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Abstract: Wastewater incorporates a wide range of organic toxins, which have an adverse impact
on the health of humans and other living things. In recent years, nanotechnology has promoted
effective strategies for the photodegradation of industrial organic toxins and tenacious medical
contaminants present in wastewater. Advanced composites based on photocatalysts can provide
promising solutions for environmental cleanup without generating hazardous byproducts, because
they promote the complete oxidation of contaminants. This survey article recaps the essentials
of heterogeneous catalysis. Among the major players in heterogeneous catalysis, the metal oxide
catalyst (e.g., TiO2) groups cover photocatalysis of water toxins such as dyes, harmful organic
molecules, and pharmaceutical contamination. The reasons for the proposal of TiO2 as an active filler
for heterogeneous photocatalysts include its superior surface area, significant activity for distinct
oxidation and reduction reactions at low temperatures and pressures, effective interaction with
metal supports, and chemical stability. Because of the aforementioned features, heterogeneous TiO2

catalysts have a lot of potential in photocatalyst applications, and they can be improved even further
by doping them with anionic or cationic dopants.

Keywords: heterogeneous photocatalysis; TiO2 semiconductor; degradation and mineralization;
dyes; pharmaceutical contaminants; biocomposites

1. Introduction

Humanity currently faces real and crucial problems related to climate change and the
deterioration of environmental resources [1,2]. Among the latter, ecological contamination
due to millions of different colored compounds and effluent substances is one of the
most important issues [3]. Worldwide, over 0.7 million organic coloring compounds and
natural/synthetic dyes are produced annually in textiles, beauty aids, plastics and polymers,
paper and printing, pesticides and insecticides, pharmaceuticals, gaseous products, and
consumer electronics. The waste effluents of the aforementioned companies and industries,
due to their harmful potential, persistence, and malignant activity, generate risks for the
biosphere and human wellbeing [4–12]. It is becoming increasingly urgent to replace these
refractory toxins with natural alternatives and, in any case, to degrade the poisons before
reintroducing them into the environment and water sources. The materials and treatment
procedures currently applied in wastewater treatment cannot always handle natural toxins.
Often, the effluents released by these companies contain very high levels of toxic pollutants.
Colored and colorless pollutants typically have complex atomic structures, making them
eminently stable and complicated to biodegrade. Consequently, owing to their limited
biodegradability, prevailing treatment measures are not proficient in managing wastewater
pollutants. Photocatalytic mineralization has incredible potential to control pollutants or
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toxins present in the aqueous environment. Photocatalysis using heterogeneous catalysts is
an efficient technique for the decomposition of water pollutants.

In previous decades, numerous materials have been proposed for catalysis, generally
classified into homogeneous and heterogeneous catalysts [13–15]. Homogeneous photocat-
alysts are molecular composites that are generated by coordination chemistry and consist of
well-defined monoatomic metal centers. On the other hand, heterogeneous photocatalysts
are typically fabricated using surface morphology science and semiconductors with solid-
state chemistry, whose atoms over the surface assist as reaction sites. Both homogeneous
and heterogeneous catalysts have distinct benefits and drawbacks that are influenced by
their assorted designs and operating principles (Figure 1).
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Homogeneous catalysts’ redox potentials, absorption coefficients, and electronic char-
acteristics can all be modified by varying how the nuclei of the metal atoms coordinate
with various organic ligands [2]. Consequently, the functional sites of homogeneous cata-
lysts have been frequently chemically characterized, enabling the theoretical computing of
reaction mechanisms and the rational construction of catalysts. Homogeneous catalysts,
however, are challenging to retrieve and reclaim for long-term employment due to their
comparably expensive prices.

Heterogeneous micro- and nanoscale composites provide benefits beyond those of
homogeneous catalysts, including simplified catalyst and reaction byproduct isolation,
versatility in consistent chemical industries, and recyclability. Heterogeneous catalysis is
currently used in around 80% of all industrial operations, mainly for oxidation processes
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and energy generation. An overview of the applications of heterogeneous catalysis in the
industrial domain is shown in the graphical abstract.

In heterogeneous catalysis, water-splitting, photoreduction–oxidation, organic synthe-
sis, hydrogen transfer, sanitization, anticancer therapy, metal deposition, gaseous pollutant
eviction, water detoxification, and other reactions are all included [16–20]. The catalysts
and reaction conditions occur in various circumstances in the heterogeneous catalysis
process. Most heterogeneous catalysts consist of solids and either liquids or gases in the
reaction mixture [21]. Simple phase separation at the end of the process greatly empowers
the reaction’s separation of the reactant(s), product substance(s), and catalyst(s).

Metal oxides, either as active phases or as substrates, are among the most significant
and commonly employed types of solid catalysts. Metal oxides are employed extensively in
heterogeneous catalysis by virtue of their acid–base and redox reaction aspects [22–25]. Met-
als and metal oxides constitute the majority of catalysts used in synthetic transformations.
Metals from the transition and noble groups are commonly utilized as catalysts, and their
performance has been associated with their outer electron configuration [26]. Metal oxide
catalysts became conspicuous during the 1950s, when they were found to catalyze a wide
assortment of oxidation, hydroelectric treatment, and acid–alkali responses—especially in
synthetic and industrial science. The highlights on photocatalysis [27–36] and photochemi-
cal splitting of water [37–42] have appeared in many review publications. Among metal
oxide catalysts, titanium dioxide catalysts are predominantly used, owing to their low
cost of manufacture, ease of regeneration, and selective action. Moreover, TiO2 has been
implemented widely in catalytic reactions, including oxidation, reduction, photocatalysis,
water-splitting, energy storage, and biological applications (Figure 2).
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1.1. TiO2 as a Heterogeneous Photocatalyst

Mostly semiconducting materials such as metal oxides, including TiO2 and doped
titanium oxides, have been utilized for photocatalysis and the photosplitting of water (H2O)
into hydrogen (H2) and oxygen (O2). The majority of the catalysts show strong catalysis
when scattered as particulates or as cathodes; thus, the abovementioned investigations are
termed “heterogeneous photocatalysis”.

Owing to its wide bandgap (3.2 eV) under UV–visible light, TiO2 has been evidenced
to be among the most favorable n-type semiconductors. This material is also effectively
improved because of its excellent chemical and physical stability and greater refractive
index. Several novel TiO2 photocatalysts have indeed been reported, most of which were
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used to catalyze UV-illuminated photoreactions, and today TiO2 is being modified to
potentially sensitize visible light.

Furthermore, several types of TiO2—such as TiO2 powders, nanotubes, nanorods, and
nanofilms—have recently been produced. The decomposition of dyes and toxic organic
compounds has been tested on composites containing and/or doped with TiO2. The
increased efficacy of various types of TiO2 employed for the removal of dyes and phenolic
compounds in aqueous solutions was analyzed in this review.

1.2. Heterogeneous Photocatalysis—Advanced Oxidation Processes

Advancements regarding heterogeneous photocatalysis on TiO2 surfaces in the pres-
ence of photons are steadily rising, showing the most elevated rate among all advanced
oxidation processes (AOPs) [43–45]. The literature on the photocatalytic degradation of
wastewater has shown the adequacy of photocatalysis as an advantageous method for
wastewater treatment.

Photoreactions do not occur as a result of illumination with light alone. These re-
sponses frequently prefer the utilization of photocatalysts: a term that implies that photons
helped in the generation of the chemically active species. Heterogeneous photocatalysis, by
definition, is the oxidation of target molecules with the assistance of active species, utilizing
nanostructures as a catalyst beneath the UV–visible photon stimulation. When the energy
of UV–Vis radiation is comparable to or greater than the bandgap energy—the threshold
energy required to transfer an electron from the valance band (VB) to the conduction band
(CB)—at the surface of the photocatalyst, it results in the production of holes (h+). On
account of the TiO2 semiconductor substance, photons’ absorption leads to electron–hole
pairs that participate in the resulting redox reactions with the adsorbed molecules over
the surface to produce a definitive product(s). These electrons (e−) and holes (h+) can go
through the resulting oxidation and reduction process with any species shown in Figure 3,
which may be adsorbed over the TiO2 surface to release the radical products, leading to
high productivity in the photocatalytic measures.
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TiO2 semiconductor.

The electrons and holes created can subsequently be utilized to drive substance rela-
tions, as follows:

• The energy bandgap among electrons and holes is greater than the energy needed for
the absolute reaction.

• The redox possibilities of the electrons and holes (the CB and VB positions, respectively)
are reasonable for redox reaction activation.

• The redox processes are possibly quick enough to rival the electron–hole recombination.
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An energy level diagram (ELD) can be built to simplify the photocatalytic component.
Subsequently, the overall band-edge positions of the photocatalysts can be determined
utilizing the following exact formulae [46]:

ECB = χ(AaBbCc) − 1/2Eg + E0 (1)

EVB = ECB + Eg (2)

where χ(AaBbCc) represents the absolute electronegativity of semiconductor materials
dictated by “Pearson’s Absolute Electronegativity” with the outright electronegativities of
metal particles and anions. For the hydrogen dimensions, E0 denotes the energy of free
electrons (4.5 eV) versus NHE, while Eg presents the bandgap energy of the photocatalysts.
Utilizing this condition, the positions of the VB and CB in the semiconductor nanostructure
can be determined. In a heterogeneous photocatalysis mechanism, two reaction steps
happen successively: the reduction of oxygen (O2), and the oxidation of toxic pollutants by
the hydroxyl (OH•) radicals. Throughout the excitation of TiO2, electrons are assembled
in the conduction band, which causes the formation of a hole in the valence band. In this
manner, it is important to devour electrons to expand the effectiveness of photocatalysis
on TiO2. Herein, the electrons are engaged to reduce the oxygen. The general reaction of
the sample is addressed in Figure 4. The holes metamorphose the water (H2O) molecules
into hydroxyl (OH•) radicals and hydrogen (H+) cations in the presence of photoillumi-
nation, and OH• is formed, which acts as an oxidizing agent and changes toxic organic
compounds—principally those incorporated in wastewater—into water, carbon dioxide,
and other innocuous byproducts.
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Figure 4. Mechanism of the photocatalytic action of a TiO2 sample in wastewater treatment under
the irradiation of distinct photon sources.

Furthermore, the mechanism of the overall photosensitization and decomposition of
hazardous samples can be demonstrated by Equations (3)–(6):

TiO2 + hν→ e− + h+ (3)

e− + O2 → O2
•− (4)

h+ + H2O→ OH• + H+ (5)

OH• + O2
•− + water pollutants→ CO2 + H2O + Byproducts (6)

1.3. Influence of the Semiconductor Edge Positions of the Valence Band (VB) and Conduction Band
(CB) on Photocatalysis

In the photocatalysis method, the edge possibilities of the photocatalyst’s conduction
band (CB) are lower, while those of the valence band (VB) are higher, compared to the redox
pair potential available in the solution. The photogenerated e− and h+ will bring about
reduction and oxidation measures. At the point when the redox capability of the species to
be oxidized/reduced is resolved, the best photocatalyst with the best edge positions of the
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bands can be chosen [47]. The thermodynamic motive force is relative to the divergence
between the semiconductor’s VB and CB possibilities and the target molecule’s redox
potential. For the reduction process, semiconductors with highly negative CB edges are
more proficient, while semiconductors with highly positive VB edges are more compelling
for oxidation responses.

In addition, the photogenerated holes at the VB can be shipped towards the adsorbed
water pollutants and decompose them; however, they are not able to shape OH• radicals by
oxidizing water (H2O), given the greater VB potential (EVB = +2.39 eV against NHE) than
the related E•OH/H2O (+2.68 eV vs NHE). The abovementioned suggestion from the energy
level diagram (ELD) is similar to the scavenger trial results, demonstrating that superoxide
radicals (O2

•−) and holes (h+) are the most significant reactive species that effectively take
part in wastewater mineralization.

Significantly, the OH• radicals play a considerable role in the degradation of pollutants,
and the fabrication of OH• can start from two pathways: a multistep reduction by photo-
generated charge carriers, as referenced above; and the holes’ oxidization of water (OH−).
The essential point of interest of this approach likewise includes the thermodynamic aspect,
which requires the VB position to be better than 2.38 eV (vs. NHE, pH = 0). The significance of
producing superoxide radicals has been similarly clarified. On the off-chance that the photo-
catalysts cannot oxidize water (H2O) to create OH•, the multistep decrease by photoelectrons
brings out superoxide radicals, providing another conceivable technique to produce OH•

radicals. It is first initiated by the reaction of e−with O2 to create O2
•−, and then the O2

•−

combines with H+ to produce HO2
•−. Hence, H2O2 is produced as the intermediate. Finally,

OH• radicals can be advanced through the separation of H2O2. Thus, the O2
•− and OH•

radicals promote the degradation of the water pollutants.

2. Advancements in the Field of Heterogeneous Photocatalytic Treatment
2.1. Influence of the Distinct Phase and Bandgap Energies of TiO2 Semiconductors and Reactive
Species over Photocatalysis

The TiO2 catalyst is the most propitious n-type semiconductor because of its 3.2 eV
bandgap width under UV light. Furthermore, the high chemical and physical stability of
TiO2 materials is generally explored in research [48,49]. Among various semiconducting
materials, including carbides and nitrides, TiO2-based semiconductor assistance materials
are known to have amazing properties, and TiO2-based semiconductor catalysts show
remarkable resistance to corrosion in various electrolytic media. The investigation of TiO2
nanoparticles as catalysts is significant during heterogeneous catalysis, owing to the size
and essence of the interaction of the TiO2 catalyst with the substrate. This interaction
emphatically impacts the assurance of synergistic catalytic performance and the selectivity
of the heterogeneous TiO2 catalyst [50]. TiO2 is widely utilized as a photocatalyst due to its
superior effectiveness and adaptability in various response media, nontoxicity, compound
dependability, and minimal effort [51]. TiO2 has a wide bandgap, showing higher UV
photon absorption than visible light. UV photons account for only about 4% in the general
daylight range. This disadvantage profoundly restricts the productivity of TiO2 in future
applications for antitoxin wastewater degradation. Visible light accounts for over 40% in
the general daylight range. Accordingly, TiO2 with visible-light-observant capacity could
be developed using various possible techniques [52–57].

TiO2 exists in three phases: anatase, rutile, and brookite. Anatase TiO2 (EBG = 3.2 eV)
is the most productive for photocatalytic applications, followed by the rutile phase TiO2
(EBG = 3.0 eV). In addition, anatase has the smallest average effective mass of photo-
generated electron–hole pairs relative to rutile and brookite. It is never permitted for
photogenerated electrons to transfer instantly from the anatase TiO2 conduction band
(CB) to the valence band (VB). As illustrated in Figure 5, anatase’s indirect bandgap has a
longer lifespan for photoexcited electrons and holes compared to rutile’s and brookite’s
direct bandgaps. [58]
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Weber and Kirchner confirmed the band shift within the sight of the ionic solution
by conducting computational estimations on anatase TiO2 [59]. For anatase and rutile,
disputable outcomes were recorded for the positions of their CB and VB edges. Typically,
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(quantum impact). For instance, bandgap fluctuation of TiO2 has been found, with the VB
and CB edges moving because of changing molecule size. The band tuning can also be
acknowledged by doping the semiconductor. To overcome this problem, a few additional
substances such as Fe2+, Fe3+, metal and non-metal doping, etc., have been added to the
photocatalytic structure [62].

Titanium dioxide (TiO2) is an n-type semiconductor that assimilates photons at wave-
lengths greater than 385 nm with the advancement of electrons from the valence band (VB)
to the conduction band (CB). This excitation cycle leaves behind emphatically charged
openings called holes (h+). Photoexcitation of semiconductor metal oxides such as TiO2
results in hole aggregation in the charge carriers and electron production in the higher
conduction band [48,63]. While several photoexcited charge carriers reassemble, others
diffuse and enter the surface quickly, where they can be trapped or incorporated into other
reactive species (Equations (7)–(15)).

TiO2 + hv→ h+
vb + eb (7)

h+
vb → h+

tr (8)

e−cb → e−tr (9)

h+
tr + H2O→ OH• + H+ (10)

h+
tr + MH→M• + H+ (11)

h+
tr + O2

•− → O2 (12)
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e−tr + H2O2 → OH− + OH• (13)

e−tr + O2 → O2
•− (14)

e−tr + M• + H+ →MH (15)

The superior redox capacity of TiO2 has made it the most well-known photocatalyst
for many years. Its recorded applications are numerous s, including energy generation
and contaminant degradation. Accordingly, in the photocatalytic mineralization of toxic
wastewater, TiO2 has likewise attracted the interest of researchers.

2.2. Textiles and Colored Dyes

Different sorts of colored dyes are available in industrial sectors for dyeing/coloring
objects—for example, methyl orange (MO), methyl red (MR), rhodamine-B (RhB), Congo
red (CR) etc. The classification of dye pollutants is based on the molecules’ component
structure, dyeing, and their application. The overall classification of dye pollutants de-
veloped based on the chromophores in their molecular structure, including azo dyes,
quinine–amine dyes, acridine dyes, anthraquinone dyes, xanthene, nitro dyes, etc. [64].
The investigation of photocatalytic degradation of dye pollutants mainly concerns factors
such as the grouping of the dyes, the amount of photocatalyst utilized, the impact of the
intensity of the illuminated photons, the light irradiation time, the impact of the dissolved
oxygen, and various other parameters. The energy of photocatalytic degradation of toxic
colored dyes is viewed as a pseudo-first-order response.

The direct oxidation of the dye sensitizer is a specific consequence of semiconductor pho-
tosensitization. By intentionally regulating the regeneration of cation radicals, the sensitizer
goes through additional degradation. This self-sensitized oxidation mechanism is superior in
the presence of visible photon degradation of colored contaminants [64–66]. Different coloring
toxins—for instance, rhodamine B [67], cresyl violet [68], Congo red [69], reactive orange [70],
orange G [71], erythrosine B [72], rose Bengal [73], etc.—have been utilized as sensitizers. This
technique includes the excitation of dye pollutants from the HOMO/ground state (Dye) to the
LUMO/triplet excited state (Dye*) under visible photons (>400 nm). The introduction of an
electron into the TiO2 conduction band converts this excited dye species into a semi-oxidized
(Dye•+) radial cation [74]. Superoxide radical (O2•−) anions and OH• radicals are created as
a result of the reaction between this dissolved oxygen and trapped electrons in the system.
The oxidation of organic molecules is mostly caused by these radicals [75]. A large body of
work should be accounted for in the field of decomposition of toxic dyes into innocuous end
products under UV–visible source illumination [76–79].

A huge number of mechanisms exist for the degradation of dye toxins, including both
oxidizing (i.e., electron transfer from the dyes) and reducing (i.e., electron transfer towards
the dyes) processes. The retention of light can be ensured in the dyes, the semiconductor, or
both. Numerous dyes are produced today; azo dyes are predominant (~50–70%), followed by
anthraquinone dyes. The estimation of photocatalytic execution is largely performed in the
aqueous phase. The most frequently considered color pollutants are rhodamine B, methylene
blue, Congo red, acid red 73, orange G, and methyl orange, among others. A summary of the
huge body of literature [80–128] on the effects of heterogeneous photocatalysis on colored
pollutants such as dye toxins is reported in the Supplementary Materials (Table S1).

2.3. Organic Molecules and Pharmaceutical Pollutants

The production, use, and waste disposal of a variety of chemicals widely used in
industry, pharmaceuticals, agriculture, and daily used organic substances are increasing,
resulting in the unrestricted outflow of these substances into the water. Trace concentrations
of these substances already show highly harmful impacts on aquatic ecosystems and human
health. Because of their temporary resistance to the dissolution of pollutants in standard
wastewater treatment plants (WWTPs), the presence of such trace compounds (mostly
organic) has been extensively observed in effluents, surface waters, and drinking water,
threatening the quality of water [129,130].
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The pharmaceutical sector is an important part of the chemical industry. Pharmaceuti-
cals include a broad category of human and veterinary medicines that are continuously
used in huge quantities around the world. Some drug toxins (e.g., paracetamol, propy-
phenazone, diclofenac, clofibric acid, carbamazepine, and diazepam) escape degradation in
WWTPs and enter the environment [131–135]. In addition to metabolic discharge, removal
by flushing of unused or lapsed prescriptions and medication waste products from pre-
fabricating facilities can likewise cause contamination in the environment [136,137]. The
photocatalytic activity of pharmaceutical contaminants is regularly identified in wastewater
bodies, known to be inefficiently removed in ordinary wastewater treatment reactors. To
overcome these difficulties, a novel TiO2 nanostructured catalyst sample can be utilized
under various light sources, such as sunlight and UV light. Drug contaminants that can
be oxidized by TiO2-created hydroxyl (OH•) radicals include analgesics, (for example,
sulfathiazole [138] and diclofenac [139]), antibiotics (for example, moxifloxacin [140] and
amoxicillin [141]), and antiepileptics (for example, carbamazepine [142]).

Furthermore, pesticides/insecticides are generally used to shield agrarian yields from
bugs, microorganisms, weeds, moths, organisms, etc. In any case, the constant use of
pesticides brings about deficient soil quality, diminished nitrogen utilization by plants, and
damage to food hotspots for animals. All the more critically, contamination due to pesticides
in drinking water brings about serious health issues for humans and other animals. In
this way, the degradation of pesticides should transform these unsafe compounds into
harmless byproducts of N, P, and S, along with CO2 and H2O. Numerous investigations
have clarified the progression of mineralization of widely utilized pesticides such as
pyridaben [143], atrazine [144], triazophos [145], methyl parathion [146], dicofol [147],
methamidophos [148], etc., utilizing TiO2. It is additionally important to ensure that the
decomposition of poisonous organic compounds is performed sufficiently until the total
organic carbon (TOC) of the water is insignificant. This is because of the formation of
poisonous organic intermediates upon the mineralization of the primary pollutants [149].

Advanced oxidation processes (AOPs) are considered to be eco-friendly techniques
and depend on physicochemical methods that initiate decay, improve and simplify the
chemical structure/composition of organic pollutants, and ultimately cause mineralization.
The above techniques include the emergence of active charge-transient species such as the
hydroxyl (OH•), alkoxyl (RO•), superoxide (O2

•−), sulfate (SO4
2−), hydroperoxyl (HO2

•),
and chlorine (Cl•) radicals, which mainly depend upon the photocatalyst or the oxidant
utilized [150,151]. Hydroxy (OH•) radicals are normally created from reactions including
oxidants—for example, ozone, hydrogen peroxide, or photocatalysts including semicon-
ductors and metal ions—in the presence of UV–vis photons or various light sources. These
species possess elevated oxidation potential with non-selectivity and elevated reaction
kinetics, accomplishing the total mineralization of toxins to water, CO2, and byproducts in
distinct environments, changing them into further biodegradable particles [152].

The hydroxyl radicals produced by photoexcitation of photocatalyst (TiO2) samples
are proficient in oxidizing all electron-rich organic, toxic, and pharmaceutical compounds
in water.

TiO2 + hν→ e− + h+ (16)

e− + O2 → O2
•− (17)

h+ + H2O→ OH• + H+ (18)

Organic or Pharmaceutical waste + OH• → Reactive intermediates (19)

Reactive intermediates→ CO2 + H2 + Other products (20)

For instance, during the interaction of intermediates with hydrocarbons, the following
reaction takes place:

OH• + R-H→ R• + H2O (21)
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In heterogeneous photocatalysis, the following reactions happen sequentially: the
principal response is oxygen reduction, and the second is the oxidation of drug wastes and
organic pollutants by the hydroxyl (OH•) radicals. In the process, upon excitation of the
TiO2 nanocatalyst, electrons are gathered in the conduction band, causing the production of
holes. In this way, it is important for electrons to be consumed to increase the effectiveness
of heterogeneous photocatalysis in the presence of a photocatalyst; as a result, the electrons
are devoured by the broken-up oxygen.

A summary of the huge body of literature [153–190] on the efficacy of heterogeneous
photocatalysts in the photocatalysis of colorless contaminants—e.g., organic toxic molecules,
pharmaceutical pollutants, herbicides, and pesticides—is reported in the Supplementary
Materials (Table S2).

2.4. Petroleum-Based Hydrocarbons

For many sectors, energy resources and raw materials produced from petroleum
hydrocarbons are crucial. According to data gathered between 1970 and 2013 by the
International Tanker Owners Pollution Federation Ltd., three oil leaks totaling more than
700 tons took place in 2013 [191]. Due to the catastrophic impacts of large-scale maritime
oil spills and oil leak incidents, researchers devote a lot of attention to the avoidance or
cleanup of oil spills. The pollutants of highest priority are persistent chemicals called
petroleum hydrocarbon pollutants [192]. However, despite rising consumer demand,
there are currently no commercially viable substitutes for petroleum products in everyday
life [193]. Accidental leaks from the offshore and onshore petroleum industries cause
contamination by petroleum hydrocarbons. Water bodies are directly impacted by this
pollution. The unpleasant fact that water bodies are regarded as the ultimate and largest
sinks for petroleum hydrocarbon pollution is widely recognized [194].

The wastewater from petroleum refineries (PRW) is notorious for having high concen-
trations of harmful chemicals that are bad for both humans and the environment. Due to
the significant amounts of water utilized in petroleum refineries, the wastewater is mostly
produced in massive volumes [195]. In nations where crude oil is processed, this issue
frequently arises. Most treatments used by petroleum-refining companies are ineffective
because persistent pollutants are still present in the discharged treated effluent, leading to
secondary contamination of the environment. TiO2 is the most stable photocatalyst due to
its high mechanical, thermal, and chemical strength.

The Supplementary Materials (Table S3) contain an overview of the extensive litera-
ture [196–200] on the impact of heterogeneous photocatalysis on the photodegradation of
petroleum-based hydrocarbon contaminants.

3. Interactions of Various Parameters Involved in Photocatalytic Applications

The heterogeneous photocatalytic process is a surface activity where the reaction takes
place within the catalyst’s active site in the presence of UV–visible source illumination.
Similarly in each reaction, a few parameters—for instance, the pH of the medium, the
concentrations of toxic substrates, the photocatalyst loading, the presence of other external
parameters, etc.—regulate the reaction kinetics during photocatalytic mineralization. Many
researchers have investigated these variables and their impacts on photocatalysis. In the
following subsections, we review the favorable impacts of interaction parameters on the
photocatalytic process.

3.1. Influence of the pH of the Reaction Medium

A significant aspect in photocatalytic decomposition processes occurring on particulate
surfaces is the reaction medium’s pH, which directs the charge attributes of the catalyst’s
surface and the aggregate size of its structures. Fluctuation in pH implies an alteration in
the concentrations of H+ and OH− in the reaction composition. The hydroxyl (OH•) radical
concentration plays an essential role in photocatalytic applications and is essential for
oxidation. In this manner, the increase in pH implies an increase in the OH concentration
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and its transformation to OH• radicals. Consequently, the oxidation process intensifies
further in the presence of OH• radicals. This standard is somewhat relevant, yet real surface
studies are more relevant to clarify the impact of pH. The efficiency rate thoroughly relies
on the pH of the solution and can be clarified with the assistance of TiO2 zero-point charges
(pHzpc) at pH = 6.25. In this fashion, the positively charged TiO2 surface is in the acidic
phase, while it is negatively charged in the basic solution.

At neutral pH (6.8), powerful adsorption of acidic toxic dyes onto the photocatalyst
molecules takes place because of the electrostatic attraction of TiO2 (positive charged) to
the ionized toxic dye. Then again, at pH values above 6.8, a reduction in the reaction
kinetics is observed, whereas increasing the pH of the substrate solution (pH 12) again
causes the problem of anionic pollutants drawing closer to the negatively charged TiO2
surface. Significant decolorization was accomplished at pH 6.8 (100% dye expulsion or
TOC removal) with optimized Cu-Ni/TiO2 catalysts, whereas at pH 7.4 only 89.8% TOC
removal was achieved [201].

The reaction pH is altered under light, and it is not controlled throughout the experi-
ment. The impact of the pH increasing from 3 to 11 on the mineralization of RR, MB, and RB
has been reported. At an acidic pH, hydroperoxyl (HO2

•) radicals can produce hydrogen
peroxide (H2O2), which produces the hydroxyl (OH•) radicals for the mineralization of the
colored anionic RR dye. In the case of MB—a cationic charged dye—the color expulsion
rate was discovered to be high at basic pH [84].

The degradation kinetics of CR dye were found to be 98%, 80%, and 65% at pH 4, pH 6,
and pH 9, respectively, within 420 min (Figure 6). These outcomes confirm that the higher
degradation efficacy at acidic pH might be due to the effective production of CR anions via
ionization of two sulfonic ions in CR dye. This illustrates that pH 6 is the optimal pH [113].
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red (2.5 × 10−5, 50 mg Mg-TiO2-P25 nanoparticles). (d) Effects of the variation of catalyst pH on
photocatalysis. Adapted from reference [113].
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The photocatalytic rate of MO dye is only 10.0% at pH = 6.4, 54.5% at pH = 4, and 93.2%
at pH = 2. It can be observed that photodegradation efficacy diminishes with increasing pH
for (TiO2/PW12)10. The (TiO2/PW12)10 shows the maximum photocatalytic rate at acidic
pH. The decay of H3PW12O40 is responsible for the somewhat minimal photodegradation
productivity at pH = 7. Another explanation for the superior action of (TiO2/PW12)10 in
acidic media is that MO dye changes from an azo structure to a quinoid morphology at
pH < 3.1. This reality can be demonstrated by the way in which the photodegradation of MO
under UV photons increases from 1.9% to 12.9% when the pH is reduced from 6.4 to 2.0 [88].

Significantly less degradation efficacy was seen at pH = 10. A > 35% decrease in TOC
and 92% decolorization was achieved at pH 2.0 via hydrodynamic cavitation (HC). The
increase in the mineralization efficacy at acidic pH could be attributed to the fact that dye
pollutants at lower pH are available in a molecular form whenever the pH is not precisely
the pKa = 10.7 [192]. The most elevated effectiveness was seen at pH 7.5; any further
decrease or increase in pH (7 or 8) fundamentally diminishes the photocatalytic effectiveness
of reduction. The adjustment of the medium’s pH critically affects the photoreduction of
4-NP, as shown in Figure 6, directly influencing the properties of the photocatalyst’s surface
charges and the adsorption of toxic compounds [190].

3.2. The Impact of the Initial Pollutant Substrate Concentration on Photocatalysis

The initial pollutant substrate concentration is the essential requirement for the pho-
tocatalytic approach, and substrate samples are adsorbed over the reactive surface of the
utilized catalyst. Photocatalysis depends on the adsorption of pollutants on the surface of
the photocatalyst. In the photocatalysis process, only the amount of pollutants adsorbed
on the surface of the photocatalyst contributes and not the concentration in the bulk of
the solution. The adsorption of pollutants depends on the initial concentration of the dye.
The initial concentration of pollutants in a given photocatalytic reaction is an important
factor that needs to be considered. Increasing the substrate molecule concentration can
decrease the kinetics of the mineralization reaction (k). The underlying substrate pollutant
concentration can promote photocatalytic efficacy in two fundamental ways. At elevated
concentrations of toxic pollutants, more reaction sites are observed on the TiO2 surface
for the pollutant substrates, diminishing the production of hydroxyl (OH•) radicals, since
there are fewer active sites for anions such as hydroxyl ions to adhere to. Moreover, the
foreign substances consume the photons prior to arriving at the photocatalyst surface,
subsequently diminishing the photocatalytic efficiency.

The impact of the initial reactive brilliant red K-2BP concentration on photon-induced
catalytic mineralization was investigated with a variety of concentrations of colored dyes,
ranging from 0.5 mg/L to 8 mg/L. The observed photodegradation proficiency of K-2BP
clearly decreased with increasing dye concentrations in the range from 4 to 8 mg/L after
continuous photon illumination. Specifically, at dye pollutant concentrations over 6 mg/L,
all photons were absorbed by the colored substrate mixtures, and fewer photons arrived at
the TiO2 surface. Subsequently, the production of charge carrier (electron–hole) sets was
enormously decreased and, thus, the photon-induced catalysis of the dye was diminished
because of the shortage of the oxidizing molecules [89].

With a specified concentration of 50 mg of Mg-TiO2-P25 NPs and at different initial
CR dye concentrations (1 × 10−5 to 2.5 × 10−5 M), photocatalytic mineralization was
examined, and the outcomes were reported. It is clear from the outcomes that with the
increase in the starting concentration of the dye, the evacuation effectiveness is diminished,
which might be the reason that photon outreach to the catalyst surface declines at higher
concentrations of the dye, because of the reduction in the activity of photons created with
receptive radicals [113].

An investigation was conducted with various color toxin concentrations, i.e., AG-25
with 20, 40, 70, and 100 mg/L, as well as 10, 20, 30, and 50 mg/L RhB, with 1.0 g/L
of GO/TiO2 (10 wt%) photocatalyst. On the off-chance that the initial concentration of
the color pollutants increased, the photocatalytic mineralization productivity diminished
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because the amount of light consumed by the photocatalyst decreased. Light radiation expe-
riences difficulties in penetrating high concentrations of color pollutants. The concentration
of dye pollutants may be able to impact the photocatalytic mechanism [202].

Photodegradation investigations were carried out utilizing phenol-4-sulfonic acid
(4-PSA) concentrations of 50, 80, and 150 mg/L with a 0.02% (w/v) photocatalyst under
low pressure; 39.5 W UV lamps (λ-254 nm) with a length of 0.8 m were used to input the
photons. The UV lamps used had identical output ratings (input rating of 39.5 W and
output rating of 13.7 W). An increase in the 4-PSA concentration causes a reduction in the
photocatalytic efficacy. With the increase in the initial 4-PSA concentration, the intermediate
density also increases with time. The intermediates adhere to the photocatalyst surface.
For consistent light power with a photocatalyst, the generation of hydroxy (OH•) radicals
stays constant. Accordingly, the accessibility of the adsorbed substrates also decreases.
The general impact decreases the mineralization of the substrate with the increase in its
concentration in the feed [203].

The outcomes are correlated with the accompanying tentative environments. TiO2/PAN
nanofiber hybrid catalysts (30 mg) were independently introduced to 250 mL suspensions
containing phenol concentrations of 10, 30, 60, and 120 mg/L, followed by UV photon illumina-
tion for 50 min; the reported photodegradation efficiencies of phenol were 98.3, 88.2, 75.5, and
59.3%, respectively (Figure 7). These outcomes exhibit that the mineralization effectiveness of
phenol diminishes with an increase in the concentration of phenol under indistinguishable trail
ambience. The amounts of OH• and O2

•− charge carriers produced on the remaining parts of
the photocatalyst surface were consistent with the fixed states of the given light source. Thus,
the available OH• radicals were insufficient for phenol mineralization at elevated pollutant
concentrations, bringing about a decrease in the photodegradation efficiency [177].
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3.3. Influence of Photocatalyst Loading into the Reaction Suspension

To resist the abuse of photocatalysts, it is important to ascertain the loading or op-
timized dose of the catalyst sample for the proficient eradication of toxic organic and
dye pollutants. The amount of photocatalyst required will rely upon the photocatalytic
mechanism, the light source, the concentration of toxic pollutants, and the molecular mor-
phology of the photocatalyst. Another perception in the literature is that the photocatalytic
efficacy rate increases constantly with the increase in the photocatalyst to a certain weight;
furthermore, the kinetics of photodegradation of the toxic pollutants diminish with the
increase in the amount of the catalyst. This ensures that the uncovered photocatalyst
surface area directly corresponds to the dose of the photocatalyst in the aqueous medium.
Because organic pollutants are decreased in proportion to the amount adsorbed on a solid
surface, there may be a saturation point beyond which the catalyst dose has no direct
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relationship to the percentage of photodegradation. The kinetic rate of the photocatalysis
process decreases with the photocatalyst dosage, reducing the number of photons retained.
Reduced photocatalyst amounts increase the suspension’s transparency, which extends the
penetration of photon illumination in the photoreactor and, thus, reduces the photocatalytic
degradation rate.

The impact of the quantity of chitosan/TiO2 composite (CTC) on the decolorization of
three dyes (RR, RB, and MB) has been explored utilizing various doses of CTC, ranging
from 25 to 150 mg/L. At the point where all of the color particles are adsorbed on the CTC,
no enhancement is accomplished by introducing further CTC. The most extreme levels of
dye degradation were accomplished at 100 mg/L of CTC for RR, MB, and RB, showing
94.8%, 90.9%, and 80.6% efficiency, respectively, as after which they remained steady for
additional examinations [84].

The mineralization of the sample of FD&C Yellow No. 5 (Y5) and the purified main
component of FD&C Yellow No. 5 (MY5) in the presence of nano-TiO2 was carried out
under visible photons. Ref. [87] analyzed the impact of changing the dose of the TiO2
NP catalyst on the decolorization efficiency. The initial MY5 concentration was 25 mg/L;
during the addition of about 0.01, 0.02, 0.05, 0.1, and 0.2 mg/mL TiO2 NPs, changes in
the photocatalytic rate were observed. MY5 remained unaltered after 120 min, without
TiO2 NPs under visible light. An increase in the dose of TiO2 brought about a maximum
photocatalytic rate for MY5. At a TiO2 NPs loading of 0.1 mg/mL, the color pollutant
completely degraded after 30 min under visible photons. The most elevated rate, i.e.,
kapp = 0.133, was seen at a 0.2 mg/mL dosage of the catalyst [87].

The impact of photocatalyst loading on the photodegradation of RR4 dye was inves-
tigated in the range of 0.01–0.09 g/L at a fixed 0.3 mM concentration of RR4 dye. The
outcomes confirmed the optimal photocatalyst dosage was 0.03 g, and further increases
in the photocatalyst dosage appeared to diminish the photocatalytic mineralization of the
RR4 dye. The extra increases most likely created more prominent turbidity in the solution,
inhibiting the entrance of light and restraining the reaction [108].

The minimum photocatalyst dose of 100 mg/L achieved 31.42% efficacy for pure
anatase (Cat1) and 32.9% efficacy for Aeroxide P25 (Cat2). An additional increase in the
loading of the Cat1 catalyst, under comparable procedure environments, led to an enhanced
evacuation efficiency of 47.4% and 68.2% for catalyst material loadings of 400 and 200 mg/L,
respectively. This increment was possible because of the abundance in the attainability
of the site of action on the photocatalyst surface, which created active radicals for CHD
(chlorhexidine digluconate) mineralization. The probability of agglomeration was greater
with an increase in the catalyst dosage, which diminished the active photocatalyst surface
for photon absorption and, consequently, brought about a decrease in the efficiency of
photodegradation [154].

Investigations were carried out for amoxicillin trihydrate (AMT) mineralization under
sunlight illumination with a TiO2 photocatalyst dose of 0.25–2.5 g/L for 4 h. It was seen that
the reaction kinetics expanded with the increase in the photocatalyst dosage up to 0.5 g/L
and remained practically steady until 1 g/L, which enabled the optimal photon absorption.
In any case, further increases in the TiO2 dosage did not produce any huge increases in the
photodegradation rate. AMT’s photodegradation rate at 0.5–1.0 g/L showed a negligible
difference; hence, 0.5 g/L was selected as the most reasonable photocatalyst dosage from
an economic perspective [162].

3.4. Performance of Hydrogen Peroxide (H2O2) Oxidizing Species

The presence of reasonable oxidizing or electron-acceptor species obstructs the electron–
hole recombination and, accordingly, impedes the quantum efficacy. Thus, the oxygen (O2)
molecule is typically utilized as an electron acceptor in the photocatalytic component. The
incorporation of exterior oxidants as electron (e−) acceptors in semiconductor photocatalysts
has been reported to enhance the mineralization efficacy of organic toxic contaminants.
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The addition of excellent oxidizing agents—for example, hydrogen peroxide (H2O2)—to
TiO2 solutions is a notable strategy that is responsible for elevated kinetics of photo-oxidation.
Hydrogen peroxide shows two functions in photocatalytic activity: it accepts an electron from
the CB, along with influencing the charge detachment; and it forms active OH• radicals.

H2O2 + e− → OH− + OH• (22)

H2O2 + O2
− → OH− + OH• + O2 (23)

Accordingly, attentive improvement of the oxidizing species concentration is important
to ensure the greatest photocatalytic activity rates.

The effects of the increase in H2O2 concentration on the kinetics of photodegradation
of AR88 were investigated by shifting the H2O2 concentration from 100 to 6000 µM at a
constant color pollutant concentration of 100 µM and 5 bars of pressure. The rate was
steady for the mineralization and decolorization of the pollutant AR88, and the rate was
also found to decrease with TOC.

It was reported that the decolorization efficacy increases with an increase in the H2O2
concentration in the range of 0–4000 µM, and that practically complete decomposition
takes place at 4000 µM. The reaction kinetics remained steady for the decomposition,
which stayed constant with additional increases in the H2O2 concentration past 4000 µM
(Figure 8). However, the TOC investigation revealed an optimal concentration of H2O2 at
which the color pollutant’s mineralization was greatest. The rate remained steady with
the decrease in TOC and increases in the concentration of H2O2 up to 4000 µM, and it
diminished thereon [204]. Photocatalytic efficacy was maximized easily with an increase
in the concentration of H2O2 in the range of 0.3–0.53 mg/L and diminished continuously
when the H2O2 concentration increased past 0.53 mg/L. The beneficial outcomes of the
oxidant (H2O2) concentration might be ascribed to the hindrance of the recombination of
electrons and holes at the photocatalyst sample surface by accepting the electron from the
CB. In any case, higher H2O2 molarity can also accept electrons from the VB holes and
hydroxyl (OH•) radicals. This pattern prompts H2O2 concentrations past the optimal value
and does not increase the photodegradation proficiency of color pollutants [90].

The oxidizing species hydrogen peroxide enhanced the OH• radical concentration,
playing a significant role in the extent of photon-induced catalysis. In a solution of the
pollutant AMT with natural pH, H2O2 was varied from 0.03 g/L to 0.21 g/L with TiO2
loading of 0.5 g/L to contemplate its consequences on the photocatalytic kinetics. As
anticipated, photodegradation increased as a result of raising the oxidant molarity, reaching
up to 87%, yet increasing the H2O2 concentration past 0.12 g/L brought about a reduction
in the rate of photocatalysis, as it acts as a scavenger [162].

The synergic effect of the possible photodegradation was investigated to reveal the
contributions of a TiO2 catalyst, microcellulose (MC), and H2O2 to color-pollutant de-
colorization. The photocatalytic rate kinetics of the independent treatments varied, and
consolidated H2O2 helped in the photocatalysis of MB dye. The determined steady pho-
todegradation proficiency for incorporated hydrogen peroxide helped achieve photocat-
alytic efficacy k(TiO2 + H2O2 + MC) of 0.0297 min−1. Moreover, the steady photodegrada-
tion rates for k(TiO2), kH2O2, and kMC were 0.0015 min−1, 0.0029 min−1, and 0.004 min−1,
respectively [115]. The electron–hole (charge carrier) pair recombination was encouraged
by introducing other (irrevocable) electron acceptors to the system. Considering this, the
influence of H2O2 on the photon-induced catalysis of fluoroquinolones was explored in-
creasing the concentration of H2O2 from 41.25 mg/L to 330 mg/L. The investigation was
conducted with 500 mg/L TiO2 at pH 6. The photodegradation rate increased with the
amount of H2O2, reaching the greatest activity at 82.5 mg/L. Further increasing the molar
concentration of H2O2 caused a reduction in the photocatalytic efficiency. When the molar
concentration of H2O2 was 0, 41.25, 82.5, 165, and 330 mg/L, the TOC evacuation was
around 21%, 45%, 55%, 41%, and 37%, respectively [172].
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Adapted from reference [204].

3.5. Irradiation time, Light-Source Wavelength, and Intensity

The utilization of sunlight-based radiation is affordable, less dangerous, and produces
more reproducible outcomes. The creation of electron–hole pairs and their recombination
can vary when a UV–Vis source is utilized. The photon source wavelength can influence
the electron–hole development rate, along with their recombination. The impact of UV–Vis
illumination time influences the mineralization of aqueous pollutants when utilizing a TiO2
photocatalyst in the photocatalytic chamber. As with all other parameters, source intensity
plays a significant role in photocatalytic responses. The 3.2 eV bandgap energy of TiO2
photocatalyst particles is provided by UV–Vis illumination or daylight energy. On certain
occasions, visible photons fail to provide this amount of energy to photocatalytic activity. The
decay rate directly corresponds with the addition of light illumination at low levels (first-order
kinetics). Nonetheless, in addition to specific illumination levels, the mineralization rate also
relies upon the square root of the photon intensity (half-order reaction).

The impact of illumination time on the decolorization of RR, MB, and RB pollutants
was evaluated by estimating the levels of color evacuation in various timeframes, utilizing
50 mg/L toxic dye in a 50 mL solution and a 100 mg dose of CTC at ambient temperature
under UV photon illumination. The outcomes confirmed that the level of color evacuation
increased with of the increase in the illumination time, reaching 94.8%, 90.9%, and 80.2%
for RR, MB, and RB dyes, respectively, after 30 min of illumination [84].

The light flux is unavoidably associated with the photocatalytic performance. Setup
and design practices distinctly insist that, in such a case, numerous appropriately conveyed
light sources can bring about better inclusion (and usage) of the reactor’s cross-area via the
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occurrence of radiation. To evaluate this claim, the quantity of UV light sources was varied.
Trials were carried out for an initial 4-PSA concentration of 80 mg/L with a consistent
reactor stream rate of 55 mL/min. With an increase in the radiation intensity, as with the
lights’ distribution, the rate of evacuation of TOC expanded. At the point when a light
flux of 0.594 mol of m2h−1 photons (i.e., if three lights were used, every light provided a
radiation transition 0.198 mol of m2h−1 photons) was utilized, the rate of TOC evacuation
was 57% [203].

At a specified wavelength, UV intensity determines the degree of radiation absorbed
by the semiconductor sample. The photon power within the reactor likewise determines the
conversion of the overall substrate and the degradation proficiency. In this investigation,
CHD expulsion proficiency was found to increase with increasing light intensity in the
50–80 µW.cm−2 range, likely as a direct result of the increased generation of electron–hole
pairs, improving the photodegradation performance. Under such conditions, the charge
carrier’s recombination is inconsequential. The diminishing value of the CHD evacuation
at 125 µW.cm−2 could likely be explained by the rate of recombination of electrons and
holes under elevated UV source flux [154].

The visible-photon-determined photocatalytic efficiency of ZnFe2O4–TiO2 in the pho-
todegradation of BPA was initially assessed by the illumination of three distinctive light
sources: 365 nm UV, 465 nm visible light, and a sun-powered test system. The BPA pho-
todegradation efficiency by unadulterated ST-01 TiO2 semiconductors was in the range
of 30–46%, in the following order: 465 nm visible source > sun-based light > 365 nm UV
photons. The pseudo-first-order kinetics (kobs) for the photodegradation of BPA under the
illumination of UV (365 nm), visible light (465 nm), and the sunlight-based test system
were 0.0052 min−1, 0.218 min−1, and 0.141 min−1, respectively [175].

The mineralization efficiency was likewise investigated under a sun-powered source
along with a lamp whose discharge extended for ca. 5% in the UV range. Although the
photocatalytic process occurred more slowly than with the UV source, a limited level of
decomposition was instigated, reaching 8.5% after around 420 min of stimulation. It ought
to be highlighted that the photocatalyst was not elevated at all to support the ingestion
of light under the visible irradiation, and that the effective light flux was a lot lower than
that of the UV test lamp. Consequently, only the lamp with a UV tail could improve the
photocatalytic properties, since anatase TiO2, with a 3.2 eV bandgap, has the edge of its
absorption band at 386 nm [159].

4. Reaction Kinetics Incorporated in Photocatalytic Applications

Photocatalysis, like the decolorization/mineralization process, is a form of heteroge-
neous catalysis. It has been observed that the rate of kinetics fluctuates with various external
parameters—for example, initial pollutant concentration, pH of the reaction medium, pho-
tocatalyst dosage, the influence of oxidants (hydrogen peroxide), irradiation time, light
intensity/wavelength, etc. The impacts of these various parameters on photodegradation
can be depicted as the kinetic rate constant. In this manner, it is vital to comprehend the
kinetics of photon-induced catalysis. The components of heterogeneous photocatalytic
reactions have been investigated by numerous specialists under Langmuir–Hinshelwood
(L–H) kinetic rate conditions. This is because photocatalytic performance entails a sequence
of steps, bringing about progressive degradation when illuminated with UV–Vis light.
The expression of the first-order kinetic rate was illustrated when Houas and colleagues
investigated photodegradation by examining the impact of the initial concentrations of
water pollutants. The outcomes were demonstrated to be compatible with the kinetics of
the first-order rate model [205]. The photocatalytic reaction with first-order rate kinetics
was represented as follows:

−rapp = dCs/dt = kapp Cs (24)

where rapp and kapp denote the first-order kinetics reaction rate and the rate constant,
respectively, while Cs indicates the concentration of the pollutant substrate at any reaction
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time “t”. Because the reaction mixture contains TiO2 as a photocatalyst, the photocatalytic
rate kinetics can be assumed to be a pseudo-first-order response. The great concurrence
between the hypothetical kinetics of the pseudo-first-order response model and practical
observations aids in the depiction of the kinetics of photocatalysis, with the assistance of
the following model:

−ln (Cs/C0) = k*app t (25)

where C0 is the initial toxic pollutant concentration and Cs is the degraded concentration of
the toxic pollutant substrate after time “t”. The value of the rate constant was computed from
the slope in the graph of −ln(Cs/C0) versus time. The kinetic rate of heterogeneous photon-
induced catalysis was deciphered utilizing the Langmuir–Hinshelwood (L–H) equation

5. Conclusions

The heterogeneous photocatalytic process has been frequently suggested as a promising
approach for the removal of water contaminants. Nonetheless, 40 years of scientific studies and
photocatalytic wastewater applications show great differences between lab research and the
real requirements of wastewater purification with respect to different advances. In this domain,
photocatalysis alone can barely exist outside research labs. Composites for heterogeneous
photocatalytic mineralization/degradation utilizing TiO2 photocatalysts remain a reasonable
option for the decomposition of tenacious natural impurities in aqueous media. TiO2 is a
reducible metal oxide that responds strongly to pollutants compared with other metal oxides.
Thus, TiO2 has attracted much consideration for application as a heterogeneous catalytic
support in aqueous reactions. At any rate, this promising innovation addresses the issue of
changing organic toxic pollutants into nontoxic substances.

It can be concluded that catalysts supported on TiO2 with various phase structures
and morphologies may display distinctive physicochemical effects and catalytic reactions.
Recently, nano-TiO2 has set the norm as a benchmark aqueous-mediated heterogeneous
photocatalyst for the mineralization and degradation of a wide scope of harmful organic
mixtures, including chlorinated organics, color pollutants, pesticides, phenolics, drug mixtures,
medications, and volatile organic compounds (VOCs). The photon-initiated movement of TiO2
for the refinement of drinking water is likewise established. Many types of TiO2—including
anion–doped TiO2, metal- and metal-oxide-doped TiO2, core–shell TiO2, polymer/TiO2
composites, and co-catalyst-coupled TiO2—have been created to boost the UV–Vis light action
of original or pristine TiO2. Several investigations confirmed that diverse trial parameters—
for example, the initial analyte concentration, the pH of the suspension medium, and the
wastewater grid—can change the photodegradation interactions of the TiO2 photocatalyst
and improve the economic feasibility and ecological impact of these exercises. The most ideal
alternatives available for wastewater treatment based on photocatalytic procedures and the
fabrication of photocatalysts were explored and their remarkable highlights explained, with
TiO2 photocatalysis being an exceptionally constructive wastewater treatment methodology.
The huge body of existing literature and continuous exploration shows that this field of study
is an exceptionally encouraging one, and further advancement is inevitable.
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toxin molecules and pharmaceutical contaminants.

Author Contributions: Conceptualization, M.C.M. and S.A.; methodology, S.A. and B.A.; data
curation, M.C.M.; writing—original draft preparation, M.C.M.; writing—review and editing, S.A. and
A.S.; supervision, S.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this article are available on request from the
corresponding authors.

https://www.mdpi.com/article/10.3390/jcs6110350/s1
https://www.mdpi.com/article/10.3390/jcs6110350/s1


J. Compos. Sci. 2022, 6, 350 19 of 26

Acknowledgments: M.C.M. thanks MHRD, New Delhi, India, for the award of a Junior Research Fellow-
ship. S.A. thanks the SPARC (SPARC/2018-19/P236/SL) scheme for the provision of financial assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Karl, T.R.; Trenberth, K.E. Modern Global Climate Change. Science 2003, 302, 1719–1723. [CrossRef] [PubMed]
2. Akimoto, H. Global Air Quality and Pollution. Science 2003, 302, 1716–1719. [CrossRef] [PubMed]
3. Brown, M.A.; De Vito, S.C. Predicting Azo Dye Toxicity. Crit. Rev. Environ. Sci. Technol. 1993, 23, 249–324. [CrossRef]
4. Sinha, A.K.; Pradhan, M.; Sarkar, S.; Pal, T. Large-Scale Solid-State Synthesis of Sn—SnO2 Nanoparticles from Layered SnO

by Sunlight: A Material for Dye Degradation in Water by Photocatalytic Reaction. Environ. Sci. Technol. 2013, 47, 2339–2345.
[CrossRef] [PubMed]

5. Subramanian, V.; Kamat, P.V.; Wolf, E.E. Mass-Transfer and Kinetic Studies during the Photocatalytic Degradation of an Azo Dye
on Optically Transparent Electrode Thin Film. Ind. Eng. Chem. Res. 2003, 42, 2131–2138. [CrossRef]

6. Tong, H.; Ouyang, S.; Bi, Y.; Umezawa, N.; Oshikiri, M.; Ye, J. Nano-Photocatalytic Materials: Possibilities and Challenges. Adv.
Mater. 2012, 24, 229–251. [CrossRef]

7. Vinu, R.; Madras, G. Environmental Remediation by Photocatalysis. J. Indian Inst. Sci. 2010, 90, 189–230.
8. Khan, A.F.; Down, M.P.; Smith, G.C.; Foster, C.W.; Banks, C.E. Surfactant-Exfoliated 2D Hexagonal Boron Nitride (2D-HBN): Role

of Surfactant upon the Electrochemical Reduction of Oxygen and Capacitance Applications. J. Mater. Chem. A 2017, 5, 4103–4113.
[CrossRef]

9. Chen, C.; Ma, W.; Zhao, J. Semiconductor-Mediated Photodegradation of Pollutants under Visible-Light Irradiation. Chem. Soc.
Rev. 2010, 39, 4206–4219. [CrossRef]

10. Kudo, A.; Miseki, Y. Heterogeneous Photocatalyst Materials for Water Splitting. Chem. Soc. Rev. 2009, 38, 253–278. [CrossRef]
11. Dong, S.; Feng, J.; Fan, M.; Pi, Y.; Hu, L.; Han, X.; Liu, M.; Sun, J.; Sun, J. Recent Developments in Heterogeneous Photocatalytic

Water Treatment Using Visible Light-Responsive Photocatalysts: A Review. Rsc Adv. 2015, 5, 14610–14630. [CrossRef]
12. Kanakaraju, D.; Glass, B.D.; Oelgemöller, M. Titanium Dioxide Photocatalysis for Pharmaceutical Wastewater Treatment. Environ.

Chem. Lett. 2014, 12, 27–47. [CrossRef]
13. Lang, X.; Chen, X.; Zhao, J. Heterogeneous Visible Light Photocatalysis for Selective Organic Transformations. Chem. Soc. Rev.

2014, 43, 473–486. [CrossRef]
14. Berardi, S.; Drouet, S.; Francàs, L.; Gimbert-Suriñach, C.; Guttentag, M.; Richmond, C.; Stoll, T.; Llobet, A. Molecular Artificial

Photosynthesis. Chem. Soc. Rev. 2014, 43, 7501–7519. [CrossRef]
15. Cokoja, M.; Bruckmeier, C.; Rieger, B.; Herrmann, W.A.; Kühn, F.E. Transformation of Carbon Dioxide with Homogeneous

Transition-Metal Catalysts: A Molecular Solution to a Global Challenge? Angew. Chem. Int. Ed. 2011, 50, 8510–8537. [CrossRef]
16. Carp, O.; Huisman, C.L.; Reller, A. Photoinduced Reactivity of Titanium Dioxide. Prog. Solid State Chem. 2004, 32, 33–177.

[CrossRef]
17. Izumi, I.; Fan, F.-R.F.; Bard, A.J. Heterogeneous Photocatalytic Decomposition of Benzoic Acid and Adipic Acid on Platinized

Titanium Dioxide Powder. The PhotoKolbe Decarboxylative Route to the Breakdown of the Benzene Ring and to the Production
of Butane. J. Phys. Chem. 1981, 85, 218–223. [CrossRef]

18. Augugliaro, V.; Litter, M.; Palmisano, L.; Soria, J. The Combination of Heterogeneous Photocatalysis with Chemical and Physical
Operations: A Tool for Improving the Photoprocess Performance. J. Photochem. Photobiol. C Photochem. Rev. 2006, 7, 127–144.
[CrossRef]

19. Zhao, J.; Yang, X. Photocatalytic Oxidation for Indoor Air Purification: A Literature Review. Build. Environ. 2003, 38, 645–654.
[CrossRef]

20. Inoue, T.; Fujishima, A.; Konishi, S.; Honda, K. Photoelectrocatalytic Reduction of Carbon Dioxide in Aqueous Suspensions of
Semiconductor Powders. Nature 1979, 277, 637–638. [CrossRef]

21. Cole-Hamilton, D.J.; Tooze, R.P. Catalyst Separation, Recovery and Recycling: Chemistry and Process Design; Springer Science &
Business Media: Berlin/Heidelberg, Germany, 2006; Volume 30.

22. Kung, H.H. Transition Metal Oxides: Surface Chemistry and Catalysis; Elsevier: Amsterdam, The Netherlands, 1989.
23. Henrich, V.E.; Cox, P.A. The Surface Science of Metal Oxides; Cambridge University Press: Cambridge, UK, 1996.
24. Noguera, C. Physics and Chemistry at Oxide Surfaces; Cambridge University Press: Cambridge, UK, 1996.
25. Sonavane, S.U.; Gawande, M.B.; Deshpande, S.S.; Venkataraman, A.; Jayaram, R. V Chemoselective Transfer Hydrogenation

Reactions over Nanosized γ-Fe2O3 Catalyst Prepared by Novel Combustion Route. Catal. Commun. 2007, 8, 1803–1806. [CrossRef]
26. Bond, G.C.; Webb, G.; Wells, P.B.; Winterbottom, J.M. Patterns of Behavior in Catalysis by Metals. J. Catal. 1962, 1, 74–84.

[CrossRef]
27. Nakata, K.; Fujishima, A. TiO2 Photocatalysis: Design and Applications. J. Photochem. Photobiol. C Photochem. Rev. 2012, 13,

169–189. [CrossRef]
28. Weber, A.S.; Grady, A.M.; Koodali, R.T. Lanthanide Modified Semiconductor Photocatalysts. Catal. Sci. Technol. 2012, 2, 683–693.

[CrossRef]

http://doi.org/10.1126/science.1090228
http://www.ncbi.nlm.nih.gov/pubmed/14657489
http://doi.org/10.1126/science.1092666
http://www.ncbi.nlm.nih.gov/pubmed/14657488
http://doi.org/10.1080/10643389309388453
http://doi.org/10.1021/es303413q
http://www.ncbi.nlm.nih.gov/pubmed/23409805
http://doi.org/10.1021/ie020636u
http://doi.org/10.1002/adma.201102752
http://doi.org/10.1039/C6TA09999H
http://doi.org/10.1039/b921692h
http://doi.org/10.1039/B800489G
http://doi.org/10.1039/C4RA13734E
http://doi.org/10.1007/s10311-013-0428-0
http://doi.org/10.1039/C3CS60188A
http://doi.org/10.1039/C3CS60405E
http://doi.org/10.1002/anie.201102010
http://doi.org/10.1016/j.progsolidstchem.2004.08.001
http://doi.org/10.1021/j150603a002
http://doi.org/10.1016/j.jphotochemrev.2006.12.001
http://doi.org/10.1016/S0360-1323(02)00212-3
http://doi.org/10.1038/277637a0
http://doi.org/10.1016/j.catcom.2007.01.037
http://doi.org/10.1016/0021-9517(62)90011-8
http://doi.org/10.1016/j.jphotochemrev.2012.06.001
http://doi.org/10.1039/c2cy00552b


J. Compos. Sci. 2022, 6, 350 20 of 26

29. Nakata, K.; Ochiai, T.; Murakami, T.; Fujishima, A. Photoenergy Conversion with TiO2 Photocatalysis: New Materials and Recent
Applications. Electrochim. Acta 2012, 84, 103–111. [CrossRef]

30. Zheng, Y.; Liu, J.; Liang, J.; Jaroniec, M.; Qiao, S.Z. Graphitic Carbon Nitride Materials: Controllable Synthesis and Applications
in Fuel Cells and Photocatalysis. Energy Environ. Sci. 2012, 5, 6717–6731. [CrossRef]

31. Wang, Z.; Ma, W.; Chen, C.; Ji, H.; Zhao, J. Probing Paramagnetic Species in Titania-Based Heterogeneous Photocatalysis by
Electron Spin Resonance (ESR) Spectroscopy—A Mini Review. Chem. Eng. J. 2011, 170, 353–362. [CrossRef]

32. Wang, X.; Blechert, S.; Antonietti, M. Polymeric Graphitic Carbon Nitride for Heterogeneous Photocatalysis. Acs Catal. 2012, 2,
1596–1606. [CrossRef]

33. Georgieva, J.; Valova, E.; Armyanov, S.; Philippidis, N.; Poulios, I.; Sotiropoulos, S. Bi-Component Semiconductor Oxide
Photoanodes for the Photoelectrocatalytic Oxidation of Organic Solutes and Vapours: A Short Review with Emphasis to
TiO2—WO3 Photoanodes. J. Hazard. Mater. 2012, 211, 30–46. [CrossRef]

34. Shen, J.; Zhu, Y.; Yang, X.; Li, C. Graphene Quantum Dots: Emergent Nanolights for Bioimaging, Sensors, Catalysis and
Photovoltaic Devices. Chem. Commun. 2012, 48, 3686–3699. [CrossRef]

35. Robertson, P.K.J.; Robertson, J.M.C.; Bahnemann, D.W. Removal of Microorganisms and Their Chemical Metabolites from Water
Using Semiconductor Photocatalysis. J. Hazard. Mater. 2012, 211, 161–171. [CrossRef]

36. Henderson, M.A. The Interaction of Water with Solid Surfaces: Fundamental Aspects Revisited. Surf. Sci. Rep. 2002, 46, 1–308.
[CrossRef]

37. Tran, P.D.; Wong, L.H.; Barber, J.; Loo, J.S.C. Recent Advances in Hybrid Photocatalysts for Solar Fuel Production. Energy Environ.
Sci. 2012, 5, 5902–5918. [CrossRef]

38. Chen, H.M.; Chen, C.K.; Liu, R.-S.; Zhang, L.; Zhang, J.; Wilkinson, D.P. Nano-Architecture and Material Designs for Water
Splitting Photoelectrodes. Chem. Soc. Rev. 2012, 41, 5654–5671. [CrossRef]

39. Choudhary, S.; Upadhyay, S.; Kumar, P.; Singh, N.; Satsangi, V.R.; Shrivastav, R.; Dass, S. Nanostructured Bilayered Thin Films in
Photoelectrochemical Water Splitting—A Review. Int. J. Hydrogen Energy 2012, 37, 18713–18730. [CrossRef]

40. Katz, M.J.; Riha, S.C.; Jeong, N.C.; Martinson, A.B.F.; Farha, O.K.; Hupp, J.T. Toward Solar Fuels: Water Splitting with Sunlight
and “Rust”? Coord. Chem. Rev. 2012, 256, 2521–2529. [CrossRef]

41. Kalyanasundaram, K. Photochemical Applications of Solar Energy: Photocatalysis and Photodecomposition Of. Photochemistry
2013, 41, 182.

42. Young, K.J.; Martini, L.A.; Milot, R.L.; Snoeberger, R.C., III; Batista, V.S.; Schmuttenmaer, C.A.; Crabtree, R.H.; Brudvig, G.W.
Light-Driven Water Oxidation for Solar Fuels. Coord. Chem. Rev. 2012, 256, 2503–2520. [CrossRef]

43. Klavarioti, M.; Mantzavinos, D.; Kassinos, D. Removal of Residual Pharmaceuticals from Aqueous Systems by Advanced
Oxidation Processes. Environ. Int. 2009, 35, 402–417. [CrossRef]

44. Ollis, D.F.; Pelizzetti, E.; Serpone, N. Photocatalysis: Fundamentals and Applications; John Wiley Sons: New York, NY, USA, 1989; p. 603.
45. Bousiakou, L.; Kazi, M.; Lianos, P. Wastewater Treatment Technologies in the Degradation of Hormones and Pharmaceuticals

with Focus on TiO2 Technologies. Pharmakeftiki 2013, 25, 37–48.
46. Zhao, J.; Wu, T.; Wu, K.; Oikawa, K.; Hidaka, H.; Serpone, N. Photoassisted Degradation of Dye Pollutants. 3. Degradation of the

Cationic Dye Rhodamine B in Aqueous Anionic Surfactant/TiO2 Dispersions under Visible Light Irradiation: Evidence for the
Need of Substrate Adsorption on TiO2 Particles. Environ. Sci. Technol. 1998, 32, 2394–2400. [CrossRef]

47. Li, X.; Yu, J.; Jaroniec, M. Hierarchical Photocatalysts. Chem. Soc. Rev. 2016, 45, 2603–2636. [CrossRef] [PubMed]
48. Prairie, M.R.; Evans, L.R.; Stange, B.M.; Martinez, S.L. An Investigation of Titanium Dioxide Photocatalysis for the Treatment of

Water Contaminated with Metals and Organic Chemicals. Environ. Sci. Technol. 1993, 27, 1776–1782. [CrossRef]
49. De Moraes, S.G.; Freire, R.S.; Duran, N. Degradation and Toxicity Reduction of Textile Effluent by Combined Photocatalytic and

Ozonation Processes. Chemosphere 2000, 40, 369–373. [CrossRef]
50. Tauster, S.J.; Fung, S.C.; Baker, R.T.K.; Horsley, J.A. Strong Interactions in Supported-Metal Catalysts. Science 1981, 211, 1121–1125.

[CrossRef] [PubMed]
51. Linsebigler, A.L.; Lu, G.; Yates, J.T., Jr. Photocatalysis on TiO2 Surfaces: Principles, Mechanisms, and Selected Results. Chem. Rev.

1995, 95, 735–758. [CrossRef]
52. Kim, T.S.; Stiehl, J.D.; Reeves, C.T.; Meyer, R.J.; Mullins, C.B. Cryogenic CO Oxidation on TiO2-Supported Gold Nanoclusters

Precovered with Atomic Oxygen. J. Am. Chem. Soc. 2003, 125, 2018–2019. [CrossRef]
53. Lietti, L.; Forzatti, P.; Bregani, F. Steady-State and Transient Reactivity Study of TiO2-Supported V2O5-WO3 De-NOx Catalysts:

Relevance of the Vanadium- Tungsten Interaction on the Catalytic Activity. Ind. Eng. Chem. Res. 1996, 35, 3884–3892. [CrossRef]
54. Lin, S.D.; Bollinger, M.; Vannice, M.A. Low Temperature CO Oxidation over Au/TiO2 and Au/SiO2 Catalysts. Catal. Lett. 1993,

17, 245–262. [CrossRef]
55. Amores, J.M.G.; Escribano, V.S.; Busca, G. Anatase Crystal Growth and Phase Transformation to Rutile in High-Area TiO2,

MoO3–TiO2 and other TiO2-Supported Oxide Catalytic Systems. J. Mater. Chem. 1995, 5, 1245–1249. [CrossRef]
56. Yan, W.; Mahurin, S.M.; Pan, Z.; Overbury, S.H.; Dai, S. Ultrastable Au Nanocatalyst Supported on Surface-Modified TiO2

Nanocrystals. J. Am. Chem. Soc. 2005, 127, 10480–10481. [CrossRef]
57. Park, K.-W.; Seol, K.-S. Nb-TiO2 Supported Pt Cathode Catalyst for Polymer Electrolyte Membrane Fuel Cells. Electrochem.

Commun. 2007, 9, 2256–2260. [CrossRef]

http://doi.org/10.1016/j.electacta.2012.03.035
http://doi.org/10.1039/c2ee03479d
http://doi.org/10.1016/j.cej.2010.12.002
http://doi.org/10.1021/cs300240x
http://doi.org/10.1016/j.jhazmat.2011.11.069
http://doi.org/10.1039/c2cc00110a
http://doi.org/10.1016/j.jhazmat.2011.11.058
http://doi.org/10.1016/S0167-5729(01)00020-6
http://doi.org/10.1039/c2ee02849b
http://doi.org/10.1039/c2cs35019j
http://doi.org/10.1016/j.ijhydene.2012.10.028
http://doi.org/10.1016/j.ccr.2012.06.017
http://doi.org/10.1016/j.ccr.2012.03.031
http://doi.org/10.1016/j.envint.2008.07.009
http://doi.org/10.1021/es9707926
http://doi.org/10.1039/C5CS00838G
http://www.ncbi.nlm.nih.gov/pubmed/26963902
http://doi.org/10.1021/es00046a003
http://doi.org/10.1016/S0045-6535(99)00239-8
http://doi.org/10.1126/science.211.4487.1121
http://www.ncbi.nlm.nih.gov/pubmed/17755135
http://doi.org/10.1021/cr00035a013
http://doi.org/10.1021/ja028719p
http://doi.org/10.1021/ie960158l
http://doi.org/10.1007/BF00766147
http://doi.org/10.1039/JM9950501245
http://doi.org/10.1021/ja053191k
http://doi.org/10.1016/j.elecom.2007.06.027


J. Compos. Sci. 2022, 6, 350 21 of 26

58. Zhang, J.; Zhou, P.; Liu, J.; Yu, J. New Understanding of the Difference of Photocatalytic Activity among Anatase, Rutile and
Brookite TiO2. Phys. Chem. Chem. Phys. 2014, 16, 20382–20386. [CrossRef]

59. Weber, H.; Kirchner, B. Ionic Liquid Induced Band Shift of Titanium Dioxide. ChemSusChem 2016, 9, 2505–2514. [CrossRef]
60. Bickley, R.I.; Gonzalez-Carreno, T.; Lees, J.S.; Palmisano, L.; Tilley, R.J.D. A Structural Investigation of Titanium Dioxide

Photocatalysts. J. Solid State Chem. 1991, 92, 178–190. [CrossRef]
61. Kho, Y.K.; Iwase, A.; Teoh, W.Y.; Mädler, L.; Kudo, A.; Amal, R. Photocatalytic H2 Evolution over TiO2 Nanoparticles. The

Synergistic Effect of Anatase and Rutile. J. Phys. Chem. C 2010, 114, 2821–2829. [CrossRef]
62. Sanchez, L.; Peral, J.; Domenech, X. Aniline Degradation by Combined Photocatalysis and Ozonation. Appl. Catal. B Environ.

1998, 19, 59–65. [CrossRef]
63. Hoffmann, M.R.; Martin, S.T.; Choi, W.; Bahnemann, D.W. Environmental Applications of Semiconductor Photocatalysis. Chem.

Rev. 1995, 95, 69–96. [CrossRef]
64. Kulkarni, S.V.; Blackwell, C.D.; Blackard, A.L.; Stackhouse, C.W.; Alexander, M.W. Textile Dyes and Dyeing Equipment: Classification,

Properties and Environmental Aspects; US Government Printing Office: Washington, DC, USA, 1985.
65. Ganesh, R.; Boardman, G.D.; Michelsen, D. Fate of Azo Dyes in Sludges. Water Res. 1994, 28, 1367–1376. [CrossRef]
66. Weber, E.J.; Adams, R.L. Chemical-and Sediment-Mediated Reduction of the Azo Dye Disperse Blue 79. Environ. Sci. Technol.

1995, 29, 1163–1170. [CrossRef]
67. Liang, Y.; Ponte Goncalves, A.M.; Negus, D.K. Picosecond Fluorescence Lifetime Measurements on Dyes Adsorbed at Semicon-

ductor and Insulator Surfaces. J. Phys. Chem. 1983, 87, 1–4. [CrossRef]
68. Chatterjee, D.; Dasgupta, S. Visible Light Induced Photocatalytic Degradation of Organic Pollutants. J. Photochem. Photobiol. C

Photochem. Rev. 2005, 6, 186–205. [CrossRef]
69. Wahab, H.S.; Hadi, H.M. Visible Light N-TiO2-Induced Photodegradation of Congo Red: Characterization, Kinetics and

Mechanistic Study. Int. J. Environ. Sci. Technol. 2017, 14, 2135–2148. [CrossRef]
70. Muruganandham, M.; Swaminathan, M. Solar Photocatalytic Degradation of a Reactive Azo Dye in TiO2-Suspension. Sol. Energy

Mater. Sol. Cells 2004, 81, 439–457. [CrossRef]
71. Zhou, F.; Yan, C.; Liang, T.; Sun, Q.; Wang, H. Photocatalytic Degradation of Orange G Using Sepiolite-TiO2 Nanocomposites:

Optimization of Physicochemical Parameters and Kinetics Studies. Chem. Eng. Sci. 2018, 183, 231–239. [CrossRef]
72. Kamat, P.V.; Fox, M.A. Photosensitization of TiO2 Colloids by Erythrosin B in Acetonitrile. Chem. Phys. Lett. 1983, 102, 379–384.

[CrossRef]
73. Fessenden, R.W.; Kamat, P.V. Photosensitized Charge Injection into TiO2 Particles as Studied by Microwave Absorption. Chem.

Phys. Lett. 1986, 123, 233–238. [CrossRef]
74. Zhao, J.; Chen, C.; Ma, W. Photocatalytic Degradation of Organic Pollutants under Visible Light Irradiation. Top. Catal. 2005, 35,

269–278. [CrossRef]
75. Galindo, C.; Jacques, P.; Kalt, A. Photodegradation of the Aminoazobenzene Acid Orange 52 by Three Advanced Oxidation

Processes: UV/H2O2, UV/TiO2 and VIS/TiO2: Comparative Mechanistic and Kinetic Investigations. J. Photochem. Photobiol. A
Chem. 2000, 130, 35–47. [CrossRef]

76. Stylidi, M.; Kondarides, D.I.; Verykios, X.E. Pathways of solar light-induced photocatalytic degradation of azo dyes in aqueous
TiO2 suspensions. Appl. Catal. B Environ. 2003, 40, 271–286. [CrossRef]

77. Lucarelli, L.; Nadtochenko, V.; Kiwi, J. Environmental Photochemistry: Quantitative Adsorption and FTIR Studies during the
TiO2-Photocatalyzed Degradation of Orange II. Langmuir 2000, 16, 1102–1108. [CrossRef]

78. Wu, T.; Liu, G.; Zhao, J.; Hidaka, H.; Serpone, N. Evidence for H2O2 Generation during the TiO2-Assisted Photodegradation of
Dyes in Aqueous Dispersions under Visible Light Illumination. J. Phys. Chem. B 1999, 103, 4862–4867. [CrossRef]

79. Suarez-Parra, R.; Hernández-Pérez, I.; Rincón, M.E.; López-Ayala, S.; Roldan-Ahumada, M.C. Visible Light-Induced Degradation
of Blue Textile Azo Dye on TiO2/CdO—ZnO Coupled Nanoporous Films. Sol. Energy Mater. Sol. Cells 2003, 76, 189–199.
[CrossRef]

80. Gupta, V.K.; Jain, R.; Agarwal, S.; Nayak, A.; Shrivastava, M. Photodegradation of Hazardous Dye Quinoline Yellow Catalyzed
by TiO2. J. Colloid Interface Sci. 2012, 366, 135–140. [CrossRef]

81. Zhou, Y.; Qin, Y.; Dai, W.; Luo, X. Highly Efficient Degradation of Tartrazine with a Benzoic Acid/TiO2 System. ACS Omega 2019,
4, 546–554. [CrossRef]

82. Kar, A.; Smith, Y.R.; Subramanian, V. Improved Photocatalytic Degradation of Textile Dye Using Titanium Dioxide Nanotubes
Formed over Titanium Wires. Environ. Sci. Technol. 2009, 43, 3260–3265. [CrossRef] [PubMed]

83. Vaez, M.; Zarringhalam Moghaddam, A.; Alijani, S. Optimization and Modeling of Photocatalytic Degradation of Azo Dye Using
a Response Surface Methodology (RSM) Based on the Central Composite Design with Immobilized Titania Nanoparticles. Ind.
Eng. Chem. Res. 2012, 51, 4199–4207. [CrossRef]

84. Farzana, M.H.; Meenakshi, S. Synergistic Effect of Chitosan and Titanium Dioxide on the Removal of Toxic Dyes by the
Photodegradation Technique. Ind. Eng. Chem. Res. 2014, 53, 55–63. [CrossRef]

85. Rasalingam, S.; Wu, C.-M.; Koodali, R.T. Modulation of Pore Sizes of Titanium Dioxide Photocatalysts by a Facile Template Free
Hydrothermal Synthesis Method: Implications for Photocatalytic Degradation of Rhodamine B. ACS Appl. Mater. Interfaces 2015,
7, 4368–4380. [CrossRef]

http://doi.org/10.1039/C4CP02201G
http://doi.org/10.1002/cssc.201600844
http://doi.org/10.1016/0022-4596(91)90255-G
http://doi.org/10.1021/jp910810r
http://doi.org/10.1016/S0926-3373(98)00058-7
http://doi.org/10.1021/cr00033a004
http://doi.org/10.1016/0043-1354(94)90303-4
http://doi.org/10.1021/es00005a005
http://doi.org/10.1021/j100224a001
http://doi.org/10.1016/j.jphotochemrev.2005.09.001
http://doi.org/10.1007/s13762-017-1361-8
http://doi.org/10.1016/j.solmat.2003.11.022
http://doi.org/10.1016/j.ces.2018.03.016
http://doi.org/10.1016/0009-2614(83)87060-2
http://doi.org/10.1016/0009-2614(86)80020-3
http://doi.org/10.1007/s11244-005-3834-0
http://doi.org/10.1016/S1010-6030(99)00199-9
http://doi.org/10.1016/S0926-3373(02)00163-7
http://doi.org/10.1021/la990272j
http://doi.org/10.1021/jp9846678
http://doi.org/10.1016/S0927-0248(02)00346-X
http://doi.org/10.1016/j.jcis.2011.08.059
http://doi.org/10.1021/acsomega.8b03267
http://doi.org/10.1021/es8031049
http://www.ncbi.nlm.nih.gov/pubmed/19534144
http://doi.org/10.1021/ie202809w
http://doi.org/10.1021/ie402347g
http://doi.org/10.1021/am508883f


J. Compos. Sci. 2022, 6, 350 22 of 26

86. Anjugam Vandarkuzhali, S.A.; Pugazhenthiran, N.; Mangalaraja, R.V.; Sathishkumar, P.; Viswanathan, B.; Anandan, S. Ultrasmall
Plasmonic Nanoparticles Decorated Hierarchical Mesoporous TiO2 as an Efficient Photocatalyst for Photocatalytic Degradation
of Textile Dyes. ACS Omega 2018, 3, 9834–9845. [CrossRef]

87. Li, M.; He, W.; Liu, Y.; Wu, H.; Wamer, W.G.; Lo, Y.M.; Yin, J.-J. FD&C Yellow No. 5 (Tartrazine) Degradation via Reactive Oxygen
Species Triggered by TiO2 and Au/TiO2 Nanoparticles Exposed to Simulated Sunlight. J. Agric. Food Chem. 2014, 62, 12052–12060.
[PubMed]

88. Niu, P.; Hao, J. Fabrication of Titanium Dioxide and Tungstophosphate Nanocomposite Films and Their Photocatalytic Degrada-
tion for Methyl Orange. Langmuir 2011, 27, 13590–13597. [CrossRef] [PubMed]

89. Geng, Q.; Cui, W. Adsorption and Photocatalytic Degradation of Reactive Brilliant Red K-2BP by TiO2/AC in Bubbling Fluidized
Bed Photocatalytic Reactor. Ind. Eng. Chem. Res. 2010, 49, 11321–11330. [CrossRef]

90. Fukugaichi, S. Fixation of Titanium Dioxide Nanoparticles on Glass Fiber Cloths for Photocatalytic Degradation of Organic Dyes.
ACS Omega 2019, 4, 15175–15180. [CrossRef]

91. Panahian, Y.; Arsalani, N. Synthesis of Hedgehoglike F-TiO2 (B)/CNT Nanocomposites for Sonophotocatalytic and Photocatalytic
Degradation of Malachite Green (MG) under Visible Light: Kinetic Study. J. Phys. Chem. A 2017, 121, 5614–5624. [CrossRef]

92. Stengl, V.; Bakardjieva, S. Molybdenum-Doped Anatase and Its Extraordinary Photocatalytic Activity in the Degradation of
Orange II in the UV and Vis Regions. J. Phys. Chem. C 2010, 114, 19308–19317. [CrossRef]

93. Kuvarega, A.T.; Krause, R.W.M.; Mamba, B.B. Nitrogen/Palladium-Codoped TiO2 for Efficient Visible Light Photocatalytic Dye
Degradation. J. Phys. Chem. C 2011, 115, 22110–22120. [CrossRef]

94. Zhao, W.; Chen, C.; Li, X.; Zhao, J.; Hidaka, H.; Serpone, N. Photodegradation of Sulforhodamine-B Dye in Platinized Titania
Dispersions under Visible Light Irradiation: Influence of Platinum as a Functional Co-Catalyst. J. Phys. Chem. B 2002, 106,
5022–5028. [CrossRef]

95. Kim, M.G.; Kang, J.M.; Lee, J.E.; Kim, K.S.; Kim, K.H.; Cho, M.; Lee, S.G. Effects of Calcination Temperature on the Phase
Composition, Photocatalytic Degradation, and Virucidal Activities of TiO2 Nanoparticles. ACS Omega 2021, 6, 10668–10678.
[CrossRef]

96. Deng, Y.; Chen, M.; Chen, G.; Zou, W.; Zhao, Y.; Zhang, H.; Zhao, Q. Visible—Ultraviolet Upconversion Carbon Quantum Dots
for Enhancement of the Photocatalytic Activity of Titanium Dioxide. ACS Omega 2021, 6, 4247–4254. [CrossRef]

97. Savari, R.; Rouhi, J.; Fakhar, O.; Kakooei, S.; Pourzadeh, D.; Jahanbakhsh, O.; Shojaei, S. Development of PhotoAnodes Based on
Strontium Doped Zinc Oxide-Reduced Graphene Oxide Nanocomposites for Improving Performance of Dye-Sensitized Solar
Cells. Ceram. Int. 2021, 47, 31927–31939. [CrossRef]
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