption with efficient mixing. There are certainly other parameters,
smaller bubble diameter, higher gas holdup, and higher gas–liquid interface renewal
frequency which is very effective to increase the mass transfer rate; hence, it is prof-
itable to search for efficient ways to decrease the bubble size and enhance the gas
holdup to increase mass transfer and mixing processes.

Wastewater treatment usingALTR has received a lot of attention nowadays, as it is
one of the very efficient ways to affect degradation of toxic chemicals in wastewater.

A recent study [101] using ALTR (Fig. 7) on the degradation of remazol turquoise
blue dye shows that the recyclable TiO2/rGO/g-C3N4 nanocomposite-polystyrene
film used in an airlift reactor under solar light is quite efficient and effective. Their
work also includes the optimization of several photocatalytic parameters and confir-
mation of the degradation by Total Organic Carbon analysis, and HPLC–MS (High
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Fig. 7 Multiphase airlift photocatalytic reactor. (Reprinted from J. Environmental Chemical Engi-
neering, 7, Das S; Mahalingam H, Dye degradation studies using immobilized pristine and waste
polystyrene-TiO2/rGO/g-C3N4 nanocomposite photocatalytic film in a novel airlift reactor under
solar light, 103,289, Copyright (2019), with permission from Elsevier)

Performance Liquid chromatography–mass spectrometry) analysis. This work also
gives insights of the degraded by-products and the future possibility of scale-up of
the reactor.

Other similar studies using TiO2/rGO/g-C3N4 were used under UV irradiation for
the degradation of dye [58, 102].

2.1.5 Fixed Bed/ Packed Bed Reactor

A simple, horizontally placed, packed bed reactor in batch mode as well as contin-
uous mode was studied [65] as shown in Fig. 8. The packed bed reactor consists of

Fig. 8 Multiphase packed bed reactor
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a cylindrical pyrex glass tube to facilitate the maximum incident irradiation inten-
sity (length: 40 cm, external diameter: 5 cm, and total working volume: 500 mL)
and N-TiO2-polystyrene spheres as a photocatalyst (325 g) packing material. The
photocatalytic experiments were performed by varying the flow rate in the range of
6.3–74.15 mL/min. This work also demonstrates the degradation of methylene blue
dye (and few other pollutants) under LED light (400–700 nm) which was surrounded
by the outer shell of the reactor. This type of photocatalytic reactor is encouraging
for scale-up considerations while keeping other parameters (dead zone, residence
time, optimum outer shell diameter and thickness, etc.) in mind.

2.1.6 Membrane Reactor

Membrane technology for photocatalytic wastewater treatment can be used in two
different ways, (a) immobilization of the photocatalyst on the membrane surface
[37], and (b) separation of slurry photocatalyst after the treatment [103]. [37] used
a ZnO/polyester and Fe3+-doped-ZnO/polyester membrane for the degradation of
RB5 dye under simulated visible light. In their study, the used reactor of 100 mL
working volume showed the color removal efficiency of more than 80% for the first
time and the used photocatalyst also exhibited excellent reusability even after the
fifteenth run.

There are other reported studies on dye degradation using membrane reactors,
which shows promising outcomes but most of the membrane reactors possess high
operating cost which is the main limitation of this process. The simplified version of
two different types of membrane reactors is shown below (Figs. 9 and 10).

Fig. 9 Membrane photocatalytic slurry reactor (membrane was used for the separation of the
photocatalyst after operation)
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Fig. 10 Photocatalyst embedded membrane photocatalytic reactor

2.1.7 Optical Fiber Photocatalytic Reactor

An optical fiber photoelectrochemical reactor has been designed [104] for the degra-
dation of azo orange dye II. TiO2-based photoanode is used as an optic fiber support
with a novel arrangement of TiO2 layer, positioned on top of an optical fiber substrate.
This arrangement was used in an internally illuminated setup under UV irradiation.
The amount of photo-generated H2O2 helps to decolourize the dye completely with
more than 56% Total Organic Carbon removal efficiency. The complicated design of
this type of reactor makes it difficult to scale-up for industrial-scale application.

A flexible and efficient support material, plastic optical fiber fabrics [105] were
used to support TiO2 by dip-coating. The TiO2 coated plastic optical fiber fabric
was used for the photocatalytic degradation of methylene blue dye under UV light
in a batch reactor. This process can be helpful for the remediation of contaminated
groundwater in almost any kind of reactor. But the scaling up of the process needs
more careful observation of the light source, coating method, catalyst activity, and
most importantly, operating cost.

2.1.8 Photo-Capillary Reactor

A complicated photo-capillary reactor [67] was developed (Fig. 11). The reactor
consists of two tetrafluoro-ethylene tubes, fixed on two brackets up and down, and
the TiO2 catalyst loaded capillaries were inserted into the tetrafluoroethylene tubes.
Therewere a total of 18 capillary columns (each15 cm length and0.012 cm3 volumes)
and an UV lamp to provide irradiation. The reactor performed better for methyl
orange degradation compared to a conventional batch reactor.
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Fig. 11 Photo capillary
multiphase reactor

2.1.9 Recirculating Batch Reactor

Activated carbon doped TiO2 was immobilized in glass plates using Polyethylene
glycol as binder with heat treatment [106]. The recirculating batch photocatalytic
reactor used in this study has a 254-nm UV lamp and is equipped with a quartz
or a pyrex glass sleeve, with an effective volume of 1 L. The temperature of the
wastewater solution is maintained at ~32 °C by cooling water flow inside the UV
lamp sleeve. Mixing was achieved by using air circulation (100 ml/s). The distance
between the vertically placed UV lamp and the surface of the immobilized catalyst
is approximately 2.5 cm. At optimum conditions, 90% color removal in synthetic
wastewater and 86.4% color removal in actual textile wastewater has been observed.

Another work on a recirculation study [107] with 550 mL reactor volume and
2350 mL solution in the reservoir is conducted under UV light at different flow rate,
as shown in Fig. 12. The below figure also shows the remazol turquoise blue dye
wastewater before and after treatment. Almost 75% decolourization was observed in
6 h.

2.1.10 Microchannel Reactor

Nanofibrous TiO2 photocatalyst in a novel photocatalytic microreactor [108] was
used for the degradation of Methylene blue dye under UV irradiation. The
TiO2 film/nanofiber was immobilized on the glass surface and covered with a
microchannel polydimethyl siloxane film. The fast diffusion rate into the microflu-
idic channel, and large surface area of the nanofibrous photocatalyst, demonstrates
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Fig. 12 Recirculating batch photocatalytic reactor. (Reprinted from J. Chemical Technology and
Biotechnology, 94(8), Das S; Mahalingam H, Reusable floating polymer nanocomposite photo-
catalyst for the efficient treatment of dye wastewaters under scaled-up conditions in batch and
recirculation modes, 2597–2608, Copyright (2019), with permission from John Wiley and Sons)

higher photocatalytic activity. This type of reactor is suitable for micro/small-scale
applications.

There are other reported studies on microchannel reactors for the degradation of
methylene blue under visible light irradiation using different types of microreactors
[109, 110].

2.1.11 Tubular Reactor

A cylindrical narrow diameter (1.5 cm) tubular reactor (46 cm height) used for the
degradation of Methylene blue dye under UVC irradiation [63]. The reactor column
was placed in between two UVC lights, and was connected to a reservoir-aeration
tank of 1 L as shown in Fig. 13. There was a 98% removal efficiency for this batch
recirculating type tubular reactor. The scale-up consideration of this type of reactor
can be approachable after considering various factors, such as continuous flow of
wastewater, and low operating cost.

2.1.12 Rotating Disc Reactor

A rectangular tank plug flow rotating disc reactor (operating volume ~5 L) with TiO2

nanowire arrays deposited on ametal Ti disc (two nos.)was developed for the removal
of methyl orange [66]. The fixed rotating shaft (1 cm above the water surface) in the
middle of the reactor is connected to a motor (1–40 rpm speed). The UV lamps (three
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Fig. 13 Multiphase tubular photocatalytic reactor

Fig. 14 Rotating disc
photocatalytic reactor

nos.) were attached on the wall of the reactor (as can be seen in Fig. 14). The distance
between the photocatalytic disc and lamp was fixed at 5 cm. This reactor showed
>97% decolorization efficiency for methyl orange but the degradation percentage
was less than half of the decolourization efficiency. The scale-up consideration of
this kind of reactor is possible for continuous processes as well, while an efficient
catalyst is involved for the complete degradation of the pollutant.

2.1.13 Pebble Bed Reactor

Silica rich white pebbles coated with TiO2 particles fixed on a plane surface are
used as a photocatalytic bed [62] to remove dye contaminated water. This low-cost
pebble bed photocatalytic reactor was used under sunlight for the decolourization of
several types of textile dye. The results show that the total organic carbon removal of
maximum 35%, indicates the requirement of improvement in this regard. This type
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of reactor can be scaled up easily, but it needs more surface area compared to bubble
column or packed bed reactors.

2.1.14 Floating Bed Reactor

The floating bed photocatalytic reactor (Fig. 15) [111] is very similar to the prin-
ciple of bubble column reactor. In their work, this multiphase reactor was used for
the degradation of acid yellow dye which successfully removed >99% dye from
the wastewater. The polyaniline-TiO2 coated polystyrene cubes with optimum TiO2

loading showed promising outcome but the diffusional limitations encountered need
further assessment.

2.1.15 Continuous Submerged Solid Small-Scale Photoreactor

A Continuous Submerged Solid Small-Scale Laboratory Photoreactor (Fig. 16) was
designed and used [112] for the degradation of rhodamine B dye. The photocatalyst
used in this work was TiO2/NO3

− on ceramic substrate under UV light. Almost
complete breakdown of the dye was achieved but there were several byproducts
formed (toxic/non-toxic) during the operation. This reactor efficiently decolourizes
the dye solution but the completemineralization of the dye can be a better and suitable
option to attain environmental sustainability. Also, the scale-up of this type of reactor
is possible but for a cost-efficient industrial-scale operation, replacing the UV light
to visible light source or solar light can be a better option.

Fig. 15 Floating bed photocatalytic reactor



Multiphase Reactors in Photocatalytic Treatment … 241

Fig. 16 Continuous submerged solid small-scale photoreactor

There are several studies reported [76, 113–118] on photocatalytic decolouriza-
tion/degradation of synthetic or real dye wastewater using multiphase reactors but
there is very little work focused on scale-up studies. The implementation of lab scale
reactors for the real world, large-scale applications is very much needed as photocat-
alysts are capable of breaking down the dye molecules in a completely eco-friendly
way.

3 Difficulties Encountered in Large Scale Photocatalytic
Reactors

An efficient design and scale-up of the photocatalytic reactor is still a difficult task.
To design a photocatalytic reactor, it is very essential to consider important param-
eters, such as the kind of light source needed, maximum utilization of light, type
of photocatalyst (pure, doped, co-doped, composite, etc.), mode of catalyst utiliza-
tion (immobilized or suspended), catalyst-pollutant contact time, mixing, reaction
kinetics, mass transfer, temperature, pH, and minimum volume of reactor required to
achieve maximum efficiency. From the detailed literature analysis presented above,
the following common difficulties that a photocatalytic reactor designer faces are
listed below.
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I. To preserve the same ratio of irradiated surface to total volume [71].
II. Photocatalytic reactor needs to be specifically designed according to the light

source used. The choice of a light source very often decides what kind of
photocatalytic reactor could be used or vice-versa.

III. The uniform distribution of the light on the catalyst surface is difficult when
a large volume is involved.

IV. Higher catalyst surface area is needed for photocatalytic reactors driven by
solar light regardless of slurry or immobilized mode.

V. Solar light focused photocatalytic reactors need an efficient catalyst that
shows appreciable photocatalytic activity under solar light.

VI. Solar light driven photocatalytic reactors face another problem, i.e., depen-
dence on weather. Hence, interest in research using simulated visible or solar
light is growing.

VII. In multiphase reactors, uniform mixing and/or oxidation due to gas or air in
the reactor volume is also difficult.

VIII. For a photocatalytic reactor, having a light source outside, a transparent outer
shell is needed. Also, the transparent material with low light absorbance
property is essential, as most of the photon energy should be transmitted
to the catalyst surface instead of being absorbed by the reactor shell. The
opacity of the shell, depth of irradiation penetration, and light scattering are
key parameters here.

IX. A longer residence time is needed for the recirculating batch process to ensure
complete mineralization of the pollutant.

X. In a large-scale slurry reactor, separation of the catalyst after use is chal-
lenging (almost impossible), since photocatalysts are mostly nanoparticles.
In case, the photocatalyst is coated on the inner surface of the reactor, the cata-
lyst lining has to be replenished after three or four recycles inmost of the cases
as it loses its effectiveness after continuous use/reuse. Due to this reason, the
development of highly efficient photocatalysts is also recommended.

XI. Maintaining the equilibrium temperature throughout the photoreactor.
XII. The strong coupling of physicochemical phenomena can be achieved by

transport processes, light absorption, and reaction kinetics in a photocatalytic
reaction medium leads to a highly efficient treatment process but it is the
major obstacle faced in the development of a photocatalytic reactor.

The photocatalytic reactor scale-up has been severely restricted by the fact that
the reactor alignments have not been capable of addressing the crucial variables
such as the light distribution in the liquid phase that passes to the catalyst surface,
and providing high catalyst coating surface areas per unit reactor volume. The newly
developed reactor design concepts should provide a high ratio of immobilized catalyst
to irradiated surface and must include optimum amount of active catalyst in contact
with the liquid medium to be treated inside the photoreactor.
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4 Strategies for Efficient Scale-Up

A few important key points about strategies to overcome the current limitations for
the scale-up of multiphase photocatalytic reactors is discussed below.

I. Since small volume reactors perform better compared to larger volumes, it
might be a good idea to connect several small reactors in parallel to get the
desired outcome for the continuous flow process.

II. It is advised to use direct solar light for catalyst activation to reduce the oper-
ating cost of the operation. To utilize the solar light to activate the photocatalyst,
it is necessary to modify the catalyst in most of the cases. Also, concentrating
the solar light into the catalyst surface will also help to enhance the perfor-
mance. In an industrial scale reactor, the uniform irradiation of the light is diffi-
cult, which can be overcome by using several light sources or using multiple
small reactors instead of one.

III. In a large-scalemultiphase reactor, homogeneousmixing is another issue. Lack
of dead zones and proper mixing can only be achieved by placing multiple gas
spargers in appropriate places.

IV. It is also advisable and preferable to use immobilized catalyst instead of slurry.
The substrate material for the immobilization needs to be chosen carefully
so that it should not affect the photocatalytic degradation efficiency of the
pollutants.

5 Future Aspects of Multiphase Photocatalytic Reactors
for Dye Wastewater Treatment

The future research must further investigate on exploring the main aspects (high
throughput, treatment efficiency, eco-friendliness, energy efficiency, and low oper-
ating cost) and obtain reactor concepts (configuration/ efficient catalyst/ solar light
source) based on contaminants and discuss the quantum efficiency, photochemical
thermodynamic efficiency, and photonic efficiency for different photocatalytic reac-
tors. Future research also should include cost evaluation while fabricating a photo-
catalytic reactor and optimization of the cost while maintaining the high process
quality.

Most of the photocatalytic wastewater treatment process showed capability of
complete degradation or removal of contaminants but still there are several aspects
that need to be improved for an ideal large-scale photocatalytic operation in future,
such as (a) reduction of residence time, (b) reuse of photocatalyst for several times
without reducing efficiency, (c) high performance catalyst, (d) affective design of
photocatalytic reactor, (f) effective use of solar light, (g) reduce the fabrication cost
of photocatalytic reactor, (h) highmass transfer between gas and liquid, (i) continuous
flow reactor design, and (j) uniform mixing.
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6 Conclusions

In this chapter, different reactor configurations are discussed based on the design
and performance. The parameters affecting the dye degradation such as light source,
catalyst loading, dye concentration in wastewater, residence time, reactor type, pH,
and temperature are also discussed in detail. The difficulties encountered in scale-
up of the reactors are also listed. It is observed that the reactor with small volume
exhibits the highest yield due to the enhanced mass transfer rate, low resistance,
and plug flow behaviour of the photocatalytic reactor. The key points to consider in
the design and development of novel photocatalytic multiphase reactors operating at
industrial scale are as follows:

• The reactor must be designed for efficient utilization of the abundantly available
solar light rather than UV or simulated solar light.

• Consequently, the development of more efficient photocatalysts or boosting the
efficiency of popular photocatalysts such as TiO2 is required.

• Immobilized photocatalytic reactors may be a better choice compared to slurry
since the reuse of the catalyst several times is very easy.

• Continuous-flow reactor for the photocatalytic dye degradation is a less explored
area that needs much more attention in order to develop an industrial scale
photoreactor.

• The use of 3-D printing can be considered in the development of novel reactors.
• The integration of multiphase photocatalytic reactors with other conventional or

unconventional treatment technologies, i.e., hybrid technologies should be studied
carefully to boost the prospects at industrial scale.

• Besides the evaluation of the net reduction obtained in the total organic carbon
(TOC) content, the end-products of the degraded dye wastewaters should be care-
fully evaluated by analytical techniques such as LC–MS and the degradation
pathways enumerated.
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Enhanced Methylene Blue Degradation
onto Fenton-Like Catalysts Based
on g-C3N4-MgFe2O4 Composites

Andrei Ivanets, Vladimir Prozorovich, and Valentin Sarkisov

Abstract The development of new effective Fenton-like catalysts is of interest
for solving a wide range of problems related to toxic organic pollutants’ destruc-
tion in aqueous media. In this chapter, an attempt was made to obtain g-C3N4-
MgFe2O4 composites of various structures and morphologies, as well as to justify
their effectiveness as Fenton-like catalysts. The prepared composites were charac-
terized by XRD, FTIR, and SEM-EDX methods. It was shown that all composites
were characterized by the formation of g-C3N4 with the s-heptazine structure and a
different ratio of g-C3N4 and MgFe2O4 on the surface. The catalytic properties of
g-C3N4-MgFe2O4 composites in the degradation reaction of the thiazine dyeMethy-
lene Blue under various conditions (dark-, visible-, and UV-driven processes), as
well as under multiply catalytic cycles, were studied. The most effective sample of
composite I under UV irradiation provided 99% Methylene Blue degradation effi-
ciency for 20min at four cycles. Themechanismof catalytic destruction ofMethylene
Blue mainly due to the formation of hydroxyl radicals in the reaction mixture was
proposed.

Keywords Carbon nitride · Magnesium ferrite · Nanostructured composites ·
Heterogeneous fenton catalysts · Advanced oxidation processes · Methylene blue
degradation

1 Introduction

AOP (Advanced Oxidation Processes) are methods of water purification that allow
the mineralization of toxic organic pollutants under the action of reactive oxygen-
containing spicesROS (HO•,O2•−,HO2•, etc.) to the formationofH2O,CO2,N2, and
other inorganic compounds [10]. ROS is obtained by combining various conditions:
O3/catalyst, O3/UV, O3/H2O2, O3/H2O2/UV, H2O2/UV, H2O2/Fe2+, H2O2/Fe2+/UV,
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TiO2/UV, etc. [3]. As a result of the interaction of H2O2 and Fe2+, also known as
the Fenton process, extremely active hydroxyl radicals HO• are formed, capable of
non-selectively mineralizing various organic pollutants [22].

Despite the high efficiency and simplicity of experimental execution, the use of
the Fenton process in water treatment is limited due to the high consumption of H2O2

and Fe2+, a narrow pH range of ~3.0 and the formation of Fe(OH)3 precipitate at
pH > 3.0. To maintain the pH ~3.0 of the treated waters, their constant acidifica-
tion with acid solutions (usually H2SO4) is required, which leads to the formation
of undesirable acidic wastewater [22]. The use of a heterogeneous iron-containing
catalyst makes it possible to reduce the release of Fe2+ ions into the solution and,
as a result, avoid these problems. Thus, the interaction between H2O2 and Fe2+ will
occur not in solution, but on the surface of the catalyst. This modification of the
Fenton process was called a heterogeneous Fenton-like process. Fe3O4, α-Fe2O3, γ-
Fe2O3, α-FeOOH, β-FeOOH, γ-FeOOH, FeS2, and other semiconductor composites
are usually used as heterogeneous Fenton-like catalysts [19].

Carbon nitride with a graphite-like structure (g-C3N4) belongs to n-type semicon-
ductors and, due to its unique electronic structure, attracts special attention for the
preparation of photocatalytic systems. With an average band gap (~2.7 eV), carbon
nitride can absorb light with a wavelength of more than 450 nm, which accounts for
most of the solar spectrum. Unlike conventional organic semiconductor analogs, g-
C3N4 is characterized by high thermal (up to 600 °C) and chemical stability (aqueous
solutions of acids and alkalis, organic solvents, etc.). However, the photocatalytic
efficiency of g-C3N4 is strongly limited by its low quantum efficiency, low surface
area, and high charge carrier recombination rate [11, 16, 21].

Previously, photocatalysts based on g-C3N4 were synthesized by thermal conden-
sation of melamine. The effect of pretreatment of melamine with acetic acid on the
physicochemical properties of g-C3N4 was studied [7]. It was found that the use of
melamine pretreated with acetic acid led to a slight shift in the peaks of thermal
transformations and had practically no effect on the crystal and chemical structure
of g-C3N4. At the same time, significant differences in the porous structure of the
samples were revealed, which led to the formation of a larger-pored carbon nitride
sample. It was shown that the modified g-C3N4 sample was characterized by higher
activity in the reaction of photocatalytic destruction of Rhodamine B, which was due
to its large-pore structure and more efficient adsorption of dye molecules.

The analysis of scientific publications showed that a significant number of works
are devoted to the development of high-performance photocatalysts based on g-C3N4

doped with nonmetal heteroatoms (P, S, N, etc.), as well as metal nanoparticles (Pt,
Co, Cu, etc.) and other semiconductors (TiO2, CdS, etc.) [4, 13, 14]. Composites
based on metal ferrites and carbon nitride are actively studied in the reactions of
water splitting and the catalytic destruction of organic pollutants. At the same time,
the crystal structure, structure, and morphology of these semiconductor composites
largely determine their catalytic activity [1, 5].

The work aimed to establish the regularities of the production of magnesium
ferrite and carbon nitride (g-C3N4-MgFe2O4) composites depending on the synthesis
conditions for the preparation of heterogeneous Fenton and photo-Fenton catalysts
for organic pollutants destruction.
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2 Synthesis and Properties of g-C3N4-MgFe2O4 Composites

Composite sampleswere obtained by the followingmethods: synthesis ofmagnesium
ferrite by a modified sol-gel method [8] and its subsequent mixing with melamine
and heat treatment of the mixture at 300 °C for 5 h (composite I), synthesis of carbon
nitride was carried out according to the method [7], followed by introduction into
the glycine-nitrate mixture at the combustion initiation stage and heat treatment at
300 °C for 5 h (composite II); by mixing melamine and glycine-nitrate mixture with
subsequent standard operations of the method for obtaining magnesium ferrite [8]
(composite III). The calculated weight ratio of MgFe2O4:g-C3N4 in all composites
was 1:1.

Iron nitrate Fe(NO3)3, magnesium nitrate Mg(NO3)2, melamine C3H6N6, and
glycine NH2CH2COOH (Five oceans Ltd., Belarus) without additional purification
were used for the synthesis of magnesium ferrite and carbon nitride composites.

2.1 XRD

X-ray phase analysis (XRD) was performed on a D8 ADVANCE diffractometer
(Bruker, Germany) with CuKα radiation in the range 2� = 10–70°. Phase identifi-
cation was performed using a set of interplanar distances (d) using the ICDD PDF-2
database. Calculation of the unit cell parameter a and estimation of the crystallite
sizes by the Scherer Eq. (1):

d = Kλ

β cos�
, (1)

where d is the average crystal size (nm), K is the Scherrer constant, λ is the X-ray
wavelength (nm), β is the half-height reflection width, and� is the diffraction angle.

Figure 1a presents X-ray patterns of the g-C3N4-MgFe2O4 composites I obtained
by mixing magnesium ferrite nanoparticles with melamine and subsequent heat
treatment of this mixture at 300 °C.

The narrow and intense diffraction peaks belong to the individual crystal phases
characteristic of magnesium ferrite with a cubic spinel lattice of 28.8° (220), 55.4°
(422) [8], and graphite-like carbon nitride of 17.7° (100), and 26.2° (002) [16]. The
characteristic peaks of g-C3N4 are slightly shifted to the region of smaller angles,
which indicates a distortion of the crystal lattice and an increase in the interplane
distance due to intercalation by magnesium ferrite particles. The calculated value
of the parameter a of the crystal lattice of magnesium ferrite was 8.324 Å, which
significantly differs from the reference value of 8.370 Å and indirectly indicates the
formation of a composite I based on the crystalline phases g-C3N4 and MgFe2O4.

The X-ray patterns of the g-C3N4-MgFe2O4 composite II (Fig. 1b) obtained by
introducing carbon nitride into a glycine-nitrate gel at the stage of magnesium ferrite
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Fig. 1 XRD patterns of a composite I, b composite II, and c composite III g-C3N4-MgFe2O4

synthesis shown peaks characteristic of the graphite-like carbon nitride g-C3N4 phase
with characteristic peaks for the triclinic crystal lattice of 2� 18.1°, 27.4°, and 56.5°
belonging to the planes (100), (002), and (222), respectively. The reflexes of NaCl
galit with characteristic peaks of 2� 31.7° and 45.5° were due to the use as an
inert additive and incomplete washing in the preparation of the g-C3N4-MgFe2O4

composites. From the X-ray patterns of the composite II (Fig. 1b), obtained by the
introduction of melamine into a glycine-nitrate gel, it can be seen that this composite
wasX-ray amorphouswith a blurred halo in the region of 2� 20–40°with the absence
of clearly identifiable peaks.

2.2 FTIR

Additional information about the structure of the obtained composites, including X-
ray amorphous ones, is provided by the interpretation of the results of the IR spectra
(Fig. 2). The IR spectra of the composites were recorded on an IR spectrometer
with a Tenzor-27 Fourier converter in the frequency range of 400–4000 cm−1, and
the sample weight of 2.0 mg was compressed into tablets with 800 mg KBr. The
scanning speed was 10–20 cm−1/min, and the spectral width of the gap in the entire
range did not exceed 3 cm−1.
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Fig. 2 FTIR spectra of a composite I, b composite II, and c composite III g-C3N4-MgFe2O4

In all the spectra, the most intense absorption bands appeared in the region of
1500–1400 cm−1, which can be attributed to the typical fluctuations of C=N bonds
characteristic of the conjugated aromatic structure of s-heptazine. The absorption
bands of significantly lower intensity in the region of 800–810 cm−1 belong to
triazine. This indicates the predominant formation of melem (2) in the process of
melamine condensation (1). Also, the peaks at 1238, 1322, and 1402 cm−1, which
correspond to the C–N bond in aromatic secondary and tertiary amines, can be
attributed to the formation of dimelem (3), which was converted to melon (4) during
deammonolysis [9]. The results of IR spectroscopy allowed proposing the following
scheme for the formation of graphite-like carbon nitride (Fig. 3).

The absorption band in the region of 3000–3020 cm−1 could be attributed to the
vibrations of terminal NH2-groups. At the same time, for the composite I, obtained
bymixingmagnesium ferrite nanoparticles withmelamine and subsequent heat treat-
ment of this mixture at 300 °C. This peak is significantly less pronounced (Fig. 2a)
compared to composite II (Fig. 2b) and composite III (Fig. 2b), which indicates a
higher degree of condensation of carbon nitride in the g-C3N4-MgFe2O4 composite
I. This was due to the condensation of melamine during the combustion of the
glycine-nitrate mixture [7].
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Fig. 3 Scheme of g-C3N4 formation in the process of melamine condensation. Adapted from [9]

The presence of intense bands in the range of 560–580 cm−1 referred to the valence
vibrations of the Fe–O bond located in tetrahedral positions, and the bands at 400–
440 cm−1 referred to the vibrations of the Mg–O and Fe–O bonds in octahedral
positions. The IR spectroscopy data (Fig. 2) fully agreed with the results of X-ray
phase analysis (Fig. 1) and confirmed the formation of graphite-like carbon nitride,
mainlywith a heptazine structure, andmagnesium ferritewith a cubic spinel structure
in all g-C3N4-MgFe2O4 composites.

2.3 SEM–EDX

The surface morphology and chemical composition of the composites were studied
using a scanning electron microscope JSM-5610 LV at an accelerating voltage of
20 kVwith anX-ray energy dispersive analysis attachment JED-2201 (JEOL, Japan).
Scanning electron microscopy data show that the surface morphology of the g-C3N4-
MgFe2O4 composite I was represented by large agglomerates (50–100 microns)
covered with fine particles of much smaller size (Fig. 4a). The composite II (Fig. 4b)
had a morphology similar to that of magnesium ferrite nanoparticles obtained by the
glycine-nitrate method [8], which indicated the formation of ferrite on the surface of
carbon nitride. Plate-shaped particles with a lateral size of 10–20 microns covered
with fine particles of submicron size were identified on the composite III surface
(Fig. 4c).

The chemical composition of the surface of the obtained composites was analyzed
using the method of energy-dispersive X-ray spectroscopy (Table 1). Thus, oxygen
atoms were not identified on the surface of the g-C3N4-MgFe2O4 composite I, and
the content of iron and magnesium atoms was insignificant. At the same time, the
highest content of nitrogen atoms was found (70.8 at.%) and carbon (20.0 at.%). This
indicates the formation of a carbon nitride shell on the surface of the magnesium
ferrite core.
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Fig. 4 SEM images of a composite I, b composite II, and c composite III g-C3N4-MgFe2O4

Table 1 Chemical composition of g-C3N4-MgFe2O4 composites

Sample Element content, at.%

C N O Mg Fe

Composite I 20.0 70.8 – 1.4 7.8

Composite II 29.4 28.8 10.2 3.7 27.9

Composite III 22.0 29.9 15.9 4.7 27.5

The composite II and composite III samples had a similar chemical composition,
which was consistent with the similar morphology of their surface (Fig. 4b, c). The
higher oxygen atom content for the composite III may be due to the partial evapo-
ration of carbon nitride, which formed during the condensation of melamine during
the combustion of the glycine-nitrate mixture. The increased content of iron atoms
compared to the content of magnesium atoms on the surface of these composites was
characteristic of magnesium ferrite and is in good agreement with the previously
obtained data [8].
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3 The Catalytic Performance in Methylene Blue
Destruction

The development of heterogeneous Fenton catalysts is mainly aimed at finding new
catalytic systems characterized by high efficiency when exposed to the visible light
range [18]. The ability to absorb visible light is determined by the band gap of the
semiconductor and the position of the impurity levels,which can be varied by creating
composites [6]. In this regard, the study of the catalytic activity of the developed g-
C3N4-MgFe2O4 composites under various conditions (dark-, visible-, andUV-driven
processes) was important for substantiating the possibility of the practical application
of prepared Fenton-like catalysts.

3.1 Efficiency of Dark-, Visible-, and UV-Driven Processes

The catalytic activity of g-C3N4-MgFe2O4 composites was evaluated on model solu-
tions of the thiazine dyeMethylene Blue. 25.0mg of catalyst and 100μL of hydrogen
peroxide solution (20 mmol/L) were added to the 50.0 cm3 dye aliquot (10.0 mg/L;
pH 8.0; 20 °C). To study the kinetic dependences, samples were taken after 5, 10, 20,
30, 40, and 60min. As a comparative blank experiment, the destruction ofMethylene
Blue in the presence of hydrogen peroxide was studied without adding a catalyst to
the model solution.

The catalytic experimentwas carried out using a diode (λ= 650–670 nm) andUV-
C lamps (λ = 200–280 nm) as a source of visible and UV radiation, respectively.
The dye concentration was measured on a scanning spectrophotometer SP-8001
(Metertech, Taiwan) at the most intense absorption wavelength of 664 nm. All the
catalytic experiments were performed in double tests, and the average value was
reported. The error of the experiment did not exceed 3%. The efficiency ofMethylene
Blue catalytic destruction (α%) was calculated by the following Eq. (2):

α = (1 − C0/Ct ) × 100%, (2)

whereC0 andCt are initial and equilibrium concentrations ofMethylene Blue, mg/L;
t is reaction time, min.

The values of the apparent rate constant (k′, min−1) were determined graphically
from the first-order reaction Eq. (3):

ln(C0/Ct ) = k ′ × t. (3)

To exclude the occurrence of a competing adsorption process, the catalysts were
saturated with a solution of Methylene Blue (100 mg/L) for 30 min in the dark.

The kinetic experiment data indicated that the catalysts showed the highest effi-
ciency under UV irradiation (Fig. 5). Thus, for composite I, the efficiency of Methy-
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Fig. 5 Kinetics of Methylene Blue degradation on initial g-C3N4, MgFe2O4, and g-C3N4-
MgFe2O4 composites under a dark-, b visible-, c UV-driven Fenton-like processes

lene Blue catalytic destruction was ~80% for 10 min and reached 99% in 20 min.
Composite II and g-C3N4 showed slightly lower efficiency and over similar periods
provided the model dye destruction about of 70 and 90%, respectively. It should be
noted that the oxidation of Methylene Blue in the presence of hydrogen peroxide
was quite high because of their photolysis (Fig. 5c).

Under dark conditions, the activity of the studied catalysts wasmost clearly differ-
entiated (Fig. 5a).Magnesium ferrite as a common Fenton-like catalyst demonstrated
the highest efficiency and the efficiency of Methylene Blue catalytic destruction
reached 50% within 40 min of the reaction. Composite III for the same time showed
a 35% catalytic destruction, while the other samples were significantly inferior ineffi-
ciency (the catalytic efficiency was 5–15%). Thus, in terms of their efficiency under
dark conditions, the catalysts were arranged in the following order: MgFe2O4 <
composite III < composite II < composite I < g-C3N4, which was due to the different
contribution of Fenton and photocatalytic processes to the Methylene Blue destruc-
tion in the presence of different catalysts and was completely consistent with their
chemical composition.

A somewhat unexpected result was obtained when the experiment was conducted
under visible light irradiation conditions (Fig. 5b). Under these conditions,MgFe2O4

and composite III samples also showed the highest efficiency, but at the same time
providing the catalytic destruction of Methylene Blue < 25%. The composite II,
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composite I, and g-C3N4 catalysts demonstrated even lower efficiency and within
40 min the dye destruction did not exceed 10%. This result could be due to the
inactivation of hydroxyl radicals formed during the Fenton process, due to the capture
of photogenerated electrons (Eq. 4). At the same time, the low photocatalytic activity
of g-C3N4 could be due to the rapid recombination of the electron–hole pair [15], as
well as the low efficiency of visible light absorption [20].

OH + e−(hv) → OH− (4)

Figure 6 and Table 2 presented the results of kinetics modeling of Methylene
Blue destruction using the first-order reaction model. Thus, the data of catalytic
experiments were fairly reliably described by the kinetics of the first-order reaction
for visible and UV radiation, as well as for dark conditions in the case of g-C3N4,
composite I, composite II samples, which mainly demonstrated the photocatalytic
mechanism of Methylene Blue destruction. This was in good agreement with the
data from the study of photocatalytic reactions of various organic pollutants destruc-
tion [17, 23]. At the same time, the heterogeneous Fenton catalysts MgFe2O4 and
composite III showed lower confidence and the approximation coefficient R2 was
<0.95. It should be noted that composite III was an amorphousmaterial that it differed
from other catalyst samples.

Fig. 6 Linear plots of a first-order kinetic model of Methylene Blue destruction on g-C3N4,
MgFe2O4, and g-C3N4-MgFe2O4 composites: a dark-, b visible-, c UV-conditions
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Table 2 Calculated parameters of a first-order kinetic model for Methylene Blue destruction on
g-C3N4, MgFe2O4, and g-C3N4-MgFe2O4 composites

Sample MgFe2O4 g-C3N4 Composite I Composite II Composite III

Dark conditions

k′, min−1 0.0152 – 0.0025 0.0054 0.0099

R2 0.9057 – 0.9703 0.9426 0.9379

Visible light

k′, min−1 0.0067 0.003 0.0022 0.0030 0.0059

R2 0.9494 0.9268 0.8898 0.7511 0.9731

UV light

k′, min−1 0.0690 0.1297 0.1528 0.1094 0.0592

R2 0.9626 0.9916 0.9962 0.9969 0.9634

The calculated values of the apparent rate constants k′ are presented in Table 2.
The highest values of k′ were obtained under UV irradiation for g-C3N4, composite I,
composite II samples, which reached 0.1094–0.1528 min−1. Under the same condi-
tions, the MgFe2O4 and composite III catalysts showed ~2 times lower activity and
the k′ values did not exceed 0.0690 min−1. During the visible light experiment, low
values of the apparent rate constants were obtained for all samples, which were in
the range of 0.0022–0.0069 min−1. Only for the most active MgFe2O4 and amor-
phous composite III samples under dark conditions, the calculated values of k′ were <
0.010 min−1.

3.2 Reusability of Fenton-Like Catalysts

An important characteristic of heterogeneous catalysts is their stability and the preser-
vation of catalytic activity during multiple catalytic cycles. For this purpose, the
experiment was performed under the optimal conditions under UV irradiation for
four catalytic cycles (Fig. 7).

The composite III and g-C3N4 samples showed the lowest stability, while the
remaining catalysts showed high reproducibility of the catalytic characteristics at the
level of 97–99% under experimental conditions. The obtained data were due to the
photodegradation of these samples, as well as the lower stability of the amorphous
composite III. At the same time, the formation of g-C3N4 (shell) on the surface
of the crystalline MgFe2O4 (core) allowed to increase the stability of the catalytic
characteristics of the g-C3N4 during multiple catalytic cycles.
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Fig. 7 The catalytic activity
of g-C3N4, MgFe2O4, and
g-C3N4-MgFe2O4
composites during multiply
tests under UV-irradiation

3.3 Mechanism and Quencher Test

The study of the mechanism of Methylene Blue catalytic destruction was performed
using quencher tests (Table 3). The introduction of certain compounds into the reac-
tion mixture, which is inactivators (“traps”) of specified reactive spices, allowed to
conduct a qualitative assessment of the contribution of the produced reaction spices
based on the analysis of changes in the catalytic reaction kinetics [2, 12].

The analysis of the presented data shows that hydroxyl radicals were the main
reaction spices that determined the efficiency ofMethylene Blue catalytic destruction
in the presence of the studied catalysts. This was evidenced by the lowest values of
the apparent rate constants during the reaction in the presence of isopropanol. For
MgFe2O4 and composite III, h+ also had a significant contribution. For all catalysts,
the ·O2

− radical played the least role, which was due to their low concentration and
lifetime [2].

Table 3 Calculated parameters for the first-order kinetic model of Methylene Blue destruction on
g-C3N4, MgFe2O4, and g-C3N4@MgFe2O4 composites

Sample Conditions of catalytic test k′, min−1

Reactive spices

·OH h+ ·O2
−

MgFe2O4 C0(MB) 9.0 mg L−1 0.0397 0.0629 0.0566

g-C3N4 Catalyst dose 1.0 g L−1 0.0048 0.0663 0.0545

Composite I C(H2O2) 20.0 mM 0.0110 0.1307 0.0677

Composite II UV-C light (189–254 nm 0.0182 0.0906 0.0833

Composite III t 40 min 0.0268 0.0595 0.0621

Quenchers: Isopropanol (·OH), ammonium oxalate (h+), hydroquinone (·O2
−)
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4 Conclusions

It was shown that depending on the conditions of synthesis of composites based
on MgFe2O4 and g-C3N4, it is possible to change the physical and chemical char-
acteristics of these materials in a directed manner. It was found that by mixing
magnesium ferrite with melamine and subsequent heat treatment at 300 °C, g-C3N4-
MgFe2O4 composite I with well-identifiedMgFe2O4, and g-C3N4 crystal phases was
obtained. When g-C3N4 was introduced into the glycine-nitrate gel at the stage of
initiation of the nitrate mixture combustion, a composite II was formed, consisting
of a triclinic modification of g-C3N4 and an amorphous magnesium ferrite with
an admixture of NaCl galit. The X-ray amorphous composite III was obtained by
introducing melamine into a glycine-nitrate gel, followed by the initiation of self-
combustion high-temperature synthesis. It was found that all composites were char-
acterized by the formation of g-C3N4 with the conjugated aromatic structure of
s-heptazine. Varying the synthesis conditions made it possible to obtaine composites
with a predominant concentration on the surface of g-C3N4 or MgFe2O4.

The catalytic properties of g-C3N4-MgFe2O4 composites in thiazine dye Methy-
lene Blue catalytic destruction under dark-, visible-, and UV-driven processes were
investigated. Depending on the conditions, the efficiency of the catalysts decreased in
the UV < dark < visible range, which was due to the recombination of the (e−)–(h+)
pairs. Under UV irradiation for composite I, which was g-C3N4 (core)–MgFe2O4

(shell), the highest efficiency of catalytic Methylene Blue destruction of 99% was
achieved within 20 min, and the apparent rate constant k′ of 0.01528 min−1. It
was shown that the formation of g-C3N4 (shell) on the surface of the crystalline
MgFe2O4 (core) increased the stability of g-C3N4 catalytic efficiency duringmultiple
catalytic cycles. For all the studied catalysts under UV irradiation, hydroxyl radi-
cals had the greatest contribution to Methylene Blue destruction, and O2− was the
smallest influencing. The conducted studies allowed to establish the relationship
between the synthesis conditions, the physicochemical properties and the catalytic
activity of g-C3N4-MgFe2O4 composites, and to obtain effective heterogeneous
Fenton catalysts.
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Metal Oxide Heterostructured
Nanocomposites for Wastewater
Treatment

M. Mondal, M. Ghosh, H. Dutta, and S. K. Pradhan

Abstract Over the past few decades, nanocrystalline metal oxide semiconductor-
based photocatalytic technology has drawn significant attention for reducing the
recent energy crisis by converting solar energy into potential energies and remedi-
ating environmental pollution. Two traditional semiconductors, TiO2 and ZnO, have
been widely investigated as a photocatalyst for water purification among several
metal oxide semiconductors. However, the photocatalytic performance of the above-
mentioned metal oxide-based photocatalysts has yet to reach the target based on effi-
ciency and stability due to the larger bandgap, inadequate adsorption capacity, insuf-
ficient charge carrier generation and transportation, and electron–hole pair recombi-
nation, which are some of the significant issues associated with metal oxide photo-
catalysts. So efforts are given for the synthesis of metal oxide-based heterostructured
nanocomposites for wastewater treatment. With this perspective, the present chapter
highlights the studies of heterogeneous photocatalysis for better performance. This
chapter also deals with the synthesis, structure andmicrostructure characterization of
as-synthesized nanocomposites by analyzing XRD profiles using the Rietveld anal-
ysis, TEM and SEM images. Photocatalytic degradation efficiency has been inves-
tigated under visible light illumination with RhB as an organic model dye pollutant.
The dye degradation kinetics has been correlated with the Urbach energy.

Keywords Metal oxide-based heterostructured nanocomposites · Rietveld
analysis · Urbachenegy · Heterogeneous photocatalysis · Wastewater treatment

M. Mondal · M. Ghosh · S. K. Pradhan (B)
Materials Science Division, Department of Physics, The University of Burdwan, Golapbag,
Burdwan, West Bengal 713104, India
e-mail: skpradhan@phys.buruniv.ac.in

H. Dutta
Department of Physics, Vivekananda Mahavidyalaya, Burdwan, West Bengal 713104, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
S. S. Muthu and A. Khadir (eds.), Advanced Oxidation Processes in Dye-Containing
Wastewater, Sustainable Textiles: Production, Processing, Manufacturing & Chemistry,
https://doi.org/10.1007/978-981-19-0987-0_12

267

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0987-0_12&domain=pdf
mailto:skpradhan@phys.buruniv.ac.in
https://doi.org/10.1007/978-981-19-0987-0_12


268 M. Mondal et al.

1 Introduction

From the perspective of biology and ecology, water is an essential element for life
circulated through a natural hydrologic cycle with self-cleaning capability. In past
decades, increasing population and industrial development have become a signifi-
cant threat to the environment and human health [77]. Advanced water treatment
techniques are indispensable to maintain a considerable available water supply and
a healthy large scale hydrologic cycle due to tremendous amounts of municipal and
industrial wastewater and landfill leachates [15]. According to the World Health
Organization (WHO), about 780 million people suffer from affordable drinking
water worldwide. Also, there is a substantial limitation to freshwater resources [66].
Another critical step in wastewater remediation technique in removal of organic
pollutants causes severe damage to humanhealth and affectsmarine life. For example,
organic azo dyes such as Rhodamine B, Methyl Orange are highly carcinogenic and
mutagenic [10, 59]. Hence, advanced wastewater treatment techniques for industrial,
agricultural and pharmaceutical wastewater purification have become essential for
research communities.

This chapter is focused on the removal of industrial dye pollutants. For this
purpose, different strategies had been adopted, such as electrochemical oxidation
[14], biodegradation [49], adsorption [1, 2], chlorination [64], ozonation [30], reverse
osmosis [32], combined coagulation/flocculation using water treatment plant sludge
[51] and so on. However, the heterogeneous photocatalytic process is one of the
most effective remediation techniques regarded as a promising green technology
to solve environmental concerns and recent energy crises. In this context, metal
oxide-mediated heterostructured nanocomposite-based photocatalysis has consid-
erable attention to address environmental issues. Because metal oxides modified
with metal, non-metal and semiconductors have the most exciting property such as
non-toxicity, solid oxidizing ability, high stability with easy filtration and higher
recyclability [57, 58, 60]. This chapter summarizes the water purification mecha-
nisms based on the recent developments in metal oxide modified heterostructured
nanocomposites. The various strategies that have been taken on, like heterojunc-
tion formation, doping, semiconductor coupling, sensitization, and photocatalytic
performance, have been discussed in the chapter.

2 Wastewater Treatment Processes: Photocatalysis

Industrialwastewater treatment is our primary concern. Sources of industrialwastew-
ater include nuclear industry, battery manufacturing, food industry, iron and steel
industry, organic chemicals manufacturing, electric power plants, petroleum refining
and petrochemicals, oil and gas extraction, paper industry, textile mills, industrial
oil contamination, wood preserving and so on [8, 21]. Chemical oxidation processes
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can be used to destroy the recalcitrant compounds through oxidation and reduc-
tion reactions. However, advanced oxidation processes that have been used for the
purification of various types of contaminants present in wastewater generated from
different industrial processes are investigated in this chapter.

In recent days, the most commonly used chemical treatment method for removing
toxic pollutants growing in the wastewater treatment industry is Advanced Oxida-
tion Process (AOP). It is a highly suggested method for remediation of wastewater
containing colouringmatters, pesticides and other inorganic substances. The primary
mechanism of AOPs involves the following two stages [53]:

(i) one of them is the oxidation process, which is conducted through the generation
of powerful oxidants (Hydroxyl radicals),

(ii) another stage proceeds through the reaction of these generated oxidants with
organic contaminants in wastewater, which in turn transform into less or even
non-toxicmaterialswith the advantages of faster reaction rate andnon-selective
oxidation. It is proved to be the ultimate solution for wastewater treatment.
AOPs can be broadly classified into Fenton process, Photo-Fenton process [9],
Ozonation [80], ultrasonic treatment [4], gamma radiolysis [55], photocatalysis
[3] etc. Among all of them, photocatalytic treatment with UV/visible light
irradiation seems to be the most popular technology for wastewater treatment.

2.1 Photocatalysis: An Advanced Oxidation Process

A technique employing catalysts activated under the illumination of solar-like light
radiation, which is utilized for accelerating chemical reactions, is known to be the
photocatalysis process. Photocatalytic science includes phenomena like catalysis
of photochemical reactions, photochemical activation of catalytic processes and
photoactivation of catalysts [81]. In recent years, semiconductor-based photocatal-
ysis draws more attention due to several advantages, such as being cost-effective
and less toxic [61]. The fundamental mechanism of the photocatalytic technique
is the photoexcitation of semiconductor photocatalyst with a suitable wavelength.
Coordination with the bandgap of the corresponding nanophotocatalyst leads to the
generation of the photogenerated electron–hole pair, which again reacts with the
organic or inorganic pollutants [82, 83]. The reaction mechanism involving elec-
trons as the main species is a photo-reduction reaction, while the hole involved a
photo-oxidation reaction. The significant advantages of the photocatalytic process
over existing AOPs are:

(i) Secondary disposal methods are not required.
(ii) Here, ambient oxygen acts as an oxidant. So compared to other AOPs,

expensive oxidizing chemicals, hydrogen peroxide/ozone etc., are no longer
required.

(iii) Photocatalysts can be recycled, reused and are also self-regenerated.

The photocatalysis technique can be classified as follows:
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(a) Homogeneous Photocatalysis

In this process, the reactants and the photocatalysts exist in the same phase.
For example, Ozonation and Photo-Fenton systems. Mechanism of homogeneous
catalysis (Ozonation) can be summarized into the following steps in two ways,

O3 + hv → O•
2 + O(1D) (1)

O(1D) + H2O → OH• + OH• (2)

O(1D) + H2O → H2O2 (3)

H2O → OH• + OH• (4)

In Photo-Fenton processes, additional sources of OH• radicals should be consid-
ered through photocatalysis of H2O2 and reduction of Fe3+ ions under UV
light.

H2O2 + hv → OH• + OH• (5)

Fe3+ + H2O + hv → Fe2+ + H+ + OH• (6)

(b) Heterogeneous Photocatalysis

In this process, the photocatalyst and the reactant are in different phases. The
following facts can explain a plausible mechanism of heterogeneous photocatalysis.
When the photocatalysts absorb a photon of light with energy equal to or greater
than the bandgap energy of the respective photocatalyst, then the photogenerated
e−-h+ pairs migrate to the surface of the photocatalysts over rapid recombination and
react with the absorbed species following thermal catalytic requirements to generate
reactive molecules like H2O2 or reactive radicals like hydroxyl radicals (OH•) or
superoxide ion radicals [22, 23]. Primarily, photocatalysis occurs in the following
three steps:

(a) First of all, electron conduction from the valence band (VB) to the conduction
band (CB) and creating a hole in the VB.

(b) Then, the excited electron in the CB and hole in the VB migrate towards the
surface [70].

(c) Next, according to NHE, as the chemical potential of the electron lies between
+0.5 and−1.5 V, it should exhibit a strong reductive potential to react with the
electron donor. While the chemical potential of the hole lies between+1.0 and
+3 V concerning NHE, it possesses a robust oxidative power and takes part in
the reaction with an electron acceptor. The series of oxidation and reduction
reactions which can they participate as detailed below [26, 38, 75]:
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(i) Hydroxyl radicals are generated due to the oxidation of adsorbed water
molecules and hydroxyl ions by the photogenerated holes.

H2O + h+ → OH• + H+ (7)

OH− + h+ → OH• (8)

(ii) Superoxide anion radicals are produced by reducing dissolved oxygen
due to photogenerated electrons resulting in the formation of H2O2,
which can be summarized through a series of following redox reactions:

O2 + e− → O•−
2 (9)

O•−
2 + H+ → HO•

2 (10)

O•−
2 + HO•

2 → O2 + HO2 (11)

HO−
2 + H+ → H2O2 (12)

2HO•
2 → H2O2 + O2 (13)

2OH• → H2O2

(iii) Hydroxyl radicals are yielding on the further decomposition of the
photogenerated H2O2.

H2O2 → 2OH• (14)

H2O2 + O•−
2 → •OH + −OH + O2 (15)

H2O2 + e− → •OH + −OH (16)

(iv) Direct participation of the holes in the oxidation reactions.
(v) Formation and participation of singlet oxygen species in the oxidation.

A simple heterogeneous photodegradation mechanism is schematically repre-
sented below for Bi–Fe–O heterostructured nanocomposites (Scheme 1).
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Scheme 1 Simple heterogeneous photodegradation mechanism of a heterostructured nanocom-
posite

3 A Brief History of Metal Oxide Semiconductors

During the last three decades, in resolving water pollution and the recent energy
crisis, semiconductor-based photocatalytic processes have attracted significant atten-
tion due to their low-cost synthesis and higher stability [11]. Some traditional metal
oxide-based semiconductors such as TiO2, ZnO, V2O5, WO3, Bi2O3, Fe2O3 etc.,
are extensively used worldwide. Structural characteristics and photocatalytic degra-
dation efficiency of a few of these metal oxide semiconductors are epitomized
below.

As a single photocatalyst, n-type semiconductor TiO2 is commonly used in water
purification, which posseses a wide bandgap of 3.0–3.2 eV [56, 74]. Despite several
advantages, such as high photocatalytic activity, low nano-toxicity, cheap and good
chemical and thermal stability [67, 69], there are some limitations of TiO2 as a
visible-light-driven photocatalyst. The large bandgap and higher recombination rate
of photogenerated electron–hole pair restrict its catalytic effect in the UV regime.
Some strategies were endorsed to enhance its photocatalytic activity by morphology
modification, such as spheres zero dimension [12], one-dimensional fibres, rods
and tubes [19], 2D sheets [5] and 3D interconnected architectures [27]. However, the
efficiency of TiO2 did not meet the expectation under visible light irradiation without
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a photosensitizer. Therefore to broaden the range of solar absorption, different metals
or ions were incorporated into TiO2 tomaximize its photocatalyst efficiency [39, 78].

There is another n-type semiconductor, ZnO, with a wide bandgap of 3.2 eV is
widely used as a photocatalyst due to several advantages, such as high photosensi-
tivity, biocompatibility, low cost, high transparency, non-toxic nature and excellent
chemical stability [28]. According to a report, in the destruction of organic pollutants,
ZnO has higher activity andmore quanta than TiO2 [54]. However, several shortcom-
ings of ZnO, such as extreme pH facile dissolution and photocorrosion [16], limit its
large-scale applicability as a promising photocatalyst.

Among various photocatalysts, the transition metal oxides such as V2O5 and
VO2 have drawn much attention due to some outstanding properties, such as narrow
bandgap (of approximately 2.4–2.8 eV), good chemical stability, non-toxicity and
high visible light absorption [17, 68]. Further, its morphology can be tuned, such as
nanobelt, nanotubes and nanorods for far better photocatalytic activity. Due to these
morphological modifications, newly generated physical and chemical properties
support its diverse significant applicability [47, 72].

Thesemetal oxide semiconductors have restricted applications as efficient visible-
light-driven (VLD) photocatalysts due to their large bandgap, and they are mainly
active under UV light irradiation. One of the greatest fallibility of using metal oxide
semiconductors is poor solar spectrum absorption due to the previously stated factors.
However, one net worthy strategy can overcome this drawback, i.e. developing a
narrow bandgap semiconductor as a VLD photocatalyst [29, 33]. Of the variety of
narrow-band gap semiconducting materials, bismuth oxide (Bi2O3) is a prospective
candidate with a bandgap varying from 2.1 to 2.8 eV [7, 24]. According to thermo-
dynamic requirements, the valence band of Bi2O3 lies at ~+3.13 eV versus NHE,
so it possesses adequately high oxidation power of the valence hole. Bi2O3 is the
desired material as an efficient visible-light photocatalyst. In other viewpoints, it
is non-toxic, environmental-friendly and can utilize the complete solar spectrum.
However, its conduction band lies at ~−0.33 eV versus NHE, due to which it is
unable to scavenge surface oxygen molecules and results in the recombination of
e−-h+ pair [25, 31]. So photocatalytic degradation efficiency against the organic dyes
is not much better as expected. Another cheapest narrow bandgap semiconductor is
n-type α-Fe2O3 with a bandgap of ~2.1 eV. The crystal arrangement of α-Fe2O3 is
iron cations arranged along the octahedral basal plane (001) between the hexagonal
close-packed planes of oxygen anions. Because of such arrangements, FeO6 octahe-
drons are generated from Fe3+ ions with two different Fe–O bond lengths [43, 44].
However, the expected photocatalytic efficiency is yet to reach.

Thus to enhance the photodegradation efficiency, various techniques have been
espoused like co-doping of metal or non-metal, controlling the porosity and trapped
defects, tuning the morphology etc. Nevertheless, forming a heterostructure with
metal or non-metal oxides is one of the best solutions for desired photocatalytic
degradation requirements like lesser recombination rate, better absorption of solar
radiation and active under a wide range of the solar spectrum, cost-effective, non-
toxicity etc.
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4 Recent Developments on Metal Oxide Heterostructured
Nanocomposites

Nanostructuring technology reflects as one of the best tools to unlock the previously
unachievable properties of technological importance in photocatalytic degradation
application. Covalent and Van derWalls interactions play a crucial role in developing
unique properties due to nanostructure. It draws considerable attention in electro-
chemistry, photochemistry, photophysics, photoelectrochemistry and photocatalysis
[26]. Forming heterojunctions of two or more metal oxides of suitable bandgap have
received significant attention from research communities worldwide due to attaining
desired properties by modifying the morphology of the materials, structural and
microstructural properties. Approximately 25,000 research papers reported on this
field of photodegradation of organic dyes using metal oxide-based heterostructured
nanocomposites. A few of them are condensed below with a brief discussion.

Wang et al. [71] fabricated hierarchical SnO2/TiO2 composite nanostructures
combining the versatility of electrospinning technique and hydrothermal growth of
nanostructures. The results of this fabrication reveal the fact that secondary SnO2

nanoparticles were uniformly distributed over the TiO2 nanofibres without aggre-
gation. Further, controlling the fabrication parameter morphology and other proper-
ties are modified to enhance the photodegradation efficiency against Rhodamine B
molecule under UV light irradiation compared to bare TiO2 nanofibres. Yang et al.
[79] prepared heterostructured TiO2/WO3 nanocomposite by ultrasonic spray pyrol-
ysis of an aqueous suspension of Degussa P25 particles with ammonium tungstate
with different Ti/W molar ratios. This paper reported that the crystallinity of WO3

increased with the increasing molar ratio and the nanocomposites with 2 mol%WO3

showed greater efficiency. However, for the other compositions, photochromism
occurs due to the accumulation of electrons in the orthorhombic WO3. The above
observations established the fact that the influence of WO3 on the photocatalytic
activity of TiO2 was related to the crystal phase and electron accumulation ability of
WO3, which makes it more complicated. Uddin et al. [65] synthesized heterostruc-
tured SnO2/TiO2 nanocomposites through one-pot polyol method result in meso-
porous cassiterite SnO2 and wurtzite ZnO nanocrystallites. Photocatalytic activity of
as-synthesized nanocomposites was investigated through methylene blue under UV
light irradiation, and the efficiency was prior to the precursor materials mainly due
to the higher stability and enhanced charge separation. Kundu et al. [34] reported
uniform cylindrical-shaped ZnO nanorods suitable for the lithium-ion battery via
a simple chemical route. The nano grain size of synthesized ZnO nanorods was
contracted or expanded, which delivered good charging or discharging abilities
during alloying or dealloying processes compared to other ZnO materials. Photo-
catalytic degradation efficiency was also enhanced due to morphological modifi-
cation. Kundu et al. [35] reported synthesizing polyaniline intercalated vanadium
oxide xerogel hybrid nanocomposites via a simple hydrothermal route with a novel
structure. The results reflected a phase transformation of the orthorhombic to mono-
clinic phase due to intercalation of PANI and water layer in the V2O5·n H2O layers.
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As a result, there was a substantial increase in the interplanar spacing of the (001)
plane. Due to the synergetic effect of PANI and V2O5·nH2O xerogel established a
promising photocatalytic efficiency for the degradation of organic dyes and non-
absorbing colourless phenol and kanamycin molecules. Mondal et al. [46] reported
mechanosynthesis of V2O5–TiO2 nanocomposites with different morphology. The
efficiency of the as-spun nanocomposites increased with the increasing milling hour,
and with the addition of H2O2, degradation of Rhodamine B molecule increased
up to ~89%. Mandal and Pradhan [45] synthesized heterostructured Bi2O3–Bi2WO6

nanocomposites with nanoflower or nanorod like morphology through mechanical
alloying. Approximately 87% of Rhodamine B degraded after 240 min under solar-
like radiation.Mandal andPradhan [46] reported themorphological changes ofMoO2

metal oxides due to sintering at elevated temperature, among which the sample
sintered at 650 °C for 2 h reported to have the best degradation efficiency. Majhi
et al. [42] reported a series of α-NiS/Bi2O3 nanocomposites synthesized by combus-
tion and bismuth subcarbonate decomposition routes. Following the Z-scheme elec-
tron transfer, α-NiS/β-Bi2O3 nanocomposite showed the highest degradation of
about 94% within 3 h. The hydroxyl radicals and h+ were mainly responsible for
the oxidation of tradomol pollutants. Wu et al. [76] reported synthesizing flower-
like g-C3N4/BiOBr heterostructured nanocomposites as photocatalysts by a simple
hydrothermal process with different compositions. Approximately 94% Bisphenol
A degraded within 120 min by the 4:1 g-C3N4/BiOBr photocatalyst and possessed
greater stability against Methyl Orange degradation. Wen et al. [73] reported the
fabrication of visible-light-driven p–n junction photocatalyst BiOI/CeO2 using a
facile in situ method. BiOI/CeO2 nanocomposites with a 1:1 molar ratio reflected
the highest degradation for the refractory pollutant Bisphenol A and Methyl Orange
with greater stability. This context also established that the introduction of BiOI into
the CeO2 region broadens the visible light capability; hence improved the transfer
rate of electron–hole pair and proved to be an efficient photocatalyst for degra-
dation of refractory water pollutant wastewater. Sang et al. [63] also reported the
synthesis of flower-like BiOI/CeO2 nanocomposites by hydrothermal route with
different molar ratios of Bi/Ce using polyvinyl pyrrolidone as a surfactant. About
15% CeO2 incorporated BiOI nanocomposites showed the highest photocatalytic
activity of Rhodamine B and Methyl orange degradation and proved to be the best
photocatalyst for environmental remediation due to synergistic effect between BiOI
and CeO2.

In this context, synthesis and different physiochemical properties of three metal
oxide heterostructured nanocomposites V2O5–TiO2 [45] and Bi–Fe–O [46] have
been discussed briefly and also their potentiality as an efficient photocatalyst has
been thoroughly investigated. Many synthesis techniques were utilized to synthe-
size V2O5–TiO2 nanocomposites but less reported about mechanical alloying of
V2O5–TiO2 nanocomposites. In this chapter, the mechanosynthesis of V2O5–TiO2

nanocomposites within a short duration and detailed study reveals the correlation
between structure and properties.
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5 Experimental Section

5.1 Synthesis

5.1.1 Mechanical Alloying

In the field of solid-state powder processing, one of the modern age techniques
is mechanical alloying, which is a fast and effective process of reducing powder
materials size up to nano dimension.

Mechanical alloying or also called high energy ball milling can be carried out
in different ball mills such as vibratory ball mill, attrition mill, and planetary ball
mill, among which planetary ball mill is conveniently used, as shown in Fig. 1. Each
vial is fitted in a rotating disc inside the ball mill following the planetary laws of
motion; experience a high impact force between the balls and the vials’ walls due
to centrifugal force. The precursor powder materials are mixed and ground, yielding
a powder mixture or new compounds or new composites with new phases different
from precursor materials [36].

Bi–Fe–O [46] andV2O5–TiO2 [46] nanocompositeswere synthesized bymechan-
ical alloying.

Fig. 1 Image of planetary
ball mill (P6)
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Fig. 2 Schematic diagram of synthesis of Bi–Fe–O based nanocomposites

Synthesis of Bi–Fe–O-based nanocomposites

For obtaining Bi–Fe–O nanocomposites, Bismuth oxide (Bi2O3) (SRL, 99% pure)
and ferric oxide (Fe2O3) (LobaChemie, 98.5% pure) were taken as precursor mate-
rials without further purification. A stoichiometric equimolar mixture of Bi2O3 and
Fe2O3 was weighed in the open air, and a homogeneous mixture was prepared using
an agate mortar and then placed in an 80 mL vial with 30 chrome steel balls of
10 mm diameter, taken with 40:1 ball-to-powder mass ratio (BPMR). Then the
powder mixtures were milled continuously for 5 h, 10 h and 15 h with a succes-
sive pause of 15 min to avoid overheating effect in a high energy planetary ball mill
(P6, M/S Fritsch, GmbH, Germany) at 200 rpm and at room temperature. Finally, the
as-prepared milled powders were sintered at 850 °C for 2 h, as shown schematically
in Fig. 2. The as-obtained samples were 5 h, 10 h, 15 h milled and 5 h, 10 h, 15 h
milled + sintered.

Synthesis of V2O5–TiO2 nanocomposites

To prepare V2O5–TiO2 nanocomposites, V2O5 and anatase TiO2 elemental powders
were taken with 1:1 molar ratio as precursor materials. The homogeneous powder
mixture was sealed in an 80 mL vial with 30 chrome steel balls with 10 mm diameter
and milled in the open air. Ball milling was carried out with the ball to mass ratio
(BPMR) 10:1 in a high energy planetary ball mill (Model-P5,M/s FRITSCH,GmbH,
Germany). The as-prepared sampleswere 0 h, 1 h, 3 h and 5 hmilled nanocomposites.
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5.2 Structural Characterization

5.2.1 Microstructural Characterization Using XRD Data and Rietveld
Analysis

The high-quality XRD data of all samples were recorded in step scan mode with a
slow scan rate using an X-ray powder diffractometer (Bruker AXS, D8 Advance, Da
Vinci) equipped with Ni filtered Kα radiation (λ = 1.5418 Å), within the angular
range 20°–80° 2θ with step size 0.02° 2θ and scan time 2 s/step. After the phase
identification, all recorded XRD patterns were analyzed by the Rietveld refinement
using theMaud software for detailed structural and microstructural characterizations
[40].

Microstructural characterization of Bi–Fe–O-based nanocomposites

Figure 3a represents the XRD profiles of all as-synthesized unsintered samples. The
peak search-match method is adopted to identify all reflections, and it is found that
along with the precursor phase α-Fe2O3 (ICSD #9015964), two new phases, namely,
Bi2Fe4O9 (ICSD #9008148) and Bi25FeO40 (ICSD #4030661) have formed after 5 h
of milling. At around 30° and 50° 2θ, the peaks are broadened and amorphous-like
background intensity is noticed in Fig. 3a. The newly generated Bi2Fe4O9 phase
has contributed a significant part among all the as-synthesized milled unsintered
powders. The relative abundances of these phases decrease with the progress of
milling hour, and gradually, the Bi25FeO40 phase becomes significant. The relative
content of this phase increases and peak broadeningwith amorphous like background
intensity increases with the increase of milling hour up to 15 h. Figure 3b represents
the XRD profiles of sintered and milled nanocomposites. It reveals the reflects the
facts that after sintering the as-obtained nanocomposites become more crystalline
and amorphous like background completely vanishes. In addition to the precursor
materials, two new phases as mentioned above, BiFeO3 and β-Bi2O3 generate due
to sintering. According to the respective ICSD/JCPDS files, all these reflections are
identified and indexed accordingly. It is also evident from the figure that the relative
intensity distributions of all these phases are varying in different samples. It seems
that due to the high energy impact of mechanical alloying, peak-broadening of these
overlapping reflections of the milled samples increases enormously; as most of the
intense reflections in these regions are composed of both Bi25FeO40 and Bi2Fe4O9

phases, which results in the formation of amorphous-like background intensity in the
XRD patterns of the milled samples. The peak broadening and peak overlapping of
successive reflections of these phases increase with increasing milling time. During
mechanical alloying, lattice imperfections generated in the milled samples due to the
influence of sintering temperature have been reduced extensively, and consequently,
peak-broadening also reduces to a large extent with the increasingmilling hour. Thus,
in Fig. 3b, all these overlapping reflections appear as isolated and distinguishable
reflections.
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Fig. 3 XRD patterns of a unsintered samples, b sintered samples properly indexed with JCPDS
files, c typical Rietveld analysis output of all the sintered samples where the red circles represent the
experimental data, the solid black line represents the refined simulated data, and the green line under
particular pattern signifies the residual intensity (IO–IC), IO and IC are the observed and calculated
intensities, respectively

For estimating the individual parameters quantitatively, the Rietveld refinement
method has been employed, considering all reflections of all pertinent phases in the
XRD patterns. The theoretical (calculated) XRD pattern (IC) is simulated with the
contributions of α-Fe2O3 (ICSD #9015964; Sp. Gr.- R3c:H; a = 5.0346 Å, c =
13.7473 Å), α-Bi2O3 (ICSD #9009850; Sp. Gr.- Fm3m; a = 5.6549 Å), Bi25FeO40

(ICSD #4030661; Sp. Gr.- I23; a = 10.21 Å), Bi2Fe4O9 (ICSD #9008148; Sp. Gr.-
Pbam; a = 7.905 Å, b = 8.428 Å, c = 6.005 Å), β-Bi2O3 (ICSD #9007723; Sp.
Gr.- P421c; a = 7.739 Å, c = 5.636 Å) and BiFeO3 (ICSD #4336775; Sp. Gr.-
R3c:H; a = 5.5797 Å, c = 13.87201 Å) phases. By refining several structural and
microstructural parameters, experimental (observed) XRD profiles (IO) of all milled
sintered and unsintered samples are fitted to the respective simulated XRD patterns
(IC) (Fig. 3c).Due to the small crystallite size and lattice strain of the nanocomposites,
peak broadening arises, and it has been taken care of by considering the pseudo-Voigt
(pV) analytical function [41, 62]. A standard Si sample has been utilized to estimate
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the instrumental broadening, and these parameters were kept unaltered during the
entire refinement process [35]. TheMarquartLeast Squaresmethodhas been assigned
to conduct the refinement and ‘goodness of fit’ (GoF) monitored the entire iterative
process by converging its values toward unity, which is defined as

GoF = Rwp/Rexp, (17)

where,

Re = (N − P)
∑

Wi(Io)
2 and Rwp = Wi (Io − IC)

2

∑
Wi(Io)

2 (18)

In these reported cases, theGoFvalues vary between1.19 and1.49,which seems to
be a good refinement. After completing the refinement process, some of the essential
structural and microstructural parameters obtained from the Rietveld refinement are
tabulated in Table 1.

It is evident from Table 1 that the relative phase abundance of the crystalline
phases of all the milled sintered and unsintered samples varies with milling hour and
elevated sintering temperature such as Bi2Fe4O9 phase becomes significant in 5 h
milled sample, and then the relative amount of this phase decreases from ~80–60%
on further milling. Again the phase Bi25FeO40 appears in 5 h milled sample, and
its relative amount increases up to 10 h and then on further milling, the Bi25FeO40

phase disappears and transforms into BiFeO3 phase after 15 h milling. There is no
such contribution of α-Fe2O3 phase in the milled sample as its relative contribution
remains invariant formilling hour. After sintering, significant changes occurred in the
crystalline phase abundances.AgainBi2Fe4O9 phase becomes a primary contributing
phase, and among the sintered nanocomposites, its relative amount increases with
the increasing milling hour. It is evident that with the increasing milling hour, the
stoichiometric mixture of Bi25FeO40 and BiFeO3 disappears and reappears as the
Bi2Fe4O9 phase. It is also evident from the above table that the crystallite size and
the lattice strain change significantly with the increasing milling time and due to
sintering. It is noticed that the particle size of all pertinent phases of the milled
sample increases, in general, with increasing milling time, establishes the fact of
agglomeration of nanoparticles, and the rate of agglomeration increases with the
increasing milling time. Due to sintering, there is a significant grain growth noticed
in all sintered samples, particularly in the 15 h milled sample. For the Bi2Fe4O9

phase, a high grain growth rate is evidenced after 15 h milling followed by sintering
it at 850 °C for 3 h. Lattice strain reduces continuously in the course of milling due to
agglomeration except for the BiFeO3 phase as it appears due to transformation of the
two phases with a very high strain but reduces significantly after sintering along with
the other two phases. Lattice strain reduces up to 100 folds of all the pertinent phases
due to sintering. So it is evident that after critical size-strain refinement analysis,
milling and sintering at elevated temperature favour the growth of heterostructure
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Fig. 4 XRD patterns of all ball-milled V2O5–TiO2 powder mixtures

nanoparticles containing insignificant lattice strain, which drastically reduces peak
broadening of all contributing phases.

Microstructure characterization of XRD patterns of V2O5–TiO2 nanocomposites by
Rietveld method

Figure 4 represents the XRD profiles of the unmilled and milled powder mixtures of
V2O5–TiO2 nanocomposites. The reflections of all these phases are represented by
small markers at the bottom of the XRD patterns. Following the reported intensity
values, XRD pattern of the unmilled powder sample contains only the reflections
of V2O5 and anatase (a)—TiO2 phases. Due to milling, peak broadening appears
due to the overlapping of peaks among the corresponding XRD patterns. As most
of the peaks are overlapped, the Rietveld refinement method has been employed
for quantitative phase estimation and to determine individual phases’ structural and
microstructural parameters. Figure 5 shows a few of the selected observed XRD
patterns (IO) with the respective calculated best-fitted patterns (IC). Quality of fitting
is judgedby theGoF, as defined inEq. (17) and continues until it approaches 1.0. From
Fig. 6a, it is evident that the amount of TiO2 phase decreases with increasing milling
time due to solid-state diffusion of TiO2 solute into the V2O5 matrix, which suggests
that the solid solution phase grows within this milling time. Figure 6a represents that
the mol fraction value of a-TiO2 becomes nil during the milling of 5–10 h. After 5 h
of themilling, the phase quantity of V2O5 decreases with a subsequent increase of the
rutile (r)-TiO2 phase. It seems that the V2O5-based solid solution phase decomposes
after 5 h of milling, as some quantity of it has transformed to r-TiO2 phase.

Figure 6b, c illustrates that the increasing milling time crystallite size and r.m.s.
lattice strain vary for different phases obtained fromRietveld analysis. FromFig. 6b, it
is. evident that the crystallite size of V2O5 is found to be anisotropic, and considering
the highest intensity ratios of the respective crystal planes of V2O5, this anisotropy
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Fig. 5 Experimental (observed) XRD patterns (dots) of some selected ball-milled V2O5–TiO2
powder mixture with refined simulated patterns (continuous lines). The difference between exper-
imental data (Io) and fitted simulated pattern (Ic) is shown as a continuous line (Io–Ic) under each
XRD pattern

is explained in three particular crystal plane directions. However, the crystallite
size of all other phases in the V2O5–TiO2 nanocomposite is found to be isotropic.
The substitutional V2O5–TiO2 solid solution phase gradually develops at the early
stage of milling, and then the crystallite size of V2O5 tends to be isotropic. The
almost isotropic crystallite size of V2O5 is obtained after 3 h of milling acquired
the maximum growth of V2O5-based solid solution phase. After the 3 h of milling,
crystallite sizes of both the precursor phases a—TiO2 and V2O5 reduce to an average
size of 10 nm, though the reduction rate is much faster for V2O5. Crystallite size of
V2O5 becomes anisotropic after 5 h of milling because solid solution phase quantity
decreaseswith a nominal preferential growth along<301>.After 10hofmilling, crys-
tallite sizes of all the phases attained saturation value and became almost invariant
till 20 h of milling. R.m.s. lattice strains of as-obtained nanocomposites change
accordingly, as shown in Fig. 6c.

5.2.2 FESEM Analysis

FESEM images of the sample surface are produced using a field emission cathode in
the electron gun of a scanning electronmicroscope, which provides narrower probing
beams at low and high electron energy to improve the spatial resolution to minimize
the sample charging and damage. FESEM (Carl Zeiss; Model: Sigma 300) images
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Fig. 6 a Mol fraction variations of phases produced in ball-milled V2O5–TiO2 powder mixtures
with increasing milling time, b crystallite size and c r.m.s strain of different phases produced in
ball-milled V2O5–TiO2 powder mixtures with increasing milling time

have been used for understanding the morphology of the synthesized products with
an accelerating voltage of 5 kV.

FESEM analysis of Bi–Fe–O nanocomposites

Figure 7 represents the surface morphology through FESEM analysis of the as-
synthesized Bi–Fe–O nanocomposites ensured the controlled morphology. From
Fig. 7a, c, e, it is evident that all the milled samples formed an amorphous like struc-
ture with finger-like projections, which become more prominent with the increasing
milling hour, supporting the Rietveld refinement results. However, morphology
changes spontaneously with a nano brick-like structure due to sintering, which is
represented in Fig. 7b, d, f. After 15 h of milling, symmetric agglomeration trans-
forms into a multi-layered exfoliated sheet-like morphology, which enhances the
surface area, improving the optical properties of the as-spun nanocomposites.

FESEM analysis of V2O5–TiO2 nanocomposites

Figure 8a represents the FESEM images of the as-obtained 3 h milled sample,
which shows a clear and bright pineapple leaf or flower-like morphology. With the
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Fig. 7 FESEM images of BiFeO samples, a 5 h milled sample, b 5 h milled and sintered sample,
c 10 h milled sample, d 10 h milled and sintered sample, e 15 h milled sample and f 15 h milled
and sintered sample

increasing milling hour, the amount of leaf-like structure increases and after 5 h
milling, the synthesized nanocomposites transform into a broccoli or broken leaf-
like structure due to the high impact of milling. However, the 3 h milled sample
with pineapple morphology shows the greater surface area, enhancing visible light
photocatalytic degradation efficiency.

5.2.3 TEM Analysis

A beam of electrons is transmitted through an ultra-thin specimen in a transmission
electron microscope (TEM), interacting with the specimen as it passes through it.
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Fig. 8 a FESEM images of 3 h ball-milled V2O5–TiO2 nanocomposite sample, pineapple leaf-like
morphology, b fragmented leaf-like morphology of 5 h ball-milled nanocomposite

As electrons are transmitted through the specimen, a magnified image is formed and
focused by an objective lens and appears on an imaging screen. TEM images can be
considered as the most direct proof for the formation of nanocrystals.

TEM analysis of Bi–Fe–O nanocomposites.

Figure 9a, d, e represents the TEM images from different places of the subjective
grid.

The as-synthesized 15 h milled and sintered sample, which elucidates a cluster
type sheet-like images, resembles the FESEM images. The size distribution of some
isolated nanoparticles measured from different images is plotted in Fig. 9c, which
reveals a wide range of crystallite sizes varying from 100 to 900 nm and most of
the particles have crystallite size within 300–500 nm, quite comparable with the
Rietveld refinement results. Figure 9b represents the powder diffraction pattern with
well-resolved electron diffraction spots, which establishes the fact that the sample
is composed of some well-grown tiny single crystals (diffraction spots) as well as
few nanocrystalline particles (diffraction rings). Most of the intense and resolved
spots and diffraction rings are indexed accordingly, reflecting that the nanocomposite
consists ofBi25FeO40, Bi2Fe4O9,BiFeO3,α-Fe2O3, α-Bi2O3 and ε-Bi2O3 phases. The
absence of any other spots establishes that there is no impurity in the sample, and
the amorphous-like background intensity disappears after sintering the sample.

TEM analysis of V2O5–TiO2 nanocomposites

Particle size distribution plot of as-spun 3 h milled V2O5–TiO2 nanocomposites
possess a Gaussian type distribution, as shown in Fig. 10a, which elucidates that the
average particle size is ~25 nm, Resemble well with the Rietveld refinement results.
Figure 10b represents the indexed electron diffraction pattern of the as-synthesized
3 hmilled sample,which elucidates the formation ofV2O5–TiO2 nanocompositewith
a trace amount of precursor a-TiO2 phase and r-TiO2 phase. According to the JCPDF
files, diffraction rings are indexed, and rutile-TiO2, anatase-TiO2 andV2O5 phases are
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Fig. 9 a, b and c TEM images of as-synthesized 15 h milled and sintered (850 °C) sample, b
indexed SAED pattern and c particle size distribution

noticed to present in the nanocomposites. Figure 10c represents the indexed electron
diffraction patterns of the as-obtained 5 h milled sample, establishes the presence
of both V2O5 and TiO2 phases and the absence of any other impurity phase. The
particle size distribution of the 5 h milled V2O5–TiO2 nanocomposite represented in
Fig. 10d reveals that the average particle size is ~12.5 nm, significantly less than the
3 h milled sample.

5.3 Optical Properties

5.3.1 Bandgap and Urbach Energy Analysis of Bi–Fe–O
Nanocomposites

Figure 11a, b represents the diffuse reflectance spectra of the as-synthesized milled
unsintered and sintered nanocomposites reveal a noticeable variation in the region
between 600 and 800 nm,which exhibit the d d electronic transition of the Fe element.
By applying the Kubelka-Monk function and using the relation [20]

F(R) = (1 − R)2/2R (19)
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Fig. 10 TEM micrographs showing particle size distributions of as-milled a 3 h and d 5 h milled
V2O5–TiO2 nanocomposite; indexed SAED patterns of b 3 h and c 5 h milled V2O5–TiO2
nanocomposite

the bandgap energy of the as-synthesized nanocomposites is calculated, where R
is the experimental reflectance. In this present study, due to the absence of a sharp
absorption edge, the Tauc plot is employed to determine the bandgap of the as-spun
samples following the relation [37, 50],

F(R)hv = A
(
hv − Eg

)n
(20)

where F(R) is the diffuse reflectance, h is the Plank’s constant, ν is the frequency
of photons, A is the proportionality constant, n is the exponential constant, which is
determined whether the nanocomposites are direct or indirect bandgap semiconduc-
tors. For all milled and unsintered samples, there is only one absorption band reflects
in the above curve shown in Fig. 11a, which corresponds to the significant phase of
the milled nanocomposites, i.e. Bi2Fe4O9 and its bandgap sharply decreases from
3.79 to 1.98 eV, with the increasing milling time up to 10 h milling and then almost
remain invariant. However, there are two such bands for the sintered samples shown
in Fig. 11b corresponding to the sintered nanocomposites’major contributing phases,
i.e. for Bi2Fe4O9 Bi25FeO40. The bandgap of Bi25FeO40 only varies from 1.58 eV to
1.49 eV, and the other phase remains almost constantwith the increasingmilling time.
From Fig. 11c, it can be noticed that, unusually, with the increasing milling hour,
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Fig. 11 Reflectance spectra of a unsintered and b sintered samples, c bandgap energy of the
unsintered and sintered samples.dVariation ofUrbach energy of the sintered and unsintered samples

the bandgap of the as-spun nanocomposites decreases due to an increase in particle
size due to agglomeration effect and also due to surface effect and formation of new
phases, i.e. redshift occurs that enhance the absorption efficiency of the samples. Thus
from the above result, it can be concluded that the bandgap energy of the as-obtained
nanocomposites can be tuned as a desire for a specific application only by regulating
the milling hour and sintering temperature. For further investigation due to the intro-
duction of defect levels, point defects, disorders, or strain between the conduction
band (CB) and valance band (VB) band tailing effect is analyzed, and Urbach energy
of the nanocomposites is calculated by using a different Kubelka–Monk function
[48]

ln F(R) = hv/EU, (21)

where EU is the inverse slope of the ln F(R) versus hν graph. Urbach energy for all
the unsintered samples decreases from 2.79 to 0.98 eV with the increasing milling
hour, and for all sintered samples, it remains almost invariant ~0.0 eV as shown in
Fig. 11d. Urbach energy analysis is confined to the skin layer since most defects
are usually trapped in the surface layer. So, whenever there is a change in Urbach
energy or bandgap energy, the morphology changes or defects states trapped at the
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skin layer, which may well modify the optical responses of material, which has been
noticed in the case of Bi–Fe–O nanocomposites.

UV–Visible absorption spectra analysis and optical band gap determination of
V2O5–TiO2 nanocomposites

Within the wavelength range 200–800 nm, the UV–visible absorbance spectra of the
as-synthesized nanocomposites are represented in Fig. 12a. It is evident fromFig. 12a
that there are two characteristic peaks arise for 5 h milled sample, respectively, at
265.33 and 425.33 nm, which attribute to the V2O5 and TiO2 phases [35]. However,
for 3 and 1 h milled samples, the characteristic peak remains almost the same for
the TiO2 phase but shifts from 260.70 to 256.22 nm for the V2O5 phase due to the
incorporation of Ti4+ ions into the V2O5 lattice. For the unmilled sample, there is
only one characteristic peak that appears at 253.97 nm, which is assigned to the V2O5

phase.
Since there is a sharp absorption peak, the bandgap energy of the as-synthesized

samples is calculated using the following relation [18]

(αhv)1/n = A
(
hv − Eg

)
(22)

where α is the absorption coefficient, h = plank’s constant, ν = frequency of the
photon, Eg is the bandgap energy, A = proportionality constant, n = exponent
depends upon direct or indirect bandgap semiconductor. In the present study, TiO2

is considered as an indirect bandgap semiconductor (n = 2), and V2O5 is considered
as a direct bandgap semiconductor (n = 1/2).

The bandgap energy of both TiO2 and V2O5 decreases with increasing milling
time revealed in Fig. 12b, i.e., decreasing the crystallite size, which is attributed to
the fact that surface pressure increases as crystallite size decreases reduce in lattice
strain and also the diminishing of the bandgap energy. So the observed redshift in

Fig. 12 a UV–visible absorbance spectra of unmilled (0 h) and ball-milled V2O5–TiO2 nanocom-
posites, b variation of bandgap energy of V2O5–TiO2 nanocomposites with increasingmilling time.
Inset: Tauc plot of 3 h milled V2O5–TiO2 powder mixture
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Table 2 Urbach energy of
the unmilled and ball-milled
TiO2–V2O5 samples

Milling hour (h) Urbach energy (eV)

TiO2 V2O5

0 1.302 1.55

1 1.164 1.49

3 1.043 1.061

5 0.788 0.898

the band edge is primarily due to the quantum size effect and surface effect, which
enhance the photocatalytic activity of the synthesized nanocomposites.

Table 2 represents the Urbach energy of the as-spun nanocomposites’ defect state
level using the Eq. (21) mentioned above. The band tailing effect arises due to the
introduction of induced defects due to the formation of heterojunction.Urbach energy
of the as-synthesized nanocomposites decreases with the increasing milling hour, i.e.
with the decreasing bandgap. With the increasing Urbach energy value, more and
more defect states are generated between the conduction band and valence band,
which effectively enhanced the photodegradation efficiency.

5.3.2 Photocatalytic Activity

Thephotocatalytic experimentwas carried out usingRhodamineBas amodel organic
pollutant irradiation with solar-like light. For preventing any thermal catalytic effect
during the photocatalytic degradation reaction, the whole experimental setup was
placed on an ice bath to maintain the room temperature. Previously, a 5 ppm stock
solution of Rhodamine B was prepared, and then the photocatalysts were added with
a 10 ppm concentration to the 150 mL of the stock solution. Then the solution stirred
vigorously at first in dark conditions to attain the adsorption–desorption equilibrium
between the photocatalysts and the Rhodamine B molecule and then simulated with
solar light radiation with a 200W halogen lamp. The intensity of the light source and
the pH of the solution were kept invariant throughout the experiment. For investi-
gating the photodegradation efficiency and the reaction’s kinetic rate of the reactions,
5 mL sample solution was collected periodically after 30 min from the beaker and
then centrifuged to separate the photocatalysts for further use. The solution was then
examined by UV–Vis absorption spectra about the characteristic peak of Rhodamine
B ~ at 553 nm. Photodegradation efficiency of the as-synthesized nanophotocatalysts
was determined using the Beer-Lambert law related to molecular concentration as
follows,

Degradation efficiency = (C0 − C)/C0 (23)

For evaluating the kinetic rate constant of the as-obtained photocatalysts, first-
order kinetic rate equation has been employed as,
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ln C/CO = kt (24)

where k is the kinetic rate constant, C is the instantaneous concentration, and C0 is
the initial concentration.

Photocatalytic activity of Bi–Fe–O nanocomposites

Figure 13 represents the UV–visible spectra of Rhodamine B solution in the pres-
ence of 15 h milled and sintered samples, collected at different reaction times. It also
reflects that the intensity of the characteristic curve or concentration of Rhodamine B
gradually decreases with the increasing illumination time by monitoring the charac-
teristic peak at 553 nm. It is evident from Fig. 13 that Rhodamine B molecule almost
degraded ~100% after 360 min.

Figure 14a represents the relative concentration of Rhodamine B molecule in
the presence of the as-obtained nanocomposites. It elucidates that the degradation

Fig. 13 UV–visible spectra of Rhodamine B molecule in presence of 15 h milled and sintered

Fig. 14 a C/C0 versus time variation of the RhB degradation, b kinetic rate constant of
RhBphotodegradation reaction
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of the Rhodamine B molecule increases with the increasing milling hour followed
by sintering, i.e. with the increasing crystallite size and the highest degradation
acquired in the presence of 15 h milled nanophotocatalyst sintered at 850 °C, which
is unusual as the photocatalytic experiment is a surface phenomenon. However, with
the introduction of lattice imperfection and the skin effect viewpoint, this reverse
phenomenon can be explained. Figure 14b represents the kinetic rate constants of
the as-spun nanocomposites, and it increases from 0.001 to 0.0081 min−1. Never-
theless, crystallite size is a useful parameter that could explain the light absorption
efficiency. Some other facets, such as can explain it with the decreasing particle size.
Some defects or local strain creating on the surface may help in further recombina-
tion of photogenerated electron–hole pairs [6]. By trapping the charges inside the
sample, these inner defects limit the reaction path of the electron and restrict their
transportations to the surface. Again the bandgap energy reduces due to some extra
levels created by the defects, which effectively reduces the bandgap energy. The
other probable reasons may be, (a) skin layer which is the trapping centre for charge
carriers [52], (b) a standard feature of the oxide samples, i.e. oxygen vacancy or point
defects [13], (c) by enhancing the surface barriers due to formation of heterojunc-
tions by forming the mixed-phase, which eventually promote the charge separation
that increases the photocatalytic degradation efficiency. To further investigate the
photodegradation efficiency of the as-synthesized 15 h milled and sintered sample,
degradation of a non-absorbingmolecule, i.e. colourless kanamycin antibioticmainly
found in wastewater, was also performed. Figure 15a represents the degradation of
relative intensities concerning time, and the inset elucidates the kinetic rate, K =
00.075 min−1 of the degradation of kanamycin molecule taken for a shield photo-
sensitization effect. Also, the RhB molecule’s degradation efficiency is investigated
in the presence of H2O2 molecule, and it seems that the degradation rate becomes
faster for the previous and almost 100% degradation occur within 240 min, as shown
in Fig. 15b.

Fig. 15 aC/C0 versus time graph of 15 hmilled and sintered samples in the presence of Kanamycin
antibiotic (inset: kinetic rate curve for 15 h milled and sintered sample for Kanamycin degradation),
b RhB degradation in the presence of H2O2



Metal Oxide Heterostructured Nanocomposites … 295

Photocatalytic activity of V2O5–TiO2 nanocomposites

Figure 16 represents the UV–visible spectra of Rhodamine Bmolecule in presence of
as-synthesized unmilled and milled V2O5–TiO2 nanocomposites, and the intensity
of the curves decreases with increasing irradiation time, which is analyzed by moni-
toring the shifting of the characteristic peak at ~553 nm. It is shown from the figure
that the rate of decreasing the intensity curve is different for different nanocompos-
ites, and it is highest, i.e. 94% within 300 min for 3 h milled photocatalyst resemble
with the conclusion of the Rietveld refinement result.

Figure 17a represents the variation of relative intensities of Rhodamine B
molecule, i.e. C/C0 ratio with the irradiation time, which reflects the fact that the
degradation efficiency increases with the increasing milling hour up to 3 h milling
and then again decreases for 5 h milled nanocomposites. The inset in Fig. 16a eluci-
dates the percentage degradation of the Rhodamine B molecule. To understand the
degradationmechanism, the kinetic rate constant is determined by using the Eq. (24).

Fig. 16 UV–visible absorbance spectra of RhB solution in the presence of V2O5–TiO2 nanocom-
posites milled for a 0 h, b 1 h, c 3 h and d 5 h, respectively
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Fig. 17 a Variation of reaction rate (C/C0) with V2O5–TiO2 nanocomposite sample milled for (a)
0 h, (b) 1 h, (c) 3 h and (d) 5 h. Inset: percentage of degradation of RhBwith respective milling time.
b Comparison of the rate constant of RhB degradation with V2O5–TiO2 nanocomposite milled for
(a) 0 h, (b) 1 h, (c) 3 h and (d) 5 h, respectively

Resembling with the degradation spectra, the kinetic rate constant also increases
with the increasing milling hour and decreases represented in Fig. 17b. TiO2, being
the effective photocatalyst among the well-known semiconductors, due to the wide
bandgap energy (Eg ~ 4.78 eV), does not exhibit better photocatalytic activity due to
the incapability in photons’ absorption from the visible light range. So the enhance-
ment of the photocatalytic activity of TiO2 photocatalyst within the visible range
becomes the most crucial motivation of the present work. Nevertheless, creating a
heterojunction with a narrow bandgap semiconductor such as V2O5 (Eg ~ 2.4 eV) is
one of the best strategies, which can utilize the photons and thus enhance the photo-
catalytic activity in the visible light range. When the TiO2–V2O5 heterojunction
is illuminated with visible light irradiation, electron–hole pairs are generated and
transported through the interface and possibly the oxidation–reduction capability
and recombination rate of these newly generated and migrated electron and holes
decreases, which in turn improves the separation ability of the photoexcited electron–
hole pair and thus improves the photocatalytic performance of the heterojunction
V2O5–TiO2 nanocomposite.

5.3.3 Recyclability and Stability Analysis

Recyclability and stability are two essential parameters in a photocatalytic experi-
ment that ensures its practical application in the remediation of industrial wastewater
treatment.

Reusability and stability of Bi–Fe–O photocatalysts

Figure 18a represents an essential key parameter, recyclability of the 15 h milled and
sintered BFO sample. The photocatalytic degradation efficiency decreases after the
first cycle and then remains almost constant up to the third cycle, primarily due to the
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Fig. 18 a Recyclability curves for 15 h milled and sintered sample, b EDX spectra of 15 h milled
and sintered BFO samples before and after the degradation process

loss of photocatalyst during filtration and collection. Figure 18b represents the EDX
spectra of the BFO sample before the degradation process and after the third cycle
of the degradation process, which ensures that the elemental compositions of the
BFO catalyst remain unaltered before and after the photocatalytic reactions. Thus,
the BFO catalyst can be reused for further photocatalytic reactions.

Reusability and stability of Bi–Fe–O photocatalysts

Figure 19 represents the EDX spectra of 3 h milled V2O5–TiO2 sample before and
after the degradation process. No new peak ensures the reusability ability of the
as-synthesized nanocomposites.

6 Conclusion

This chapter summarizes the development of metal oxide heterostructured nanocom-
posites for industrial wastewater treatment using simulated solar radiation. The
photocatalytic activities of some metal oxide semiconductors have been reported,
and their limitations are also listed. For overcoming these limitations of the metal
oxide semiconductors such as poor absorption ability, faster recombination rate etc.,
synthesis of heterostructured nanocomposite becomes utmost necessary. Along with
some previous work, synthesis and characterization of three nanocomposites have
been discussed in detail in this chapter.Metal oxide-based heterostructured nanocom-
posites are synthesized through mechanical alloying. Structural and microstructural
characterizations are revealed by employing the Rietveld refinement method to the
corresponding XRD profiles using MAUD software. Detailed surface morphology
and modification is explored through FESEM image analysis.

Further, the newly generated phases have been verified usingTEM images, and the
electron diffraction imageswith no other extra diffraction spot ensure the purity of the
phase formation of the corresponding nanocomposites. The semiconducting nature
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Fig. 19 EDX spectra of 3 h milled V2O5–TiO2 sample before and after the degradation process

of the as-obtained nanocomposites is studied by observing their optical properties
examined through diffused reflectance UV–visible spectroscopy and determined the
co-relation betweenUrbach energy values and their corresponding optical properties.
Finally, the capabilities of the as spun nanophotocatalysts in industrial wastewater
remediation are ensured by investigating the photocatalytic degradation efficiency
using primarily Rhodamine B as a model organic pollutant, and further investigation
photodegradation of other organic dyes is also studied. Practical application of the as-
synthesized nanocomposites in wastewater treatment is also ensured by recyclability
and stability analysis.

Conclusive remarks on Bi–Fe–O nanocomposites

• Heterostructured Bi–Fe–O nanocomposites are mechanosynthesized by ball
milling at different milling hours followed by sintering at 850 °C. Different
physicochemical properties are examined. However, in contrast to the conven-
tional result, particle size increases with the increasing milling hour, probably
due to agglomeration or reduced lattice strain of about 100 times.

• After sintering, the XRD pattern changes significantly and proves to be more
crystalline due to sintering, which is also reflected in the FESEM images. Surface
morphology conveniently changes from cluster type structure to microbrick type
structure.

• Again, in contrast to the traditional theory, the photocatalytic activity increases
with the increasing particle size, i.e., the reducing surface area though it is a



Metal Oxide Heterostructured Nanocomposites … 299

surface phenomenon. This can be explained by introducing the trapping defect
states between the conduction band and valence band, which increases the ability
to separate the photogenerated electron–hole pair and migrate them towards the
surface.

• The 15 h milled sample shows the highest photodegradation efficiency ~94%
within 360 min, and with the addition of a small amount of H2O2, efficiency
increases up to 100% within 240 min.

• Recycle capability up to third cycle, and prominent stability analysis of the Bi–
Fe–O nanocomposites proved to be an efficient photocatalyst.

Conclusive remarks on V2O5–TiO2 nanocomposites

• V2O5–TiO2 nanocomposites are synthesized through mechanical alloying at
different milling hours.

• The 3 h milled sample shows the highest photocatalytic activity ~100% within
300 min with a pineapple-like structure.

• Photocatalytic efficiency increases with the decreasing particle size, i.e. with the
decreasing band gap and Urbach energy.
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Abstract Electrocoagulation (EC) is an excellent and promising technology in
wastewater treatment, as it combines the benefits of coagulation, flotation, and elec-
trochemistry. EC is an efficient process to remove both organic and inorganic pollu-
tants from wastewater. During the last decade, extensive research has focused on
the treatment of several types of industrial wastewater using electrocoagulation.
EC is a popular technique, which is being applied for the treatment of varieties
of wastewater, because of its several advantages like compact, cost-effective, effi-
cient, low sludge production, it’s automation conveniences, high efficiency, and eco-
friendliness. This chapter highlights the EC working principle, mechanism, factors
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affecting EC process, design aspects, and its application in various industrial efflu-
ents. The studies on treatment of various industrial wastewater by global researchers
are critically reviewed. The capability of employing this technology in combined
systems with other conventional methods to eliminate contaminants from wastew-
ater is reviewed also. The core findings proved the capability of this technique in
wastewater treatment whether it is performed alone or combined with other tech-
nologies providing many pros, such as the decrement of the operation cost and the
sludge formation.

Keywords Electrocoagulation refractory contaminants · Industrial wastewater ·
Combined systems

1 Introduction

Water is one of the most important resources on earth; water plays a vital role for all
humanbeings, animals, andplants to thrive.Water is an equally important resource for
themanufacturing sector and social development. Therefore, there is anurgent need to
preserve and protect our ecosystems from all types of pollution [38, 42, 49]. In India,
water is used in the industrial sector is about 34 billionm3 per year, which is estimated
to increase four times by 2050. Rapid industrialization has tremendously increased
the volume of wastewater to be disposed-off, while the capacity of receiving water
to accept the increasing inorganic and organic loads remains the same [16, 52]. This
has resulted in the rapid deterioration of the quality of surface water and forcing the
concernedmore stringent legislation [24, 57, 58]. Accordingly, industries are looking
for low-cost solutions to reduce the excess pollutant load. The situation is further
aggravated by the threat posed by constant discharge of pollutants by industries such
as sugar, paper, steel manufacturing, pharmaceutical, oil refineries, mining, chemical
paints, petrochemical, textile, slaughterhouse, distilleries, electroplating, etc. These
industries discharge untreated or partially treated wastewater into nearby drains,
rivers, stagnant ponds, lagoons, or lakes [1, 28, 64, 66].

The wastewater generated from leather, distillery, cement manufacturing, food
and beverages, textile, pharmaceutical, and dairy industries contains various toxic
organics, metals, phenolic contaminants that are complex, in nature, and discharge
of such wastewater has many negative effects on the receiving water bodies such as
low dissolved oxygen (DO), scum formation, thermal impact, and slime growth [14,
29, 62]. Thus continuous discharge of untreated wastewater may harm the aesthetic
and scenic beauty of water environment finally leading to totally disturbed ecosystem
[31, 40]. In developing countries, huge quantity of effluents are generated by different
industries, out of these, only few industries reuse the treated effluent. Thepotential use
of the treated wastewater varies significantly depending upon the degree of treatment
and on public acceptance [22, 39, 51]. Nevertheless, this practice is being carried
out in many countries with the potential use of treated water for various purposes,
which includes irrigation, recreational areas, and landscapes.
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In order to trace global research trends in industrial wastewater, the bibliometric
analysis is carried out of 110 years as shown in Fig. 1. This figure revealed that many
of environmental researchers attracted EC technology due to its inherent advan-
tages—high removal efficiency, environmental compatibility, and clean technology
that could be applied in various industrial domains including water and wastewater
treatment [70].

Degradation of toxic, refractory contaminants by biological treatment are found to
be difficult. Therefore, more effective low-cost wastewater technologies are neces-
sary to fulfill human requirements. Electrochemical treatment technologies have
attracted and given attention to their environmental compatibility, high removal
efficiency.

Almost all of the electrochemical principles involve the movement of electrons
in the conduction media (maybe water or wastewater) and the concept of oxidation
and reduction. In recent years, various studies have been focused on the electro-
coagulation process, which is an efficient method used to destabilize and remove
finely dispersed particles from water and wastewater [43, 47]. Electrocoagulation
is a method of treating wastewater containing significant concentrations of organic
and inorganic pollutants. Industrial electrochemistry has helped to develop optimal
processes and better environmental efficiency.

The EC reactor design cannot be made in isolation as design, flow pattern and
operational parameters are dependent on three foundation technologies as shown in
Fig. 2. The Venn diagram consists of three lobes, which include electrochemistry,
flotation, and coagulation. The intersection of each lobe is highlighted by working
principle, characterization method, and tools. In the overall understanding of electro-
coagulation, contact pattern kinetics play a key role. The removal path of floatation
and settling are represented by vertical arrow. The double-headed arrow (current
density) shown in Fig. 2 determines coagulant dosage and bubble production rates.
There is a complex interaction between electrochemistry, flotation, and coagulation.
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Fig. 2 Conceptual frameworks for electrocoagulation

1.1 Mechanism of Electrocoagulation

EC is a complex separation technique involving a combination of physical and chem-
ical mechanisms. The EC process is a simple and effective method for the treatment
of various water and wastewaters. Many investigations in recent years have focused,
in particular, on the use of EC due to its advantages such as:

1. A lower amount of coagulant ions is required.
2. A higher rate of pollutant reduction with low treatment time.
3. Simple operation and maintenance, no need for addition of chemicals.
4. The quantity of generated sludge is less and disposal of sludge is simple.
5. Flocs formed settle easily and are readily dewaterable.

Electrocoagulation method has been tested successfully to treat domestic wastew-
ater, dairy, steel manufacturing plant, poultry, olive oil mill, pickle, distillery,
textile, dye, pharmaceutical, automobile, photograph processing, electroplating
industry wastewater, biodiesel wastewater, petroleum refinery wastewater, paint
manufacturing wastewater, tannery wastewater, etc. [3, 5, 64].
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The simplest EC cell includes a sacrificial anode and a cathode made up of several
materials (such as Fe or Al) immersed (partially or fully) in the water or wastewater
[60, 67].AnECsystemmayconsist of one ormultiple anode–cathode pairs connected
either inmonopolar or bipolarmode [4, 6]. Three successive stages involved in theEC
process are: (i) formation of coagulants by electrolytic oxidation sacrificial anode,
(ii) destabilization of pollutants, particulate suspension and breaking of emulsion,
and (iii) aggregation of the destabilized phase to form flocs (Fig. 3).

Aluminum is cheap and readily available metal and has an ability to form multi-
valent ions and various hydrolysis products [44]. Hence, aluminum is the most
commonly used anode material. During EC process in a reactor with aluminum
electrodes, the important electrochemical reactions that take place are given in Eqs.
(1) and (2):

At the Anode: Als → Al3+aq + 3e− (1)

At the Cathode: 3H2O
+
aq + 3e− → 3/2H2(g) + 3OH− (2)

The Al3+ ions generated by the anode and OH– ions generated by the cathode
form various monomeric and polymeric species such as Al(OH)2+, Al2(OH)4–,
Al6(OH)159+, Al8(OH)204+, Al13O4(OH)247+, and Al13(OH)345+ that transform
initially into Al(OH)3(s) and finally polymerize to Aln(OH)3n according to Eqs. (3)
and (4) in solution medium:

nAl(OH)−3 → Aln(OH)3n (3)

Al3+ + 3H2O → Al(OH)3(s) + 3H+ (4)
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The amphoteric nature of Al(OH)3(s) flocs usually has more surface area that
facilitates quick adsorption of soluble matter along with entrapping of colloids.
The microbubbles of H2 and O2 released at the electrode surface adhere to the
agglomerates and carry them to the water surface by electrofloatation [7, 45, 46, 62].

2 Elimination of Contaminants Using Electrocoagulation
Technology in Combined Systems

Electrocoagulation technology is also widely performed in integrated systems with
other technologies to eliminate numerous pollutants effectively. The hybrid systems
could provide several pros, such as low down the sludge generation, minimize the
operation cost and consumption of the performed electrodes. The use of this tech-
nology in integrated systems has received wide attention from scientists in the last
decades. Bilińska et al. [15] combined an electrocoagulation technology and ozona-
tion (O3) to treat high salinity dye wastewater. They proved the treatability of this
hybrid system to obtain 95% dye removal efficacy within 18 min treatment time in
comparison with that of 60 min contact time when the ozonation technology was
employed alone.

Another study done by Ashraf et al. [10] combined the reverse osmosis process
with electrocoagulation to remediate the highly concentrated brine water. They
reported 98.9% silica removal within a significant short contact time using iron
and/or aluminum electrodes. However, the performance of this system was influ-
enced by generating a thick coating on the used electrodes, for that reason, they
performed polarity change to solve this problem. Sharma and Simsek [61] compared
the capability of using an integrated system containing of electrocoagulation and
electro-oxidation from one side and an electro-peroxidation process on the other
side for the remediation of canola oil refinery wastewater. This study found that
the integrated system achieved 99% and 95% of COD and dissolved organic carbon
(DOC) removal efficiencies, respectively, compared to that obtainedusing the electro-
peroxidation onlywhich removed 77%and 86%only of these pollutants. Hasani et al.
[32] investigated the performance of four integrated processes of electrocoagulation
flotation system when it was performed for eliminating humic acid from drinking
water. The impacts of several technological variables were investigated. They proved
that the pulse current-perforated electrode configuration was the most cost-effective
in electrode and energy consumption and provided higher contaminants removal
efficiency compared to other processes. Tavangar et al. [65] employed an integration
system consisting of electrocoagulation and nano-filtration processes to remediate
COD and color from real dyewastewater. The cons of each technologywere vanished
when these technologies were integrated. Another work proposed a combined system
containing electrocoagulation and reverse osmosis (RO) technologies. It was docu-
mented byAzerrad et al. [11] to enhance the desalination of salinewaterwhere higher
removal efficiency of carbonate, phosphate, and dissolved organic matter of 98%,
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>99%, and (50%), respectively, were achieved using aluminum electrodes, which
were larger than in case of iron electrodes. They also concluded that the oxidation of
micropollutants was improved by fourfold when this hybrid system was integrated
with an advanced oxidation process (AOP), either UVA/TiO2 or UVC/H2O2.

Khani et al. [36] treated wastewater containing olive mill using a hybrid system of
electrocoagulation and catalytic sonoperox one processes where the sonoperoxone
process consists of the integration of electrooxidation and ozonation addition as well
as the ultrasonic process. The impacts of the contact time, current density, and type of
electrodes were studied. The (BOD5/TOC) index was enhanced by 32% in compar-
ison to raw wastewater. Another combination system involved electrocoagulation,
membrane distillation, and forward osmosis documented by Sardari et al. [54] for
water reuse from high brinewastewater discharged from shale gas extraction process.
The findings observed revealed significant removal efficiencies of 78% and 96% of
TOC and TSS, respectively, under the selected operational variables. Lalwani et al.
[41] performed electrocoagulation and photocatalytic oxidation technologies in an
integrated configuration to eliminate TOC from drug wastewater. They found that
the elimination of TOCwas (33%) using UV-photocatalytic oxidation part compared
to 30% of TOC removal in case of natural sunlight-photocatalytic oxidation. Bashir
et al. [13] studied the efficiency of a hybrid process containing electrocoagulation and
peroxidation technologies to treat wastewater released from the palm oil mill under
the impacts of specific operational variables. They concluded that higher removal
efficiencies of 100%, 96.8%, and 71.3% were obtained for TSS, color, and COD
pollutants, respectively, after 45 min of contact time.

Electrocoagulation and electro-oxidation–reduction steps were investigated indi-
vidually and together in a combination system by Ghazouani et al. [26] to remediate
real wastewater discharged from food processing factories. They found that higher
elimination of COD, nitrates, ammonium/ammonia, and phosphates were obtained
depending on the configuration set-up employing these two treatment technologies.
Shamaei et al. [59] performed a hybrid system of electrochemical coagulation and
chemical coagulation to remediate steam-assisted drainage wastewater. A significant
removal of 39.8% TOC was achieved after 90 min of contact time using electrodes
made of aluminum and connected to the power source in a bipolar mode. Dia et al.
[23] studied the ability of an integrated electrocoagulation-biofiltration process to
eliminate contaminants from landfill leachates. They obtained 99% and 42% of NH4

and COD removal. They revealed that the efficient employment of this integration
of technologies could remediate different types of wastewater containing numerous
kinds of pollutants.

Sardari et al. [53] performed electrocoagulation and ultrafiltration to treat poultry
wastewater. They achieved more than 85% removal of pollutants compared to that
obtained using the individual methods. The study of the capability of electrocoagu-
lation and membrane distillation was done by Sardari et al. [55] to treat the hydraulic
fracturing saline water. A 85% of TSS and organic content removal was achieved and
a stablewater fluxwith low fouling had been attained over 434 h experimental period.
Al-Malack and Al-Nowaiser [8] tested a hybrid electrocoagulation-membrane biore-
actor to eliminate oil and COD and grease from saline oilfield wastewater. They had
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proved that the removal of these pollutants was decayed with an increment in the
concentration of the influent oil. An invented design of the combined system was
documented by Sun et al. [63] to remediate humic acid from wastewater, where this
cell contains electrocoagulation and electrooxidation integrated with a membrane
placed between the electrodes. They had found that this integrated system could be
used in wastewater treatment with higher efficacy. Kong et al. [37] documented the
ease using of a combined system containing electrocoagulation and electro-peroxone
methods, used to remove COD pollutant from shale gas flow-back wastewater. They
obtained 35.4%COD removal using 50mA/cm2 of current density.Nariyan et al. [50]
investigated a hybrid system involving electrocoagulation and chemical precipitation
using lime to eliminate sulfate from real wastewater. The obtained findings proved
that the hybridization system is useful for eliminating 90% of sulfate pollutants at 25
mA/cm2 of current density. Zazou et al. [69] had performed hybrid systems consisting
of electrocoagulation method and other types of advanced oxidation technologies,
involving peroxi-coagulation, anodic oxidation, and the electro-Fenton method to
treat wastewater released from textile industries. They had revealed that the inte-
gration system of electrocoagulation and electro-Fenton provided the reuse of the
treated wastewater belong to WHO specifications.

Barzegar et al. [12] combined electrocoagulation with ozonation methods to
improve grey water remediation under the impact of the operational variables of
contact time, current density, pH, and the ozone dose was investigated using iron
electrodes. They conducted 70% and 85% of TOC and COD removal efficiencies,
respectively, after 60 min, 15 mA/cm2, pH = 7, and 47.4 mg/L of the studied vari-
ables. Then the integrated system was combined with UV irradiation where 87%
and 95% TOC and COD removal efficiencies were obtained. Jose et al. [34] inves-
tigated a hybridization system involving the electrocoagulation and filtration reme-
diation of TDS, TOC, COD, and color from wastewater to attain higher removal.
They concluded that the combined system was cost-effective compared to the tradi-
tional method. Moradi and Moussavi [48] integrated electrocoagulation technology
with UVC/VUV photoreactor to eliminate COD, Cr (III), Cr(VI)) and sulfide from
tannery polluted water. They attained higher removal of these pollutants at pH 7 and
less and proved the usability of this combined system to treat wastewater released
from tannery industries.

A hybrid system containing electrocoagulation and electrooxidation was docu-
mented by Costa et al. [21] to remove COD from cashew-nut wastewater discharged
from the washing of raw cashew nuts. More than 80% of COD removal efficiency
was achieved compared to 51% in the case of using electrocoagulation process alone.
GilPavas et al. [27] concluded that the combined system of electrocoagulation-photo-
Fenton and electrocoagulation-Fenton followed by adsorption using activated carbon
was more valuable to eliminate 76%, 78%, 90%, and 100% TOC, COD, toxicity,
and color, respectively, in contrast to that attained using electrocoagulation alone.
An integration system of electrocoagulation and sedimentation processes was inves-
tigated by Chen et al. [20] to treat polymer containing wastewater under the effects
of the operational parameters of current density, flow rate, and tilt angle of elec-
trodes using response surface methodology (RSM) based Box-Behnken method as
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an experimental design. They achieved higher removal (97%) of oil content at 18.9
mA/cm2, 5.5 L/h, and (80°) of the applied current density, flow rate, and the tilt angle
of electrodes. Keramati and Ayati [35] studied the hybrid system of electrocoagu-
lation and photo-catalytic technologies with ZnO nanoparticles to remediate COD
from real oily wastewater. The observed results showed 85% of COD removal under
the optimal operating variables. Jiang et al. [33] investigated a hybridization system
of electrocoagulation and separation methods to remove oil content and turbidity
from a polymer containing wastewater under the impacts of the operating variables
of contact time, flow rate, current density, and the tilt angles of electrodes. They
attained 96% and 97% of removal efficiencies, respectively, but they minimized with
the increase of the tilt angle.

An et al. [9] invented a combined system of electrocoagulation and electro-Fenton
for eliminating cyanotoxins and cyanobacteria fromwastewater. This efficient system
increased the removal of TOC by 30% and minimized the consumption of energy
by 92%. Ye et al. [68] performed electrocoagulation and UVA photoelectro-Fenton
processes in a hybrid system to eliminate benzophenone-3 from municipal wastew-
ater using aluminum electrodes and boron-doped diamond electrode to achieve total
mineralization under the studied conditions. Guan et al. [30] documented an inte-
grated systemcontaining electrocoagulation and electro-Fentonmethods to eliminate
Cu-EDTA and copper contaminants fromwastewater. A higher removal efficacy was
observed at pH <7, 72.92 A/m2 of current density, and 49.4 mM of H2O2 concen-
tration, respectively. Bruguera-Casamada et al. [18] constructed a system containing
electrocoagulation reactor connected to electro-Fenton or UVA-photoelectro-Fenton
cells to treat wastewater discharged from dairy industrial. They attained a 28%
TOC removal at pH 3 using UVA-photoelectro-Fenton process and electrocoagu-
lation methods due to the enhancement of the bacterial inactivation by UVA radia-
tion. Another hybrid system consisting of electrocoagulation and forward osmosis
methodswas proposed by Sardari et al. [56] to eliminate TSS and organic compounds
from hydraulic fracturing wastewater. They concluded the treatability of this system
for water reuse.

A combined system of photoperoxi-electrocoagulation was performed by Borba
et al. [17] to eliminate COD and chromium from tannery wastewater under the
influence of the reaction time, pH, the dosage of peroxide, and the current density.
Theyobtained a complete removal of pollutants after 2 h.Adjeroud et al. [2] employed
an integrated system containing electrocoagulation and electroflotation processes
to remove copper from synthetic wastewater performing aluminum electrodes and
opuntia ficus indica (OFI) plant. They achieved a complete removal of copper after
5 min aiding 30 mg OFI/L at pH 7.8 value. Another hybrid system consisting of
electrocoagulation and microfiltration was investigated by Changmai et al. [19] for
the de-fluorination of contaminated drinking water. This system was applicable to
remove 92% of fluoride at pH 7.9 and 15 A/m2 of current density. Ghanbari et al.
[25] tested a combined system involving electrocoagulation, peroxymonosulfate,
and electrooxidation to attain higher removal efficiencies of COD, TOC, BOD, and
ammonia from landfill leachates.



314 P. B. Bhagawati et al.

This summary reveals that effective removal of different pollutants can be attained
in the case of combined systems is significantly higher compared to that achieved
using individual treatment methods.

3 Conclusion

The electrocoagulation technique is one of the promising technologies to treat
different industrialwastewaters. The electrocoagulation process is chosen as an effec-
tive method for the treatment of various industrial wastewater, instead of the conven-
tionalmethods,which havemanypractical drawbacks. Electrocoagulation cell design
is one of the pivotal issues to maintain high mass transfer rates as main reactions take
place in electrocoagulation reactor. The selection of appropriate electrode material
is also important when designing electrocoagulation cell for maximum removal effi-
ciency. Currently, many of industries use commercially available electrodes made
up of BDD, TiPbO2, Ti-SiO2, graphite, and Zn etc. The cost of these electrodes is
high, and they generate toxic elements. This review finds the key achievements and
highlights that the major shortcomings in the process are summarized. The fact that
EC is a novel technology for water and wastewater treatment that cannot be denied,
as it has a number of advantages over traditional methods. However, the technology
is still being fine-tuned and refined, and further studies are necessary, to make this
technology available all around the world. Due to the overall environmental sustain-
ability, developing membrane technology stands out as the best process to be merged
with EC among numerous hybrid EC techniques that have been explored. There must
be more research into the optimization of parameters, system design, and economic
feasibility to explore the potential of the EC-combined systems.
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Carbonaceous-TiO2 Photocatalyst
for Treatment of Textile
Dye-Contaminated Wastewater

Ayushman Bhattacharya and Ambika Selvaraj

Abstract The rising quantity and toxicity of dye-enriched industrial effluents due to
rapid industrialization is a foremost and emerging concern throughout the world. The
presence of dyes in the waterbodies possesses a threat to aquatic life and can anni-
hilate the environment and human health. Therefore, before discharge, the treatment
of dye-contaminated industrial effluents is of paramount importance. Heterogeneous
photocatalysis, an advanced oxidation process (AOP), is a sustainable and effective
treatment approach that has a greater potential for the catalytic eradication of dyes
by generating highly reactive radicals. In general, titanium dioxide (TiO2) semicon-
ductor photocatalyst is extensively used for the photocatalytic degradation of dyes.
However, owing to various drawbacks associated with TiO2 photocatalysts such as
higher electron–hole pair recombination and larger bandgap, the TiO2 photocata-
lyst is modified by coupling with carbonaceous materials for higher photocatalytic
activity and visible light-harvesting ability. Therefore, this chapter briefly describes
the mechanism involved in the photocatalytic degradation of dye and elucidates the
different methods for synthesizing carbonaceous-based TiO2 composites comprising
activated carbon, graphene derivatives, carbon doping, and carbon nanotubes for dye
removal. Also, the chapter precisely focuses on the existing and recent studies on
dye removal using carbonaceous-based TiO2 materials. Therefore, this study will be
useful for engineers and researchers working in the domain of industrial wastewater
treatment.
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1 Introduction

Dyes are unsaturated organic compound that possesses a complex structure and
exhibits recalcitrant, xenobiotic, and carcinogenic nature. It is extensively used in
leather tanning, textile, food, and paper production industries and is found in their
effluents. The uncontrolled and untreated discharge from these industries to water
bodies causes an environmental menace and disrupts aquatic life and thus requires
treatment. One of the major factors that control the treatment performance of the
dye-containing effluent is the nature of dyes.

Synthetic dyes are categorized into soluble and insoluble dyes. Soluble dyes are
categorized into cationic and anionic dyes. Cationic dyes comprise of Rhodamine
B, Methylene Blue, Brilliant blue-R, Methyl violet, Brilliant green, Crystal violet
whereas Eosin Y, Congo red, Methyl Orange, Rose Bengal, Indigo carmine,
Eriochrome Black T and Alizarin red S are under anionic dyes [1]. Furthermore,
insoluble dyes are categorized into azo, disperse, sulfur, vat, and solvent dyes.Among
these, azo dyes such as Acid Red 2, Direct Black 22, Disperse Yellow 7, Acid Orange
20, Methyl Red, Direct Blue 71, and Trypan Blue are majorly used throughout the
world [2]. Generally, azo dyes consist of (–N=N–) functional groups combining two
symmetrical/unsymmetrical identical non-azo alkyl and aryl radicals. An increase
in these azo bonds leads to a higher molecular weight of the azo dyes that causes
a reduction in the degradation rate as well as enhances the distribution of the dye
in the aquatic bodies [3]. It is reported that ~60–70% of azo dyes are insusceptible
to biodegradability and generate daughter compounds. The formation of aromatic
amine by-products from the degradation of azo dyes is more carcinogenic than the
parent dye molecules and is detrimental to reproductive and immune systems [4].

In addition, the incomplete fixation of dye to the fabric during textile processing
makes 15–20% of dye gets into the environment that leads to the generation of dye-
coloured containing effluents. The existence of dyes even at lower concentrations
is highly visible in the water. Hence, the presence of dyes in the aquatic ecosystem
declines the light penetration ability and thereby impedes photochemical action. It
results in instability in the ecological balance and is characterized by chemical and
biochemical oxygen demand. Besides, dyes persevere as an environmental contam-
inant and induce biomagnification [5, 6]. The higher solubility of dyes, increased
toxicity, and low degradability of dyes raise the difficulty of its removal by conven-
tional methods andmake it an emerging environmental concern [2, 3, 5]. Thesemajor
challenges associated with the degradation of dyes by conventional options suggest
moving towards an advanced oxidation process for its effective removal from an
aqueous medium.

Advanced Oxidation Process (AOP) has the potential to oxidize either partly
or completely the toxic organic pollutants by generating highly reactive hydroxyl
radicals (OH·) [7]. Several AOPs exist for the treatment of water andwastewater such
as photocatalytic processes, UV/H2O2-based processes, Fenton-based processes, and
ozone-based processes. Among these, heterogeneous photocatalysis has emerged as
an environmental friendly and effective treatment for dye removal as it generates
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the reactive radicals under ambient conditions without the application of potentially
hazardous oxidants (chlorination, ozone) and has no secondary waste disposal issues
[8–11]. The application of 2Dmetal oxide semiconductor materials as photocatalysts
has significant potential for the photocatalytic degradation of textile dyes [12]. AOP
is an emerging field in wastewater treatment and many researchers are exploring the
synthesis and evaluation of novel photocatalysts but a deeper investigation is required
for large-scale commercialization.

Among various metal oxide photocatalysts, titanium dioxide (TiO2) has gained
widespread attention and is widely investigated because of its inherent properties
such as hydrophilicity, stability against photo-corrosion, cost-effective, water insol-
ubility, and less toxicity. However, because of the larger bandgap (3.4 for rutile
and 3.2 eV for anatase), the ultraviolet light that occupies only 3–5% of the solar
spectrum is used for the excitation of TiO2. Apart from a larger bandgap, lower
surface area and higher recombination of electrons and holes remain a major draw-
back that restricts its practical applications. To mitigate the above-said drawbacks
and to enhance the photocatalytic performance for dye degradation, TiO2 is modi-
fied by integrating with different support materials to modulate the electronic band
structure, and for higher quantum efficiency, reaction rate, and adsorption ability
[13]. Due to the broader scope of different forms of carbon-based nanomaterials
for dye removal and growing research in this field makes it imperative to timely
review the ongoing studies and development. Therefore, this chapter begins with a
concise explanation of the mechanism behind the photocatalytic degradation of dyes
and specifically focuses and in-depth details on the different synthesis methods for
synthesizing carbonaceous-based TiO2 materials. Furthermore, the chapter outlines
the advancement and photocatalytic performance of carbonaceous-based TiO2 mate-
rials comprising activated carbon, carbon dopant, graphene derivatives, and carbon
nanotubes for dye degradation.

2 Mechanism of Photocatalysis in Carbonaceous-Based
TiO2 Composite

The photocatalytic reaction begins with photon absorption with higher energy than
or equal to the bandgap of the photocatalyst and leads to excitation of electrons
to the conduction band (CB) and the creation of holes in the valence band. These
generated electrons and holes act as reducing and oxidizing agent, respectively, and
take part in the redox reactions after migrating to the photocatalyst surface with
various groups adsorbed on the catalyst surface [14], resulting in the generation
of hydroxyl (OH·), hydroperoxyl

(
HO·

2

)
, and superoxide

(
0·−2

)
radicals that induce

oxidation of dye molecules [15]. In general, carbonaceous material possesses strong
adsorption properties, and therefore coupling it with photocatalyst fosters higher dye
adsorption on the surface of the TiO2 photocatalyst and ultimately leading to higher
dye degradation. Furthermore, the formation of chemical bond (Ti–O–C) between
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Fig. 1 Photocatalytic degradation of dye molecule as a pollutant [16]

TiO2 and carbonaceous material extends the light adsorption potential towards the
visible spectrum. Besides, the carbonaceousmaterial acts as an electron reservoir and
separates the electrons from the electron–hole pairs of TiO2 photocatalyst, thereby
lowering the charge carrier recombination. In summary, the visible light harvesting
potential, adsorption of dyes, and separation of charged species can be increased
by merging carbonaceous material with the TiO2, thereby enhancing the photo-
catalytic activity of TiO2 photocatalyst [16]. The detailed mechanism of photocat-
alytic reactions for degradation of dyes molecules under the UV-Visible irradiation
in carbonaceous-based TiO2 composite is shown in Fig. 1.

3 Method of Synthesis for Carbonaceous-Based TiO2
Composites

3.1 Hydrothermal and Solvothermal Method

The hydrothermal method is used for the synthesis of powdery nanostructures by
mixing precursors and suitable agents into the solvent inside sealed Teflon lined
high-strength alloy or stainless steel autoclave at specific pressure and temperature
[17]. In other words, crystalline nanomaterials directly form from the aqueous solu-
tion due to the chemical reaction of substances that occurs in a sealed container
and heated aqueous solution at higher temperature (greater than 25 °C) and pres-
sure (greater than 100 kPa). In this method, nucleation of powder and controlled
manner of growth results in the formation of crystalline particles with controlled
morphology and size. To improve the dissolution of reactants and further nucle-
ation and development of certain types of materials such as carbon nanotube, single
crystal of oxides, and diamond, the temperature and pressure can be escalated up
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to 1000 °C and 500 MPa, respectively. Over a wide range, the particles dimension
and morphology characteristics can be varied in the hydrothermal method, and this
method ismost generally used for the synthesis of ceramics, alloys, silicates, zeolites,
oxides, metals, and composites. On the other hand, in the solvothermal method, at
an elevated temperature, the synthesis occurs in a non-aqueous solution with organic
solvents. The different types of solvents used in solvothermal synthesis are glycols,
alcohols, and oleylamine.

For both the hydrothermal and solvothermal methods of synthesis, a higher pres-
sure autoclave or sealed container with alloy or Teflon linings is employed under
subcritical and supercritical conditions of the solvent [18]. For example [19] via
the solvothermal method, synthesized ternary composite, i.e. TiO2-rGO-CuO/Fe2O3

photocatalyst, and found that TiO2-rGO-CuO composite exhibits higher photo-
catalytic performance than TiO2-rGO-Fe2O3 composite as CuO and Fe2O3 have
different abilities to transfer electrons. Besides, compared to the TiO2-rGO bandgap,
i.e. 3.12 eV, increment in Cu doping up to 0.075 wt% causes lowering of bandgap
to 3 eV and thereby leads to higher photocatalytic degradation of Methyl Orange
(MO) dye but the further increment in Cu doping up to 0.5 wt% causes increment in
bandgap, i.e. 3.15 eV and lowering of photocatalytic performance. This is because
of Cu+/Cu2+ introduction into the new energy level of TiO2. Furthermore, increment
in Fe2O3 doping up to 1% leads to a reduction in bandgap up to 2.95 eV due to the
formation of intra bandgap states because of interaction between 3d and d orbitals
of Ti and Fe, respectively. Moreover, the photocatalytic performance of TiO2-rGO-
Fe2O3 composite declines with increment in Fe2O3 doping due to the amorphous
layer formation on the surface of TiO2 photocatalyst.

3.2 Sol–Gel Method

In this method, using sol (colloidal solution) as initial material, a broader range
of novel, advanced and functional materials like ceramic, glass, organic–inorganic
composites can be prepared, which can have significant applications [20]. The sol–
gel method is also referred to as chemical solution deposition. It involves a series
of steps beginning from hydrolysis, condensation, drying, and crystallization as
shown in Fig. 2a. For the integration of inorganic material into the organic matrix
or organic species into the inorganic matrix, lower reaction temperature and mild
reaction conditions are suitable [21].

The process initiates with the hydrolysis and partial condensation of alkoxides
for the formation of sol that is a stable dispersed colloidal particle or polymer in a
solvent. Interaction between sol particles is dominated by hydrogen bonding or Van
derWaals forces. Furthermore, a 3D continuous network known as gel forms through
polycondensation of precursors that are initially hydrolyzed and possess polymeric
substructure. Subsequent drying of gel induces evaporation of solvent leading to a
collapse of the porous network thereby forming “xerogel” and this gelation process
is an irreversible process in which interaction is a covalent type and after further
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Fig. 2 Schematic diagram of a sol–gel process [20] and b electron transfer in TiO2/Au/SWCNT
ternary nanohybrid [22]

calcination,mechanically stabilized products, i.e. crystalline substances are obtained.
Various factors that influence the sol–gel chemistry include pH, temperature, heat
treatment and concentration, and type of additives as well as precursors [23]. The
sol–gelmethod is classified as aqueous and non-aqueous depending upon the types of
solvent, i.e. water or inorganic solvent. The sol–gel method is a reliable, economical,
and simple method, and nanocomposites synthesized by this method demonstrate
even particle size, higher purity, and homogeneity [21].

Through sol–gel technique, Mohammed [22] synthesized ternary
TiO2/Au/SWCNTnanohybrid for the photodegradation ofmethylene blue (MB) dye.
Analysis revealed that under visible light illumination for 30 min, TiO2/Au/SWCNT
ternary nanohybrid demonstrated higher photocatalytic degradation, i.e. 80% as
compared with pristine TiO2 (20%) and TiO2/Au binary composite (24%) due to
smaller bandgap, i.e. 1.95 eV, efficient charge migration from TiO2 to SWCNT,
lower recombination of electrons and holes and higher visible light-harvesting
capability. Also, the effect of surface plasma resonance (SPR) of Au contributes
to the higher photocatalytic activity of TiO2/Au/SWCNT ternary nanohybrid. As
depicted in Fig. 2b under visible light illumination, the formed electron in Au
present in TiO2 lattice gains sufficient energy to overcome the Schottky barrier and
migrate to the conduction band of TiO2, leaving behind holes in the Au atom that
take part in dye degradation. Further, the electron present in the conduction of TiO2

produces reactive radicals by reacting with oxygen molecules as well as moves to
SWCNT resulting in a lowering of recombination rate and increment in the lifetime
of charge carriers.
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3.3 Ultrasonic-Assisted Method

The ultrasound is generally employed to propel chemical reactions as well as to
disperse colloids and nanoparticles, emulsify mixtures, nebulizing solution into fine
mixtures. It generates acoustic waves of frequencies greater than 20 kHz [24]. In this
method, ultrasound induces high-energy chemistry through acoustic cavitation that
fosters structural changes and expedites the chemical reaction as well as breaks the
weak non-covalent interactions or disintegrates the aggregated particles. Irradiated
by high-intensity ultrasound, the formation, growth, and collapse of bubbles in an
aqueous solution are designated as acoustic cavitation. Inside the liquid, ultrasound
irradiation creates acoustic waves in alternating expansive and compressive modes
that give rise to an oscillating bubble. With an augmentation in size to a certain
limit, this oscillating bubble accumulates the ultrasonic energy. Further, these bubbles
overgrowand subsequently collapse thereby liberating the stored concentrated energy
that leads to high temperature (~5000 K) and pressure (~1000 bar) in the liquid for
a short duration [25], and water vapour and oxygen present inside the bubble are
dissociated and oxidizing agents such as OH· radicals, O and H2O2 and a reducing
agent such as H· radicals are formed [26, 27].

The inherent benefits of the ultrasound-assistedmethod of synthesis are the forma-
tion of nanoparticles of uniform size, higher reaction rate, economical, better control-
lability over reaction conditions [28]. For example, for theMethylene Blue (MB) dye
degradation under sunlight, Deshmukh et al. [29] synthesized ultrasonic-assisted
rGO/TiO2 composite as illustrated in Fig. 3. Analysis revealed that with an incre-
ment in rGO/TiO2 photocatalyst loading from 1 to 3 mg/L, MB dye degradation

Fig. 3 Schematic representation of rGO/TiO2 composite synthesis [29]
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rises from 18.7 to 52.2% in 30 min as active sites increase. Also, at pH value 13.2,
higher MB dye degradation, i.e. 91.3% was observed after 30 min. This is because,
at pH value above the point of zero charge (PZC) of the nanocomposite, i.e. 2.62, the
rGO/TiO2 composite surface gets negatively charged and stimulates stronger elec-
trostatic attraction with the MB dye molecule because of its cationic nature thereby
leading to a higher degradation of MB dye.

3.4 Co-precipitation

Thismethod is fast, economical, and environment friendly that neither requires higher
pressure and temperature nor uses hazardous organic solvents for the synthesis of
nanomaterials in an aqueous solution [30]. The sequence of processes involved in the
coprecipitation method is simultaneous nucleation, growth, coarsening, and agglom-
eration. The characteristics of co-precipitation reaction are (i) formation of insol-
uble products in supersaturation condition, (ii) formation of smaller particles due
to nucleation, (iii) post nucleation processes leads to particles aggregation resulting
in a change in particle shape, size, morphology, and other properties, (iv) precip-
itation at the reaction scale induced due to supersaturation. The various stages in
the co-precipitation method are (i) formation of nanoparticles from aqueous solu-
tions or by reduction from non-aqueous solutions, electrochemical reduction, and
breakdown of metal–organic precursors,(ii) formation of metal chalcogenides due to
reactions of the molecular precursors; (iii) coprecipitation at smaller scale facilitated
by sonication/microwave and subsequent filtration and drying [31].

The synthesized nanoparticles in the coprecipitation method are pure and their
shape and size depend on the temperature, pH, ionic strength, velocity of precipita-
tion, nature, and proportion of salt along with their order of addition [32]. During
the precipitation process, various stabilizing agents such as surfactants, polymers,
and inorganic molecules are employed to enhance the size distribution of the formed
nanoparticles [33]. For example, for the photodegradation of methylene blue (MB)
and crystal violet (CV) dye, Ranjith et al. [34] synthesized rGO/TiO2/Co3O4 hybrid
photocatalyst using the co-precipitation method and observed that rGO/TiO2/Co3O4

hybrid exhibits higher photocatalytic performance than TiO2/Co3O4 composite due
to lower recombination of charge carriers and narrow bandgap, i.e. 2.74 eV because
of interfacial interaction between TiO2/Co3O4 and rGO and formation of Ti–O–C
bond.

3.5 Impregnation Method

This method is a facile and most general technique to induce a wider variety of
heterogeneous reactions by synthesizing supported catalysts. It comprises of three
steps commencing with the loading of the solution comprising of metallic precursors
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on porous support having higher surface area followed by evaporation of solvent at
higher temperature and subsequent production of the catalyst due to reduction of
metallic precursors under suitable conditions [35]. In this method, the metal precur-
sors at first are contacted with porous support, and the common precursors are inor-
ganic metal salts like chlorides, organic metal complexes, metal sulfates, carbon-
ates, and acetates or nitrates. Owning to the higher solubility of many precursors,
water is used as a solvent for inorganic salts whereas, for organometallic precursors,
organic solvents are used. In bulk solution, the concentrations of metal precursors
should be below supersaturation, to prevent premature deposition. The impregnation
method is of two types, namely, the wet impregnation (WI) method and pore volume
impregnation (PVI) method.

In the case of WI, an excess quantity of solution is used and after a certain time
the separation of solids occurs, and the excess solvent is removed by drying. In
the case of PVI, a limited quantity of solution just needed to fill the pore volume
of support is used and after the impregnation of the catalyst onto the support, it is
then subjected to drying, calcination, or reduction. This process is also referred to as
dry impregnation (DI) or incipient wetness impregnation (IWI) because of the dry
character of impregnated material at a macroscale [36, 37]. The impregnated support
is filtered out in case of WI, as a result, an excess liquid comprising of the precursors
that are not retained by the support leaves, and, therefore, this method necessitates
the recycling of the excess liquid to curtail the wastage of precursors whereas the
DI method eradicates the usage of excess liquid and filtration step. However, lack of
filtration in case of DI method can lead to retention of counterions from the metallic
precursors in the dried catalyst and therefore further processing is required in case
of removal of other substances [38].

The concentration of the precursors and the temperature affect the impregnation
method. The temperature affects the solubility of the precursors, viscosity of the
solution and as a consequence the wetting time. The precursor’s solubility in the
solution limits the maximum loading. Furthermore, during impregnation and drying,
the condition ofmass transferwithin the pores determines the concentration profile of
impregnated material [36]. For example, through microwave as well as thermal radi-
ation assisted impregnation method with dispersion medium as water, Liu et al. [39]
synthesized K doped g-C3N4 nanosheets-TiO2 (KCNN-TiO2) composite photocata-
lyst for the photodegradationofRhodamineBdye and revealed that under visible light
illumination the composite with 0.3 TiO2 to KCNN mass ratio prepared by thermal
radiation assisted (KCNNT0.3H) and composite with 0.5 TiO2 to KCNN mass ratio
prepared by microwave-assisted impregnation method (KCNNT0.5M) shows higher
photocatalytic degradation of Rhodamine B dye, i.e. 92.73% and 97.28%, respec-
tively, due to higher carrier separation efficiency. Furthermore, effective heterojunc-
tion formation in case KCNNT0.5M than KCNNT0.3H leads to higher dye degradation
with rate constant, k (0.01817 min−1) higher than the latter, i.e. 0.01474 min−1.
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3.6 Chemical Vapour Deposition (CVD)

In this method, chemical reactions of the precursors in the vapour phase lead to
the formation of thin films or crystals due to the deposition of non-volatile solid
particles on the substrate [40]. In the CVD process, the substrate is referred to where
crystals and thin films are deposited. The precursors are the reactants in the CVD
method, and the three reactions involved in the conversion of reactants to products are
thermal decomposition, chemical synthesis, and chemical transport. To grow silicon
in commercial CVD configuration, vapour precursors (SiH4 or SiH2Cl2) in cohort
with a carrier gas (H2 or Ar) are introduced into the reaction chamber and precise
control on the molecules is achieved by varying the flow rate and partial pressure of
the precursors.

For deposition of graphene,methane (CH4) andhydrogen (H2) are commonly used
as precursors and carrier gas, respectively, and Nickel (Ni) or Copper (Cu) is used
as substrate. Furthermore, the obtained graphene can be doped with Nitrogen (N) or
Phosphorus (P) atoms by introducing ammonia (NH3) and phosphine (PH3) gases
in the reaction chamber [41]. To grow metallic transitional metal dichalcogenides
(TMDCs), a solid phase powder comprising of metal precursors (tungsten oxide,
molybdenum oxide) and non-metal precursors (tellurium, sulphur, and selenium)
are generally used in a traditional horizontal CVD system and lead to non-uniform
and uncontrolled growth results due to mass and time dependence of the sublimation
of the solid and spatially non-uniform dynamics of growth whereas the application
of gaseous precursors to grow TMDCs in vertical CVD system leads to uniform
growth and higher quality product, In general, the application of gaseous precursors
in CVD system is better as their flow rate can be accurately controlled over a broader
range and size, structure and morphology can be precisely controlled [42]. Further-
more, to activate the gaseous precursors and subsequent gas–solid phase reactions,
the CVD process is carried out at higher temperatures [43]. For example, Ahmad
et al. [8, 9] prepared the multi-walled carbon nanotubes (MWCNTs) using CVD
method and after functionalization with 3-aminopropyltriethoxysilane (APTES), the
TiO2 was loaded to form MWCNTs-APTES-TiO2 composite and the photocatalytic
degradation of methyl orange (MO) dye was investigated. The MWCNTs-APTES-
TiO2 composite with 1:2 w/w of MWCNTs-APTES and TiO2 demonstrates higher
degradation of dye, i.e. 87% as compared to pure TiO2, i.e. 43% after 180 min due
to larger active sites provided by the functionalized MWCNTs.

The obtained product in CVD can significantly vary in terms of size, composition,
structure, morphology as the entire growth process depends upon various factors
such as gas flow rate, substrate, temperature, growth time, pressure, rate of cooling.
The advantages of the CVD method are the formation of a uniform film with lower
porosity along with higher purity and stability whereas emission of toxic gases as by-
products during chemical reactions and higher cost of the equipment is its demerits
[44].
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3.7 Photochemical Reduction Method

Under this method, in presence of reducing reagent, it involves ultraviolet irradiation
of metal precursor solution for the reduction of metal salts. The nanoparticles are
produced at low temperatures and under solid-phase conditions [45]. For example,
Koo et al. [46] synthesized Ag-TiO2-CNT composite using photochemical reduc-
tion and found Ag-TiO2-CNT composite exhibits higher photocatalytic degradation
of Methylene Blue (MB) dye as compared with Ag-TiO2 under artificial light for
180 min because of higher charge separation and larger surface area of Ag-TiO2-
CNT composite with a synergistic effect involving stronger dye adsorption capacity
by CNT and photodegradation by Ag-TiO2.

4 Carbonaceous-Based TiO2 Composites for Dye Removal

Owning to stronger oxidizing power under ultraviolet irradiation, TiO2 has been
widely used for the removal of contaminants. However, several drawbacks associated
with the pristine TiO2 lower its photocatalytic efficiency and make it unsuitable for
practical purposes. Therefore, later sections briefly discuss the various strategies or
efforts made to escalate its photocatalytic efficiency by integrating it with suitable
dopants, composites or additives, or by using support/carrier for increasing the active
surface area of TiO2.

4.1 Carbon-Doped TiO2 Composites

For the photocatalytic degradation ofRhodamineB,Zhang et al. [47] prepared a novel
SiO2@C-doped TiO2 (SCT) hollow spheres as shown in Fig. 4. The steps involved
in the synthesis of SCT hollow spheres are the monodisperse cationic polystyrene
sphere (CPS) preparation, deposition of inner SiO2, synthesis of sandwich-like
CPS@SiO2@CPS particles, and then TiO2 formation at the outer shell. Lastly, the
synthesized nanoparticle was subjected to calcination at 450 °C for CPS template
removal. The experimentwas performedunder both ultraviolet (UV) andvisible light,
and the outcomeswere comparedwith commercial pure P25 (Degussa).Under visible
light illumination, after 10 min, SCT hollow spheres degrade 58.5% of Rhodamine
B dye whereas it was 11.3% in the case of P25 (Degussa) photocatalyst. Also, after
60 min of prolonging irradiation, SCT hollow spheres degrade dye to 93.6% that
is much higher than 48.8% in the case of P25 Degussa thereby inferring higher
photocatalytic performance of SCT hollow sphere than P25 (Degussa) in dye degra-
dation. Similarly, under ultraviolet irradiation, after 10 and 60 min, SCT hollow
spheres exhibit higher dye degradation, i.e. 39.2% and 61.7%, respectively, than
P25 (Degussa). The SCT hollow sphere demonstrates higher photocatalytic activity



330 A. Bhattacharya and A. Selvaraj

Fig. 4 Schematic diagram of SiO2@C-doped TiO2 hollow spheres synthesis [47]

because the presence of carbon lowers the rate of charged species recombination and
as hollow SiO2 acts as a carrier it can provide a better adsorption site and can enhance
the dye concentration near the TiO2 photoactive centre. Furthermore, SCT hollow
sphere lowers the diffusion resistance of dyes and the higher surface area of the SCT
hollow sphere, i.e. 255.692 m2/g than P25 (60 m2/g) enhances the dye accessibility
to its surface and thereby leads to faster photodegradation of dyes.

In another study, through microwave dielectric heating for different times, i.e.
0, 2, 4, 6, and 8 min, Luna-Flores et al. [48] synthesized a series of carbon-doped
amorphous TiO2 (C-TiO2) photocatalyst for the degradation of Rhodamine B. The
experimentation was performed for 100 min using a 10 W LED visible light source
and a 15 mg photocatalyst was dispersed in 60 mL of Rhodamine B dye solution.
Analysis revealed that samples of C-TiO2 photocatalyst demonstrate 76–96% dye
degradation that is higher as compared to P25 (Degussa) titanium oxide. The higher
photocatalytic activity of C-TiO2 is due to the nanodisc amorphous morphology
of C-TiO2 that hastens the charge carrier’s migration to the surface due to a shorter
migration distance.Also, under visible light irradiation,Ovodok et al. [49] studied the
photocatalytic degradation of Rhodamine B dye using sol–gel derived mesoporous
carbon-doped TiO2 photocatalyst and found its photocatalytic activity higher than
the P25 (Degussa) because of the higher surface area ensuring a large number of
active sites and reduction in bandgap due to carbon doping fosters enhancement of
the visible light-harvesting potential. In another study, Ghime et al. [50] explored
photocatalytic degradation of eosin yellow dye using carbon-doped TiO2 (C-TiO2)
photocatalyst. The C-TiO2 photocatalyst was prepared using the sol–gel method and
calcined at two different temperatures, i.e. 200 and 400 °C for 6 h and is designated
as C-TiO2-200 and C-TiO2-400, respectively. The C-TiO2-200 manifested 81.88%
degradation of eosin yellow dye whereas 75.55% removal was observed in the case
of C-TiO2-400. The C-TiO2-200 demonstrates higher photocatalytic activity due to
higher surface area, i.e. 48.061m2/g as compared to C-TiO2-400 having 10.453m2/g.
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It was also observed that increment in eosin yellow dye concentration, as well as
the higher dosage of H2O2 oxidant in TiO2 photocatalysis, leads to decrement in
photocatalytic degradation rate due to non-availability of the required number of
free radicals in aqueous solution and formation per-hydroxyl radicals

(
OH·

2

)
that

exhibits lesser reactivity as compared to hydroxyl radicals (OH·), respectively.
For sunlight-assisted photocatalytic degradation of Methylene Blue (MB) dye,

via calcination, Li et al. [51] synthesized C-doped TiO2 by doping carbon black
into hydrothermally synthesized TiO2 nanorods. Different weight ratios (0, 0.2, 0.5,
and 1.0%) of C-doped TiO2 composites were used for analysis. Scanning electron
microscope analysis reveals that after carbon black doping, the surface of the TiO2

becomes rough and dispersedwithmore nanoparticles and TiO2 nanowires transform
into short nanorods. It was observed that carbon doping leads to distortion in the
lattice structure of TiO2 and the formation of the O–Ti–C bond at the carbon black
and TiO2 interface. Also, carbon black doping stimulates the formation of defects and
oxygen vacancies, which acts as an electron acceptor and impedes the recombination
of charge species, and this phenomenon strengthens with increment in carbon black
doping and leads to lowering of TiO2 bandgap. Therefore, under sunlight, due to
smaller bandgap, lower recombination of charge carriers, and lower resistance to
charge transfer, a higher photocatalytic degradation rate was found in 1% C-TiO2

with complete removal of MB dye in 30 min. In summary, the carbon dopant plays a
vital role in improving the photocatalytic activity of TiO2 by narrowing the bandgap
and extending the photoresponse towards the visible region.

4.2 Carbon Nanotubes (CNTs)-TiO2 Composites

Owning to excellent optical, electrical, thermal, chemical, and structural properties,
carbon nanotubes (CNTs) have gained greater emphasis in photocatalytic applica-
tions. It comprises sp2 hybridized carbon atoms and acts as an electron acceptor
and integrating it with TiO2 photocatalyst leads to higher photocatalytic activity.
For the photocatalytic degradation of methylene blue (MB) dye, Azzam et al. [52]
using the sol–gel method, synthesized TiO2@CNTs composite, and silver (Ag)
nanoparticles were decorated independently and in the presence of cationic surfac-
tant (C10) and is therefore referred to as TiO2@CNTs/Ag (without surfactant) and
TiO2@CNTs/Ag/C10 (with surfactant), respectively. The experiment was performed
under visible light irradiation, and the effect of various components such as H2O2

concentration, photocatalyst dosage, and initial concentration of dye on the photo-
catalytic performance of TiO2@CNTs/Ag/C10 was analyzed. It was observed that
after 240 min, the CNTs exhibits 32% photocatalytic degradation of MB dye that
aroused to 66% after TiO2 loading onto CNTs (TiO2@CNTs) because of the larger
surface area of the composite as compared to CNTs alone and increment in photoac-
tivity of TiO2 by loading onto CNTs. Also, as a photosensitizer, CNTs eject elec-
trons to the conduction band of TiO2, which intensifies the formation of reactive
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OH· thereby amplifies the MB dye degradation. Furthermore, the presence of well-
distributed Ag nanoparticles impedes the recombination of electrons and holes, and
therefore TiO2@CNTs/Ag composite demonstrates 68% photocatalytic degradation
of MB dye in 240 min whereas 100% degradation of MB dye was observed in
TiO2@CNTs/Ag/C10 composite in 180 min due to lower bandgap, i.e. 2.25 eV,
higher surface area, i.e. 146 m2/g and presence of C10 surfactant increase the life-
time of charge carriers that leads to higher photocatalytic performance. In the case of
TiO2@CNTs/Ag/C10 composite, the increment in H2O2 concentration from 0.139
to 0.782 mol/L boosts the photodegradation of MB dye due to the increased forma-
tion of reactive OH· formed from the H2O2 decomposition as well as an increment
in the photocatalytic degradation of MB dye was observed from 60 to 100% after
120 min with an increase in photocatalyst dosage from 0.2 to 0.5 g/L but further
increase in photocatalyst dosage lowers the photocatalytic degradation MB dye due
to agglomeration of nanoparticles.Also, under constant TiO2@CNTs/Ag/C10 photo-
catalyst loading, i.e. 0.5 g/L, decrement in photocatalytic degradation ofMB dye was
observed with an increase in the concentration of dye from 10 to 100 mg/L due to
insufficient availability of reactive radicals.

To develop higher performance photocatalyst, Chen et al. [53] preparedCNT/TiO2

nanocomposite as shown in Fig. 5 at different calcination temperatures, i.e. 350,
450, 550, 650, 750, and 850 °C for 120 min and found photocatalytic degradation
of Rhodamine B reached 91.14, 100, 79.36, 69.41, 63.58, and 86.52%, respectively,
at 25 min inferring that with an increase in calcination temperature, photocatalytic
performance reduces as photoelectron yield capacity of CNT/TiO2 declines. The
CNT/TiO2 calcined at 450 °C demonstrates higher photocatalytic performance due
to lower recombination of charge carriers, higher surface area, i.e. 129.20 m2/g as

Fig. 5 Diagram depicting photocatalytic degradation of Rhodamine B dye using CNT/TiO2
nanocomposite [53]
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the presence of CNT impedes the agglomeration of TiO2 particles and higher visible
light responsiveness due to lower bandgap, i.e. 2.18 eV as TiO2 and CNT interaction
leads to the formation of Ti–O–C bond that introduces energy state in TiO2 bandgap.
In summary, the specific structure and morphology of CNTs allow them to serve as
supportingmaterial to provide higher surface area and to boost the adsorption activity
as well as to lower the electron–hole pair recombination for higher photocatalytic
activity.

4.3 Graphene-TiO2 Composite

A 2D allotrope of carbon, i.e. graphene as well as its derivatives manifested the
potential to boost the photocatalytic activity of TiO2. In graphene, the delocalized
π conjugated bonds accept the electrons and reduce the recombination of charge
species, as well as the oxygenated functionalities on the surface of the graphene,
promote the integration of graphene sheets and semiconductors. Through a simple
chemical process, Ali et al. [54] synthesized 1 and 3% TiO2@rGO nanocomposite
photocatalyst for the photocatalytic degradation of Rhodamine B and the effect of
pH (3–9), photocatalyst dosage (0.1–0.5 g), initial concentration of dye (5–30 mg/L)
and different time scales of UV irradiation (15, 30, 45, 60, and 120 min) on photocat-
alytic degradation were investigated. The analysis at different pH values reveals that
at pH 9 and after 60 min of UV irradiation, the 3% TiO2@rGO demonstrates higher
photocatalytic degradation of Rhodamine B dye, i.e. 99.2% as compared with 98.2%
for 1% TiO2@rGO. The higher photocatalytic performance in the alkaline condition
is due to the formation of TiO− species as the point of zero charge for TiO2 is 6.3
that leads to higher adsorption because of the cationic nature of Rhodamine B dye.
Also, the photocatalytic degradation rate of the 1% TiO2@rGO and 3% TiO2@rGO
nanocomposite escalated with an increase in UV irradiation time and reached the
maximum rate after 60 min, i.e. k = 0.026 and 0.028 min−1, respectively, as light
energy falling on photocatalyst surface increases with prolong irradiation time and
induces generation of photoexcited species. Furthermore, a steep increase in photo-
catalytic degradation ratewas observedwith an increase in photocatalyst dosage from
0.1 to 0.25 g and become constant with further increment in photocatalyst dosage,
i.e. from 0.25 to 0.5 g because increased photocatalyst dosage leads to a collision
between activated and ground-state molecules and as a result the activated molecule
gets deactivated. Also, the rate of photocatalytic degradation escalates with a rise in
initial dye concentration up to 20 mg/L but further increment shows an insignificant
change in the photocatalytic degradation rate. Ambika et al. successfully generated
exfoliated graphene from industrial graphite that has shown excellent adsorption
of five different textile dyes. The tested dyes were royal blue (RB), turquoise blue
(TB), black supra (BS), navy blue (NB), and deep red (DR) for various environmental
conditions. The order of adsorption at equilibrium was found to follow, DR > TB >
BS > NB > RB at circum-neutral pH in the range of 5–25 mg/L of dye, having 0.2
gm of exfoliated graphene [55].
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In another study, under visible light illumination, the photocatalytic activity of
synthesized TiO2 composites with graphene oxide (GO-T), reduced graphene oxide
(rGO-T), and nitrogen/sulphur (N/S) or boron (B) doped reduced graphene oxide
(rGONS-T or rGOB-T) was studied for the degradation of Orange G (OG) dye.
Experiment was carried out using 1500 W Xenon lamp as a source of illumination,
and it was noticed that after 60 min, photocatalytic degradation of OG dye increased
to 99.8, 90, 98.2, and 96.5%, respectively, as compared to 47.6% for TiO2 infer-
ring higher efficiency of graphene-derived TiO2 composite as compared to pristine
TiO2. This is attributed to lower bandgap and higher generation of reactive radi-
cals because of reduced recombination of photogenerated charged species due to
efficient charge transfer between graphene derivatives and TiO2. As compared with
GO-T composite, the lower photocatalytic performance of rGO-T, rGONS-T, and
rGOB-T is due to poor interaction between graphene derivatives and TiO2 because
of the reduced number of oxygen functionalities. The lower bandgap, i.e. 2.98 eV
due to the formation of Ti–O–C bonds in synergy with good interfacial coupling and
assembly betweenTiO2 andGOsheets leads to the higher photocatalytic performance
of GO-T composite [56].

To overcome the associated drawback of pristine TiO2 and for better reusability
and recovery, Elshahawy et al. [57] prepared the nanocomposites (PVA/PAAc)-GO
and (PVA/PAAc)-rGO by trapping the synthesized GO and rGO in acrylic acid
(PAAc) and polyvinyl alcohol (PVA) hydrogels and further TiO2 was incorporated
into thematrix to form (PVA/PAAc)-TiO2, (PVA/PAAc)-GO-TiO2 and (PVA/PAAc)-
rGO-TiO2 for the photocatalytic decolorization of Direct Blue71 (DB71) dye under
UV irradiation for 180 min. It was found that with the increase in the concen-
tration of DB71 dye from 20 to 40 mg/L, the % decolorization increases due to
higher surface area and presence of unfilled active sites on the photocatalyst but
% decolorization declines with further increment in concentration of DB71 dye,
i.e. beyond 40 mg/L as the intensity of UV illumination reaching the photocatalyst
surface reduces as dye molecule occupies the surface area and the active sites of
the photocatalyst. The maximum % decolourization was observed in (PVA/PAAc)-
rGO-TiO2 nanocomposite, i.e. 52.7% followed by (PVA/PAAc)-GO-TiO2 (50.7%)
and (PVA/PAAc)-TiO2 (40.4%). This is because higher generation of reactive radi-
cals and lower recombination of charge carriers in case of rGO-TiO2 and stronger
interaction of GO/rGO with TiO2 to form chemical bonds, i.e. Ti–C and Ti–O–C
bonds foster higher photocatalytic performance. Also, the synthesized nanocompos-
ites exhibit higher % decolorization with increment in H2O2 loading up to 2 mL/L
but the further increment in H2O2 loading leads to lowering of % decolorization due
to generation of hydroperoxyl radicals (·OOH) having lower oxidation potential as
compared to OH·.

Rgo et al. [58] synthesized heterogeneous rGO/BiOCl/TiO2 nanocomposites as
shown in Fig. 6 using the hydrothermal method for the photocatalytic degrada-
tion of methylene blue (MB), amido black-10B (AB-10B), methyl orange (MO),
and rhodamine B (RhB) dye. It was found that the Brunauer–Emmett–Teller (BET)
surface area tends to increase initially and then decreases with an increase in TiO2

loading from 0 to 30%, and rGO/BiOCl/TiO2-10% exhibits higher surface area,
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Fig. 6 Schematic illustration of photocatalytic dye degradation by rGO/BiOCl/TiO2 composites
[58]

i.e. 64.21 m2/g. and in the case of 50% TiO2 loading, BET surface area raises
to 270.59 m2/g. This is because surface morphologies vary in nanocomposites of
different compositions. The rGO/BiOCl/TiO2-10% nanocomposite exhibits higher
adsorption of MB dye, i.e. 13.1 mg/g due to higher specific surface area and larger
pore structure whereas in the case of rGO/BiOCl/TiO2-50%, despite the higher
specific surface area, the smaller size of the pore restricts the adsorption of MB dye.
Therefore, after 40 min of visible light irradiation, rGO/BiOCl/TiO2-10% nanocom-
posite with 1 g/L as photocatalyst dose demonstrates higher photocatalytic degrada-
tion of MB dye, i.e. 98.2% with maximum degradation rate constant of 0.070 min−1

that is 3.18 times higher than rGO/BiOCl composite. In the case of RhB, AB-10B,
andMOdye,with rGO/BiOCl/TiO2-10%nanocomposite, the degradation rate ranges
from 0.239 to 0.313min−1 which is 3.40–4.47 times higher as compared to the degra-
dation rate of MB dye because of variation in structures of dye molecules. Therefore
rGO/BiOCl/TiO2-10% nanocomposite displays 96, 98.3, and 90.5% degradation for
AB-10B, MO, and RhB dye after 10, 15, and 5 min, respectively. Furthermore, the
increment in MB dye concentration from 5 to 40 mg/L leads to higher adsorption
of dye molecules on the rGO/BiOCl/TiO2-10% nanocomposite but no significant
increase in adsorption takes place when adsorption sites reach the saturation limit
with a further increase inMBdye concentration. In summary, reduced graphene oxide
(rGO) exhibits higher surface area, rapid electron mobility, higher conductivity, and
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chemical stability as compared to normal graphene oxide (GO) and therefore TiO2

loaded with rGO as cocatalyst leads to higher photocatalytic degradation of dyes.

4.4 Activated Carbon-TiO2 Composite

Powdered activated carbon (PAC) is a porous material that is used for the elimination
of contaminants from water and wastewater. During the treatment, the contaminants
are just adsorbed in the pores and are therefore not referred to as clean processes as
contaminants are just transferred from liquid to solid phase. To decompose or degrade
the adsorbed contaminant and to regenerate the PAC as well as to boost the photo-
catalytic performance of the photocatalyst, the PAC is coupled with a photocatalyst.
For example, Belayachi et al. [59] prepared TiO2/GMAC composite by impregnating
TiO2 as a coating agent on powdered grape marc-based activated carbon (GMAC)
by chemical activation for photocatalytic degradation of Reactive Black (RB-5) azo
dye. The Chemical Oxygen Demand (COD) was determined for estimating the dye
degradation. Results revealed that TiO2/GMAC composite exhibits higher degrada-
tion of RB-5 dye as compared to individual TiO2 and GMAC because of synergistic
effect as GMAC induces higher adsorption of RB-5 dye due to larger surface area and
lower active sites on the TiO2 foster quick degradation of RB-5 dye to release active
site for other molecules. Therefore, under 60 min of UV irradiation, a higher COD
reduction was observed in TiO2/GMAC composite, i.e. from 153.60 to 4.80 mg/L
than TiO2 and GMAC.

To develop a novel and high-performance photocatalyst for the eradication of
organic contaminants using agricultural waste,Moosavi et al. [60] prepared activated
carbon (AC) from the coconut shell to synthesize different ratios of Fe3O4/AC:TiO2

composite for the eradication of Methylene Blue (MB) dye under UV irradiation.
It was observed that increment in TiO2 ratio from 1:1 to 1:2 leads to an increase in
Fe3O4/AC/TiO2 particle size and further increment from 1:2 to 1:4 lowers the particle
size. Also, the weight loss percentage of Fe3O4/AC/TiO2 photocatalyst declines with
increment in TiO2 ratio thereby preventing the loss of carbon from AC that plays a
major role as an adsorbent for dyemolecules. The higherMB dye removal efficiency,
i.e. 98% was observed in Fe3O4/AC/TiO2 composite in ratio of 1:2 after 60 min and
due to aggregation of TiO2 nanoparticle on AC, Fe3O4/AC/TiO2 composite in ratio
of 1:4 demonstrates lower dye removal efficiency, i.e. 66%. Furthermore, in the
case of (1:2) Fe3O4/AC/TiO2 composite, the increment in pH from 10 to 12 leads
to escalation in the MB dye degradation efficiency from 91.4 to 98.6% but further
increment to pH 13 leads to lowering ofMB dye degradation efficiency to ~84% after
120 min ensuing pH plays a vital role in influencing the dye degradation efficiency.
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5 Conclusion

Advanced oxidation process is an effective and promising technique for dye removal.
The uncontrolled discharge of untreated industrial effluents comprising of dyes needs
proper treatment and a strict regulatory framework to mitigate the environmental
menace. The integration of carbonaceous materials with TiO2 enhances the photo-
catalytic performance of TiO2 and leads to a higher degradation of dyes. The devel-
opment of advanced and novel visible light-responsive TiO2 composite or poten-
tial alternative needs to be focussed to boost the dye removal along with lower
energy recovery andhigher reusability of the photocatalyst. Furthermore, the research
should emphasize the commercialization, advanced design, and upscaling of the
photocatalytic reactor to the industrial level for large-scale treatment of dyes.
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