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A B S T R A C T

Advanced Oxidation technologies (AOTs) are gaining attention as an effective waste water treatment metho-
dology capable of degrading diverse spectrum of recalcitrant organic contaminants and microbes. Undoubtedly,
photocatalysis is a promising AOT to alleviate the problem of water pollution. Despite recent research into other
photocatalysts (e.g. ZnO, ZnS, Semiconductor-Graphene composites, perovskites, MoS2, WO3 and Fe2O3), tita-
nium dioxide (TiO2) remains the most popular photocatalyst due to its low cost, nontoxicity and high oxidising
ability. Moreover, titania photocatalysts can easily be immobilized on various surfaces and be scaled up for large
scale water treatment. The current review aims to highlight recent advancements in photocatalytic AOTs with
main emphasis on TiO2 photocatalysis. This review also discusses the use of TiO2 photocatalysis for water and
waste treatment, treating contaminants of emerging concern (CECs), pesticides, endocrine disrupters (EDs) and
bacteria using both UV and visible light irradiations. It was concluded that with efficient photoreactor config-
uration and further studies on the photocatalyst regeneration, TiO2 photocatalysis is a viable option for the
reclamation of agricultural/irrigational waste water. Novel doped photocatalysts such as ZnS-CuS-CdS, carbon
spheres/CdS, g-C3N4-Au-CdS, ZnS-WS2-CdS, C3N4-CdS and Pd-Cr2O3-CdS have also been discussed. Finally, the
advances in the actively studied metal organic framework based photocatalysts that are emerging as effective
alternate for metal oxide based photocatalysts is also discussed in detail.

1. Introduction

Photochemical AOPs are the most preferred because they offer the
possibility of utilizing naturally available and renewable solar energy as
light source for photochemical waste remediation, thereby making the
process green and sustainable. TiO2 photocatalysis and photo-Fenton
are two popular photochemical AOPs. Among them, TiO2 photo-
catalysis has gained particular interest because of heterogeneous nature
that offers the possibility of catalyst reuse. In addition, it can operate at
wide pH range unlike photo-Fenton process. TiO2 is environmentally
benign, biocompatible, abundantly available, highly stable and low cost
metal oxide photocatalyst with ability to efficiently degrade a spectrum
of contaminants [1–17]. TiO2 can be immobilized in to a variety of
supports without much loss of its photocatalytic efficiency. This im-
portant feature favours the development of TiO2 photocatalytic process
for constructing efficient photochemical reactors for air and water
purification. Moreover, intense research on TiO2 to shift its optical re-
sponse from UV to visible light has produced some interesting visible
light active TiO2 materials that utilize much available visible light of

solar radiation for water decontamination [3–15,18–20].
The ability of TiO2 to act as a photocatalyst was first discovered

approximately 90 years ago [19,21]. However, it did not become an
extensively researched area until Fujishima and Honda discovered that
TiO2 electrode could be used to photocatalytically split water in 1972
[19,21–24]. In the decades since this discovery, there has been ex-
tensive research in understanding the photocatalytic process and at-
tempting to improve the efficiency of using TiO2 as a photocatalyst
[22]. There also has been a significant number of publications ex-
amining the applications photocatalysts, e.g. water or air decontami-
nation and self-cleaning surfaces [19,25]. The reactions for hetero-
geneous photocatalysis occur at the surface of the semiconductor
material.

Photocatalysis is initiated by the photocatalyst (e.g. semiconductor
TiO2) being bombarded with photons from UV light (from an artificial
source or solar light) [18,22]. These photons cause the electrons (e−)
on the surface photocatalyst to become ‘excited’ in the valance band if
the energy of the photons is greater than the band gap, this causes the
e− to go up into the conduction band, see Fig. 1 [1,18,19]. Once the e−
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have absorbed to the conduction band (e−CB), a positive hole is formed
on valence band (h+VB) (Eq. (1) and Fig. 1) [1,26–28].

TiO2 + hv → h+VB + e−CB (1)

The excited electrons that are now in the conduction band (e−CB) will
react with oxygen (O2), which produces superoxide radicals (O2

−), or
hydroperoxide radicals (HO2), see Fig. 1 and Eq. (2) [26,29,30]. These
reactive oxygen species are then used for the degradation of pollutants
into water (H2O) and carbon dioxide (CO2), see Fig. 1 [31,32]. The
superoxide radicals can also be used for secondary degradation steps
[33]. While this reaction is occurring, the oxidation of water takes place
at the positive hole in the valance band (h+VB) [26]. This reaction gen-
erates hydroxyl radicals (OH) and hydrogen ions (H+), see Fig. 1 and
Eq. (3) [26]. The OH reacts with pollutants present and forms H2O and
CO2.

e−CB + O2 → O2
− (2)

h+VB + H2O→ OH + H+ (3)

In the last decade or so, the ability to sensitise a photocatalyst that is
activated by UV and visible light has gained significant interest [19].
One method that has been examined is using photocatalysts which have
smaller band gabs then the band gap of TiO2, these are discussed in a
section below [19].

However, even with an increased interest in developing a new
photocatalyst, TiO2 still remains one of the most researched

Fig. 1. Mechanism of photocatalysis. (Banerjee et al.,
Appl.Catal.BEnviron.176–177(2015)396). Copyright
2015, reprinted with permission from Elsevier.

Fig. 2. Heterojunction photocatalysis with anatase and brookite phase [52]. (Etacheri
et al., ACS Appl. Mater. Interfaces 1663–1672 (2013) 5). Copyright 2013, reprinted with
permission from American Chemical Society.

Fig. 3. General principle of narrowing the band gap
with a dopant [74]. (Etacheri et al., J. Photo-
chem. & Photobio. C: Photochem. Rev. 1–29 (2015)
25).Copyright 2015, reprinted with permission from
Elsevier.
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photocatalyst. This is due to its ease of preparation, cost efficacy,
nontoxicity, long term stability and strong oxidising ability [18,34–40].
TiO2 has three main phases, which are anatase, brookite and rutile
[1,20,35,36,41–50]. The anatase phase is considered the most photo-
catalytic active phase due to its large band gap, 3.2 eV
[19,35,37,51,52]. However, despite all the benefits of using TiO2 as a
photocatalyst there is one major disadvantage. At present, TiO2 can
only utilise the UV light (< 390 nm) in solar irradiation due to its large
band gap (anatase = 3.2 eV). [19] Solar light is made up of only 4% of
UV but visible light counts for approximately 42% of solar light [1,53].
A visible light (400–700 nm) active, high temperature (≥1000 °C)
stable anatase phase is required for many of its applications [49].

2. Improvements on TiO2 photocatalytic activity

There a number of ways to improve the rate of photocatalytic ac-
tivity and producing a TiO2 photocatalyst that utilises both UV and
visible light.

One solution to these problems is the use of a TiO2 heterojunction
photocatalyst. While anatase is commonly considered the most photo-
catalytically active phase of TiO2, there have been studies that have
reported that the use of two phases (anatase and brookite or anatase
and rutile) as a heterojunction can improve the photocatalytic activity
when compared with the use of anatase alone, see Fig. 2 [1,54–59].
This improvement is due to the effect it has on the charge carrier se-
paration, as it leads to trapping the electrons in the rutile phase and
minimises the electron-hole recombination [60–62]. There have been
reports that the electrons are trapped within the lattice while simulta-
neously the trapping of holes on the surface occurs [18,60,63]. The
‘excited’ state electrons in the conduction band in brookite can be
transferred into the conduction band of anatase [52]. This is due to the
conduction band of brookite being approx. 0.2 eV higher than the
anatase conduction band [52]. This transfer reduces the rate of elec-
tron-hole recombination and improves the visible light photocatalytic
activity. [52] This is similar to heterojunctions between two different
photocatalysts (Fig. 2).

Numerous studies use the reference material, P-25 (previously
manufactured by Degussa but now made by Evonik Industries), which is
a mixed phase (anatase and rutile) TiO2 photocatalyst, for comparison
with work being completed [18,19]. It is considered that the enhanced
performance of this material is due to its high specific surface area
[18,64]. The material is generally comprised of 80 wt% anatase and
20 wt% rutile [18]. A 70 wt% anatase and 30 wt% rutile sample dis-
played a larger surface area and increased photocatalytic ability when
compared with Degussa P-25, with surface areas being 72 m2/g and
49 m2/g respectively [59]. However, caution must be taken when
comparing the materials photoactivity based on the ratio of each phase
as the method of synthesis has a significant impact on particle size and
surface area [18]. The precursor used calcination temperature and pH
directly affects the parameters such as surface area, morphology, and
phase distribution obtained during sol–gel synthesis [56,58,59,65–73].
A mixed phase sample with the desired ratio of wt% can be produced by
altering the kinetics of the reaction [18]. However, the effects of each of
the following must be comprehended so this can happen: temperature;

Fig. 4. Electron Structure of Ti1-xSxO2-xNy, showing the presence of impurity energy
states [24,26,94]. (Etacheri et al., ACS Inorg. Chem. 7164–7173 (2012) 51). Copyright
2012, reprinted with permission from American Chemical Society.

Fig. 5. UV spectra analysis of visible-light induced organic dye degradation using (A) Degussa P-25 and (B) N,S doped TiO2 sample [95]. (Etacheri et al., ACS Inorg. Chem. 7164−7173
(2012) 51). Copyright 2012, reprinted with permission from American Chemical Society.
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atmosphere; purity of raw materials; chemical, microstructural and
thermal homogeneity during heating; particle and agglomerate size
distribution; grain and agglomerate morphology [18]. While P25 is
suitable reference for photocatalysis which is activated by UV light, it is

not suitable to act as a reference under visible light due its low activity
under visible light, Fig. 3 [19]. As of yet, there is no standard reference
material for visible light photoactivity for comparing to novel work.

Of course, another method for tailoring the phase mixture of TiO2 is

Fig. 6. The band gaps of non-oxide photocatalysts (left) and oxide photocatalysts at a pH of 7 (right) [19,96–98]. (Shaham-Waldmann & Paz, Materials Science in Semiconductor Processing,
72–80 (2016) 42). Copyright 2016, reprinted with permission from Elsevier.

Fig. 7. Photocatalytic degradation of 15 emerging contaminants after the 1st cycle (left) and after the 5th cycle (right) [149]. (Miranda-García et al., Applied Catalysis B: Environmental,
294–301 (2011) 103). Copyright 2011, reprinted with permission from Elsevier.
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the use of dopants, chemical modifiers and chemical additives. There
have been thousands of compounds that have been ‘doped’ onto TiO2

for this purpose [19,25]. These can be non-metal dopants (such as
carbon [50,52,75–77], nitrogen [78–82], sulphur [45,60,83,84] and
fluorine [85–87]) or metal dopants (such as iron [83,88], silver
[36,89], chromium [90] and manganese [91,92]). When a ‘dopant’ is
used, it can change the samples properties including the structure and
could lead to the degradation of the photocatalytic activity. It can also
lead to the improvement of photocatalysis by narrowing the band gap

between the valance and conduction band, Fig. 3 [93].
The narrowing of the band gap between the valance band (O 2p)

and conduction band (Ti 3d) occurs when dopant is used on TiO2. The
dopant introduces a new occupied orbital between the VB and the CB
[24,26,94]. An example of this is when nitrogen and sulphur is used as
co-dopants (Figs. 4 and 5) [24,26,94]. The N 2p orbital of nitrogen is
used as a mid-band gap orbital for the electrons in the valance band.
The electrons now require less energy in order to be excited enough in
the mid-band gap orbital to reach the conduction band. When all the

Fig. 8. Photocatalysis investigation of nano-titania compared to the photolysis and to Degussa P25 for the removal of target emerging pollutants (Warfarin, Trimethoprim, Metoprolol,
Carbamazepine, Gemfibrozil,) in groundwater [150]. (Murgolo et al., Chem. Eng. J., 72–80 (2016) 42). Copyright 2016, reprinted with permission from Elsevier.

Fig. 9. SEM images of (a) raw quartz fiber filters; (b)
TiO2 coated on quartz filters (QFT); (c) raw PTi
sheets; and (d) self-assembled TiO2 on PTi sheets
(PTT) [151]. (Arlso et al., Water Research, 351–361
(2016) 101). Copyright 2016, reprinted with per-
mission from Elsevier.
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electrons have left the valance band, there is a positive hole left in the
VB and the reaction occurs as described above [24,26,94]. The rate
constants calculated for this doped-TiO2 and control titania both cal-
cined at 600 °C, and commercial sample (Degussa P-25) are 0.0323,
0.0163, and 0.004 min−1, respectively [95].

3. Novel photocatalysts

There has been a growing importance in the investigation of pho-
tocatalysts other than TiO2, for example ZnO, ZnS, ZrO2, semi-
conductor-graphene, perovskites, MoS2, WO3, CdS and Fe2O3

[19,96–103]. These photocatalysts were originally developed for the
photocatalytic splitting of water, they are also being used for water/air
treatment [19]. Both applications follow the same general method as
described above there are a few differences which include the amount
of electrons transferred, the amount of minimum energy required for
the process to be induced and if the process is endothermic or

exothermic. Paslernak et al. (2013) extensively compares and contrasts
the two applications [104]. With the vast amount of studies looking at
non TiO2 photocatalysts, they have been divided into two categories;
oxide photocatalysts and non-oxide photocatalysts (see Fig. 6). One
difference between the two is that the oxide photocatalysts valance and
conduction bands are affected by changes in the pH, whereas changes in
pH in non-oxide photocatalysts as little or no effect on the valance and
conduction bands.

Composites of two different photocatalysts has also recently gained
interest [19]. The aim of this is to form hetero-junctions between the
photocatalysts. These hetero-junctions will mean that the energy ad-
sorbed by the first photocatalyst is transferred to the second photo-
catalyst [19]. This method causes the charge separation to increase and
have a significant impact on the rate of degradation [19,65].

One example of photocatalyst that has gained significant interest is
zinc oxide, this is due to it being inexpensive and having a similar
photodegradation mechanism as TiO2 [105–111]. Tian et al. [107]

Fig. 10. (a) The preparation process of photocatalysts; and (b) A schematic diagram of photoreactor [168]. (Hung, et al., J Hazard Mater, 243–253 (2017) 322). Copyright 2017, reprinted
with permission from Elsevier.
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examined ZnO photodegradation of methylene orange in comparison to
Degussa P25 TiO2 when both were calcined at 600 °C. The study
showed that the rate of degradation ZnO is significantly higher (4
times) than that of P25 [107]. As with TiO2, there have been a number
of studies that have examined ‘doped’ zinc oxide photocatalyst
[105,108–110]. Dopants such as graphite-like C3N4, silver, chromium,
aluminium, tin, cobalt and reduced graphene oxide have been ex-
amined with ZnO [105,108–110,112–114]. All these studies reported
an enhancement in photocatalytic activity when compared with the
ZnO control and a stable photocatalyst, for example Wang et al. [108]
found that including a graphite-like C3N4 dopant improve the UV light
photoactivity by 5 times [105,108–110,112–114]. Bai et al. [105]
found that a ZnO1-x/graphene composite enhanced the UV and the
visible light photocatalytic activity, by 1.2 and 4.6 times respectively
[105]. There has also been some interest into several other photo-
catalysts. Cadmium sulphide (CdS) has been examined as a photo-
catalyst [115–129], with a number of studies focusing on the produc-
tion of hydrogen initiated with visible light [115,117,118,122,124].
Doped samples include ZnS-CuS-CdS, carbon spheres/CdS, g-C3N4-Au-
CdS, ZnS-WS2-CdS, C3N4-CdS and Pd-Cr2O3-CdS [115–117,120,123].
There has also been numerous studies into Zinc sulphide (ZnS) for ap-
plications such as hydrogen production and the degradation of chemi-
cals and dyes (e.g. Rh B and metronidazole) [99,100,115,117,130–138].

4. Photocatalysts for water and wastewater treatment

Fresh water resources such as lakes, rivers and ground water are
contaminated with a variety of organic, inorganic and microbial pol-
lutants. Organic contaminants include industrial and agricultural

chemicals; pharmaceuticals and personal care products [50]. Among
these contaminants pharmaceuticals are of particular concern because
they alter the metabolic activity of the living biota and could cause
serious biochemical changes [139–141]. In addition, water con-
taminated with antibiotics and microbes lead to the emergence of an-
tibiotic resistant bacteria posing severe threat to human health [142].
More than 200 diverse kinds of pharmaceutical chemicals are reported
worldwide in different river systems [143]. Effluent from waste water
treatment plants is regarded as the primary source of these pollutants
[139,144–146]. Moreover the suspended particles and sludge generated
in WWTPs are concentrated with contaminants and directly applied in
agricultural fields as manures [139]. These facts reveal the inefficiency
of conventional water treatment methods those employed in WWTPs
and the need to opt for advanced water treatment technology such as
TiO2 photocatalysis.

TiO2 photocatalysis has emerged as a promising water and waste
water treatment technology. UV/TiO2 photocatalysis was evaluated for
the simultaneous degradation of five different contaminants such as 1,4
dioxane, n-nitrosodimethylamine (NDMA), tris-2-chloroethyl phos-
phate (TCEP), gemfibrozil, and 17β estradiol [147]. Under optimized
conditions, pH 5.0 and TiO2 dosage of 1.5 g L−1 77% 1,4 dioxane, 92%
for NDMA, 45% TCEP, 95% gemfibrozil and 93% 17β estradiol was
degraded within 30 min. Interestingly relatively less water soluble
compounds (gemfibrozil and 17β estradiol) were degraded faster than
the other contaminants examined [147]. Quite different from the usual
studies that employ single contaminant to evaluate TiO2 photocatalysis,
Pino et al., studied the simultaneous degradation of two phenolic pol-
lutants 4-CP and 2,6-DCP to understand TiO2 catalysis in competitive
conditions. The study concluded that apart from active sites on the

Fig. 11. Scheme showing photodegradation of BPA by Cu-deposited N-TiO2/TNT nanocomposites under UV and visible light irradiations with proposed mechanism for photodegradation
[169]. (Doong & Liao, Sep Purif. Technol., 403–411 (2017) 179). Copyright 2017, reprinted with permission from Elsevier.
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surface, other parameters such as initial pH, initial concentration, light
intensity, the interplay of several parameters related to the surface
properties, phenol structure and the adsorption effect of intermediate
products also affect the performance of the system [148]. In view of
operational feasibility, immobilized TiO2 is more preferred than TiO2

suspended in the form of slurry. TiO2 immobilised on glass substrate
was successfully applied for the solar photocatalytic degradation of 15
emerging contaminants (acetaminophen, antipyrine, atrazine, carba-
mazepine, diclofenac, flumequine, hydroxybiphenyl, ibuprofen, iso-
proturon, ketorolac, ofloxacin, progesterone, sulfamethoxazole and
triclosan) present in simulated and real Municipal Wastewater Treat-
ment Plant (MWTP) effluents at environmentally relevant concentra-
tions in a pilot compound parabolic collector. Significant (∼85%) re-
moval of these contaminants was achieved within 120 min, revealing
the potential application of this technology for waste water treatment
plant effluents Fig. 7 [149].

In another recent study, TiO2 deposited as film on a stainless steel
mesh by Chemical Vapour Deposition (CVD) technique was evaluated
for the photocatalytic degradation of a mixture of emerging

contaminants such as Warfarin, Trimethoprim, Metoprolol,
Carbamazepine, Gemfibrozil, Terbutaline, Iopromide, 2,4 Dihydroxy-
benzophenone, Perfluorooctanesulfonic acid, and Perfluorooctanoic
acid in real groundwater. The results revealed that immobilized TiO2 on
stainless steel mesh performed better than Degussa P25 in eliminating
these contaminants (Fig. 8). Moreover different toxicological assays
such as Vibrio fischeriacute toxicity test, Daphnia magna acute toxicity
test, Green alga Selenastrum capricornutum test, AMES Fluctuation test
and Fish Embryo Acute Toxicity Test revealed the significant reduction
in the toxicity of the treated water [150].

Immobilized TiO2 (Fig. 9) in the form of quartz fiber filters (QFT)
and porous titanium sheets (PTT) were applied to treat waste water
contaminated with pharmaceuticals such as Carbamazepine, Venla-
faxine, Fluoxetine, Atenolol, Sulfamethoxazole, Ibuprofen, Atorvas-
tatin, and Naproxen, and personal care products such as Triclosan,
Triclocarban and the metabolites of these contaminants including
Carbamazepine-10,11-epoxide, Norfluoxetine, p-hydroxy atorvastatin,
o-hydroxy atorvastatin [151]. Notably, at pH condition of 4.5-5, QFT
membranes are negatively charged whereas while PTT membranes are

Fig. 12. Photographs of photocatalytic reactors in-
cluding nanotubular TiO2 (NTT); (a) small (left) and
scale-up (right) flat-type reactor, (b) small (left) and
scale-up (right) rotating-type reactor [171]. (Kim,
et al., J Hazard Mater, 21–32 (2017) 336). Copyright
2017, reprinted with permission from Elsevier.
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positively charged. Consequently, the results revealed interactions be-
tween charged contaminants and membranes played a important role in
the degradation. QFT membrane was effective in removal of cationic
compounds while PTT was effective in removal of anionic con-
taminants. Nevertheless, both forms of immobilized TiO2 materials are
reusable after heat treatment and useful for effective treatment of
contaminants of emerging concern [151]. TiO2 anatase phase nanobelts
of 10 μ length and 30–100 nm was able to degrade different organic
contaminants such as dye (malachite green), three pharmaceuticals
(naproxen, carbamazepine) and personal care product theophylline
[152]. Natural organic matter (NOM) that co-exists with real water
matrices can adsorb to TiO2 nanoparticles causing agglomeration and
subsequent reduction in the catalytic efficiency [153–157]. Moreover,
NOM effectively scavenge photogenerated holes and radicals and
compete for ROS generated in TiO2 photocatalysis [153–157]. How-
ever, Long et al. recently demonstrated that the inhibitory effect of
NOM during photocatalytic water treatment can be reduced by

anchoring phosphate anions on TiO2 surfaces [158]. The phosphate
anions play a beneficial role by decreasing HA adsorption thereby mi-
tigating electron–hole recombination induced by adsorption of HA
[158]. All these studies demonstrate the superior ability of TiO2 pho-
tocatalysis to degrade a diverse class of organic contaminants that are
not removed by traditional water treatment methods.

Besides organic contaminants, toxic inorganics can also be elimi-
nated by TiO2 photocatalysis. TiO2 photocatalysis has been considered
as an efficient method for remediation of arsenite and toxic hexavalent
chromium contaminated waste waters [3,4,16,17,159–163]. Oxidation
of As(III) to As(V) is mediated by the electron transfer between As(III)
and the photogenerated positive hole [161]. As alternate approach,
simultaneous UV-catalyzed oxidation–coagulation treatment of arsenite
contaminated waste water with titanium sulphate effectively oxidized
toxic As(III) to non-toxic As(V) in pH range 4–6 [160]. TiO2 nanotubes
formed on titanium mesh substrates fabricated on a rotating disc re-
actor were able to simultaneously reduce toxic hexavalent chromium to

Fig. 13. Photocatalytic degradation of mechanism
17β-estradiol [173]. (Maroga Mboula et al., Applied
Catalysis B: Environmental, 437–444 (2015) 162).
Copyright 2015, reprinted with permission from
Elsevier.

Fig. 14. Photoreduction of 4- Nitrophenol to a va-
luable chemical 4–aminophenol [178]. (Kalar-
ivalappil, et al., Catalysis Letters, 474–482 (2016)
146). Copyright 2016, reprinted with permission
from Elsevier.
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non-toxic trivalent chromium as well as oxidised endocrine disrupting
chemicals under solar irradiation [164].

5. Photocatalysts for endocrine disrupters and pesticides

The endocrine system is the collection of glands such as pituitary
gland, thyroid gland, parathyroid glands, adrenal glands, pancreas,
ovaries (in females) and testicles (in males) that produce hormones
involved in the regulation of metabolism, growth and development,
function, reproduction, sleep, and mood. Endocrine disrupting com-
pounds (EDCs) are a hazardous group of chemicals that cause un-
desirable change in the biochemical activity of endocrine system,
leading to serious health consequences. Importantly, these hazardous
chemicals are being discharged in to water systems by various human
activities causing serious health and environmental concern. EDS are
broadly distinguished in to: pesticides (e.g., DDT, dichlorodiphenyltri-
chloroethane); halogenated and aromatic compounds (e.g., dioxins);
heavy metals (e.g., cadmium); alkyl phenols (e.g., bisphenol A);
phthalates (e.g., dibutyl phthalate); steroids (e.g., genistein); and pre-
servatives (e.g., parabens) [7,140,165,166].

Photocatalytic degradation of EDCs is a promising approach to re-
move a variety of EDCs from contaminated water. A comprehensive
account on progress in this field has been recently reviewed
[7,140,166]. Photocatalysis mediated by metal oxide nanomaterials,
such as TiO2, ZnO, WO3, ZnS, SnO2 and Fe2O3 and Bi2WO6, were useful
to degrade endocrine disrupting contaminants [7,140,166,167]. Desir-
able attributes such as high effeciency, chemical and photo stability,

low cost, commercial availability and biocompatibility of TiO2 makes it
a most preferred and actively studied photocatalyst to eliminate EDCs
[166].

Hung et al., fabricated a series of glass surface immobilised TiO2/
polyaniline/carbon nanotube (PANi/CNT/TiO2) via two strategies, hy-
drothermal synthesis and a sol–gel hydrolysis, and studied the de-
gradation of a model EDC Diethyl phthalate (DEP) (Fig. 10). In this
study, a light emitting diode (LED) based simulated sunlight photo-
reactor was established to investigate the solar photocatalysis of DEP
[168]. CNTs prevented the quick recombination of electron-hole pairs
and PANi enhanced electron conductivity and also increased the ab-
sorption wavelength of photocatalyst to visible light region. The study
demonstrated the successful degradation of DEP by hydroxyl radicals
generated using immobilized PANi/CNT/TiO2 photocatalyst [168].
With anatase TiO2 nanoparticles as the raw materials, Doong et. al.,
developed a Cu-deposited N-TiO2/titanate nanotubes via microwave-
assisted hydrothermal method [169]. The study demonstrated the en-
hanced photocatalytic degradation of EDC bisphenol A (BPA) when
compared to commercial P25 under both UV and visible light irradia-
tions (Fig. 11).

XRD and XPS results revealed Cu species present in the form of Cu0
and N atoms in the TiO2 composite mainly in the forms of O-Ti-N and
Ti-O-N. BPA degradation rate correlated with Cu mass loading. The
authors propose that the presence of Cu0 caused formation of Schottky
barrier, and enhanced the photodegradation rate of BPA [169]. A novel
interfaced anatase-rutile catalysts produced by thermohydrolysis and
also tuned by Sn(IV) was prepared to investigate the photocatalytic
degradation of an artificial sweetener Saccharin (SAC) and EDC BPA, as
model contaminants [170]. The results revealed that the efficiency of
this novel catalyst is same for removing SAC or BPA degradation.
Moreover, the catalyst was reusable and showed 70% removal of con-
taminant after 3 successive runs. The effect of ultra sound treatment on
catalytic performance was also investigated by treating the reactant
mixture with ultra sound, at the beginning of each cycle for 10 min.
However, ultra sound treatment had no significant effect on treatment
efficiency.

Kim et al., investigated the removal efficiencies of mixed EDCs, in
two different scales of rotating and flat-type TiO2 photocatalytic re-
actors (Fig. 12) and compared the reactor performances on removal
efficiency [171]. Several operational parameters such as hydraulic re-
tention time (HRT), initial concentrations, single and mixed com-
pounds, UV intensities, and dissolved oxygen, effect of the average solar
UVintensities, effect of Cr(VI), pH on EDC-removal process were de-
monstrated under outdoor solar irradiation. The results revealed that
for the both photocatalytic reactors (rotating and flat-type) decrease in
HRT increased degradation efficiency because of increased mass
transfer [171].

Molecularly imprinted polymers modified silver nanoparticle-TiO2

nanotubes (MIP-Ag/TiO2 NTs) were investigated for photocatalytic
decomposition of an EDC, perfluorooctanoic acid (PFOA) in aqueous
solution [172]. The modified MIP-Ag/TiO2 NTs showed encouraging

Fig. 15. CPC solar pilot plant using titania coated
glass tubes for solar photocatalytic degradation ex-
periments. Reprinted from Alrousan et al., Solar
photocatalytic disinfection of water with im-
mobilised titanium dioxide in re-circulating flow
CPC reactors, Appl. Catal., B, 2012, 128, 126–134.
Copyright (2012), with permission from Elsevier.
[182].

Fig. 16. Carbaryl pesticide degradation under experimental conditions of UV + TiO2

(curves a–e and UV + H2O2 + TiO2 (curves 5e–h) as function of exposure time for dif-
ferent solar concentration ratios of CPC solar collectors: (a) 1, (b) 1.5, (c) 1.75 and (d) 2
suns. Initial carbaryl concentration is Co = 50 mg/l. (Salgado-Transito et al., Solar Energy,
537–551 (2015) 115). Copyright 2015, reprinted with permission from Elsevier.
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results. About 91% of PFOA was degraded after 8 h reaction. Shorter-
chain PFCs were identified as main degradation products, and the PFOA
degradation mechanism and pathway were proposed. However, it is
important to determine the residual toxicity of the degradation inter-
mediates because these intermediate species may also exert endocrine
disrupting activity [172]. This important information was clearly ex-
hibited in a study by Mboula et al., that examined the photocatalytic
degradation of 17β-estradiol using three types of TiO2 materials such as
nanocrystalline TiO2; nitrogen-modified TiO2; and reduced graphene
oxide-TiO2 composite and also assessed the toxicity post treatment. The
results revealed that even after degradation of 17β-estradiol to below
its detection limits, residual estrogenic activity still persisted revealing
the complications associated with treatment of challenging con-
taminants such as endocrine disrupters (Fig. 13) [173].

Methylparaben is a widely spread and a highly recalcitrant EDC.

Photocatalytic degradation of methylparaben by TiO2 suspensions
under different light irradiations (UV-A, UV-C and Visible) were in-
vestigated [174]. The results show UVC- TiO2 photocatalysis as highly
efficient for the degradation and mineralization of methylparaben. The
acute toxicity of residual intermediates performed with Artemia fran-
ciscana showed a significant decrease of toxicity after photocatalytic
degradation of MEP [174]. In view of large scale applications, a sub-
merged membrane TiO2 photocatalytic reactor was evaluated for the
removal of 17β-estradiol in presence of a representative natural organic
matter, humic acid. Long term assessment of the membrane properties
revealed that aged TiO2 caused higher trans-membrane pressure and
poor removal of humic acid. As a consequence the performance of this
membrane reactor decreased with time [175]. A solar simulator irra-
diated TiO2 and TiO2/WO3 electrodes degraded 17-α-ethinylestradiol
effectively both by photocatalysis and electrochemically assisted

Fig. 17. 1: In situ generated TiO2 over zeolitic sup-
ports for degradation of pesticide dichlorvos (left). 2:
Degradation and mineralization degree of dichlorvos
as a function of the number of cycles of use. [187]
(Gomez et al., Applied Catalysis B: Environmental,
167–173 (2015) 162). Copyright 2015, reprinted
with permission from Elsevier.

C. Byrne et al. Journal of Environmental Chemical Engineering 6 (2018) 3531–3555

3541



photocatalysis. Incorporation of WO3 in TiO2, was useful to prevent the
recombination of charge carriers resulting in enhanced light utilization
to realise effective contaminant degradation [176]. 4- Nitrophenol, a
common contaminant in domestic and industrial effluents is also an
endocrine disruptor. Silver deposited TiO2 was highly efficient in rapid
photoreduction of 4- Nitrophenol (or p-Nitrophenol) to a valuable
chemical 4–aminophenol (p-aminophenol) [177]. In a similar study
Kalarivalappil et al., investigated the impact of pd loaded titania na-
notubes for the photoreduction of 4- Nitrophenol to a valuable chemical
4–aminophenol (Fig. 14) [178]. The 1.0 mol% Pd doped TiO2 nano-
tubes showed optimum photocatalytic activity.

The above examples clearly outline the challenges in photocatalytic
treatment of endocrine disrupters and the need to develop many effi-
cient strategies for abatement of these contaminants. Assessment of
residual activity post treatment method is important in absolute eva-
luation of the treatment method.

Pesticides or organic chemicals employed to kill pests that affect the
crop productivity are inevitably useful for mankind. However, due to
excessive usage and poor management these chemicals contaminate
fresh water ecosystems via agricultural runoff and persist for a very
long period in soil and water bodies [179,180]. Most of these agro-
chemicals are hydrophobic in nature thus posing a particular challenge
in aqueous oxidative degradation reactions. Photocatalytic degradation
of pesticides using TiO2 has been regarded as an effective approach to
alleviate pesticide pollution. Carbamates type pesticides such as Ox-
amyl and Methomyl adsorbed well on TiO2 surfaces which on irradia-
tion was efficiently mineralized in to CO2, SO4

2−, NH4
+, and NO3

−

ions [181]. Pesticides such as Thiabendazole, imazalil and acetamiprid
were effectively degraded using an immobilized solar TiO2 photo-
catalytic reactor. A CPC solar pilot plant using TiO2 glass tubes for solar
photocatalytic degradation experiments is given in Fig. 15.

Moreover, the TiO2 coated glass beads were recyclable for at least

Fig. 18. Photocatalytic degradation of atrazine by TiO2 materials supported on phosphorescent zinc sulphide microparticles under UVA irradiation [188]. (Sacco et al., Applied Catalysis
B: Environmental, 462–474 (2015) 164). Copyright 2015, reprinted with permission from Elsevier.
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five times without loss of activity [183]. Chlorpyrifos, lambda-cyhalo-
thrin, and diazinon were effectively degraded by solar TiO2 photo-
catalysis. UVC/TiO2 photocatalysis was more effective than UVC pho-
tolysis alone in degradation and mineralization of pesticide diazinon.
Notably, the presence of anions had a positive effect on UVC photolysis
while negatively affected TiO2 photocatalysis [184]. A specially de-
signed multiple compound parabolic concentrators showed notable
improvement in solar TiO2 photocatalytic degradation of carbaryl
pesticide. Importantly, the addition of environmentally benign oxidant
hydrogenperoxide was useful to improve the overall degradation effi-
ciency Fig. 16 [185,186].

Intense efforts on modified TiO2 materials have shown promising
results in degradation of pesticides. Zeolitic matrices supported titania
showed more surface area and a lower band gap energy that were useful
in effective degradation of dichlorvos (Fig. 171). Moreover, dichlorvos
adsorbed well on to the zeolite matrix which also played an important
role in photocatalytic degradation. The catalyst showed excellent reu-
sability both for the degradation and mineralization of dichlorvos
(Fig. 172) [187]

Nitrogen doped visible light active TiO2 materials supported on
phosphorescent zinc sulphide microparticles were employed to degrade
atrazine, a highly persistent contaminant (Fig. 18). The solution pH and
catalyst concentration played important role in degradation efficiency
of this process [188]. Analysis of the degradation intermediates of
atrazine revealed that dealkylations and alkyl chain oxidation are the
key reactions of this photocatalytic system. Cyanuric acid is a common
degradation intermediate produced on photocatalytic treatment of
atrazine. [189,190] Importantly, cyanuric acid is resistant to hydroxyl
radicals and known to persist after photocatalytic treatment. Interest-
ingly, in the degradation of atrazine by phosphorescent zinc sulphide
supported TiO2 cyanuric acid was not produced. Moreover, de-
chlorination of atrazine was also not observed [188]. These findings
indicate the unique degradation mechanism of this novel photocatalytic
system.

The performance of a magnetically separable and reusable hybrid

Fe3O4/SiO2/TiO2 photocatalyst was tested in a circulation type photo-
catalytic reactor consisting of a long glass tube around a high pressure
mercury lamp emitting radiation between 330 and 390 nm (Fig. 19)
[191].

Organophosphate contaminated feed solution mixed with photo-
catalyst was continuously stirred in a using an overhead stirrer. The
solution was circulated using peristaltic pump and air pump. This novel
photocatalytic system was very effective than commercial P25 TiO2 in
degradation and mineralization of pesticides such as acephate,
omethoate, and methyl parathion. Among these pesticides acephate
required relatively more treatment time (80 min) than omethoate, and
methyl parathion (50 min) for complete degradation. The photo-
catalytic degradation mechanisms were dependent on the structure of
these pesticides, (Fig. 20).

In case of acephate the first step was oxidation of the acetyl group
while in case of Omethoate the first step was cleavage of P-S bond
followed by cleavage of S-C bond. (Fig. 20) On the other hand, three
different pathways were proposed for Methyl parathion degradation
including the initial cleavage of the nitro-phenyl bond, P S bond, and
the P O bond that connects to the aromatic ring. (Fig. 20) [191].
However all the intermediates of these pesticides were effectively de-
graded into small organic molecules and subsequently transformed into
inorganic species resulting in the reduction of total organic carbon.

6. Anti-microbial applications of photocatalysts

There have been an extensive number of studies that have suc-
cessfully used semiconductors for their anti-microbial properties
[1,192–195]. As discussed above, doping is one of the methods for
improving photocatalytic activity. There has been a vast number of
dopants that have been examined specifically for the inactivation of
bacteria, some examples include nitrogen [196], nitrogen-silver,
[197,198], nitrogen-copper [51], sulfur [199], carbon [52], nickle
[83], and copper [50,83]. The photocatalytic mechanism that in-
activates bacteria begins with rupturing the cell membrane, this results

Fig. 19. Photoreactor used for the photocatalytic decomposition of acephate, omethoate, and methyl parathion [191]. (Zheng et al., Journal of Hazardous Materials, 11–22 (2016) 315).
Copyright 2016, reprinted with permission from Elsevier.
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in the bacteria’s internal components to leak from the areas that have
been ruptured (Fig. 21) [50]. The components that have been leaked
are oxidised by photocatalytic sites (Fig. 21) [50].

Pulgarin’s research group have completed an extensive study on N-S
doped TiO2 and its effect on photocatalytic inactivation of E. coli
[200–203]. Their study uses thiourea as a source of N-S for co-doping
TiO2 and for the inactivation of E. coli [200]. After calcination at 400 °C
and 500 °C, Pulgarin’s group were able to determine that varying the
temperature resulted in different doping species [50]. The formation of
reactive oxygen species (ROS), they concluded, is affected by the nature
of the dopant used, the particle size and the surface hydroxylation

[50,200–203]. From the studies it can be suggested that under visible
light treatment, E. coli is inactivated when superoxide anion radicals
(O2

−) and singlet oxygen (1O2) are formed [50,200–203]. These are
formed from electrons in nitrogen and sulfur localised states [201,202].
These samples were also examined under UV light for ROSs [203]. It
was found that under UV light, it was hydroxyl radicals (OH) that was
involved in the inactivation of E. coli. These radicals are formed on the
valance band holes by the oxidation of water [50,200–203].

The use of carbon doped TiO2 anatase-brookite heterojunctions was
examined for the inactivation of S. aureus (Fig. 3) [52]. The use of a
80:20 (anatase: brookite) proved to be an effective method for S. aureus

Fig. 20. Proposed photodegradation schemes of
Acephate (A), Omethoate (B), and Methyl parathion
(C) [191]. (Zheng et al., Journal of Hazardous Mate-
rials, 11–22 (2016) 315). Copyright 2016, reprinted
with permission from Elsevier.
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under visible light [50,52]. There also additional energy levels formed
due to the carbonate ions, this lead to a sizable band gap narrowing
[50,52]. The result from this narrowing of the band gap is an significant
increase in photocatalytical activity and antibacterial properties
[50,52]. The decreased rate of the recombination between the electron
in the conduction band and the positive hole in the valance band is
what causes this increase in activity. The hydrogen peroxide (H2O2),
which is produced as a result from surface of H2O and OH−, causes the
formation of protonated superoxide radicals (HO2) when reacted with
OH and breaks down bacterial cells, Fig. 21.

E. coli and S. aureus are two of the numerous bacteria that have been
studied in relation to the impact of nanotubes (NTs) for antimicrobial
activity [205]. As with all other powder samples, the physical proper-
ties and the phase mixture of the NTs has a significant impact on the
antimicrobial activity [50,204,206]. Garvey et al. (2016) recently
completed a significant study on TiO2 nanotubes, examining the phase
transition temperature and the photocatalytic inactivation of microbes
[204]. The sensitivity of the microbes while they were in the log and
stationary phases was also examined during this study [204]. The ef-
fectiveness of any disinfectant is completely dependent on whether or
not the cells are in the stationary or log phase and the resistant of the
cells to chemical disinfection [204,205,207,208]. The main aim of this
study [204] was to develop an effective method for disinfection of
water during both the stationary and log phases of growth [204]. In
order to show that photocatalytic activity was occurring, controls
(bacteria in the absence of irradiation of light and bacteria without the
NTs under UV light, 365 nm) were run for both stages of the bacteria
life cycle [204]. There was no bacterial inactivation for these samples,
these were used for comparison with samples that had the titania NTs
present [204]. Fig. 22 shows the results of all bacteria strains examined
in the log phase at various times [204]. The uncalcined and 200 °C TiO2

NTs treated bacteria samples showed significant levels of inactivation
at, all time intervals [204]. For S. typhimurium the NTs which was
calcined at 200 °C gave a higher rate of bacterial inactivation then the
uncalcined NTs (Fig. 19a) [204]. With the increase in temperature and

increase percentage of rutile there was a decrease in the inactivation of
bacteria. The sample that contained the highest percentage of rutile
(calcined at 800 °C) showed to be the least toxic to bacteria. The NTs
proved to be the most toxic to P. aeruginosa (Fig. 22b) at all tempera-
tures [204]. The NTs were the least toxic to E. coli (Fig. 22c) across all
temperatures, there was less than 1 log10 rate of inactivation at 600 °C
and 800 °C [204]. However at lower temperatures (uncalcined and
200 °C) E. coli showed high levelled of inactivation (a 2.7 log10 reduc-
tion) [204]. As with the other bacteria, there was an increased presence
of E. coli when there was a higher percentage of rutile present in the
NTs, a result of calcination at elevated temperatures [204]. The rate of
inactivation of the NTs at lower temperatures than the reference, P25
NPs [204]. When treated with NTs at temperatures between 400 and
800 °C, P. aeruginosa (Fig. 22b) showed results similar to P25. In com-
parison to this, P20 NP proved to be more toxic to E. coli than the NTs
(Fig. 22c) [204].

7. Metal organic frame works (MOFs)

Recently, metal organic frame works (MOFs) have gained a lot of
interest in photocatalytic degradation of organic contaminants
[209–212]. MOFs are porous inorganic – organic hybrid materials in
which metal containing nodes and organic ligands are connected via
coordinative bonds. The availability of several organic ligands and the
ability of such ligands to form coordination bond with several metal
ions has resulted in a lot of interesting metal organic frameworks with
important practical applications [209–212]. The unique properties of
MOFs stems from the structural and chemical tunability. Zinc, copper,
cobalt and iron are the most widely used metals for constructing pho-
toactive metal organic frameworks for the degradation of organic
contaminants. Readers are recommended to refer to four literature re-
views are available on the photocatalytic MOFs towards water decon-
tamination [209–212]. Out of these, Wang et al., reviewed MOFs that
are particularly useful for photocatalytic Cr(VI) reduction [209] and
Wu et al., reviewed MOFs exclusively for photocatalytic degradation of

Fig. 21. Photocatalytic inactivation of bacteria [40]
(Leyland et al., Scientific Reports, (2016), 6.). Copy-
right 2016, reprinted with permission from Scientific
Reports.

C. Byrne et al. Journal of Environmental Chemical Engineering 6 (2018) 3531–3555

3545



organic dyes [210]. Herein, recent advances and out-of-ordinary stra-
tegies on the use of photocatalytic MOFs/composite of MOFs are pre-
sented. In addition, transformation of representative MOFs MIL-53(Cr,
Al, and Fe) in aquatic environment and their toxicity are outlined.

A very interesting recent material in MOFs is – “MOF – Nanofiber
Kebabs” [213]. This material was fabricated by deposition of TiO2 on
Polyamide-6 nanofibers via atomic layer deposition and subsequent
growth of Zr-based MOFs such as UiO-66, UiO66-NH2 and UiO67 on
these TiO2 deposited Polyamide-6 nanofibers (Figs. 23 and 24). Im-
portantly, these MOF − Nanofiber Kebabs were excellent for detox-
ification of chemical warfare agents such as 4-nitrophenyl phosphate
(Reactions in Fig. 25) and O-pinacolyl Methylphosphonofluoridate
(known as GD) [213]. The study has a great social significance as it
finds potential application in protective clothing for civilian and

military personnel. Though the material does not require light for the
detoxification, the strategy employed in the study offers scope for the
development of photoreactive textile materials using MOFs.

Li et al., fabricated a TiO2 encapsulated in Salicylaldehyde-NH2-
MIL-101(Cr) for photocatalytic degradation of MB [214]. TiO2 was
encapsulated by a unique environment created by introducing salicy-
laldehyde that provided a schiff base moiety in the porous NH2-MIL-
101(Cr). The resultant material was reusable and showed visible light
promoted photocatalytic MB degradation. Moreover, the addition of
H2O2 further enhanced the degradation efficiency [213]. Mixed metal
organic frameworks (Mixed-MOFs) are another interesting class of
MOFs that are constructed using more than one metal. Masoomi et al.,
synthesized Zn-based MOF (TMU-5), Cd-based MOF (TMU-7) and, zinc
and cadmium mixed-MOFs (TMU-5(15% Cd) and TMU-5(30% Cd)) and

Fig. 22. Log10 cful/ml reduction in viable log phase
bacterial numbers of (a) S. typhimurium, (b) P. aeru-
ginosa and (c) E. coli (5 h cultures) with different
TiO2 nanotubes and control P25 TiO2. a, b, c, d, e, f,
g, h, i and j denotes significant difference at
p ≤ 0.05. [204] (Garvey et al., Journal of Catalysis,
631–639 (2016) 344). Copyright 2016, reprinted
with permission from Elsevier.
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Fig. 23. Synthetic procedure for Zr- based
nanofiber kebab structures on polyamide-6
nanofibers and the crystal structures of
MOFs [213].

Fig. 24. a) Photo of a free-standing PA-6@TiO @UiO-66-NH2 nanofiber mat [213] b–d) Scanning Electron Microscopy pictures of PA-6@TiO2@UiO-66-NH2. e–i) Energy dispersive X-ray
mapping images of PA-6@TiO2@UiO-66-NH2.
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Fig. 25. a) Catalytic degradation of DMNP by MOF–nanofiber catalysts. b) UV/Vis spectra c–e) Conversion of DMNP to p-nitrophenoxide versus reaction time using powdered MOF and
MOF–nanofiber catalysts [213].

Fig. 26. Synthesis of (pyridin-3-yl)methyl 4-(2-(4-((pyridin3-yl)methoxy)phenyl)diazenyl)benzoate [216].
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evaluated their degradation efficiencies [215]. Results revealed that Zn-
based MOF are better than Cd-based MOF. Importantly, zinc and cad-
mium mixed-MOFs showed remarkable photocatalytic degradation of
phenol without addition of external oxidant such as H2O2 [215]. No-
tably, performance a MOF – TMU-5(30% Cd) was superior than P-25
TiO2. As mentioned above, it’s possible to tune the structures of MOFs
by tuning the organic linkers. A new ligand, (pyridin-3-yl)methyl 4-(2-
(4-((pyridin3-yl)methoxy)phenyl)diazenyl)benzoate (Fig. 26) was syn-
thesized to fabricate five mixed metal Zn(II)/Cd(II) MOFs that showed
photocatalytic MB degradation [216].

Different from the above studies, Mosleh et al., coupled sonocata-
lysis and a visible light active MOF – Ag3PO4/Bi2S3-HKUST-1 for si-
multaneous sonophotocatalytic degradation of organic dyes.
Sonophotocatalytic degradation was performed using a continuous
flow-loop reactor with blue light emitting LEDs as light source (Fig. 27)
[217]. The continuous loop reactor increased the mass transfer rate by
creating a turbulence caused by circulation of liquid. Moreover, the
operational parameters were optimized by central composite design
(CCD) combined with desirability function (DF). The effect of com-
bining sonocatalysis with photocatalysis was evaluated using sy-
nergistic index. Results revealed that under optimized conditions, a
significant synergy was observed in the simultaneous sonophotocata-
lytic degradation leading to excellent degradation of organic dyes
[217]. The study indicates that coupling other AOPs with photo-
catalytic MOFs could be an effective strategy for water remediation.

The increasing development in MOF for various applications in-
cluding water treatment calls for the fate of these materials in natural
environment. The transformation of two representative MOFs MIL-
53(Cr), MIL-53(Al) and MIL53(Fe) in aquatic environment, and their
metal dependent reactive oxygen species generation was investigated

[218]. The results revealed that hat the ROS production in MOF of type
MIL-53 is dependent on the metal and displays different mechanism of
ROS generation. Surprisingly, the toxicity of the MOF on the human
liver cell lines (HepG2) followed the order MIL-53(Al) > MIL-
53(Fe) > MIL-53(Cr) [218]. It is important to note that the toxicity of
Cr(III) MIL-53 was significantly less than the presumably biocompatible
Fe(III) MOF – Fe(III) MIL-53. The study indicates that further research is
required to fully address the concerns regarding the fate of MOFs in
aquatic environment when applied for water treatment processes
(Table 1).

8. Conclusions

There has been an extensive amount of studies into photocatalysis
since its first discovery. Titania still remains to be the photocatalyst of
choice in many cases. This is due to a number of things which include
low lost, nontoxicity and high oxidizing ability. In order to produce
TiO2 that is activated by both UV and visible light a number of methods
have been deployed. These include forming heterojunctions (either
with two of the titania phases or TiO2 and another photocatalyst) and
the use of dopants/chemical modifiers or additives in order to narrow
the band gap. Both of these methods have been studied and been
proven effective. Presently, chlorination or UVC disinfection is gen-
erally employed as a tertiary process in waste water treatment. TiO2

photocatalysis is an effective alternate for these traditional processes
and can be implemented for “treatment at source” such as in waste
water treatment plants, ground water reclamation and storm water
reuse. TiO2 photocatalysis based AOPs can be developed further by
integrating them with membrane filtration or fabricating photocatalytic
TiO2 membranes that are highly desirable in view of practical appli-
cation in drinking water treatment.

There has been a growing interest in examining photocatalysts other
than TiO2, for example ZnO, CdS, ZnS, WO3 and Fe2O3. Impact of do-
pants such as graphite-like C3N4, silver, chromium, aluminium, tin,
cobalt and reduced graphene oxide on ZnO have been discussed
[105,108–110,112–114,145,148–150,152–154]. Various novel doped
visible light photocatalysts such as ZnS-CuS-CdS, carbon spheres/CdS,
g-C3N4-Au-CdS, ZnS-WS2-CdS, C3N4-CdS and Pd-Cr2O3-CdS have also
been discussed. However, despite the growing interest into developing
a visible light photocatalyst (by using TiO2 or a novel material) there is
still no standard reference material for visible light photoactivity to use
as a comparison for novel work.

Photocatalysis has become a method that can effectively degrade
and mineralize a variety of pesticide contaminants in the presence of
TiO2 and TiO2 based nanocomposites. Endocrine disruptors are chal-
lenging pollutants as they transform to more toxic products or retain
their endocrine disruption activity even after oxidative treatment.
Though many studies on TiO2 or TiO2 based nanocomposites have been
shown to degrade endocrine disruptors, the studies on the residual
toxicity of the treated waste water is relatively low. The inactivation of
bacteria has becoming an important research area in recent years for a
number of applications, including in the environmental and in hospi-
tals. TiO2 has the ability to photocatalytically inactivate bacteria by
damaging their cell walls and then oxidizing their internal components.
A number of samples have been examined for this purpose. From these
studies, it can be concluded that the inactivation of microbes is de-
pendent on a number of properties of samples, e.g. the composition of
the material, the phase of the sample, effective design of the reactors,
the concentration and the irradiation source. Future studies in this di-
rection have to be carried out along with the toxicological assays for
evaluating the applicability of the process and also for further devel-
opment. MOFs and its composites are receiving increasing attention due
to their tunable photocatalytic properties. The studies on MOFs strongly
supports that MOFs are effective alternates for metal oxide based
photocatalysts for water decontamination.

Fig. 27. Sonophotocatalytic reactor set-up, (1) ultrasonic bath, (2) reactor vessel, (3) LED
source, (4) peristaltic pump, (5) reservoir, (6) sampling valve, (7) aeration pump, (8)
magnet stirrer [217]. (Mosleh et al., Ultrasonics Sonochemistry, 387–397 (2016) 32).
Copyright 2016, reprinted with permission from Elsevier.
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