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The occurrence of emerging organic pollutants (EOPs) in the aquatic environment originating from point and dif-
fuse sources, has been the subject of global apprehension in the recent years. These groups of compounds include
pharmaceuticals, industrial products/by-products, personal care products and pesticides, which demonstrated
pseudo-persistence conduct, resistance to degradation and frequent entrance into the environment through
wastewater. The effective removal of EOPs from industrial wastewater and sewage represents one strategic pro-
cedure that could diminish their intrinsic environmental impacts. For this purpose, the advanced oxidation treat-
ment using heterogeneous photocatalysts under light irradiation is consistently argued to show potential as
economically viable and commercially feasible technology. Remarkably, for the efficient degradation of EOPs,
nanostructured titanium dioxide (TiO2) containing materials have been favoured because of their anticipated
combination of unique electronic structure, impressive light absorption properties, prolonged excited-state life-
times and enhanced charge transport features. This reviewfirst highlights the research efforts associatedwith the
manifestation and toxicity of EOPs in the environment. Subsequently, the treatment technologies that have been
utilized in the literature for the removal of EOPs from aqueous media are summarized. Background information
on the fundamental principles of light-driven catalytic activity at the surface of semiconductors is also presented.
Next, a systematic survey of the latest progress in the development of TiO2 photocatalystsfor the degradation of
EOPs is elaborated. The contribution of TiO2 photocatalysis in hybrid advanced oxidation procedures is also
discussed. Notwithstanding the scientific efforts toward the minimization of wastewater generation, specific
waste conditioning, and important information regarding cost, and benefits, as well as the scale-up of the treat-
ment procedure are required to complement the advanced oxidative processes (AOPs).

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Background

Rapid industrial development, agricultural revolution, and popula-
tion density has led to an increase in environmental pollution which is
now regarded as a global crisis. This issue originates from the consistent
improvement in the standard of living and increasing consumer de-
mands [1]. Adding to this alarming situation, the global demands for
water as the most vital of all natural resources are also growing [2].
Yet, there is a continuous decline in thequality of the freshwater habitats
owing to thepresenceof a significantnumberof emergingcontaminants.
Safeguarding water quality is essential for human development and
well-being. In this perspective, the UNESCO International Hydrology
Programme has highlighted recently, the urgent need to balance the
human well-being and environmental risk associated with exposure to
emergingpollutants inwater [3]. In particular, the emergingorganic pol-
lutants (EOPs) are organic compounds that are presently not enclosed by
existingwater-quality legislation, but have been identified ormistrusted
to exhibit adverse effects on human health and the environmental eco-
systems. These pollutants include pharmaceuticals, pesticides, personal
care products, perfluorinated compounds, heavy metals and industrial
products/by-products [4,5]. Although encountered in the environment
at very low concentrations, the detection of EOPs has been ascribed to
improve detection sensitivity of the advanced analytical technologies.

Pharmaceuticals like non-steroidal anti-inflammatory drugs
(NSAIDs), antibiotics, analgesics and disinfectants, have often been re-
ported in surface water in concentrations that range from ng/L-μg/L
[6–8]. Water pollution from pharmaceuticals is alleged to arise either
Fig. 1. Schematic paths of EO
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from the intensive livestock husbandry and aquaculture or from sewage
and septic systems (Fig. 1). Remarkably, recent studies revealed that
pharmaceuticals and personal care products are not totally removed at
sewage treatment plants [9]. An illustrative example is the investigation
carried by Rimayi and co-workers in theHartbeespoort Damcatchment,
Gauteng, South Africa [10]. Findings from this study uncovered up to 15
compounds of emerging concern belonging to steroid hormones, phar-
maceuticals and pesticides.

In addition, pesticides applied to boost the yield of crops, and pre-
serve farm products and meet global food demands also constitute a
serious health risk to humans. A recent survey indicates high concentra-
tions of pesticide residues in waterbodies. Approximately one-third of
all harvested global agricultural products have been linked to applica-
tion of pesticides. However, inappropriate application and disposal of
pesticides often resulted in environmental pollution. A recent study in
Tanzania revealed the presence of different pesticide residues in ground
and surface water [11].

Phenolic compounds, which are widely employed as industrial or-
ganic chemicals to produce insecticides, coatings, dyes and many
more, are also often detected in the aquatic environments [12]. Such
compounds include bisphenol A (BPA) which is extensively employed
in consumer and industrial products, has been identified as an emerging
organic pollutant following the risk assessments. In 2011, this synthetic
organic compoundwas one of themost industrialized chemicals around
the world, with a production of more than 5 million tons [13]. In addi-
tion, according to a report by Transparency Market Research, the global
demand for this environmental contaminant is anticipated to rise at an
annual rate of 5.4% from 2013-2019 [14]. BPA serves as a monomer for
the generation of polycarbonate plastics or epoxy resin, and has also
Ps in the environment
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been found to leach from BPA-containing products [15–18]. Though
some of the pharmaceuticals (encountered in relatively lower
concentration) are not be expected to display acute toxicity, they are
bio-accumulative in the receiving effluents and thereby predisposed
to synergistic toxicity. Hence, there have recently been significant re-
search interests in exploring the biological effects of EOPs.

This article sets out to expose the detrimental effects of EOPs in our
environment and the treatment technologies that have been employed
in the literature for their remediation in aqueous milieu. Information
on the basic principles of light-driven catalytic activity at the surface
of special materials is presented as a highly appreciated technique.
Since TiO2 is one of the most frequently reported materials in water
treatment, a methodical investigation of the latest advancement in
the development of TiO2-based photocatalysts and their contribution
in hybrid advanced oxidation procedures is described. A critical assess-
ment section provides the authors’ suggestions for a better alternative
outlook.

1.2. Environmental and health risks associated with EOPs

There are many EOPs which pose serious environmental and health
risks. BPA (Fig. 2), for example, is an endocrine disruptor that has the
potential to imitate the naturally occurring hormones such as andro-
gens and estrogens. Endocrine disrupting compounds act by interfering
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with the intracellular receptors whose role is to regulate gene expres-
sion [19]. Endocrinology investigation in CD-1(cluster of differentiation
1) mice exposed to BPA revealed several adverse effects, including, a
modification in the growth of mammary gland in female foetuses, a re-
duced level of testosterone in male, a spread of basal cells accountable
for the development of prostate cancer and an upsurge in the number
of abnormal sperms [20,21]. BPA has also demonstrated a substantial
level of in vitro and in vivo cell toxicities. Recently, the in vivo neurotox-
icity of BPA revealed that even at relatively low dose, this compound
has the potential to affect the brain cells, leading to inferior memory
storage [22].

The aquatic toxicity of phenol and its methylated derivatives (cre-
sols) has also been reviewed recently by Duan and co-workers [12]. Ac-
cording to the data presented in that literature survey, the effects of
phenol and cresols to marine organisms range from the inhibition of
bacteria bioluminescence to the mortality in fish species. Cirrhinus
mrigala well-known as the white carp, was found to exhibit a higher
sensitivity to phenol in the aquatic medium, with the LC50 value of
1.555 mg/L after 96 h exposure time. Park et al. [23] observed a decline
in the leaf growth, and colony integrity of the macrophyte Lemna
paucicostata exposed to 11.4 and 22.8 μM phenol for 72 h at 25 °C, re-
spectively. Findings from this study also displayed that the toxicity ob-
served was due to the annihilation of chlorophylls and reduction of
photosynthetic activity.
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Environmental pollution triggered by the presence of pharmaceuti-
cals in sewage effluents, has equally raised anxieties in the scientific
community. The occurrence of antibiotics and personal care products
in the environment is well-reported to induce the influx of antibiotic re-
sistance pathogenic microbes, the genotoxicity in aquatic species, and
the disruption of ecological processes and functions [24,25]. For in-
stance, a recent characterisation of the effluent of the Gabriel Montpied
hospital, France, revealed the incidence of ciprofloxacin-resistant mi-
croorganisms [26]. The toxic threat of this fluoroquinolone derivative
during that investigation was assessed and the hazard quotient was
evaluated to be 2.08, indication for a budding hazard [27]. Markedly,
ciprofloxacin is among the most prescribed antibiotics in French hospi-
tals. Pertaining to the genotoxicity of pharmaceuticals, the zebrafish
embryos and larvae, for example, have previously been found to experi-
ence significant genetic toxicity after exposure to triclosan (an antibac-
terial compound found in a variety of personal care commodities) [22].
On the other hand, Brodin et al. reported a modification in the activity
and feeding behaviour of animal species in oxazepam-contaminated
water [28]. The presence of this psychoactive agent, even at lower con-
centration (1.8 μg/L), resulted in high locomotion and feeding rate of
redfin perch. Likewise, a strong correlation has been established be-
tween the rate at which zooplankton population decrease and the pres-
ence of NSAID ibuprofen in water bodies [29].

Several pesticides have also demonstrated endocrine disrupting ac-
tivity. Zhang et al. [30], for example, reported the repression of intracel-
lular glucocorticoid receptor transactivation and the inhibition of
phosphoenolpyruvate carboxykinase (PEPCK) gene expression in rat
hepatoma cells treated with dichlorodiphenyltrichloroethane (DDT)
analogues. This organochlorine compound has been utilized for insect
control in crop and livestock production [31]. The glucocorticoid recep-
tor is a ligand-activated transcriptional regulatory factor involved in the
control of several physiological processes [32]. On the other hand,
PEPCK is a rate-controlling enzyme of glycolysis, expressed in the kid-
ney, liver and muscle [33].

A computer-based modeling approach has also been used to screen
and evaluate the effect of EOPs on the biological system through
structure-activity relationships (SAR). A well-known example of a
mechanism-based SAR application that has influenced risk assessment
is the modeling of aryl hydrocarbon (Ah) receptor-binding capability
of polyhalogenated aromatic compounds [34]. These are known to pro-
duce biological reactions via an enzymatic receptor-mediated response,
followed by genetic induction. The structural similarity between EOPs
and biological molecules enables them to bind at the enzyme active
site, creating malfunction in the biological system [35]. An illustration
is the structural resemblance between polychlorinated biphenyls/
polybrominated diphenyl ethers and thyroid hormones [T3 (triiodothy-
ronine) and T4 (thyroxine)]. These organic contaminants are predicted
through SAR to persuade thyroid hormone disruption. In order to lessen
the eco-toxicological risk associated with the presence of EOPs in water
sources, innovative wastewater treatment methodologies have been
proposed in the literature and these are discussed in the following
section.

2. Methods for the removal of EOPs from water

Investigations of the fate of EOPs in wastewater treatment using
methods such as coagulation-flocculation and sedimentation have
shown their limitations. These technological processes only afford the
removal of solids and oils. Other methodologies, including adsorption
and biological treatment, have also demonstrated promising potential
for the reduction of soluble organic hazards in water.

2.1. Adsorption, membrane filtration and biological treatment technologies

Adsorption technology has been reported for the removal of EOPs by
utilizing specific materials having high surface area and surface
4

functional groups that are able of binding with the organic contami-
nants. Some of the common adsorbents include clay, zeolite, metal ox-
ides, polymeric and carbon-based materials [36–39]. For example, Jin
et al. [40] reported the synthesis of Fe3O4-decorated reduced graphene
oxides as promising adsorbent for the removal of endocrine-
disrupting chemicals fromwastewater. The preparedmaterial exhibited
maximum adsorption capacities of 48 and 63mg/g at 293 oK for the re-
moval of BPA and 4-nonylphenol, respectively. Activated carbon is an-
other commonly used adsorbent for wastewater treatment owing to
its relatively higher specific surface area (>800m2/g), grain size and po-
rous structure. This adsorbent is well-suited for the removal of polar
compounds. Previously, Bautista-toledo and his group also reported
the use of activated carbon from different sources in BPA adsorption
from aqueous matrix [41]. The tested adsorbents demonstrated maxi-
mum adsorption capability of 263 mg/g at 298 oK. The ability of
carbon-based materials to effect the adsorption of EOPs from water
has been attributed to π-π stacking between the benzene rings of the
adsorbent-adsorbate system [42]. Das et al. described the reduction of
4 nitrophenol using the magnetic polypyrrole-mercaptoacetic acid
loaded with silver nanoparticles [43]. The pseudo-first-order reduction
rate constant was ascertained as 14.3 × 10−2 min-1 with 7.5 mg of this
adsorbent. Although, adsorption technology has been established as al-
ternative method for the removal of EOPs, the adsorbent performance
depends entirely on the use of fresh material or recurrent regeneration
of the spent adsorbent [44,45]. In most cases, the adsorbents are not re-
usable or regenerable after a few turnover cycles. This is attributed to
the repeated desorption procedure that leads to loss of active
binding sites

Membrane filtration is another technology that has also been
applied successfully for EOPs uptake from water. In this process, a
micro-porous layer acts as a barrier for the restriction of inorganic par-
ticles, organic colloids, and dissolved organic pollutants. There are dif-
ferent types of technology in membrane filtration for wastewater
remediation. These include micro- and ultra-filtration (MF & UF). The
membranes have minute pore sizes anywhere in the range between
1x10-2 to 4x10-2 μm. For example, ceramic membranes consisting of
mixed oxides of titanium and zirconium (TiO2 and ZrO2), produced
with a wide range of superficial porosity, have been reported for the ef-
fective removal of BPA from biologically pre-treated water samples
throughmicro- andnano-filtration [46]. However, during this investiga-
tion, themembranes permeate fluxwere found to declinewith time be-
cause of fouling. Adsorption of hydrophobic organic contaminants like
BPA onto the membranes could impact their hydrophobicity and
thereby their filtration capacity over time. Membranes with lower foul-
ing potential like forward osmosis membranes have equally been de-
scribed for EOPs elimination in contaminated effluents [47,48].
Forward osmosis is based on the spontaneous diffusion of water across
a semi-permeable membrane and the rejection of contaminants. This
process is dependent on the osmotic pressure gradient across themem-
brane. Even though forward osmosis can limit operational problems
such as fouling, the concentration polarization phenomenon is known
to substantially reduce the effectual osmotic pressure across the for-
ward osmosis membranes [49].

Another reported approach for the abatement of EOPs in wastewa-
ter is the bioremediation. It is based on the ability of selected naturally
occurring microorganisms to interact with organic contaminants in
water body. This type of initiative opens a sustainable treatment of
EOPs in compliance with stringent socio-environmental regulations.
This technique is more often described as cost-effective approach
that is based upon the metabolic potential of some microorganisms
to reverse the adverse effects of EOPs. For example, Martins et al. re-
cently identified Gram-negative sulfate-reducing bacteria Desulfovibrio
as anaerobic microorganism with the predisposition to remove antibi-
otic ciprofloxacin in aqueous medium [50]. Similarly, fungus Aspergil-
lus versicolorwas found to exhibit biodegradation towards pesticide
triclosanin synthetic wastewater and inferred chloride ions as the
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ultimate product [51]. Although highly valued, bioremediation tech-
nique is also related with shortcomings like lower bioavailability of
EOPs on temporal and/or spatial scales and lack of benchmark reports
for efficiency assessment [52]. These shortcomings and the incapacity
of the biological treatment technologies to efficiently remove EOPs
from wastewater have paved the way for the development of
chemical-oxidative methods.

2.2. Chemical-oxidative degradation

Chemical oxidation is a treatment approach that utilizes oxidizing
agents to chemically transform EOPs into less toxic products. The most
frequently used and reported oxidants include ferrate(VI) (FeO4

2-), hy-
drogen peroxide (H2O2) and ozone (O3). For example, Sailo et al. uti-
lized FeO4

2- for the degradation of BPA and NSAID diclofenac in
aqueous solution [53]. Similarly, Quero-Pastor and co-workers reported
the use of O3 for the decomposition of NSAID ibuprofen in water [54].
Ozone is obtained via dissociation of molecular oxygen and binding of
the produced free O atoms with other available O2. Following their for-
mation, O3 in aqueous solution swiftly undergoes interaction to afford
the highly reactive species like hydroxyl radical (OH•), superoxide
(O2

•−) and peroxyl (OOH•), as depicted in the following equations
[55,56].

O3 þ OH− ! HO2
− þ O2 ð1Þ

O3 þ HO2
− ! OH⁎ þ O2

⁎− þ O2 ð2Þ

O3 þ OH⁎ ! OOH⁎ þ O2 ð3Þ

These generated radicals display strong oxidation potential and can
instantly degrade ormineralize EOPs into CO2 andwater inwastewater.

Ozonation has also been combined with light irradiation (UV/Visi-
ble), H2O2 and/or a catalyst to improve the EOPs degradation process.
For example, the oxidative degradation of a series of EOPs, including,
pharmaceuticals and herbicides in groundwater/surface water sample
has been reported by Yao et al. [57] using O3 under ultraviolet (UV)
light irradiation. Another descriptive example is the degradation of 23
pharmaceuticals present in micro-filtered water sample of an urban
wastewater treatment plant in Gran Canaria, Spain [58]. This was
achieved by employing H2O2 under UV irradiation. The high-energy
photons emitted by UV light was capable of persuading homolytic fis-
sion of H2O2 molecules to produce secondary oxidant •OH radicals
(Eq. 4). These photons promoted the decomposition of O3 to release
molecular oxygen and atomic oxygen in singlet D state (Eq. 5) [59].
The latter may then interact with water molecules to generate •OH
free radicals (Eq. 6).

H2O2 →
hv
2OH• ð4Þ

O3 →
hv
O2 þ O 1D

� � ð5Þ

H2Oþ O 1D
� �

→2OH• ð6Þ

Fenton and photo-assisted Fenton techniques are advanced oxida-
tion processes (AOPs) that evolved from the activity of H2O2 in the pres-
ence of iron species. These have also been exploited for the effective
decomposition of EOPs in aqueousmedia. Santos et al. [60], for example,
reported up to 55% mineralization of fluoroquinolone norfloxacin in
Fenton oxidation process, using H2O2/FeSO4.7H2O ratio of 5.64/0.8 at
pH 3. The mechanism of EOPs degradation using this method initiates
via OH• formation through sequential reactions of Fe2+ and Fe3+ with
H2O2, as shown in Eq. 7 and 8 [61–63]. However, one of the limitations
of this system is the fact that at neutral pH, precipitation of ferric
5

hydroxide occurs and reduced amount of dissolved iron are available
[24,64,65]. Furthermore, this water treatment technique also suffers
from the difficulty in recycling the homogeneous catalysts.

Fe2þ þ H2O2 ! Fe3þ þ OH− þ OH⁎ ð7Þ

Fe3þ þ H2O2 ! Fe2þ þ Hþ þ OOH⁎ ð8Þ

Recent literature on water treatment procedure also promotes the
persulfate-based AOPs [66,67]. This technology is based on the release
of a large amount of sulfate radicals (SO4

•−) by homolytic or heterolytic
peroxide bond cleavage of the peroxymonosulfate and peroxydisulfate
molecules. SO4

•− also possesses a strong oxidizing capability and inter-
acts with organic pollutants through electron transfer mechanism.
Although this chemical-oxidative degradation procedure is being
described as viable alternative to H2O2-based processes, it is also
associated with limitations such as selective degradation of organic
pollutants and production of undesirable byproducts in real water
media.

Another AOP of particular attention is the use of photosensitive solid
material for EOPs remediation in water bodies. This light-driven cata-
lytic activity at a solid-liquid interface, referred as heterogeneous
photocatalysis is also capable of complete decomposition/mineraliza-
tion of the organic contaminants.

2.3. Heterogeneous photocatalysis

Heterogeneous photocatalysis is a treatment technology that in-
volves the use of semiconductors, having the ability of being activated
under light irradiation for redox reactivity [68,69]. This method offers
several advantages in environmental remediation as it is an eco-
friendly technology with minimum secondary pollution and no regen-
eration step for multiple cycles of reuse. During heterogeneous
photocatalytic activity for EOPs abatement in water medium, five
steps have been established to take place [70] and these include:

(i) the diffusion of EOPs from the dissolved aqueous matrix to the
catalyst surface,

(ii) their sorption, based upon the surface atomic arrangement and
coordination.

(iii) the light irradiation-induced chemical transformation at the sur-
face of the semiconductor catalyst,

(iv) the release of the degradation products from the surface of the
semiconductor catalyst,

(v) and the release of these products from the boundary layer to the
bulk of the aqueous matrix.

The importance of EOPs pre-adsorption at the photocatalyst surface
can be uncovered using the Langmuir-Hinshelwood (L-H) kinetics
model, adapted to elucidate the interactions at a solid-liquid interface.
According to this model, the reaction rate at the interface is determined
by the concentration of targeted organic pollutant and the apparent ad-
sorption equilibrium constant, as expressed in the following equation
[71]:

r ¼ −
dC
dt

¼ Kr
Kc

1þ Kc
ð9Þ

where Kr and K are the apparent reaction rate constant and apparent
binding constant, respectively. Considering the low concentration of EOPs
in water bodies, and consequently in heterogeneous photodegradation
studies, Eq. 9 can be reduced to the decay kinetics with an apparent reac-
tion rate constant Kapp.

−
dC
C

¼ KrKdt ¼ Kappdt ð10Þ
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The integration of Eq. 10 gives:

Ln
Co

C

� �
¼ Kappt ð11Þ

where Co is the initial concentration. Kapp can be determined from the
slope of the linear graph of ln(C0/C) versus decay time t.

Upon irradiation of a semiconductor suspended in aqueous medium
with light bearing energy equal or greater than that of its band gap (Eg),
there is an instigation of excitation of valence band (VB) electrons (e-),
and formation of holes (h+) (Fig. 3).

A fundamental conduction transpires in light illumination via the
positively charged holes (h+) in the VB and electrons (e-) in the CB
(Eq. 12).

TiO2inλ≤ 390nm→e−h excitonð Þ→e� þ hþ ð12Þ

Once generated, the charge carriers (e-/h+)maymove from the bulk
to the semiconductor surface and ultimately initiate several reactions
[73]. Hence, the overall efficiency of a semiconductor to act as a catalyst
for the light-driven transformation of organic contaminants in aqueous
environment strongly depend on the potential of generated e-/h+

charge carriers to produce the active radicals. The reaction ofwatermol-
ecules or adsorbed hydroxyl ions (OH-) with h+ generates OH• radicals
are shown in (Eq. 13 and 14). On the other hand, adsorbed oxygenmol-
ecules (O2) interact with photoexcited electrons to produceO2

•− radicals
(Eq. 15). The sequence of reactions that occur at the surface of
photoactivated catalyst for the formation of active radicals is shown as
follows [74,75]:

hþ þ H2O ! OH⁎ þ Hþ ð13Þ

hþ þ OH− ! OH⁎ ð14Þ

e− þ O2 ! O2
⁎− ð15Þ

O2
⁎− þ Hþ ! OOH⁎ ð16Þ

2OOH⁎ ! H2O2 þ O2 ð17Þ

H2O2 þ O2
⁎− ! OH− þ OH⁎ þ O2 ð18Þ

H2O2 þ e− ! OH− þ OH⁎ ð19Þ

It is evident that charge carriers interaction upon one another (re-
combination) is detrimental to the performance of a catalyst involved
in photo-assisted activity. This phenomenon occurs when an excited
electron drops back to the VB through a radiative or non-radiative pro-
cess [76]. The charges reunion can take place either at the surface or in
Fig. 3. Illustrative diagram of the photoexcitation of a semiconductor with suitable light
[72]
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the bulk of the catalyst and this process is controlled by the e-/h+ charge
carriers mobility or trapping, the density of defects in the semiconduc-
tor lattice, and the existence of an interfacial charge carrier transfer
[73,77]. It is worth noting that the density functional theory (DFT) cal-
culations have foreseen oxygen vacancy sites and metal interstitials as
the donor-centers accounting for n-type conductivity, while metal cat-
ion vacancies are acceptor-centers responsible for p-type conductivity
[78]. With regard to TiO2, this computer-based modeling techniquealso
indicates that the presence of Ti3+ vacancies triggers ferromagnetism.

Numerous semiconductors have been investigated in photocatalytic
degradation of EOPs in wastewater. These include ZnO, MoO3, ZnS, CdS,
ZrO2, WO3, CdSe, SnO2 and TiO2 [79–85].

TiO2, also known as titania, is a low-cost and environmentally benign
oxide that has gained commercial success in cosmetic, beauty and per-
sonal care applications [86]. Moreover, interest in TiO2-containing cata-
lysts for the light-driven abatement of organic contaminants in
wastewater has been tremendous since the early report by Frank and
Bard [87]. Owing to its inherent oxygen vacancy, TiO2 is typically an n-
type semiconducting material with the VB and CB edges mainly origi-
nating from oxygen 2p-orbitals and titanium 3d-orbitals, respectively
[88–90]. TiO2 photocatalysis depends on variables like the crystallinity,
specific surface area, and surface hydroxyl groups of the TiO2 catalyst.
This distinctive material presents relatively polar surfaces that allow
for ease adsorption of hydrophilic pollutants.
3. TiO2 crystalline structure and the facets exposed

TiO2 exhibits three main semiconducting polymorphs, namely,
brookite, rutile, and anatase. Anatase and rutile phases are distinguished
by a tetragonal symmetry, whereas brookite is characterized by an or-
thorhombic crystal system. However, the ultimate structural units of
all these crystalline phases are TiO6 octahedral with dissimilar lattice
structure configurations [91,92].

The thermodynamic phase stability of nanocrystalline TiO2 corre-
lates with grain size. It was established for particles of similar size that
rutile phase exhibits higher thermodynamical stability above 35 nm.
Anatase, on the other hand, displays more stability for size below
11 nm [93]. For particles’ size within the range 11-35 nm, brookite
phase is the most stable. However, the synthesis of high purity single
crystalline phase brookite is very rare in the literature [94]. Therefore,
most practical studies on the ability of TiO2 semiconductor materials
to act as photocatalysts for the removal of EOPs are accomplished
using anatase or mixed anatase/rutile phases.

There are several ways to produce TiO2 nanoparticles and these in-
clude the sulphate or chloride processes. The sulphate process requires
ilmenite (FeTiO3) concentrate (40 to 60% TiO2) as a basematerial, while
the chloride route consists of converting ilmenite or other titanium-
containing precursors to titanium tetrachloride (TiCl4) via the reaction
with elemental chlorine [95]. Both chloride and sulphatemethodologies
afford TiO2 in the rutile crystalline form. However, the sulfate route can
bemanipulated to produce the anatase form. The vapor-phase hydroly-
sis of TiCl4 at 360-550°C has been found to produced amorphous or an-
atase grains [96,97]. Hydrolysis of TiCl4 at room temperature represents
a common procedure for the synthesis of amorphous TiO2 nanoparti-
cles. The sol-gel preparation involves the hydrolysis of titanium alkox-
ides. This approach often yields anatase nanocrystals from the
hydrolyzing titanium precursors [98,99]. Another approach is by chem-
ical vapour deposition (CVD) technique, wherein the alkoxide is vapor-
ized and subsequently decomposed on contact with a hot surface. The
hydro- or solvothermal treatment of titanium precursors is classically
carried out in an autoclave to yield anatase phase particles [100]. High
temperature deposition or annealing (above 600 °C) frequently results
in irreversible phase transition from anatase to rutile through Ti-O
bonds rupture and rearrangement of octahedra TiO6 from 4-edge shar-
ing connectivity to 2-edge sharing and vertices connectivity [101–103].
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This phase transformation is also associatedwith a reduction in the gen-
erated TiO2 specific surface area.

Both rutile and anatase powders display bandgaps of 3.0 and 3.2 eV,
respectively, thus falling into theUV region of the electromagnetic spec-
trum [104]. However, relative to rutile, TiO2 anatase is considered to be
suitable for application in photocatalysis owing to its enhanced charge
carrier mobility and high amount of surface –OH groups [105]. Com-
mercially available TiO2 Degussa P25, which is regularly employed as a
benchmark photocatalyst in light-induced oxidative degradation con-
sists of anatase and rutile polymorphs in an approximate 3:1 ratio.
Transmission electron microscopy (TEM) micrograph analysis of this
material reveals agglomerates of anatase and rutile particles. When in-
volved in photocatalytic reactions, these agglomerates are decomposed,
andboth phases are in contactwith eachother, thereby leading to a syn-
ergy effect [106]. Interfaces between both phases are further considered
to improve the light-induced catalytic activity by minimising the possi-
ble charge carriers recombination. As a result, biphasic titanium dioxide
possesses enhanced photo reactivity. It is also generally argued that the
photocatalytic performance of anatase is associated with the shape and
exposed facets [107].

Basically, three important low-index surfaces are displayed in TiO2

crystalline structure and these include {001}, {100} and {101} as illus-
trated in Fig. 4 [108]. Nanosized anatase TiO2 unveils better activity in
ultraviolet (UV) irradiance. Under equilibriumor natural conditions, an-
atase TiO2 crystal shows a tetragonal bipyramidal shape dominated by
thermodynamically stable and less reactive {101} facets (Fig. 4a), ac-
cording to the Wulff construction [109]. The adopted shape is concom-
itantwith the surface energies of different facets. The Facets having high
energies are set to grow faster under equilibrium or natural conditions.
The surface energies of {101}, {100} and {001} are known to be 0.44,
0.53 and 0.90 J/m2. These surface energies may be modified effectively
through sorption of selected inorganic ions and/or organic molecules
as capping agents for facets tailoring and morphology control
[110,111]. Relatively to {101} and {100} facets, the {001} surfaces of an-
atase TiO2 have been proven to demonstrate better catalytic efficiency
for the photodegradation of organic contaminants [112]. Furthermore,
recent development in anatase TiO2 surface analysis using scanning
tunnelling microscopy and DFT calculations techniques informed that
band reduction for boosted photoactivity could also be effected using
phase with titanium-terminated surface [113].
Fig. 4. Schematic illustration of anatase (a-c) and ru
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4. EOPs photocatalytic degradation over nanostructured TiO2

4.1. TiO2 anatase with {001}-facets exposed

The crystallinity, morphology and surface energy of nanostructured
TiO2 strongly influence its catalytic activity. The facet-dependent photo-
assisted degradation of EOPs has been described across the literature.
For example, Sayed et al. [114] described the degradation of bezafibrate
under UV illumination and oxygen gas atmosphere using anatase TiO2

with exposed {001} surfaces at a titanium sheet. This catalyst was ob-
tained by the hydrothermal treatment (180 °C) of titanium foil in 0.03
M hydrofluoric acid (HF) and isopropanol, followed by calcinations of
the resulting sheet at 600 °C. The Raman spectrum analysis of the as-
synthesised TiO2/Ti film unveiled 57% of reactive {001}-facets for the
obtained single crystals. The apparent pseudo-first order rate constant
for UV-assisted (λ = 254 nm) decomposition of bezafibrate (10 mg/L)
by the OH• radicals attack was estimated to be 0.036 min-1.

A mixture of isopropanol and HF serve as morphology controlling
medium for the growth of single crystals anatase having a greater per-
centage of {001} surfaces exposed [115]. Fluoride ions adsorption by
substitution of the surface –OH groups at {001}-facets during the
growth of single crystals decreases their surface energy and conse-
quently promotes the isotropic growth of 2D lateral size (Fig. 4b). How-
ever, although F- ions are valuable as capping agent, the presence of
fluorine atoms at the {001}-facets was found to reduce the photocata-
lytic efficiency of the grown nanoparticles [116]. In a separate study,
this capping agent was removed on the TiO2 anatase crystal surfaces
by calcination (below 700 °C) [117]. In the same vein, Liao and co-
workers [118] described a relatively superior catalytic activity of TiO2

anatase nanocrystals film toward 4-chlorophenol after the removal of
fluorine atoms on the exposed {001}-facets. Two films consisting of
TiO2 anatase single crystals were obtained by the electrochemical treat-
ment of titanium metal to generate TiO2 nanotubes, followed by heat
application at 450 and 600 °C. The electrolyte was made up of an aque-
ous solution of ammonium fluoride and ethylene glycol. Relative to TiO2

anatase single crystals film with surface fluorine atoms (product at 450
°C), the single crystals TiO2 film with clean {001}-facets (product ob-
tained at 600 °C) exhibited up to 2.5 times higher activity. Similarly,
Sayed et al. also assessed the potentiality of TiO2 anatase with resolved
{001} facets at Ti films, obtained using varying concentrations (0.01-
tile (d) TiO2 crystal shapes and exposed facets
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0.04M) of HF, for the degradation of antibacterial norfloxacin (10mg/L)
in aqueous solutions [119]. Interestingly, {001}-facetedfilm catalyst fab-
ricated using 0.02 M HF displayed impressive photoactivity with rate
constant of 0.0504 min-1. The relatively higher efficiency of this
photocatalyst was attributed to both an increase percentage of the ex-
posed {001} facets (57%) and a reduce number of charge carriers recom-
bination sites. Furthermore, based on the scavenger experiments, the
authors argued that the photoexcited h+ and e- could gather at the
{001} and {101} facets, respectively, for photocatalytic oxidation, and
reduction reactions, as shown in Fig. 5.Degradation of norfloxacin oc-
curred through attack by the generated OH• radicals on the quinolone
framework and piperazinyl ring as shown in Scheme 1. On the other
hand, Fessi et al. [120] has recently demonstrated via UV photoelectron
spectroscopy and time-resolved fluorescence spectroscopy techniques
that the presence of fluorine at the surface of TiO2 anatase induces the
occurrence of intra bandgap with energy levels at around 1.3 eV. This
material was found to exhibit a 2-fold higher photoactivity than the un-
amended TiO2 anatase and Degussa P25for the decomposition of
1-methylnaphtalene contaminant in aqueous solution.

In addition, Zhang and co-workers [121] developed single crystals
with 80% exposed {001} facets of TiO2 for the treatment of synthetic
water containing 4-chlorophenol under UV illumination. The photo-
catalyst was prepared by themicrowave-assisted hydrothermal synthe-
sis at 210 °C, using titanium tetrafluoride (TiF4) precursor in the
presence of 1-butyl-3-methylimidazolium tetrafluoroborate ([bmin]
[BF4]) ionic liquid as the growth-controlling agent. The relatively higher
percentage of {001}-facets was ascribed to the bulkier [BF4]-groups that
could stabilize {001}-facet, more so than fluoride ions.

Although anatase phase of TiO2 is considered as the most photo-
active polymorph for catalytic degradation of organic pollutants, reports
also suggest a relatively improved activity in biphasic TiO2. Besides, TiO2

anatase photocatalyst is only suitable for application in UV light-driven
operation. Irradiation with relatively cheap visible light has been con-
ceded as an ideal approach that could lower the costs associated with
the photocatalytic water treatment technology, bearing in mind that
UV irradiation only covers less than 5% of the solar spectral irradiance
[74,122–124].

4.2. Mixed-phase TiO2

The photocatalytic activity of mixed phases TiO2 rutile-anatase for
EOPs abatement has been observed to be relatively higher as compared
to TiO2 single-phase. To illustrate this difference in photoactivity,
Apopei isolated anatase and rutile from TiO2 mixed-phase Degussa
P25 by dissolution in H2O2/NH4OH solution, and subsequently evalu-
ated their catalytic activity towards an EOP under UV lamp radia-
tion [125]. Degussa P25 (200 mg/L) successfully decomposed (99%)
4-chlorophenol (10 mg/L) in 500 mL of an aqueous solution within
120 min of contact time. The separated anatase and rutile crystalline
Fig. 5. Schematic illustration for the degradation of norfloxacin at a single crystal anata
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phases, on the other hand, were found to display lower efficiencies
with 85 and 50% of 4-chlorophenol oxidation, respectively, under simi-
lar reaction conditions. The notable photocatalytic performance of TiO2

anatase-rutile combined phases is ascribed to the extended charge
se with {001} facets exposed under UV irradiation and oxygen atmosphere [120]
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carriers lifetime owing to a possible transfer at the phase junction. How-
ever, conflicting models for the favoured transfer mechanism are pre-
sented in the literature. According to the SEM micrographs of a
bilayer-type TiO2 anatase-rutile catalyst after photo-induced deposition
of Ag particle, Kawahara and co-workers [126] anticipated that the
charge separation took place via e-transfer from anatase CB to that of ru-
tile as depicted in Fig. 6 (Model 1) [127,128]. However, based on the
electron paramagnetic resonance (EPR) spectra analysis of Degussa
P25, Hurum et al. argued that the charge separation resulted from the
interfacial e-transfer from rutile CB to lower energy anatase lattice trap-
ping sites as illustrated in Fig. 6 (Model 2) [129]. Lately, Shen group
[130] suggested the movements of photoexited electrons from anatase
CB and its trapping states to rutile CB at the phase junction, based on
the anatase, rutile and mixed-phase transient mid-infrared (MIR) ab-
sorption spectra analysis. While anatase in the presence of methanol
vapor ash+ scavenger displayed transient MIR absorption under
355 nm laser pulse excitation due to the availability of photoexcited
electrons, no absorption was observed on single-phase rutile sample.
Moreover, a decrease in transient MIR absorption of TiO2 mixed-phase
with reduced amount of anatase phase was observed. These observa-
tionswere in accordancewith themodel 1 (Fig. 6) of the charge separa-
tion in TiO2 anatase-rutile mixed phases.

There are several reports on the use of TiO2 mixed-phase for the re-
moval of EOPs in aqueous environment. For example, Mohapatra and
Nayak [131] reported the synthesis of TiO2 nanocrystalline biphase
(68% anatase and 32% rutile) via a thermal treatment (270 °C) of tita-
nium tetraisopropoxide (TTIP) in oleic acid and calcination of the resul-
tant precipitate at 450 °C. The XRD pattern of the samples after
calcination at 400 °C and 600 °C revealed mainly anatase and rutile, re-
spectively. The BET analysis of biphasic catalyst showed a specific sur-
face area of 78 m2

/ g and an apparent rate constant of 0.03 min-1 for the
transformation of 2,4-dihydroxybenzoic acid (35 μM) in aqueous solu-
tion under UV irradiation. 2,4-Dihydroxybenzoic acid (DHBA) is often
reported in wastewater generated in the olive processing industries
[132]. It was presumed in this investigation that the UV-excited h+ spe-
cies initiated the decomposition of DHBA by oxidation to its radical cat-
ion; and O2•− radicals were responsible for the formation of unstable
molecules and ring opening (Scheme 2).

Recently, Wang et al. [133] utilized titanyl sulfate (TiOSO4) and dif-
ferent amount of peroxide titanic acid in a hydrothermal process, to pre-
paremixed-TiO2 phase powderswith various anatase-to-rutile ratio (29
to 100% of anatase) and subsequently evaluated their photoreactivity
towards phenol in aqueous solution. According to these authors, the
ideal polymorph composition for the decomposition of phenol under a
fluorescent lamp irradiation was 58.5 % anatase and 41.5% rutile.
While Degussa P25 and pure TiO2 anatase exhibited 90 and 85% of phe-
nol degradation, respectively, and the model photocatalyst demon-
strated 95% degradation after 12 h of visible light irradiation. Earlier,
Su and co-workers [134] suggested the existence of synergetic effect be-
tween anatase and rutile which became highly pronounced with ana-
tase percentage ranging from 40 to 80%. Alongside the fact that phase
Fig. 6. Proposed model of the charge sep
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junction has been established as an effective approach for the improve-
ment of the TiO2 photoactivity, numerous other approaches, including,
metal and nonmetal doping, noblemetal deposition and semiconductor
coupling have also been valued [135].

4.3. Doped TiO2 photocatalysts

Doping has beenwidely recognized as one of the key practices to en-
gineer TiO2 with reduced recombination of excited charge carriers (e-/
h+) pair and improved photocatalytic activity. This technique allows
for the modification of TiO2 electrical features through the creation of
defect states that results in reduced band gap energy [136]. Metal ions
such as Ni2+, Fe3+, Co2+, Al3+, Sm3+ and Cu2+ have been used as dop-
ants for the TiO2 improved photodegradation of EOPs in aquatic media.
For example, Blanco-Vega et al. [137] reported the synthesis of 0.5 and
1% Ni2+ doped TiO2, by a microwave-assisted sol-gel procedure using
TTIP precursor in the presence of a nickel salt, and their application for
BPA degradation in visible light. As compared to pristine TiO2 (Eg =
3.08 eV, Efficiency= 60%) and 0.5% Ni2+ doped TiO2 (Eg= 2.75 eV, Ef-
ficiency= 83%), the 1% Ni2+doped TiO2 catalyst (1g/L) with a band gap
energy of 2.72 eV exhibited 93% abatement of BPA (10 mg/L) after 120
min. Furthermore, this tuned TiO2-based photocatalyst could also
achieve 77% of BPA mineralization after 210 min exposure time. In a
separate study, Wang and co-workers [138] described the synthesis of
Fe3+ doped TiO2 spherical-like particles at the polysulfone ultrafiltra-
tion membranes, and investigated their potential application in water
pollution abatement. This was illustrated by discussing the BPA degra-
dation at the prepared membrane photocatalysts and their self-
cleaning capability. The as-described photocatalysts were obtained via
the hydrothermal treatment of iron(III) nitrate and Degussa P25,
followed by the phase inversion processwith themembrane casting so-
lution. The use of membrane catalyst (0.20 g) with Fe-TiO2 mass ratio
20% resulted in 90.8% decomposition of BPA (10 mg/L in 250 mL) after
180 min exposure time in visible light irradiation with the 500 W
Xenon lamp. The effectivity of this material was attributed to the Cou-
lombic adsorption of BPA onto the polymer support and its decomposi-
tion by the Fe3+ doped TiO2 nanoparticles. The visible light responsive
ability of this catalyst relates to the narrow band gap that could be as-
cribed to the existence of d–d transitions of Fe(III) and the charge trans-
fer transitions between interacting Fe(III) ions. The latter promote the
occurrence of Fe(II) and Fe(VI) energy states across the band gap of
TiO2 [139,140]. During the Fe3+ doped TiO2 photocatalytic activity, the
Fe(III), Fe(II) and Fe(VI) ions are expected to serve as e- and h+ trapping
locations. Fig. 7 shows a plausible mechanism for the increased perfor-
mance of Fe3+ doped TiO2 catalyst in visible light irradiance.

Metal nanoparticles, with a lower Fermi level than the conduction
band of semiconductors; also accumulate photogenerated e- after
being deposited onto TiO2, thus promoting the charge separation and
an improved catalytic activity as shown in Fig. 8. Nevertheless, beyond
the optimal metal loading, photocatalytic performance is reduced
owing to the formation of e-/h+ recombination centers [141,142]. For
aration in TiO2 anatase-rutile mixed
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example, 7% Cu deposited TiO2 nanotubes, synthesized via a
microwave-assisted sol-gel procedure using TTIP and copper(II) nitrate
precursors, were found to show 3.8 and 6.6 times enhance degradation
of BPA than Degussa P25 under UV and visible light illumination, re-
spectively [143]. An increase in Cu loading from 7 to 20% led to a de-
crease (from 0.116 to 0.023 min-1) in the rate constant for BPA
photodecomposition. The chemical structures of the degradation inter-
mediates were proposed based on the high-performance liquid
chromatography-mass spectrometry data analysis and these are pre-
sented in Table 1. BPA degradation at Cu deposited TiO2 under UV
light irradiationwas suggested to initiate oxidatively via•OH radicals at-
tack on one of the phenyl groups to give monohydroxylated BPA (A)
[144]. The C-C bond cleavage between the isopropyl group and the phe-
nyl moiety of BPA was found to generate compounds (B) and (C).Com-
pounds (D) and (E) were formed via cleavage of electron rich aromatic
ring by the attack of electrophilic •OH radicals [145].

The anchoring of noble metals onto the surface or lattice layers of
TiO2 semiconductor has also been described as an important technique
for the development of solar or visible light response catalyst. For exam-
ple, Ag doped TiO2 (25 mg), synthesized by Hlekelele and co-workers
[146] using the deposition-precipitation strategy, has been reported to
demonstrate 91% photocatalytic abatement of BPA (60 ppm) in 50 ml
synthetic water under visible light irradiation. Comparative to virgin
10
TiO2 and TiO2/zeolite composite, the increased photacatalytic behaviour
of Ag/TiO2 was attributed to silver nanoparticles facility to harvest visi-
ble light through surface plasmon resonance (SPR) phenomenon. SPR is
known to be the resonance coherent oscillation of e- in the CB of ametal
particle. This is persuaded by the electromagnetic field of an incident ra-
diation [147]. Under this condition, the hot e- can experience band
transfer with the coupled semiconductor; leaving h+ within the
metal. The separated charge carriers initiate the redox reactions for
EOPs decomposition [148,149]. Furthermore, this phenomenon could
also induce the amplification of an internal electrical field, accountable
for an increased light absorption cross-section and an improved separa-
tion of the charge carriers [148]. A differentmechanism for the suppres-
sion of e-/h+ recombination, based on the higher work function of
deposited noble metals has also been reported to ease the withdrawal
of excited electrons from TiO2 upon irradiation with UV light
[142,150–152].

TiO2 dopingwith non-metals such as phosphorus (P), sulfur (S), car-
bon (C), and nitrogen (N) is another strategy that has been established
to produce photocatalyst with an improved activity under solar or visi-
ble light. This technique takes advantage of the possible electronic tran-
sition from the induced new electronic states above TiO2 VB(2p or 3p
orbitals of the dopant) to TiO2 CB (3d orbitals of Ti). For instance, it
was found that the degradation activity of nanosized N/F-codoped
TiO2 particles toward BPA was 3-fold higher than that of pristine TiO2

[153]. The as-described photocatalyst was synthesized via the sol-gel
method using EDTA and Zonyl® FS-300 fluorosurfactant as N and F
sources. The BET and UV-visible spectroscopic analysis of the modified
TiO2 photocatalyst revealed a surface area of 136 m2/g, an average par-
ticle size of 10.6 nm and a band gap of 2.87 eV. According to this report,
the pronounced activity of this engineered TiO2 photocatalyst was



Table 1
BPA degradation intermediates using Cu-TiO2 nanorods under UV illumination.

m/z value Proposed chemical structures Names

244 2(Dihydroxyphenyl)-2(4-hydroxyphenyl)propane (A)

134 4-Isopropenylphenol (B)

136 4-Hydroxyacetophenone (C)

208 3-(4-Hydroxy-phenyl)-3-methyl-2-oxo-butyric acid (D)

122 4-Hydroxybenzaldehyde (E)
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attributed to N-doping (Fig. 9), a superior surface acidity due to
F-doping and elevated total surface area. N-doping could take place ei-
ther through the substitution of O atoms in the TiO2 lattice or by occupy-
ing an interstitial position [154]. The doping effect of N/F created new
defect states in the TiO2 band gap, above its conduction band
[155–157]. It has also been reported that doping TiO2 with fluorine
atom could improve the photocatalytic performance by decreasing the
rate of e-/h+ pair recombination, following the creation of oxygen vacan-
cies and Ti3+ surface state [158–160]. Table 2 summarises the selected
investigations on photodegradation of EOPs by metal and non-metal
doped-TiO2 photocatalysts. Another modification that has been demon-
strated to improve charge separation, lower the band gap energy, and
lessen the rate of recombination is the use of coupled semiconductors.

It can be seen from Table 2 that the degradation efficiency of the pol-
lutants and the reaction rate constants dependon several factors such as
the synthesis protocol, nature of the dopants, concentration of the pol-
lutants, surface area of the photocatalyst, band gap energy, and light
source.

4.4. Heterogeneous photocatalysts consisting of TiO2 and other materials

The ability to obtain appropriate band gap energy by pairing TiO2

with other materials having desirable visible light absorption potency
is favourable for sunlight driven decomposition of EOPs in the aquatic
environment. For example, Simsek et al. [161] described the ternary
semiconducting rGO/TiO2/ZnO heterojunction having a bandgap of
2.5 eV as a better photocatalyst for BPA, ibuprofen and flurbiprofen
Fig. 9. Origin of enhanced catalytic activity of N-doped TiO2 under visible-light
illumination.
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decomposition under visible light illumination (400-800 nm). This hy-
brid photocatalyst was obtained by the hydrothermal process using
graphite powder, F-doped TiO2 film and zinc nitrate as the starting ma-
terials. Because of the inherent characteristics of graphene, including
high electronmobility, large surface to volume ratio and superior chem-
ical stability; the graphene-containing materials have attracted much
interest in the development of photocatalysts with potential solar en-
ergy conversion ability [162,163]. The huge π-π network of graphene
can serve to capture the photoexcited electrons, when associated to
semiconductor such as TiO2, thereby suppressing the charge recombi-
nation phenomenon [164]. In addition, through d-π interaction,
graphene can contribute in narrowing the energy band gap of TiO2/
rGO-containing nanocomposites [165,166]. The construction of p-n
heterojunction photocatalysts with direct interaction between n-type
TiO2 and p-type active semiconductors is also widely employed to
achieve charge separation for EOPs degradation, based on the induced
inner electric field at the interface [167–170]. To illustrate this state-
ment, Sánchez-Rodríguez and co-workers [171] exploited the time re-
solved microwave conductivity measurements in p-n junction BiOCl/
TiO2 to argue that while excited-state holes in BiOCl migrate to TiO2-
VB, the electrons in TiO2-CB could diffuse toward BiOCl-CB. This com-
posite was synthesized by the sol-gel process with commercially avail-
able BiOCl and TTIP as the precursors. BiOCl/TiO2 composite (1 g/L)
achieved up to 46% decomposition of phenol (50 mg/L) after a contact
time of 6 h under visible light irradiation. In a cognate study with p-
type BiOI, Li et al. [170] used the photocurrent measurements of TiO2,
BiOI and BiOI/TiO2 composite under visible light-on and -off cycles to
expose the improved transfer and separation of the charge carriers
within the heterojunction.

Othermaterialswith potential light harvesting properties and ability
to decrease the charge recombination, which have recently been re-
ported for light-induced catalytic activity, are conducting polymers
[172,173]. For example, polyaniline-capped TiO2/ZnO, fabricated by
the in-situ oxidative polymerization of anilinemonomer in the presence
of pre-synthesized TiO2/ZnO composite, showed 97% mineralization of
p-cresol under UV light irradiation for 6 h and a rate constant value of
0.26 min-1 [174]. Table 3 displays the reported studies for the removal
of EOPs by TiO2 coupled photocatalysts.

4.5. Contribution of TiO2 photocatalyst in hybrid AOPs technologies

Combining two or more different AOPs [i.e. hybrid AOPs] has also
attracted considerable interest owing to the amplified capability in



Table 2
Doped TiO2 Photocatalyst for EOPs degradation

Material Preparation method EOP (concentration) Catalyst
dose

Light source Irradiation
time (min)

Efficiency Rate
constant
(K)

Reference

Sm(III), N,P-doped
TiO2

Sol-solvothermal at 160 °C
andcalcination at 550 °C

4-Chlorophenol
(20 mg /L)

0.4 g/L Visible (500 W
high-pressure Xenon
lamp)

120 100% 2.83x10-2 min-1 [199]

Cu (7%)-deposited TiO2 Sol-gel and microwave
procedure at 180 °C

BPA
(10 mg/L)

1 g/L Visible 180 100% 5.40 × 10-2 min-1 [143]

C/N-doped TiO2 Sol-solvothermal at 80 °C and
calcination at 550 °C

Phenol
(20 mg/L)

0.4 g/L UV (330 W Mercury
lamp)

150 87% - [200]

Cr(III) (0.04%)-doped
TiO2

Sol-gel, microwave procedure at
150 °C and calcination at 500 °C

4-Chloro-2-
methylphenoxy-acetic
acid (10 mg/L)

1 g/L Visible (Spectro-line
450 nm)

240 100% 4.10 × 10-3 min-1 [201]

N(1.0%)/
Cu(0.5%)-doped TiO2

immobilized on
rectorite

Sol-gel and calcination at 500°C 4-Chlorophenol
(20 mg /L)

1 g /L Visible (300 W Xe arc
lamp)

180 - 9.36 ×10-2 h−1 [202]

In(3%)/S(1%)-doped
TiO2 onto rGO

Ultrasonication and
solvothermal treatment at 140
°C

Atrazine
(20 mg/L)

1 g/L Visible (300 W
Tungsten-xenon
lamp)

20 100% 24.8 × 10-2 min-1 [203]

N-doped TiO2 Pyrolysis Phenol
(500 ppm)

0.5 g/L Visible 425 >30% - [204]

Fe(III)(0.5%)-doped
TiO2

Sol-gel Nitrobenzene
(2.5×10−4 mol/L)

- Visible (mercury
lamp)

240 88% 1.48 × 104s-1 [205]

F-TiO2 Sol-gel, calcination at 400 °C and
wet impregnation

1-Methylnaphthalene
(10 mg/L)

1 g/L UV (PLL lamp) 180 > 95% _ [120]
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terms of reducing the processing time and restraining the generation of
toxic intermediates [175–177]. Despite the numerous studies linked to
hybrid AOPs, only limited literatures information is available on the
contribution of photocatalysis coupled with other AOPs in oxidation of
EOPs or the mineralization of by-products. Indeed TiO2 photocatalysis
is the fundamental technique that has been coupled to other AOPs like
sonochemistry, electrochemistry and plasmachemistry.

In the current review, combinations of the TiO2 photocatalysis with
other AOPs are also highlighted. The enhanced performance of the hy-
brid system as compared to the individual AOPs efficiency has been re-
ported [178,179]. This reflects the existence of synergistic effects of the
hybrid AOPs. Generally, such combined processes are found to enhance
Table 3
TiO2 coupled photocatalysts for EOPs degradation.

Material Preparation method EOP (concentration)

MoO3/TiO2 Hydrothermal treatment at
160 °C and calcination at 350 °C

Rhodamine B (10 mg/L

TiO2/WO3/GO Hydrothermal treatment at
120 °C

BPA (20 mg/L)

Ag2O/TiO2 loaded on
chitosan/ polypropylene
film

Photodeposition Ampicillin (20 mg/L)

GO/TiO2 Anodization and electrochemical
Anodization

Perfluorooctanoic acid
(0.12-2.42 mmol/L)

rGO/TiO2/ ZnO Hydrothermal treatments BPA
(10 mg/L)

Fe3O4/SiO2/
TiO2/rGO

Co-precipitation and calcination
at 450 °C

2,4-Dinitrophenol
(0.2 g/L)

CdTe/TiO2 Hydrothermal treatment at
120 °C

Tetracycline (20 mg/L)

FeNi3/SiO2/
TiO2

Sol-gel Tetracycline (10 mg/L)

Sepiolite/
BiOCl/TiO2

Hydrolysis-precipitation and
calcination at500 °C

Tetracycline (50 mg/L)

TiO2 interjected medical talc Hydrolysis-precipitation and
calcination at 400 °C

2,4-Dichlorophenol (50
ppm)
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the formation of •OH radical, leading to higher degradation rates of the
target pollutant and an increase in the mineralisation of intermediate
by-products formed. However, some harmful effects can also be ob-
served during these coupling processes.

Among the AOPs technologies applied for wastewater treatment,
more emphasis has also been shown to the decomposition of EOPs by
ultrasonically generated (US/sonolysis) reactive oxygen species in
aqueous media [180–183]. In sonolysis, the ultrasound-induced devel-
opment and implosive collapse (cavitation) leads to the formation of
•OH radicals. This process is highly praised for its ability to equally de-
grade hydrophobic pollutants owing to the presence of •OH radical
within the bubbles and H2O2 oxidant at the interface gas/liquid
Catalyst
dose

Light source Irradiation
time (min)

Efficiency Rate
constant

Reference

) UV (50 W Mercury
lamp)

50 97% 0.079
min-1

[206]

2 mg/L Sunlight 420 93% - [207]

- Visible (150 W
Tungsten-halogen
Lamp)

180 100% - [208]

50-100
μg/L

UV 240 83% 0.34 h−1 [209]

0.5 g/L Visible 180 99% 5.28 ×
10-2

min-1

[161]

40 mg/L UV 30 88% 0.14
min-1

[210]

0.6 g/L Visible (Halogen lamp) 30 78% - [211]

5 mg/L UV 200 100% 2.5 × 10-3

min-1
[212]

0.6 g/L Visible (400 W Xenon
lamp)

180 90% 4.37 ×
10-3

min-1

[213]

2 g/L UV 120 99.5% - [214]
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[184–186]. However, the absolute mineralization of organic pollutants
in sonolysis takes a longer period time. Hence, a combination of this pro-
cess with other advanced remediation procedures has been attempted
[187–189]. The heterogeneous TiO2 photocatalysis is an efficient tech-
nique that allows for the decomposition of hydrophilic molecules
since these display greater affinity with the polar catalyst surfaces. Con-
sequently, amixed sonolysis (US) and TiO2 photocatalysis (Light+TiO2)
affords a technology that could alleviate the drawbacks encountered
with the self processes andmerge their advantages in a synergisticman-
ner [190]. Moreover, an acoustic cavitation progression is capable of
cleaning the photocatalysts surface, thereby invigorating the active
sites. For combined processes, the synergistic effect can be assessed by
determining the synergy index (Eq. 20). Value greater than 1 indicates
a beneficial synergy between the separate techniques.

Synergy Index ¼ K USþ Lightþ TiO2ð Þ
K USþ TiO2ð Þ þ K Lightþ TiO2ð Þ ð20Þ

Jagannathan et al. [191] reported the degradation of paracetamol by
sonophotocatalytic procedure using TiO2 in the presence of ferric iron
and H2O2 at 213 kHz ultrasound. This hybrid technique showed evi-
dence of a higher efficiency than that of the separate sonolysis and
TiO2 photocatalysis procedures. The calculated rates of paracectamol
decomposition for sonophotocatalysis using TiO2 (1 g/L) was 4.02 μM.
min-1, while that of individual technology, photocatalysis and sonolysis,
was evaluated at 3.02 and 0.83 μM.min-1, respectively. The photocata-
lysis contributionwas estimated to be around 75% in the hybrid system.
According to these results, the synergistic index was evaluated to be
1.04, pinpointing a synergistic outcome for the sono-assisted photocat-
alytic procedure. The advanced degradation was ascribed to the devel-
opment of more •OH radicals owing to the visible light-activated Fe-
aqua complex. It is worth noting that though sonolysis is able to elimi-
nate the target pollutant, photocatalysis proves to be more efficient for
achieving EOPs mineralization, making both processes complementary
to each other. Similarly, a study on the BPA and interesting synergistic
effect of the combined sonolysis-TiO2 photocatalysis system, depending
on the TiO2 loading is also reported [192]. For example, while the use of
0.05 g/L of TiO2 in the combined system led to 62% elimination of the
dissolved organic carbon (DOC), 0.5 g/L loading of TiO2 resulted in
only 49% removal of DOC. On the other hand, using 1 g/L TiO2, lesser
DOC elimination was achieved (6 and 12%) by ultrasound and
photocatalysis, exclusively. This suggests that synergistic effect also
depends strongly on the loading of photocatalyst (TiO2) through the in-
fluence of cavitational activity. The degradation of diclofenac by
sonophotocatalysis has also been reported using a variety of photo-
catalysts, including, TiO2, Ag-TiO2 and Fe-ZnO [177,193]. A proposed
mechanism for the improved EOP degradation in ultrasound-assisted
TiO2 photocatalysiswas based on the continuous cleaning of the catalyst
surface for the increased production of free hydroxyl radicals. Neverthe-
less, this technology has also been found to experience a damaging ef-
fect for the degradation of phosphate-bearing organic compounds
[194]. The slow degradation resulted presumably from the adsorption
of degraded phosphate ions at the TiO2 surface, thereby competing
with the targeted organic pollutant.

TiO2 photocatalysis and Fenton joined process is based on the reac-
tion between the Fe2+ ions and H2O2 molecules to generate the HO•/
HOO• radicals. TiO2 photocatalysis is a permanent source of H2O2

which occurs at two levels on the surface of the irradiated semiconduc-
tor (VB and CB). Indeed on theVB, the positive hole (h+) reactswith the
molecules of H2O and the hydroxide ions HO- to form the radical HO•

which recombine preferentially into H2O2 than to react with an organic
pollutant (Eq. 7 & 8). At the CB, the photogenerated electrons (e-) are
trapped by dissolved oxygen O2 giving rise to the superoxide anion rad-
ical O2

-•, a precursor of the formation of H2O2. This results in the presence
of a significant amount of H2O2 which will be unused in solution. How-
ever, the addition of Fe2+ to this solution could trigger the Fenton
13
reaction and even photoFenton (under UV radiation). The combined
TiO2 photocatalysis (UV/TiO2) and Fenton (Fe2+/H2O2) system could
significantly increase the EOPs degradation by shortening the reaction
time of the independent operations and the overall treatment cost.
The synergetic effect of homogeneous and heterogeneous photocata-
lytic procedure could also be interesting to highlight. In this type of
combination the most frequently admired source of radiation in the
literature is sunlight, which seems suitable to trigger both the photo-
Fenton reaction and the photocatalytic activation on the surface of
TiO2 and synergistically boosts OH• production at neutral pH. For exam-
ple, the solar/TiO2/Fe2+/H2O2 process was previously reported to de-
grade organic compounds occurring in hospital wastewater [195]. In
that investigation the chemical oxygen demand (COD) measurement
and biodegradability value were utilized to assess the effectiveness of
the system. It was found that the increased hybrid process efficiency
emanates from a decrease in the reaction time of COD removal and
the cost of treatment. In fact, COD removal efficiency at the optimum
conditions for the solar/TiO2/H2O2, solar/Fe2+/H2O2 and a combination
of these two processes (solar/Fe2+/TiO2/H2O2) were 85%,94% and 99%,
respectively after 4 hours of treatment. In addition, their respective
rate constants were 0.253 h–1, 0.274 h–1 and 0.771 h–1, and the syner-
getic index for the joined processes was calculated to be 1.5. A similar
study carried out by Selvabharathi et al. [196] also demonstrated the
synergistic outcome and effectiveness of the integrated solar/Fe2+/

TiO2/H2O2 system for the treatment of chemicals-containing tannery
wastewater.

A combined TiO2 photocatalysis and electrochemical procedure also
known as photoelectrocatalysis (PEC) is a technique in which the elec-
tric current is employed to increase the photoactivity of the TiO2 semi-
conductor in the presence of light. The principle is mainly based on
the irradiation of a photoelectrode consisting of a deposit/film of TiO2,
thus avoiding the additional filtration step. The production mechanism
of photogenerated species is similar to that of photocatalysis except for
the fact that the supported catalyst acts as an anode onwhich the illumi-
nation is effected. Therefore, instead of witnessing the charge carriers
recombination drawback, the induced electrons rather participates in
the generation of superoxide radicals (O2

-•) in the presence of dissolved
oxygen at the cathode, due to the imposed electric current. Accordingly,
this process leads to the permanent availability of holes within the
aqueous media and the formation of hydroxyl radicals. Remarkably,
apart from the properties of TiO2 photoanode, the effectiveness of this
treatment technique also depends on the parameters like pH, voltage/
intensity, inter-electrode distance, EOPs concentration, illumination in-
tensity and concentration of the supporting electrolyte [197]. For exam-
ple, Cheng et al. [198] described the use of reduced TiO2 nanotube
photoanode for the degradation of diclofenac at a voltage of 0.4 V
using a standard three-electrode protocol under visible light illumina-
tion. It emerged that the degradation kinetics were faster in PEC com-
parative to simple TiO2 light-reponsive catalytic activity. The total
elimination of refractory diclofenac was accomplished after 8 h in PEC
while the photocatalysis technique under similar conditions afforded
complete organic pollutant degradation after 10 h. The scavenging as-
says clearly indicated that the hydroxyl radicals were responsible for
the effective degradation process.

5. Critical assessment and conclusion

This review is to demonstrate thatwater pollution triggered by EOPs
could be addressed using heterogeneous photocatalysis technique.
TiO2-containing catalysts appear to be among the most auspicious can-
didates for remarkable activity in UV, visible and sunlight irradiation.
This overview highlights some of the key features of TiO2 systems for
photocatalytic degradation of EOPs. Research progress on the develop-
ment of TiO2 anatase phase that exposes high-energy {001} surfaces
and their application in UV-light driven catalytic activity is valued.
Through fluorination during TiO2 synthesis, {001} faceted anatase TiO2
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crystals could be achieved. Discussion on the improved catalytic activity
of mixed anatase/rutile TiO2 semiconductors, owing to the plausible in-
terfacial transfer of electrons, is brought about. Minimising the rate of
recombination of charge carriers (h+ + e-) significantly enhances the
photoactivity of TiO2 catalyst. Modification of TiO2 photocatalyst for
EOPs decomposition as well as mineralisation under light illumination
is systematically presented. Several approaches, including metal ions
doping, non-metal doping, metal nanoparticles deposition and semi-
conductor coupling are also discoursed. Deposition of plasmonic metal
nanoparticles, metal ions and non-metal doping could generate cata-
lysts with sunlight harvesting potential for cost effective water treat-
ment operations. Integrating other advanced oxidation techniques to
TiO2 photocatalysis could also afford systems with highly improved ef-
ficiency. TiO2-containing photocatalysis and its early hybrid technolo-
gies have demonstrated a great prospective as eco-friendly and
sustainable treatment procedures for the nearly complete abatement
of EOPs in the industrial effluents and sewage. This technology can over-
come the limitations of the conventional technologies in water treat-
ment plants. Meanwhile, there is no denying that some major
technical difficulties could hamper its commercialization. To foster the
industrialization of TiO2 photocatalysis and hybrid technologies, the
conceptualization of TiO2-based reactors for the efficient exploitation
of sunlight radiation and post-recovery of the catalyst should be accen-
tuated. Magnetic separation of the spent catalysts could provide an easy
strategy for isolation, recovering, and reusability of the nanoengineered
TiO2-containing magnetic particles. To further improve the photocata-
lytic performance of these remarkable nanomaterials, facilitate the
post-recovery process and ease the handling, their stabilization or im-
mobilization onto various supports should be encouraged. It should
also be stressed that research articles that evaluate the performance of
TiO2-based materials toward EOPs in sampled effluents are rare in the
literature. Investigation of this nature should give vital information on
the parameters that might affect the performance of TiO2-based
sunlight-reactors in photocatalysis or hybrid technologies.

The presence of EOPs in the aquatic environment may cause rising
concerns to the ecosystem and human health, specially the eco-
toxicity, endocrine disruption, and development of resistant bacteria.
These hazards are entering into the aquatic environment through do-
mestic, hospital, agricultural, and industrial effluents. Their accumula-
tion in the surface water results from their continuous unregulated
release and resistance to the mostly applied treatment procedures. In-
deed, there is a general consensus among policy-makers that EOPs pol-
lution needs to be addressed in a systematic and coherent manner. It
would be possible to anticipate the risks following the use of these con-
taminants by using an early warning system able to play a role of the
“watchdog”

All in all, diverse strategies for EOPs photocatalytic degradation
using TiO2 single phase (anatase), biphasic (anatase-rutile), doped,
and paired with other materials have been reported as alternative
methods to overcome the incapacity of many other treatment technol-
ogies to efficiently remove EOPs from wastewater. The development of
tandem processes such as sonolysis-photocatalysis, Fenton-photo-
catalysis and electrochemical-photocatalysis systems using TiO2 could
reverse the adverse effects observed with the use of paired TiO2 in
photocatalysis, exclusively. Despite these advances, the minimization
of wastewater generation and the possibility of their reuse after
recycling remain an issue. This is due to the fact that EOPs oxidative deg-
radation using TiO2 photocatalysts should be applied to numerous types
of effluents generated under different regional or national conditions.
Hence, specific waste conditioning, and important information regard-
ing cost, and benefits, as well as the scale-up of this degradationmethod
are yet to be publicized. Considering the incidents that could emerge
from the planets interconnected environments, awareness on the
harmful effects of EOPs by scientific advisors should be consistently
disclosed at fundamentally deep levels, many of which are opaque to
the great mass of humanity.
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