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� Photocatalytic ozonation is a powerful oxidation process for water/wastewater treatment.
� Synergistic effects are observed by combining various photocatalysts with ozone.
� Photocatalytic ozonation is often more cost-effective than ozonation and photocatalysis.
� Photocatalytic ozonation can moderate the poor mass transfer of fixed catalysts.
� Changing the operational conditions can significantly affect the oxidation efficiency.
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The present study aims to describe photocatalytic ozonation as a combination of two different techniques
for hydroxyl radical generation; photocatalysis and ozonation, and to highlight its advantages for water
and wastewater treatment compared to these two technologies. An extensive review on the mechanisms,
kinetics and economic aspects of photocatalytic ozonation has been performed to explore the synergistic
effects produced by applying this oxidation method to the degradation, mineralisation and detoxification
of different organic pollutants in aqueous media. The influence of experimental parameters such as pol-
lutant concentrations, ozone dose, photocatalytic load and properties, solution pH and temperature, irra-
diation wavelength and intensity and the effect of the presence of some substances on the efficiency of
photocatalytic ozonation is discussed. Finally, plasma-induced photocatalytic systems are introduced as a
new approach for handling photocatalytic ozonation treatments.
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1. Introduction

Since the beginning of the 1980s, there has been greater interest
in water and wastewater treatment, while in the last years, devel-
opment, extension and advancement of new approaches, ideas or
designs which aim to solve new problems or improve existing
methods in this field of science have increased. In this way, many
studies have focused on enhancing the efficiency of well-known
technologies or reducing costs/other disadvantages by merging
them with cheaper, sustainable and more environmentally-
friendly methods. The application of different technologies with
the general title of advanced oxidation processes (AOPs) is one of
these developments [1].

Unlike the application of decontamination technologies such as:
adsorption, coagulation, flocculation, sedimentation, bio-filtration
and gas stripping, which very often shift the pollution issues from
water to another medium, the utilisation of AOPs leads to the
decomposition and mineralisation of contaminants in water by in
situ generation of active oxidising reagents such as hydroxyl radi-
cal (OH�), superoxide ð�O�2 Þ, ozonide �O�3 , photoproduced electron–
hole pairs. These oxidative species attack the existing pollutants
in water and oxidise them gradually to less harmful substances.

Combinations of ozone, oxygen and, hydrogen peroxide, various
homogenous and heterogeneous catalysts, as well as (photo)cata-
lysts in light/dark conditions, have been studied by many groups
worldwide. These methodologies are used for the treatment of
contaminated water and wastewater to evaluate their capability
in the decomposition of pollutants and to assess the treatment effi-
ciencies of these combinations [2,3].

The use of ozone as a powerful oxidising reagent has been
applied to the treatment of wastewater samples [4–7]. In addition
to its high production cost, ozone has a relatively low solubility
and stability in water and selectively reacts with organic com-
pounds at acidic pH. Furthermore, ozone reacts slowly with certain
organic substances such as inactivated aromatics or saturated car-
boxylic acids, and in many cases does not completely mineralise
these organic compounds [8,9]. These disadvantages make the
application of ozone alone to treat polluted water economically
undesirable and is the reason why ozonation processes are some-
times modified by the addition of catalysts and/or irradiation to
the oxidation medium to improve oxidation efficiency.

One of these modifications employs photoactivated semicon-
ductors (as photocatalysts) in combination with ozone, resulting
in a new advanced oxidation method called photocatalytic ozona-
tion [10,11]. This combination, and the resulting synergistic effects,
is thought to be a promising technique for the decomposition of
refractory microorganisms and organic compounds in water. For
example, Ye et al. [12] showed that among six different advanced
oxidation processes, photocatalytic ozonation was the most effi-
cient for complete mineralisation of 4-chloronitrobenzene. San-
chez et al. [13], Li et al. [14], Hsing et al. [15], Yildirim et al. [16],
Dominguez et al. [17], Khan et al. [18] and Rajeswari and Kanmani
[19] also reported similar results for the mineralisation of aniline,
dibutyl phthalate, Acid Orange 6 azo, Reactive Red 194, Acid Red
88 azo, chlortetracycline and carbaryl, respectively, when photo-
catalytic ozonation was compared with other advanced oxidation
techniques. The decomposition effects are primarily attributed to
the formation of more reactive but non-selective hydroxyl radicals
in the oxidation medium, which react with almost all organic mol-
ecules at a rate of 106–109 M�1 s�1 [20].

Photocatalytic ozonation is still categorised among the more
expensive treatment technologies and its use for the removal of
biodegradable pollutants from water is not economically justifi-
able. The particular importance of this oxidation method applies
to destroying poorly-biodegradable organic compounds or for
improving the biological degradability of wastewater samples con-
taining these compounds [19,21]. In general, particular groups of
chemical substances such as pharmaceutical compounds [22,23],
surfactants [24,25], detergents [26], colouring matters [15,17],
organic herbicides and pesticides [27–29], aromatic and aliphatic
organohalogens [30,31], saturated aliphatic carboxylic acids
[32,33], nitroaromatics [12,34], are the primary target compounds
for photocatalytic ozonation.

In summary, the present review was written to elucidate the
benefits of photocatalytic ozonation as an advanced oxidation pro-
cess for water and wastewater treatment by exploring the most
recently published works in this field, the aim of which was to pro-
vide new ideas for more effective approaches to water and waste-
water treatment. In this review, the reaction mechanisms, kinetics,
synergistic effects, economic aspects, reduction of toxicity, applica-
tion of photocatalysts and the influence of different experimental
variables on the decomposition of various contaminants in aque-
ous media by means of photocatalytic ozonation have been pre-
sented and introduction of plasma-induced photocatalytic
ozonation has been performed.

2. Mechanisms of photocatalytic ozonation

The presence of photocatalysts (in addition to ozone) in the oxi-
dation medium and the adsorption of ozone and pollutants on its
surface can essentially change oxidation mechanisms which indi-
cates photocatalytic ozonation is a different process from ozona-
tion in the absence of a photocatalyst. Principally, photocatalytic
reactions commence by photoexciting the surface of photocatalyst
with UV–Vis radiation, which can provide the appropriate band
gap energy to generate photoactivated electron–hole pairs (R1).
In parallel, ozone molecules can adsorb on the surface of the pho-
tocatalyst via three different interactions: physical adsorption, for-
mation of weak hydrogen bonds with surface hydroxyl groups, and
molecular or dissociative adsorption into Lewis acid sites [35], each
interaction resulting in the production of active oxygen radicals
ð�OÞ (R2). Huang and Li [36] showed these active oxygen radicals
react with water molecules to produce hydroxyl radicals (R10)
which play a key role in photocatalytic ozonation processes.

Furthermore, by employing wavelengths shorter than 300 nm,
molecules of ozone and hydrogen peroxide would also absorb
these wavelengths, producing active oxidising reagents (R3) and
(R4) [37]. Hydrogen peroxide molecules are generated as an inter-
mediate in ozone decomposition chain reactions (R14)–(R16). In
addition, Beltran [38], Garcia-Araya et al. [39] and Mena et al.
[40] described the possibility of hydrogen peroxide formation from
the direct reaction of ozone with aromatic compounds, unsatu-
rated carboxylic acids and methanol, respectively.

The photogenerated electrons on the photocatalyst surface (R1)
react with adsorbed oxygen and ozone molecules as electron
acceptors (R5) and (R6) [41,42], and these reactions are important
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to decreasing the recombination rate of electron–hole pairs. The
recombination of electrons and holes negatively affects reduction
and oxidation reactions on the photocatalyst surface, quantita-
tively decreasing the effective interactions and consequently
reducing the performance of this technology. The electron affinity
of ozone (ca. 2.1 eV) is higher than that of oxygen (ca. 0.44 eV) [43]
which can promote photocatalytic reactions in the presence of
ozone (photocatalytic ozonation) more positively than in the pres-
ence of oxygen (simple photocatalysis). The hydrogen peroxide
molecules that are generated can also react with photoexcited
electrons on the photocatalyst surface, forming hydroxyl radicals
(R7) [40].

The photogenerated holes (R1) are assumed to directly attack
the pollutant molecules adsorbed on the photocatalyst surface
(R8), or to react with water molecules (acid conditions) or more
efficiently with hydroxide anions (alkaline conditions), to produce
hydroxyl radicals (R9) which oxidise the pollutant molecules.
Other oxidative species such as oxygen atom radicals (�O) and
superoxide and ozonide radical anions (�O�2 and �O�3 ) are presumed
to be generated as reactive intermediates in the photocatalytic
ozonation medium, and could potentially oxidise the contaminants
directly or reform to produce hydroxyl radicals via different chain
reactions (R10)–(R20). Furthermore, water pollutants such as phe-
nols, amines and humic substances are presumed to act as initia-
tors for ozone decomposition to ozonide radical anions (�O�3 ) and
then hydroxyl radicals, which consequently accelerate the degra-
dation of these pollutants in water (R21) [9,44]. Hydroxyl radicals
produced in the aforementioned processes attack target pollutant
molecules and decompose them non-selectively to less harmful
substances (R22). Three possible mechanisms are assumed for
the decomposition of pollutants by hydroxyl radicals: electron
transfer, radical addition and hydrogen abstraction.

Initial reactions in the presence of photocatalyst, ozone and
illumination:

Photocatalystþ hm! Photocatalystþ e� þ hþ ðR1Þ
O3 þ Photocatalyst ðactive surface sitesÞ ! �Oþ O2 ðR2Þ
O3 þ hm! �Oþ O2 ðR3Þ
H2O2 þ hm! 2OH� ðR4Þ

Possible reactions of photogenerated electrons (e�) on the sur-
face of photocatalyst:

O2ðadsÞ þ e� ! �O�2 ðR5Þ
O3ðadsÞ þ e� ! �O�3 ðR6Þ
H2O2ðadsÞ þ e� ! OH� þ OH� ðR7Þ

Possible reactions of photogenerated holes (h+) on the surface of
photocatalyst:

Pollutant ðadsÞ þ hþ ! ½Pollutant�þðadsÞ ������!
multistep

COX;NOX; SOX; etc: ðR8Þ
H2OðadsÞ þ hþ ! OH� þHþðpH < 7Þ or OH�ðadsÞ þ hþ ! OH� ðpH > 7Þ ðR9Þ

Possible further chain reactions in the oxidation medium:
�OþH2O! 2OH� ðR10Þ
�O�2 þHþ¢ HO�2 ðR11Þ
�O�3 þHþ¢ HO�3 ðR12Þ
HO�3 ! O2 þ OH� ðR13Þ
O3 þ OH� ! �O�2 þ HO�2 ðR14Þ
O3 þ OH�¢ HO�4 ! O2 þ HO�2 ðR15Þ
2HO�2 ! H2O2 þ O2 ðR16Þ
H2O2 þ �O�2 ! OH� þ OH� þ O2 ðR17Þ
O3 þHO�2 ! 2O2 þ OH� ðR18Þ
O3 þ �O�2 ! �O�3 þ O2 ðR19Þ
O3 þ H2O2 ! OH� þ HO�2 þ O2 ðR20Þ
Pollutantþ O3 ! ½Pollutant�þ þ �O�3 ðR21Þ

Pollutant ðadsÞ þ OH� ! ½Pollutant��ðadsÞ þ H2O
������!multistep

COX;NOX; SOX; etc:

ðR22Þ

In addition to the aforementioned synergistic effects which
occur during photocatalytic ozonation (compared to simple photo-
catalysis in presence of oxygen), Sanchez et al. [13] and Klare et al.
[45] quantitatively showed that one electron must be trapped by
ozone to generate a hydroxyl radical (R6), (R12) and (R13), while
three electrons were necessary for the generation of one hydroxyl
radical when oxygen acts as the electron acceptor (R5), (R11),
(R16) and (R17).

3. Kinetics of photocatalytic ozonation

As indicated in the previous section, many partial and parallel
events are involved in the photocatalytic ozonation process. First,
ozone gas molecules absorb and dissolve in water, and in addition
to contaminant molecules in water, they are assumed to diffuse to
the surface of photocatalyst via a hypothetical diffusion layer.
Ozone, water and pollutant molecules adsorb on the photoactivat-
ed surface of the photocatalyst and react with photogenerated
hole–electron pairs to generate OH radicals. The OH radicals oxi-
dise the adsorbed pollutants, and the oxidation products leave
the surface of the photocatalyst by moving out of the diffusion
layer.

These interfacial reactions are well described by the Langmuir–
Hinshelwood (L–H) mechanism in many cases, where the

oxidation rate (� dCp

dt ) of any pollutant which adsorbs on the photo-
catalyst is determined by its initial concentration (Cp) in water, its
adsorption/desorption constant (kads) on the photocatalyst surface
and its oxidation constant (kox):

� dCp

dt
¼ koxkads:Cp

1þ kads:Cp
ð1Þ

However, in addition to this pathway other simultaneous oxida-
tion reactions likely occur, such as the direct attack of ozone on
pollutants in the bulk solution, and the oxidation of pollutants by
hydroxyl radicals generated from pathways other than photocata-
lytic surface reactions (R10)–(R20). Therefore, the apparent oxida-
tion rate could be rewritten as:

� dCp

dt
¼ kO3 CO3 Cp þ kOHCOHCp þ

koxkads:Cp

1þ kads:Cp
ð2Þ

where CO3 and COH are the ozone and hydroxyl radical concentra-
tions in water respectively and kO3 and kOH are the reaction rate
constants of ozone molecules and hydroxyl radicals with the pollu-
tants in water, respectively. It must be noticed that the oxidation
effects of other oxidising reagents (�O�2 , �O�3 , and H2O2) were gener-
alised to the effect of hydroxyl radicals. These simultaneous pro-
cesses are illustrated in Fig. 1.

Depending on the characteristics of water pollutants and their
reaction rates with ozone and hydroxyl radicals or their adsorption
properties on the photocatalyst, the overall oxidation rate for pho-
tocatalytic ozonation will be the output for the three sections of Eq.
(2). For example, Beltran et al. [9] investigated the photocatalytic
ozonation of sulfamethoxazole and diclofenac at two concentra-
tions in water where at high concentrations, direct ozonation
was the main oxidation approach (first section of Eq. (2)), and at
low concentrations, hydroxyl radicals were responsible for the
degradation of these pollutants (second section of Eq. (2)), though
neither were adsorbed on the photocatalyst during the treatment
(third section of Eq. (2)).
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Fig. 1. Schematic diagram of the heterogeneous photocatalytic ozonation.

212 M. Mehrjouei et al. / Chemical Engineering Journal 263 (2015) 209–219
Most research groups report first order reaction kinetics for the
degradation and mineralisation of various water pollutants by pho-
tocatalytic ozonation. Beduk et al. [46], Giri et al. [30], Cernigoj
et al. [47], Villasenor et al. [48], Balcioglu et al. [49] and Dominguez
et al. [17] demonstrated first order kinetics for the oxidation of
organophosphorus, chlorinated pesticides, insecticides, phenol, 4-
clorobenzaldehyde and Acid Red 88 azo, respectively, while Ye
et al. [12], Beltran et al. [50], Rey et al. [51] and Oyama et al. [52]
reported similar kinetics for the mineralisation of 4-chloronitro-
benzene, phenol, metoprolol, 2,4-dichlorophenoxyacetic acid,
bisphenol-A, and other surfactants. Nevertheless, Li et al. [53]
reported pseudo zero-order kinetics for the mineralisation of cate-
chol using photocatalytic ozonation, where variation in the cate-
chol concentration did not influence the mineralisation kinetics.
Similarly, Farre et al. [28] reported zero-order kinetics for the
photocatalytic ozonation of different pesticides which indicated
the rate determining step was the production of OH radicals at
the photocatalyst surface. Oddly, Addamo et al. [54] reported a
second-order rate constant for the photocatalytic ozonation of
oxalate anions at pH 10.
4. Synergy of photocatalytic ozonation

The combination of two oxidation systems, ozonation and pho-
tocatalysis, for water treatment under optimum conditions are
reported to have increased oxidation efficiencies (synergy) com-
pared to the sum oxidation efficiencies of these two oxidation
Table 1
Synergistic effects of photocatalytic ozonation for the treatment of different pollutants in

Model pollutant or wastewater Irradiation source pH O

Ph

2-Chlorophenol [52] Sunlight 6.8 4.
2,4-Dichlorophenoxyacetic acid [30] UVC 4.3 1.
4-Chloronitrobenzene [45] Visible 6.5 0.
4-Chlorophenol [57] UVC Not available 70
Butylnaphthalenesulfonate [24] Sunlight 5.6 10
Cyanide ion [59] UVA 11.3 0.
Formic acid [62] UVA 3.8 0.
Gallic acid [60] Vis-UVA 3.5 10
Methanol [40] UVA 3 29
Methylene blue [61] UVC Not available N
Monochloroacetic acid [43] UVC 3.4 33
Oxalic acid [55] UVA 3 14
Pharmaceutical wastewater [23] UVA 4 80
Phenol [56] UVC Not available 52
p-Nitrophenol [50] Vis-UVA 4.7 0.
Reused water [58] UVA 6.7 25
Winery wastewater [2] UVC 3 83
systems separately. Many studies have discussed the synergistic
effects of photocatalytic ozonation on degradation and removal
of different substances from aqueous solutions and the effects
are reported in terms of the degradation and/or mineralisation effi-
ciencies or oxidation rate constants of model water pollutants
(Table 1).

In addition to the abovementioned synergistic effects, the
results obtained by Rajeswari and Kanmani [63] for the degrada-
tion of Carbaryl (pesticide) showed the oxidation rate constant
using TiO2/UV/O3 was 2.3 and 4.4 times higher than those of
O3/UV and TiO2/UV, respectively. Similarly, a synergistic effect
between oxidation processes and biological treatment was
reported by Li et al. [64] by adding UVC/TiO2 to an ozone-BAC
(biological activated carbon) oxidation system.

Anandan et al. [65] reported a 4-fold increase in the removal
rate of orange II dye from water using photocatalytic ozonation
in comparison to simple ozonation and Beltran et al. [8] reported
a 10-fold increase in the reactivity of ozone with fluorene by com-
bining it with the TiO2/UVA system. Likewise, Li et al. [25] indi-
cated that adding ozone to the In2O3/UVC system could initiate
and accelerate degradation of perfluorooctanoic acid in wastewa-
ter. Farre et al. [28] reported that combining photocatalysis with
ozone increased the initial degradation rate of pesticides such as
Atrazine and Alachlor by two and three times, respectively, in com-
parison to simple ozonation, while this combination had little
effect on the degradation rate of other pesticides such as Chlorfen-
vinfos and Diuron. Klare et al. [45] reported that photocatalytic
ozonation synergy did not occur for the degradation of nitrogen-
containing organic compounds, but synergy was observed for the
mineralisation of these compounds in both water and real waste-
water samples. Müller et al. [66] described photocatalytic ozona-
tion synergy for the mineralisation of 2,4-dichlorophenoxyacetic
acid occurred at longer treatment times (after 240 min) when
recalcitrant oxidation intermediates accumulated. On the other
hand, Melian et al. [67] reported no significant effect from the pres-
ence of ozone during photocatalytic degradation of dichlorophenol
in a slurry oxidation system.

5. Economic aspects of photocatalytic ozonation

Despite the efficacy of photocatalytic ozonation and its syner-
gistic effects on the decomposition of pollutants in water,
economic aspects must also be considered. Comparing
photocatalysis in the presence of oxygen (which consumes elec-
tricity for UV irradiation sources) to photocatalytic ozonation
(which requires additional electrical energy for ozone generation),
water and wastewater.

xidation constants/degradation rates/removal or mineralisation efficiencies

otocatalytic ozonation Sum of photocatalysis and ozonation Synergy

7 ppm L/kJ 0.71 ppm L/kJ 6.6 times
93 h�1 1.28 h�1 1.5 times
079 min�1 0.051 min�1 1.5 times
% 20% 3.5 times
0% 29% 3.4 times

115 lM/s m2 0.084 lM/s m2 1.4 times
209 mg/L min 0.159 mg/L min 1.3 times
0% 86% 1.2 times
.1 lM/min 18.9 lM/min 1.5 times

ot available Not available 2.3 times
� 10�3 min�1 4.4 � 10�3 min�1 7.5 times
1 lM/min 34 lM/min 4.1 times
% 60% 1.3 times
% 25% 2.1 times

0321 min�1 0.0067 min�1 4.8 times
.2% 18.3% 1.4 times
% 52% 1.6 times
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at first glance, photocatalytic ozonation systems appear to be more
expensive than simple photocatalysis and may not be economi-
cally justifiable. However, a better cost assessment of these oxida-
tion techniques for water treatment could be determined by
evaluating the specific energy consumption for each oxidation sys-
tem, where the energy consumed during the oxidation process is
apportioned to the amount of decomposed materials.

In our recently published paper on the degradation of oxalic
acid and dichloroacetic acid using three different advanced oxida-
tion processes [55], the combination of TiO2, UVA, and O3 showed
the highest cost-effectiveness among the oxidation methods
assessed with regard to the electrical energy consumed. In the case
of oxalic acid decomposition, catalytic ozonation (TiO2/O3/dark)
and photocatalytic oxidation (TiO2/O2/UVA) were two and nine
times more costly than photocatalytic ozonation (TiO2/O3/UVA),
while for the degradation of dichloroacetic acid, catalytic ozona-
tion and photocatalytic oxidation were two and fifteen times more
expensive than photocatalytic ozonation with respect to the out-
put. Similarly, Kopf et al. [31] have shown that specific energy con-
sumption for the mineralisation of monochloroacetic acid using
photocatalytic ozonation was �28% and �5% of that seen for pho-
tocatalytic oxidation and ozonation, respectively, and �9% and
�15% (respectively) for the degradation of pyridine, which demon-
strates the cost effectiveness of photocatalytic ozonation. Likewise,
in terms of costs per amount of treated pollutant, Mena et al. [40]
showed that photocatalytic oxidation and simple ozonation of
methanol were 3.3 and 2.8 times more expensive (respectively)
than photocatalytic ozonation at pH 3. Beltran et al. [68] reported
similar results for a comparison of ozone-based processes in the
degradation of sulphamethoxazole, where photocatalytic ozona-
tion was the most efficient process with regards to ozone uptake.
After a 60 min reaction, ozone consumption was 78, 20, 25 and
10 mg ozone per mg TOC removed for simple ozonation, ozone
photolysis, catalytic ozonation and photocatalytic ozonation,
respectively. However, Gilbert [69] compared 4 advanced oxida-
tion technologies for the degradation of 4 different organic pollu-
tants, and found that simple ozonation had the lowest energy
consumption per amount of DOC eliminated.

Based upon these studies, it appears that depending on param-
eters such as pollutant properties, concentration of ozone and pol-
lutant, experimental variables, reactor design, etc., photocatalytic
ozonation can be more cost-effective than ozonation and photoca-
talysis in the oxidation of some pollutants under optimum opera-
tional conditions but this conclusion cannot be generalised for all
cases.

6. Reduction of toxicity by photocatalytic ozonation

In addition to the degradation and mineralisation of various
contaminants in water by photocatalytic ozonation, the process
can also reduce contaminant toxicity in water and wastewater.
The detoxification and disinfection effects of photocatalytic ozona-
tion have been assessed by several research groups using various
standard biotests. Ochiai et al. [70] described that shifting from
simple ozonation to photocatalytic ozonation nearly doubled the
removal rate constants for waterborne pathogens (evaluated by
Escherichia coli standard kit). Beltran et al. [68] conducted acute
toxicity Danphnia tests and reported decreasing the ecotoxicity of
sulfamethoxazole solutions from 60% to 10% after a 120 min pho-
tocatalytic ozonation treatment. Arana et al. [71] used total coli-
form determination method and reported complete bacterial
disinfection of natural wastewater by combining sunlight, TiO2

and ozone, while separately, ozonation and irradiated TiO2 did
not prevent the growth of bacteria after treatment. As a measure
of detoxification for 2,4-dichlorophenoxyacetic acid solutions, Giri
et al. [30] reported a 3-fold greater dechlorination efficiency for
photocatalytic ozonation in comparison to photocatalysis in the
presence of oxygen, while the synergistic effect was more clearly
observed by applying low ozone concentrations [72]. Similar
effects were also reported by other research groups using Daphtox-
kit microbio test and Luminescence bacteria test [46], chl-a test
[73], and E. coli standard kit [74].

Nevertheless, Santiago-Morales et al. [3] described that while
photocatalytic ozonation of wastewater containing galaxolide
and tonalide (as pollutants) presented one of the best oxidation
efficiencies among all oxidation systems investigated, the detoxi-
fication effects of this oxidation method were minor. In this case,
toxicity measurements initially showed a slight decrease (within
the first 10 min) which then increased due to the formation and
accumulation of toxic transformation products in wastewater.
7. Application of photocatalysts to photocatalytic ozonation
reactors

Photocatalysts are used in photocatalytic ozonation processes
in two ways. Some researchers mixed photocatalyst particles with
polluted water and the suspension was subjected to the photocat-
alytic process [45,67]. Other research groups used photocatalyst
particles immobilised on inert support materials [54,61,75].

It appears that the mass transfer properties of the oxidation sys-
tem using suspended photocatalyst particles, in comparison with
those of immobilised particles, could result in improved degrada-
tion efficiency for the suspension. Oyama et al. [52] reported a
50% reduction in mineralisation and dechlorination by photocata-
lytic ozonation of 2-chlorophenol using immobilised TiO2 particles
compared to suspended TiO2 particles for the same experimental
conditions. Despite efforts to facilitate slurry applications of phot-
ocatalysts [51], filtration and recycling of the photocatalyst from
treated wastewater in suspension systems is costly, which restricts
its application to laboratory experiments only. The immobilisation
of photocatalysts on a stable substrate solves this problem, as well
as the issue of extinction due to scattering of the UV radiation by
the photocatalyst particles.

Diverse designs for immobilised photocatalysts used in photo-
catalytic ozonation processes have been reported [47,58,61,62,70].
Cernigoj et al. [47] reported the deposition of TiO2 films on SiO2-
precoated soda-lime glass slides by sol–gel process and the applica-
tion of these glass slides fastened radially on a spinning basket
which can rotate freely around its axis to improve the mass transfer
properties of oxidation system. While Wang et al. [62] reported the
utilisation of an annular flow reactor where TiO2 film was immobi-
lised on the inner surface of a Pyrex glass tube as reactor wall, Zou
and Zhu [58] utilised TiO2 pellets instead of plane thin films of this
photocatalyst in a flow reactor to increase its contact surface area
with polluted water. For the same aim, Hur et al. [61] immobilised
TiO2 on alumina balls and placed them into 4 reaction tubes inside
the batch photoreactor and Ochiai et al. [70] used TiO2 nanoparticles
as modified Ti-mesh sheet for their photocatalytic investigation.
But, one of the most effective designs fixed photocatalysts on the
surface of plates which were utilised in a multiphase falling film
reactor [76,77]. In this design, water or wastewater samples (liquid
phase) flow over immobilised TiO2 particles (solid phase) in proxim-
ity to the flow of ozone/oxygen molecules (gaseous phase) under
closely-controlled conditions. These conditions provide a high
wastewater volume to active photocatalyst surface ratio, which
results in improved mass transfer properties of the oxidation sys-
tem, a major advantage of using falling film reactors. Furthermore,
the design of a falling film reactor increases the contact time
between ozone molecules and polluted water, in addition to the pos-
sible reuse of ozone, which leads to increasing the efficiency of ozone
consumption and decreasing ozone production costs.
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8. Plasma-induced photocatalytic ozonation

One recently introduced approach to photocatalytic ozonation
is the generation of electrical discharge plasma in the presence of
a photocatalyst [78–80]. In this technology, the pulsed high
voltage discharge is generated in aqueous media to cause various
physico-chemical effects which lead finally to the formation of
reactive oxidising species there. The most important advantages
to the application of plasma to water and wastewater treatment
are the simultaneous production of UV/Vis light and reactive
reagents such as ozone, hydrogen peroxide and hydroxyl radicals
in the oxidation medium in addition to other physical effects such
as high electric field, pyrolysis and ultrasonic degradation. Gener-
ating plasma close to photocatalyst particles activates the surface
and leads to the formation of a photocatalytic ozonation system
with synergistic effects for the degradation of pollutants in water.
The utilisation of these oxidation systems eliminates the need for
external irradiation sources and an ozone generator, though
performing electrical discharge in air or a nitrogen atmosphere pri-
marily emits UV light in the UVA band and irradiation intensity
lower than UV lamps [81]. Zhang et al. [80] indicated the combina-
tion of discharge plasma and TiO2 favoured the formation of
hydrogen peroxide over the formation of ozone, however ozone
concentrations of 0.02–0.05 mg/L were produced in the aqueous
solution during the plasma-induced oxidation with TiO2. Even
these low concentrations could react with the photoinduced
electrons and reduce the recombination rate of the hole–electrons
on the TiO2 surface and improve oxidation efficiency.

As an example of the synergy produced by this combination, the
results of Hao et al. [79] on the degradation of 4-chlorophenol in
water showed that the oxidation rate constant of this contaminant
during pulsed-discharge plasma and energy consumption
efficiency of the oxidation system in the presence of TiO2 were
1.8- and 2.3-fold higher than in the absence of TiO2 particles,
respectively. Similar effects were observed by Lukes et al. [78] on
the degradation of phenol by a plasma-induced oxidation system
combined with TiO2, where results were attributed to the prohib-
itive effects of plasma-generated active species on the recombina-
tion of photogenerated electron–hole pairs.
9. Effects of experimental variables

9.1. Effect of pollutant concentration in water

The pollutant concentration in water is an important factor for
determining the oxidation efficiency and the synergistic effects of
photocatalytic ozonation processes. Rey et al. [51] indicated the
synergistic effects of photocatalytic ozonation on the mineralisa-
tion of metoprolol were greater at a higher initial concentration
of this pollutant (compared with low concentrations). The varia-
tions in the synergy parameter can also change the oxidation
mechanisms in the photocatalytic ozonation medium [9]. In most
reported cases, increasing the initial concentration of pollutant(s)
in water led to an increased oxidation rate by photocatalytic ozon-
ation, which was due to increased availability of pollutants for oxi-
dative reactions with active oxidising species, either adsorbed on
the photocatalyst or in the bulk solution. For example, the degrada-
tion of fuel oxygenation additives in water by photocatalytic ozon-
ation showed that a 10-fold increase in the initial concentration of
methyl t-butyl ether (MTBE), ethyl t-butyl ether (ETBE) and t-amyl
ethyl ether (TAEE) in aqueous solution increased their degradation
rate by 14, 7.5 and 6.5 times, respectively. These differing increases
in initial oxidation rates were attributed to the different adsorption
levels and reaction rates of these fuel additives with ozone and
hydroxyl radicals [82]. Similar results were reported by Beltran
et al. [83] for the photocatalytic ozonation of sulfamethoxazole.
However, Yildirim et al. [16] described an inverse effect, where a
decrease in the decolourisation rate constant and an increase in
the half-life of Reactive Red 194 were observed by increasing the
initial concentration of this pollutant in a photocatalytic ozonation
system, which was due to the enhanced scattering effect caused by
the coloured molecules of Reactive Red 194 on the light absorption
of TiO2 particles.

9.2. Effect of ozone concentration

For the effective degradation of pollutant molecules using pho-
tocatalytic ozonation, ozone molecules should dissolve in the
aqueous solution, diffuse and adsorb onto the surface of the photo-
catalyst to continue the oxidation process. Therefore, variations in
ozone concentration of the oxidation medium can significantly
influence many aspects of photocatalytic ozonation. For example,
the results for photocatalytic ozonation of oxalate anions in alka-
line solutions showed the adsorption constant value for oxalate
anions increased when the ozone concentration in the liquid phase
was increased [54]. This was attributed to the stabilisation of the
photogenerated positive holes on the photocatalyst surface as a
result of the reaction between photogenerated electrons and
adsorbed ozone molecules, which led to increased adsorption of
oxalate anions on the positively-charged photocatalyst surface.
Likewise, Jing et al. [84] showed that for the mineralisation of
dimethyl phthalate by photocatalytic ozonation, the effect of
increasing ozone concentration was greater than simple ozonation
or photo-ozonation, indicating a positive role for ozone adsorption
and decomposition processes on the photocatalyst surface.

Other interesting results were reported by Rodriguez et al. [23]
and Beltran et al. [83] indicating the photocatalytic ozonation of
different pharmaceuticals (atenolol, hydrochlorothiazide, ofloxa-
cin, trimethoprim and sulfamethoxazole) at low ozone concentra-
tions (<10 mg/L) was primarily by hydroxyl radicals, and by
increasing ozone up to a critical concentration (in this case
�20 mg/L), the contribution of direct ozonation was more impor-
tant. Li et al. [5], Cernigoj et al. [47], and Giri et al. [72] in dealing
with photocatalytic ozonation systems, indicated an optimal ozone
concentration must be applied to reach an optimal specific ozone
consumption and for synergy between photocatalysis and ozona-
tion to occur. The critical/optimal ozone concentration, being
defined by various parameters such as chemical structure of pollu-
tant, reactor design, pH, light specifications, must be determined
for each individual photocatalytic ozonation system.

The literature reported an increase in the oxidation and/or min-
eralisation rates of different water pollutants by photocatalytic
ozonation when the concentration of ozone in water was increased
[13,26,40,53,58,73,85]. However, some research groups reported a
maximum effective ozone concentration for their photocatalytic
ozonation setups, where higher ozone concentrations did not
increase the oxidation or mineralisation rates and efficiencies con-
siderably [12,83], as the concentration value depended on the
characteristics of pollutants and their oxidation by-products in
the oxidation matrix.

9.3. Effect of photocatalyst loads and properties

Due to its chemical stability, high photocatalytic activity and
low toxicity, TiO2 is the most reported photocatalyst used for pho-
tocatalytic ozonation processes. This photocatalyst is relatively
inexpensive and commercially available as Degussa P-25, BDH,
PSB-P200, TP-2, Sachtleben Hombikat UV100 and Millennium
TiONA PC50 [72,86,87]. Some research groups reported prepara-
tion of TiO2 [51,62,64] and also the modification of TiO2 particles
by doping or mixing with activated carbon [5,71], metal oxides
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[3,34,48,88] and noble metals [73,89] in order to improve photo-
catalytic properties. However, photocatalysts other than TiO2 are
also used for photocatalytic ozonation treatments [65,90].

Good adsorption and interaction between the pollutant mole-
cule, ozone molecules and photocatalyst surface groups are
required for photocatalytic ozonation. Therefore, the structure
and properties of the photocatalyst play a significant role. Photo-
catalyst morphology and crystallinity, ratio between crystal lattice
oxygen to surface oxygen atoms, presence of active surface
group(s), porosity (BET surface area), are some important charac-
teristics which can indicate the lifetime of photogenerated elec-
tron–hole pairs, light absorption properties and the adsorption
capacity. Hernandez-Alonso et al. [86] compared the photoactivity
of two different types of TiO2, Degussa P25 (80% anatase, 20%
rutile) and BDH (100% anatase). Despite the lower BET surface area
of BDH (10 m2/g) in relation to P25 (50 m2/g), higher oxidation and
adsorption constants were reported when BDH was used as the
photocatalyst for photocatalytic ozonation of cyanide ions. The
higher photoactivity of BDH was attributed to the higher content
and lower band gap energy of anatase, the most photoactive crys-
talline form of TiO2. Evaluating the adsorption of two different cat-
alysts showed the amount of cyanide adsorbed increased with
decreasing surface area and increasing crystal size [59]. The results
of Cernigoj et al. [27] on the degradation of thiacloprid using differ-
ent photocatalysts with various surface areas and photocatalytic
activities showed the higher surface area of a photocatalyst
increased the degree of synergy between ozonation and photoca-
talysis regardless of the photocatalytic activity. This was due to
increased amounts of adsorbed ozone molecules on the surface
and their further reactions with photogenerated electrons.

In addition to the properties of the photocatalyst, photocatalyst
content in the reaction medium has also been found to be impor-
tant in photocatalytic ozonation treatments. Unlike the efficiency
of immobilised photocatalyst applications, that of suspended sys-
tems has been reported as being dependent on the photocatalyst
load [13,16,29,83] and increasing the content of photocatalyst in
the suspension up to a critical level would increase the oxidation
and mineralisation rates/efficiencies. This ideal level of photocata-
lyst, which usually varies from 1 g/L to 2 g/L, corresponds to the
optimal light absorption condition of the photocatalyst particles
[2,12,45,46,52], while higher photocatalyst content reduced oxida-
tion efficiency.

When modifying the photocatalytic activity of TiO2, Li et al. [14]
and Arana et al. [71] reported that doping carbon black into TiO2

enhanced steric hindrance for grain growth and made the crystal-
lite smaller while increasing surface area and porosity of the pho-
tocatalyst, leading to increased photoactivity. Similarly, Villasenor
et al. [48] reported a 3-fold increase in the BET surface area of TiO2

by co-gelling with 10 wt.% MnO2. This enhancement was accompa-
nied by increasing the anatase extent of the photocatalyst and
increased surface acidity, which indicated creation of additional
interfacial acidic sites. Nevertheless, this modification led to an
increase in the degradation efficiency of phenol by catalytic ozon-
ation (in the dark) but did not improve photocatalytic ozonation
considerably. These results were explained by the insertion of
manganese ions in the TiO2 lattice shifting the ability of TiO2 to
produce less hole and electron pairs and consequently, hydroxyl
radicals. Likewise, Tomova et al. [34] showed that doping TiO2 with
WO3 and Au slightly decreased the BET surface area but increased
the degradation rate of 2,4,6-trinitrotoluene by photocatalytic
ozonation. These results were explained by the increased Bronsted
and Lewis types of surface acidity for the composite and an
increased degree of charge separation of electron–holes in the
photoexcited composite, which increase both the adsorption
capacity of photocatalyst and the life time of photogenerated elec-
tron–hole pairs. Similarly, increased Pb (II) removal efficiency was
reported by Murruni et al. [89] when Pt–TiO2 (instead of pure TiO2)
was used as the photocatalyst for photocatalytic ozonation. How-
ever, in this case the photocatalytic removal was inhibited at the
final stages due to the formation of oxidised Pt products on the sur-
face of the photocatalyst.

Nishimoto et al. [90] compared TOC removal of phenol solutions
by photocatalytic ozonation using two different photocatalysts,
WO3 and N-doped TiO2. Despite the fact that N-TiO2 had a consid-
erably higher BET surface area (97.4 m2/g) compared to WO3

(3.6 m2/g), TOC removal was improved slightly by utilising WO3.
Similarly, Li et al. [25] reported 8.4 times higher photocatalytic
activity for In2O3 (compared to TiO2) in the degradation of perflu-
orooctanoic acid which was attributed to better coordination of
this pollutant on the surface of In2O3 and its reaction with photo-
generated holes (compound is reported as being inert to hydroxyl
radicals). Anandan et al. [65] described an increase in the degrada-
tion rate of orange II dye using a Bi2O3/O3/visible light system by
doping Bi2O3 with Au, which was explained by the increased pho-
tocatalyst crystallinity, enhanced adsorption capacity of photocat-
alyst and decreased electron–hole recombination.

9.4. pH effect

Solution pH is another key experimental variable which can
influence the performance of photocatalytic ozonation processes
in three ways. (1) Increasing the pH will shift the oxidation surface
reactions to an alkaline media where higher levels of hydroxide
anions (OH�) react more efficiently with photoexcited holes on
the photocatalyst surface, accelerating the generation of hydroxyl
radicals (R9) [91]. (2) pH variations may change the electrostatic
attractive effects between the charged surface of photocatalyst
and pollutant molecules. The latter can influence both the adsorp-
tion level of contaminants on the photocatalyst surface and the
interfacial electron transfer. For a better characterisation, the pH
of the isoelectric point (pHiep) or point of zero charge (pzc) are
defined for any photocatalyst as the pH level at which the surface
of the photocatalyst carries neither a negative nor a positive
charge. It is evident that, according to the pzc, the surface of the
photocatalyst is negatively- or positively-charged under different
pH conditions. As a result, the adsorption of cationic pollutants is
accelerated when the surface is negatively-charged and a posi-
tively-charged photocatalyst surface has a greater tendency to
attract anionic compounds. (3) The pH of aqueous solutions deter-
mines the stability of dissolved ozone molecules in water and also
indicates the manner in which the ozonation process occurs. A crit-
ical pH value is defined for each chemical in the liquid phase which
is expected to vary for different solutions. Below the critical pH,
oxidation reactions develop via molecular ozone, while above this
critical pH level, hydroxide anions (OH�) react as initiators to
accelerate ozone decomposition, yielding hydroxyl radicals (OH�)
more rapidly (R14) and (R18) [92].

Garcia-Araya et al. [39] and Beltran et al. [68] indicated that
performing photocatalytic ozonation at pH 7 using buffered solu-
tions led to a decrease in the mineralisation efficiency compared
to unbuffered acidic solutions. This was explained by the formation
of bicarbonate ions (as oxidation by-products) which can accumu-
late in water at pH 7 and scavenge the hydroxyl radicals produced,
reducing oxidation efficiency. At acidic conditions, mineralisation
of organic pollutants results in the formation of carbon dioxide
gas which escapes the solution. However, it must be mentioned
that utilising photocatalytic ozonation in the treatment of unbuf-
fered solutions frequently leads to a gradual decrease in pH due
to the generation of organic and inorganic acids during oxidation.

Published studies indicated acidic pH being preferred for photo-
catalytic ozonation treatments due to higher oxidation and miner-
alisation efficiencies [2,8,13,16]. Similarly, Rajeswari and Kanmani
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[19] and Cernigoj et al. [47] reported the synergistic effect of pho-
tocatalytic ozonation in the degradation of pesticides and insecti-
cides was seen at acidic and neutral pH, but not at basic pH, due
to faster ozone decomposition under alkaline conditions. Further-
more, Rodriguez et al. [23] described that while pH variations did
not have significant effects on the removal rate of model pharma-
ceuticals from water, the greatest ozone consumption efficiency for
mineralisation was observed at pH 4, suggesting the photocatalytic
ozonation of these pollutants in acidic solutions would be more
economically favourable.

Other research groups reported photocatalytic ozonation treat-
ments at neutral pH values resulted in better oxidation and/or
mineralisation efficiencies [12,40,66,93]. Khan et al. [18] described
the degradation of chlortetracycline at pH 7 was more efficient
than at pH 2 because of the higher ozone decay to �OH and better
attraction between ionised chlortetracycline and TiO2 particles at
pH 7. While only one study [94] reported alkaline pH was optimal
for photocatalytic ozonation of carbendazim, the oddest results
were reported by Piera et al. [29] where TOC removal efficiency
of 2,4-dichlorophenoxyacetic acid using photocatalytic ozonation
was nearly independent of solution pH (pH 2–10).

To summarise, depending on the different parameters present
in photocatalytic ozonation systems (chemical structure of con-
taminants, characteristics of utilised photocatalysts, applied ozone
concentration, wastewater content and, temperature), the effect of
pH on the efficiency of oxidation systems would be an output of
three aforementioned aspects.

9.5. Effect of irradiation wavelength and intensity

A wide range of light wavelengths have been applied to activate
the surface of photocatalysts during photocatalytic ozonation; UVC
[46,86], UVB [22,68], UVA [16,40] and visible light [3,65]. Since the
utilisation of light sources with wavelengths shorter than 300 nm
facilitates the generation of more reactive oxidising radicals by
direct irradiative decay of ozone and hydrogen peroxide (R3) and
(R4) in addition to surface reactions with photoinduced electron–
hole pairs, it is reasonable to conclude that moving towards shorter
wavelengths should lead to an increased efficiency of the oxidation
system. However, Zou and Zhu [58] reported the use of UVC irradi-
ation instead of a UVA under the same experimental conditions did
not considerably improve the decolourisation efficiency (84.3% vs.
87.2%) and TOC removal (34.3% vs. 37.3%) of a real wastewater
sample. Unfortunately, this effect was not investigated for photo-
catalytic ozonation of other pollutants.

In terms of light intensity, results from the degradation of oxalic
acid and dichloroacetic acid showed that increasing the light inten-
sity of the irradiation source led to increased oxidation rates [55].
Similar results were reported by Wu et al. [73] for the remediation
of ballast water. Zou and Zhu [58] found no significant differences
in colour removal from wastewater using three different UVA light
intensities (11.1, 21.1 and 32.3 W/m2), while Rivas et al. [95]
reported a higher quantum yield of photocatalytic ozonation for
n-alkanoic acids at lower light intensities. Piera et al. [29] reported
a half-order dependence between TOC removal of 2,4-dichlorophe-
noxyacetic acid and light intensity in a TiO2/UVA/O3 system which
indicated a significant electron–hole recombination and photon
energy loss in the range of light intensities investigated.

9.6. Temperature effect

Water/wastewater temperature can influence photocatalytic
ozonation by promoting or hindering oxidation, where the influ-
ence of temperature on degradation efficiency for each oxidation
setup is a consequence of many co-current and/or counter-current
functions. For instance, increasing temperature should lead to
higher rates for chemical reactions involved in heterogeneous oxi-
dations and moreover, should decrease the thickness of the diffu-
sion layer around the photocatalyst providing better mass
transfer conditions. On the other hand, increased temperature
reduces the half-life and solubility of ozone in an aqueous solution
and any shortage in the concentration of ozone will negatively
affect the output of photocatalytic ozonation. Furthermore, accord-
ing to the Langmuir adsorption isotherm, as the temperature
increases at a constant pressure (or concentration), the adsorption
rate of pollutants on the photocatalyst surface is reduced and the
quantity adsorbed increases more slowly, leading to a decrease
in the degradation of adsorbed contaminants.

In this respect, results from the degradation of oxalic acid by
photocatalytic ozonation showed that increasing temperature
from 10 �C to 55 �C increased the removal rate of oxalic acid from
water, while higher temperatures up to 70 �C had a negative effect
and reduced the degradation rate compared to that observed at
55 �C [33]. A similar effect was observed by Giri et al. [72] where
the degradation rate constants for solutions of 2,4-dichlorophe-
noxyacetic acid at 10, 20 and 30 �C were 2.65, 3.35 and 2.25 h�1,
respectively. Decomposition of dichloroacetic acid increased from
0.294 mM/h to 0.633 mM/h as the solution temperature was
increased from 10 �C to 70 �C [11].

9.7. Effect of the presence of other substances

In addition to the aforementioned experimental parameters, the
presence of certain chemical substances in the oxidation medium
of photocatalytic ozonation systems can either promote or inhibit
the oxidation process and increase or decrease the oxidation effi-
ciency. Beltran et al. [68] and Garcia-Araya et al. [39] described
that the inhibitory influence of phosphate ions on photocatalytic
ozonation of sulfamethoxazole and diclofenac in water was due
to their reactions with hydroxyl radicals (as a scavenger) as well
as their role in the deactivation of the photocatalyst surface. Like-
wise, Santiago-Morales et al. [3] reported a lower efficiency of
hydroxyl radical formation during photocatalytic ozonation of
wastewater (compared to that of pure water), due to the presence
of bicarbonates and other radical scavengers such as phosphate
and, chloride in the wastewater. However, Tong et al. [88],
Oppenländer [96], and Zhang and Jian [97] indicated the high reac-
tion rate constant of pollutant molecules with hydroxyl radicals or
other oxidative radicals (>109 L/mol s) could minimise the effect of
radical scavengers such as phosphate, bicarbonate or carbonate
ions which usually reacted with these radicals at reaction rate con-
stants of 106–107 L/mol s. Unexpectedly, Arana et al. [71] reported
the presence of phosphate ions in aqueous solution stimulated
photocatalytic ozonation of p-nitrophenol.

t-Butanol is another well-known radical scavenger and its
presence in water or wastewater can negatively influence photo-
catalytic ozonation [83]. However, Beltran et al. [9] reported an
increase in the photocatalytic ozonation rate of sulfamethoxazole
and diclofenac by the addition of t-butanol to the oxidation med-
ium. These effects were attributed to t-butanol reducing the sur-
face tension and viscosity of the aqueous solution, increasing the
ozone concentration in the film layer closest to the gas–water
interface which increased the efficiency of the oxidation process.
These results, and similar results reported by Villasenor et al. [48]
on the degradation of phenol, indicated the oxidation of these
pollutants occurred by direct ozonation rather than by interaction
with free radicals. However, Villasenor et al. [48] also reported
the presence of t-butanol increased the concentration of degrada-
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tion intermediates, which demonstrated the role of radicals in the
degradation of oxidation intermediates. Another inhibiting effect
was reported by Beltran et al. [83] for iodide ions, due to their
scavenging reactions with photogenerated holes.

In terms of stimulatory substances, Rodriguez et al. [93]
reported higher mineralisation efficiencies and reaction rates for
the degradation of a pharmaceuticals mixture after the addition
of Fe3+ to TiO2/UVA/O3. These results were explained by the initia-
tion of a photo Fenton process and its synergy with existing oxida-
tion processes in the oxidation medium. Similar effects for Fe2+ on
the degradation of t-butanol as a model water pollutant were
recently reported [85].
10. Conclusions

- As far as the oxidation and mineralisation of recalcitrant organic
contaminants in water and wastewater are concerned, the com-
bination of ozone, appropriate photocatalyst(s), optimum
design and optimised conditions will lead to higher degrada-
tion, removal rates and efficiencies compared to using ozona-
tion and photocatalysis separately. The synergistic effects of
this combination have been observed in many cases and are pri-
marily attributed to the intensive generation of highly oxidative
and non-selective reagents (such as hydroxyl radicals) in the
oxidation medium of photocatalytic ozonation.

- The high mineralisation rates of nearly all model pollutants in
water by photocatalytic ozonation, and the simplicity of this
process, make it an excellent alternative to other oxidation
treatment methods.

- In addition to choosing a suitable photocatalyst, a proper irradi-
ation source and an optimum ozone concentration for photocat-
alytic ozonation treatments, developing new operative designs
for oxidation reactors, where these factors are combined and
utilised together, is important. An effective reactor design could
considerably stimulate the synergistic effects and benefits of
photocatalytic ozonation systems.

- Much like other successful technologies, in order to move this
treatment method from the lab to commercial utilisation, more
attention should be focused on the immobilisation of photocat-
alyst particles onto inert substrates, as slurry applications of
photocatalytic ozonation are not economically justifiable, due
to the additional high costs of photocatalyst filtration after
treatment. Fortunately, photocatalytic ozonation can moderate
the relatively poor mass transfer properties of immobilised
photocatalysts in photocatalytic treatments.

- In most reported cases, increasing the concentration of pollu-
tant(s) and ozone led to an increased oxidation rate by photo-
catalytic ozonation. However, an optimal ozone concentration
must be applied to reach an optimal specific ozone consump-
tion and for synergy between photocatalysis and ozonation to
occur.

- The structure, properties and concentration of applied photo-
catalyst play a significant role in the oxidation efficiency of pho-
tocatalytic ozonation. Using shorter wavelengths and increasing
the light intensity of the irradiation source usually led to
increased oxidation rates. However, employing photocatalysts
able to absorb natural sunlight and moving towards visible
wavelengths can significantly reduce cost.

- Most published studies indicated acidic pH being preferred for
photocatalytic ozonation treatments due to higher oxidation
and mineralisation efficiencies.

- The presence of chemical substances in the oxidation medium
of photocatalytic ozonation systems can either promote or inhi-
bit the oxidation process.
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