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Abstract

Heterogeneous photocatalysis is a process of great potential for pollutant abatement and waste treatment. In order to improve the overall
performance of the photoprocess, heterogeneous photocatalysis is being combined with physical or chemical operations, which affect the chemical
kinetics and/or the overall efficiency. This review addresses the various possibilities to couple heterogeneous photocatalysis with other technologies
to photodegrade organic and inorganic pollutants dissolved in actual or synthetic aqueous effluents. These combinations increase the photoprocess
efficiency by decreasing the reaction time in respect to the separated operations or they decrease the cost in respect of heterogeneous photocatalysis
alone, generally in terms of light energy. Depending on the operation coupled with heterogeneous photocatalysis, two categories of combinations
exist. When the coupling is with ultrasonic irradiation, photo-Fenton reaction, ozonation, or electrochemical treatment, the combination affects the
photocatalytic mechanisms thus improving the efficiency of the photocatalytic process. When the coupling is with biological treatment, membrane
reactor, membrane photoreactor, or physical adsorption, the combination does not affect the photocatalytic mechanisms but it improves the efficiency
of the overall process. The choice of the coupling is related to the type of wastewater to be treated. A synergistic effect, giving rise to an improvement
of the efficiency of the photocatalytic process, has been reported in the literature for many cases.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The increasing contamination of wastewater streams by
organic species refractory to conventional methods has pro-
moted the development of newer technologies able to degrade
these contaminants. Advanced oxidation processes (AOPs) are
efficient novel methods useful to accelerate the non-selective
oxidation and thus the destruction of a wide range of organic sub-
stances resistant to conventional technologies [1-3]. AOPs are
based on physicochemical processes that produce in situ pow-
erful transitory species, principally hydroxyl radicals (HO®), by
using chemical and/or other forms of energy, and have a high
efficiency for organic matter oxidation; in fact, under proper
conditions the species to be removed are converted completely
to CO,, H,O and innocuous mineral salts. There are already
promising results for real applications in the near future, because
very good results have been obtained in pilot plants and in larger
scale in industrialized countries.

Among AOPs, heterogeneous photocatalysis using semicon-
ductor oxides has demonstrated to be very effective to treat
pollutants both in gas and in liquid phase [4—6]. The basic prin-
ciples of this method are well established [7] and are briefly
summarized in the following simplified process. The photoex-
citation of semiconductor particles promotes an electron from
the valence band to the conduction band thus leaving an electron
deficiency or hole in the valence band; in this way, electron/hole
pairs are generated. Both reductive and oxidative processes can
occur at/or near the surface of the photoexcited semiconductor
particle. In aerated aqueous suspensions, oxygen is able to scav-
enge conduction band electrons forming superoxide ions (0,° ™)
and its protonated form, the hydroperoxyl radical (HO,*):

Oy+e — 0O~ (D)
0,*” +H' - HO,* )

In this way, electron/hole recombination can be effectively pre-
vented and lifetime of holes is prolonged. HO,* can lead to the
formation of HyO5:

HO,®* + e~ — HO,~ 3)
HO,” +H' — H,0, 4

Photogenerated holes can react with adsorbed water
molecules (or hydroxide anions) to give hydroxyl radicals:

H,O + ht — HO® + HT @)

or they can also be filled by an adsorbed organic donor. Contro-
versy still exists in the literature about the oxidative species; even
if the photogenerated hole has the potential to oxidize several
substrates by electron transfer, in aqueous solutions oxidation of
water to hydroxyl radical seems to be the predominant pathway.
Superoxide anion can also act as an oxidant. The whole process
can end in the complete mineralization of organic compounds.
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In order to improve the overall performance of the photo-
process, heterogeneous photocatalysis has been in last times
combined with physical or chemical operations, which affect
the chemical kinetics and/or the overall efficiency. This review
addresses only to novel combinations of heterogeneous pho-
tocatalysis with other operations. It will be seen that the
combination can: (i) increase the efficiency and decrease the
reaction time in respect to the separated operations; (ii) decrease
the cost in respect of heterogeneous photocatalysis alone, gener-
ally in terms of light energy. The combinations of heterogeneous
photocatalysis may be divided in two main categories:

- heterogeneous photocatalysis is coupled with an operation that
affects the photocatalytic mechanisms thus improving the effi-
ciency of the photocatalytic process. In this case, the coupling
is with:

- ultrasonic irradiation;

- photo-Fenton reaction;

- ozonation;

- electrochemical treatment.

- heterogeneous photocatalysis is coupled with an operation that
does not affect the photocatalytic mechanisms but improves
the efficiency of the overall process. In this case the coupling
is with:

- biological treatment;

- membrane reactor;

- membrane photoreactor;
- physical adsorption.

2. Ultrasonic irradiation

Sonochemical treatment of waters and wastewaters is
based on the use of ultrasound at low to medium frequency
(20-1000kHz) and high-energy to catalyze the destruction of
organic pollutants. Typically, these treatments operate at ambi-
ent conditions and do not require the addition of extra chemicals.
The chemical effects of ultrasound in aqueous solution are due
to the propagation of a pressure wave, which leads to the occur-
rence of cavitation phenomenon, i.e., nucleation, growth and
collapse of bubbles in the liquid. The collapse of the bubbles
induces localized supercritical conditions: high temperature and
pressure (more than 5000 K and 1000 atm [8]), electrical dis-
charge and plasma effects. The consequences of these extreme
conditions are the cleavage of dioxygen and water molecules [9]
to produce active species, such as H* and HO® radicals:

H,O — H* 4+ HO*® ©6)

capable of attacking the organic compounds in water. Hydrogen
radicals from the above reaction can also interact with the oxy-
gen present in the system to form peroxide radicals, HO,®, and
hydrogen peroxide, H,O».

Different research groups under rather different experimental
conditions [10-20] have recently examined the combination of
ultrasound and photocatalysis (sonophotocatalysis). The simul-
taneous use of both techniques for degradation of organic
pollutants in water was reported to be more effective than their

sequential combination [13] and in several cases to lead to more
than additive effects [14]. When photocatalysis was combined
with high frequency sonolysis, the overall degradation rate was
found to be equal to the sum of the individual rates for pho-
tocatalysis and sonolysis [13,15] and beneficial effects were
noticed on the mineralization rate [16]. When photocatalysis
was combined with low frequency ultrasound, strong synergis-
tic effects [15,17-19] or no effect [20], also depending on the
specific ultrasound power [12], have been reported.

It may be noted that heterogeneous photocatalysis and ultra-
sonic irradiation can cause degradation of organic pollutants in
water by the same species, notably HO® radicals [21]. How-
ever, distinct phenomena can also be involved; photocatalytic
reactions may occur through direct electron transfer from the
organic compounds to the semiconductor oxide and ultrasonic
irradiation may selectively degrade less hydrophilic compounds
through thermal degradation reactions (pyrolysis). The observed
synergistic effect [20,22] may be justified by different reasons.
In fact, for the ultrasonic treatment the presence of solid parti-
cles in the aqueous system enhances the cavitation phenomenon
[23,24] as the microbubbles tend to break up into smaller ones
thus increasing the total number of regions of high temperature
and pressure. As a consequence, the number of hydroxyl radicals
produced by the system increases thus improving the oxidation
capacity of the system. For the photocatalytic process, the accel-
eration of reactions is determined not only by chemical effects of
ultrasound irradiation but also by mechanical effects caused by
the ultrasonic waves, such as particle size reduction, increased
mass transfer and surface cleaning, which hinder the blocking
of the catalyst active sites by reaction intermediates.

Guillard et al. [25] studied octanol degradation by sepa-
rately applying photocatalytic and ultrasound process in order
to elucidate the reaction mechanisms. They used the solid phase
microextraction technique for identifying, quantifying and fol-
lowing the evolution of intermediate products deriving from
the degradation. For both processes, HO® radicals induce the
formation of various aldehydes (as main intermediates) by H
abstraction and reaction with oxygen. However, their amount
and their evolution differ when comparing both processes. The
amount of octanal produced by ultrasound is not as important as
that produced by photocatalysis. Smaller aldehydes are formed
by ultrasound from the beginning of the degradation process.
The authors [25] conclude that, in spite of the formation of the
same main active species, the specificity of each process, i.e.,
high pressure and temperature in cavitation bubbles in ultra-
sound and the presence of electron—hole pairs in photocatalysis,
leads to the formation of different intermediate products and,
consequently, different pathways take place.

Stock et al. [13], by studying the degradation of an azo-dye
(Naphtol Blue) under high frequency ultrasound and UV pho-
tolysis, found that sonolysis is effective for inducing a higher
degradation rate while photolysis is effective for promoting min-
eralization.

The sonophotocatalytic degradation of salicylic acid on com-
mercial TiO; catalysts was studied by Davydov et al. [20].
Experiments with titania, UV light, ultrasound, combination of
UV light and titania, and UV light with titania and ultrasound
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were performed separately to determine which factor had the
major influence on the degradation of salicylic acid. The rate of
photodegradation of salicylic acid was previously found [26] to
obey zero order kinetics at relatively low conversion and first
order kinetics at higher conversion. For Davydov et al. [20], the
order of the reaction was always zero. As mass transfer limita-
tions cannot justify this discrepancy, the absence of the shifting
order in the degradation kinetics was attributed to two effects
associated with the interaction of ultrasound and solid matter:
micro-streaming and increased mass transport. Micro-streaming
provides in situ regeneration of catalyst surface as the cavitation
bubbles near the solid surface cause a jet of fluid directed onto
the particle [27]. In this manner, the partial blockage of the active
sites of the photocatalyst (leading to the reduction of adsorption
capacity) can be circumvented. Ultrasound can also enhance the
mass transfer towards the liquid—solid interface [28]. This sup-
plies more salicylic acid molecules to the catalyst surface and
effectively enhances the adsorption of reactant bringing it closer
to saturation, which may be otherwise impaired due to the larger
size of the salicylic acid molecule.

Theron et al. [15] studied the degradation of formic acid by
sonophotocatalysis; they propose the deaggregation of the cat-
alyst and the photocatalytic utilization of HyO, produced by
the ultrasound as the main reasons of the synergistic effect of
ultrasound and photocatalysis.

Semiconductor-loaded zeolites and mesoporous molecular
sieves have recently drawn increased attention [29,30] as poten-
tial photocatalysts due to their unique pore structure. The
advantages of using zeolite or molecular sieves as supports
for TiO; are: (i) formation of ultrafine TiO; particles during
sol—gel deposition; (ii) increased adsorption properties, espe-
cially for non-polar compounds; (iii) higher acidity which allows
to enhance electron abstraction; and (iv) less UV light scattering
as silica is the main component of zeolite.

Reddy et al. [31] investigated different TiO»-loaded zeolites
and mesoporous materials for the sonophotocatalytic destruction
of salicylic acid in aqueous solution. Their system combines the
advantages of all three ways of pollution abatement: photocatal-
ysis, sonolysis and use of zeolite materials. Ultrasound resistant
zeolitic and mesoporous supports were isolated, loaded with
TiO,, characterized and then used for the degradation of sali-
cylic acid. The experimental results indicate that the degradation
of salicylic acid by photocatalysis was less effective than that
by sonophotocatalysis, clearly showing that the effect of ultra-
sound was the basis of the increase of the efficiency. It was also
found that the higher rate was observed on TiO,-loaded meso-
porous molecular sieve due to the more hydrophilic nature of
that titania.

Shirgaonkar and Pandit [14] studied the photodegradation of
2,4,6-trichlorophenol in irradiated TiO; slurries with ultrasound
and found enhancement of the quantum yield.

TiO, photocatalytic degradation is not satisfactory for the
treatment of dye-containing wastewaters; in fact, the penetration
ability of light in non-transparent dye-containing wastewaters
are limited (penetration depth is only several millimetres). If
ultraviolet as well as visible light are used together with TiO;-
based catalysts, the efficiency of utilization of light is quite

low. These disadvantages can be overcome by using ultrasound,
because of the strong penetrating ability of this type of irradiation
in any water medium, whose penetration depth can ordinarily
attain 15-20cm [32].

Mrowetz et al. [18] investigated the degradation of 2-
chlorophenol and of two azo-dyes (Orange 8 and Acid Red 1) in
aqueous TiO; suspensions under sonophotocatalysis. The inves-
tigated pollutants underwent relatively slow degradation under
ultrasound in the presence of titanium dioxide (no light), while
under photocatalysis the degradation occurred at a higher rate.
The cleavage of the azo double bond was identified as one of
the first degradation steps in both photocatalytic and sonolytic
degradation. A significant increase in the reaction rate was
observed when the illuminated TiO;-suspensions were simul-
taneously sonicated. More interestingly, a synergistic effect was
evidenced: the combined effect of sonolysis and photocatalysis
led to a degradation rate greater than the sum of the degrada-
tion rate constants measured under photocatalysis and sonolysis.
The enhancement in the degradation rate under sonophotocat-
alytic conditions was related to an increase in the cavitational
activity in the presence of an additional phase [12,14], although
effects due to the capability of TiO, to absorb the light pro-
duced by sonoluminescence were not excluded. The authors
propose to quantify the synergy between photocatalysis and
sonolysis by a parameter calculated as the difference between the
sonophotocatalytic rate constant and the sum of those obtained
under separate photocatalysis and sonolysis in the presence of
semiconductor; this difference is normalized with respect to the
sonophotocatalytic rate constant.

The role played by H>O» in sonophotocatalytic processes has
been the object of extensive investigations. Mrowetz et al. [18]
performed a systematic study in order to understand the origin
of the observed synergistic effect and to ascertain whether it is a
consequence of processes occurring at the water—semiconductor
interface or in the aqueous phase. Sonolysis might increase the
photocatalytic activity in a non-specific way: this could occur
through the size decrease of particles consequent to ultrasound
deaggregation leading to an increase in surface area and thus
of catalytic performance. However, when photocatalytic runs
were carried out employing presonicated TiO;, both substrate
degradation and mineralization proceeded at an only slightly
higher rate than that found in the presence of untreated TiO;.
This finding is in line with the fact that the sequential appli-
cation of sonolysis and photocatalysis led to less than additive
reaction rates. On the basis of the degradation rate results, the
authors suggest that the synergy should not be attributed to
water—semiconductor interface phenomena but should rather
involve active species in the aqueous phase. Hydrogen peroxide
is known to be produced by both photocatalysis and sonoly-
sis in water: under photocatalysis HyO; is formed mainly by
the reduction of adsorbed dioxygen by conduction band elec-
trons [33], while sonolysis of water produces H,O; as a result
of recombination between hydroxyl radicals produced by the
implosion of cavitation bubbles [34]. By monitoring HyO» for-
mation during the degradation runs, the authors [18] conclude
that the sonophotocatalytic synergistic effect is strictly related
to the accumulation of hydrogen peroxide in the aqueous phase.
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No synergy is observed when H,O; does not accumulate in the
system.

The effect of hydrogen peroxide addition on the kinetics
of methyl-tert-butyl ether (MTBE) degradation in water by
sonophotocatalysis was investigated by Bertelli and Selli [35].
The combined use of photocatalysis and sonolysis in the absence
of H,O» led to a MTBE degradation rate about equal to the sum
of those measured under only sonolysis or photocatalysis. This
additive effect may be justified by the fact that the ultrasound-
induced degradation of MTBE, arather volatile substrate, mainly
occurs in the vapour phase of the cavitation bubbles and not in
the bulk aqueous phase. With less volatile substrates [17], a
strong synergistic effect between sonolysis and photocatalysis
was observed and attributed to effects able to enhance the rate
of substrate degradation in the aqueous phase, i.e. to increased
mass transfer [19] and to the ultrasound-increased scission of
the photocatalytically produced H,O, [17]. In the presence of
added H,O,, HO® radicals are produced both by the ultrasound-
induced scission and by the UV-induced photolysis of hydrogen
peroxide in the aqueous phase. Under photocatalytic conditions,
instead, HO® radicals are mainly produced through the inter-
face oxidation of hydroxide anions or water molecules adsorbed
on the semiconductor surface by the holes photoproduced in
the semiconductor valence band. The synergistic effect may be
attributed to the fact that ultrasound contributes in maintain-
ing H> O3 in the aqueous phase by inhibiting its adsorption and
subsequent photodegradation on the TiO, surface.

Selli et al. [36] also performed a comparison between the
kinetic results of MTBE degradation in water in an O/Ar
atmosphere employing low frequency sonolysis (at 20 kHz) and
photocatalysis in the presence of TiO», either separately or in
combination. The scheme of the experimental set-up employed
for the degradation runs is reported in Fig. 1. The rate constant

of MTBE degradation under sonophotocatalytic conditions was
slightly greater than the sum of those obtained under sonol-
ysis and photocatalysis alone. A higher degradation rate was
observed when ultrasound was applied in the absence of stirring
while no difference was observed for less volatile substrates.
This confirms the hypothesis that the ultrasound-induced degra-
dation of MTBE mainly occurs through direct pyrolysis in the
vapour phase of the cavitation bubbles within the hot interfacial
region between the vapour and the surrounding liquid phases
[37,38], instead of being mediated by the ultrasound produced
HO?® radicals in the aqueous phase, as in the case of less volatile
substrates. Indeed, compounds with a high vapour pressure can
enter the cavitation bubbles, where they undergo thermolytic
reactions, while hydrophilic compounds undergo preferential
hydroxylation reactions out of the bubble either in the limit layer
or in the bulk solution.

The complete mineralization of propyzamide, a common and
dangerous herbicide, in TiOz-aqueous suspension by sonopho-
tocatalysis was performed by Yano et al. [39]. No TOC change
was evident under ultrasonic irradiation alone, while the simul-
taneous irradiation with light and ultrasonic waves was able
to slowly mineralize propyzamide. Moreover, complete min-
eralization was quickly achieved by sonophotocatalysis in the
presence of HyO».

Velegraki et al. [40] carried out the oxidation of Acid
Orange 7 by sonophotocatalysis and investigated the effect of
reaction temperature, ultrasound frequency and periodicity of
irradiation on conversion. Under similar treatment conditions,
ultrasound irradiation resulted in higher conversion than photo-
catalysis. Moreover, different reaction pathways were observed:
the sonochemically irradiated solution consistently contained
low aliphatic intermediates, while the photocatalytically treated
solution mainly consisted of aromatic intermediates.

Ar 0,
US Generator Us Gas Mixer
Cooling air |
-
Thermostat
Cooling air
—1 = [ |
L |
_
20 cm

S ~ Reactor

Lamp

Magnetic Stirrer

Fig. 1. Scheme of the experimental set-up employed for methyl-ters-butyl ether degradation in water by sonophotocatalysis [36].
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Sonophotocatalysis has been used also for performing reac-
tions different from oxidative degradation. The water splitting
in liquid phase was demonstrated using the sonophotocatalytic
technique in the presence of TiO; under white light illumina-
tion from a Xe lamp [41]. In the case of sonophotocatalysis, it
is proposed that overall water splitting proceeds by a two-step
reaction, as follows:

4H,0O — 2H; +2H,0, (sonochemical process) (7)

2H>0; — O, +2H;0 (photocatalytic process) (8)

Harada et al. [42] studied the overall water splitting using
BiVOy, a visible-light sensitive photocatalyst. By considering
the above reported reactions, they examined the photocatalytic
decomposition of H,O; in spite of the fact that it is a down-
hill reaction. The simultaneous irradiation with visible light
and ultrasound yielded the continuous and stoichiometric liquid
water decomposition to H and O;.

In order to achieve photosynthesis-like reactions, Harada et
al. [43] carried out the sonophotocatalysis of water in a 3.5%
CO,—Ar atmosphere, resulting in reduction of CO; to CO and
continuous generation of O, from water. The reactions are for-
mally shown below:

4H,0 — 2H, +2H,0;, (sonochemical process) )
2H,0; — O, +2H;0 (photocatalytic process) (10)
2C0O; +2H; — 2CO + 2H,0 (CO; sonolysis) (11
2C0O; — 2CO + O, (total reaction) (12)

Although photocatalysis alone could not split water into Hy
and O, a combined system of photocatalysis and sonolysis
could drive water splitting. Similarly, CO, is negligibly reduced
by photocatalysis, while it was reduced by sonolysis. By a
combination of photocatalysis and sonolysis, the overall CO,
deoxygenation into CO and O3 could be performed.

3. Photo-Fenton reaction

The Fenton reaction is a dark process whose application for
destroying toxic organic compounds began in 1960 [44]. In the
absence of light, the most accepted mechanism of H,O; decom-
position by Fe>* ions involves the production of HO® radicals
[45]:

Fel + Hy0; — Fel + OH™ + HO® (13)

al
The Fe?* regeneration follows different paths as:
Fe; + Hy0, — Fejl + HO,®* + HF (14)
Fe; + HOy* — Feyl + 0y + HF (15)

In the presence of UV-vis light, Fenton reaction rates are
strongly increased. The positive effect of light on the degradation
rate is due to the iron recycling caused by the photochemical

reduction of ferric ions that concomitantly lead to additional
HO® radical generation:

Fe(OH)*t + hv — Fe?T + HO® (16)

The new generated Fe?* ion reacts with HyO, giving HO®
radical and Fe3* ion, and the cycle continues; in these condi-
tions, iron behaves as a real catalyst. This type of homogeneous
photoassisted reaction is referred to the photo-Fenton reaction;
its main advantage is that the reaction occurs at radiation wave-
lengths up to 600 nm so that it may utilize a great part of the
solar irradiation.

It is known [7,46,47] that addition of H,O, enhances
photocatalytic reactions due to inhibition of electron—hole
recombination and production of additional HO® radicals
through reaction with conduction band electrons or with super-
oxide radicals, especially at high H,O» concentrations:

H,0, +e~ — HO® + HO™ (17)
0,*~ + H,0;, — 0, + HO® + HO™ (18)

However, an excess of HyO» can be detrimental because it is
a hole scavenger and the produced hydroperoxyl radical has a
less oxidizing power than HO®:

HO® + H,O, — HO,* + H,O (19)

The combination of Fe(IIl), H,O,, TiO, and irradiation, i.e.,
photo-Fenton and photocatalysis, improves the destruction of
some resistant pollutants. It has been reported that ethylenedi-
aminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA) and
other oligocarboxylic acids are more rapidly mineralized in the
presence of Fe(III)/H,O; than when using TiO; alone [48-53].
Heterogeneous photocatalysis and photo-Fenton reaction were
combined and the resulting process notably accelerated the
degradation of the organic acids. In the case of EDTA, although
photocatalytic degradation is rather fast, mineralization is dif-
ficult due to the formation of resistant intermediates; addition
of oxidants like Fe(IIT) or H;O, improves TOC removal. Oxalic
acid does not give rise to intermediates alongside its degradation,
TOC reduction paralleling the decrease of oxalic acid concen-
tration. One important difference between EDTA and oxalic
acid comes from the different quantum yields of the photoly-
sis of the respective Fe(Ill)-complexes, more than one order of
magnitude lower for Fe—EDTA. Therefore, for EDTA the degra-
dation promoted by heterogeneous photocatalysis is important,
the homogeneous process contributing only to a lesser extent. In
contrast, in the oxalic acid system, TiO, would act as a screen
or optical filter, reducing the efficiency of H,O; photolysis.

In related reactions, the presence of Fe(Ill)-complexes,
such as Fe(IlI)-NTA helps photocatalytic degradation of 4-
chlorophenol [54,55]. In these cases, an important effect of the
Fe(IlI)-complexes formed with the initial compound or with pos-
sible degradation intermediates takes place: these complexes can
be photolyzed and even photocatalyzed in the reaction medium,
generating Fe(II) and other active radical species.

Disinfection of drinking water by photocatalysis and photo-
Fenton reaction was performed by Rincén and Pulgarin [56].
Water contaminated with Escherichia coli was treated with
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the combined method by monitoring the bacterial culturability
with time. The method is suitable for performing the bacterial
inactivation, the rate being higher with respect to those of photo-
catalysis and photo-Fenton reaction alone; however, the authors
outline that the evaluation of the systems is very dependent on
the relative concentrations of Fe3*, H,O5 and TiO,.

4. Ozonation

Despite that photocatalysis has shown to be adequate for the
destruction of a wide variety of compounds, in some cases the
complete mineralization is slowly attained and the efficiency of
the process, in terms of energy consumption, is advantageous
only for very dilute effluents [4,5,57]. Unlike photocatalysis,
ozonation is capable of selectively destroying recalcitrant organ-
ics and it is more efficient for treating highly concentrated
samples. In last times, ozonation has been increasingly used for
drinking water treatment, because this method does not produce
chlorinated compounds that can be originated in disinfection
with chlorine or chlorine oxide. It is well known that the use of
ozone allows a remarkable improvement of organoleptic prop-
erties, filtration characteristics and biodegradability of drinking
water.

Ozone is a powerful oxidizing agent (E°=2.08 V), when
compared to other agents, such as HyO» (E0 =1.78 V), and can
react with several classes of compounds through direct or indi-
rect reactions. In the absence of light, ozone can react directly
with an organic substrate, S, through slow and selective reactions
of electrophilic substitution or dipolar cycloaddition [58-61]:

03+4+S — Sox (20)

This reaction is important in acid media and for solutes that
react very fast with ozone. The electrophilic attack may occur
at atoms with a negative charge density (e.g. N, P, O or nucle-
ophilic carbons) or to double/triple bonds like carbon—carbon,
carbon—nitrogen and nitrogen—nitrogen.

Ozone can also react indirectly through a fast and non-
selective reaction by the HO® free radical generated by its
decomposition, more favoured in alkaline media:

203 + 2H,0 — 2HO® + O, 4+ 2HO,* 21

The HO® radical is a powerful and non-selective oxidant that
can react in aqueous solution through three possible mecha-
nisms: (i) hydrogen abstraction; (ii) electron transfer; and (iii)
radical addition. The secondary radicals formed during this reac-
tion can react with ozone or other compounds.

The main drawback of these routes is that they lead to a
very limited mineralization of the organic compounds, so it is
necessary to modify the method when the complete removal
of pollutant and its degradation intermediates is required. The
most common way for improving the ozonation process is the
addition of hydrogen peroxide and/or UV radiation.

Addition of hydrogen peroxide to the ozonation system
produces a sensible improvement [62]. The process, called Per-
ozone, combines the direct and indirect ozone oxidation of
organic compounds. H,O initiates O3 decomposition by elec-

tron transfer [44,63] through a reaction that can be envisaged as
the activation of H,O» by ozone:

03 + H,0, — HO® + 0, + HO,* (22)

The process is expensive but fast, and can treat organic pol-
lutants at very low concentrations (ug/L), at pH between 7 and
8.

Irradiation of ozone in water with near-UV light (wave-
lengths > 300 nm) produces H,O, quantitatively:

03 + H0 + hv— H,0,+ 0, (23)

The generated hydrogen peroxide is photolyzed, producing
HO® radicals:

H,0;, + hv— 2HO® 24

This combination might be considered in principle only an
expensive form of generating H>O;, and then HO®. Indeed, it
is a combination of UV/H;0, and O3/H,0;, but the advantage
is that at 254 nm ozone has a higher absorption coefficient than
Hy03 (6254 =3300M L cm~! versus 18.6 M~ cm~!), and can
be used to treat water with high UV absorption background. The
efficiency is higher than that of O3 or direct UV, and the reactor
does not need to be in quartz because UV-B light (280-315 nm)
can also be used.

If wavelengths lower than 300 nm are employed, photolysis
of O3 takes place, generating additional HO® and other oxidants,
with the subsequent increase of the efficiency [64]:

03 +hv— 0x('Ag) + O('D) (25)
o('D) + H,O — 2HO* (26)

In conclusion, the addition of light to the H,O,/O3 process
produces a net increase on the efficiency for decontamination
of groundwater and for soil remediation [65,66]. On this basis,
the simultaneous application of ozonation and photocatalysis
[67-71], hereafter indicated as photocatalytic ozonation, has
potential use for the efficient treatment of contaminated waters
in a wide range of concentrations. When O3 is present in a photo-
catalytic suspension, in addition to the homogeneous pathways
of direct ozonation, the role of O3 as an electron trap must be con-
sidered. FTIR studies [72,73] report different modes of ozone
interaction with TiO; surface, such as: (i) physical adsorption;
(ii) formation of weak hydrogen bonds with surface hydroxyl
groups of the catalyst; and (iii) dissociative adsorption on strong
surface Lewis acid sites leading to O3 decomposition with for-
mation of a free oxygen molecule and a surface oxygen atom
that remains attached to the site [73].

In the presence of TiO, and near-UV radiation, adsorbed
ozone acts as a very strong electrophilic agent generating an
ozonide radical, O3°~, whose further reactions produce eventu-
ally HO® radicals in the adsorption layer [74]:

O3(ads) + e, — 03°~ (27)
03*” + H" — HO3* (28)
HO3* — HO® + O, (29)
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The above reported mechanism gives rise to the formation
of one hydroxyl radical per each trapped electron. In conven-
tional photocatalytic processes, oxygen is used as the oxidant
compound. The disadvantages of using oxygen as electron trap
are the slow electron transfer from TiO, to O, [5] and the fact
that three electrons are needed for the generation of a hydroxyl
radical [75]:

302(ads) + 3€cb” — 302°~ (30)
20,°" 4+ 2H,0 — 2HO,* + 20H™ (31)
2HO,* — 0, + H,0; (32)
HyO0, +0,°” — HO™ +HO® + O, (33)

Consequently, when the photocatalyst is irradiated in the
presence of O3, a greater number of HO® radicals is produced.
Ozone therefore acts as a powerful oxidant in place of oxygen,
mainly owing to the fact that O3 is more electrophilic than O,
towards electron photogenerated onto the TiO; surface [76-78].
HO® generation from O3 is pH dependent and increases with
decreasing pH; this avoids the use of high alkaline pH to induce
HO® formation from O3.

The favourable effect of ozone has been tested in the photo-
catalytic degradation of formic, acetic and propionic acids [79]
and monochloroacetic acid [80]. The combined system proved
to be the most effective; the degradation was accompanied by
a continuous decrease of the dissolved organic carbon content,
and aldehydes and carboxylic acids containing one carbon atom
less than the starting material were formed as intermediates.

Muller et al. [81] used the photocatalytic ozonation for the
treatment of waters polluted by 2,4-dichlorophenoxyacetic acid
(2,4-D). The advantages of photocatalysis, giving a constant
decline in total organic carbon content, and of ozonation, giving
no build up of high intermediate concentrations, were profited.
Comparing ozonation, photocatalysis and the combination of
both, they found that the combination approach reached the high-
est reaction rate. Nevertheless, the resulting rate was lower than
aresult assuming a simple addition of the rates of photocatalysis
and ozonation. For this reason, the authors propose that either
ozone has an inhibiting effect on photocatalysis or the high sur-
face of the catalyst is responsible for the decay of ozone without
a reaction with 2,4-D.

Sénchez et al. [82] applied the photocatalytic ozonation to the
degradation of aniline in aqueous suspensions of P25 Degussa
TiO,. A synergistic effect exists between TiO, and O3, espe-
cially remarkable when comparing the simultaneous effect of
TiO,, O3 and light with only photocatalysis and ozonation in the
dark. By considering that O3 reacts very efficiently with aromatic
compounds, they tested an ozonation pretreatment in the dark
to perform the initial steps of aniline degradation, followed by
photocatalysis. For this arrangement, the TOC reduction at the
initial stages of photocatalysis was significantly increased with
respect to photocatalysis without previous ozonation treatment.
The opposite sequence of events (photocatalytic pretreatment
followed by ozonation) did not appreciably increase the effi-
ciency of aniline degradation. The combination of ozonation
and photocatalysis with TiO, leads to a larger TOC removal

that, despite being more energy and material demanding, could
be preferred from an applied point of view.

Tanaka et al. [74] found that treatment by ozonation prior
to the photocatalytic one significantly increases the mineraliza-
tion of water contaminants. Klare et al. [69] investigated the
combination of TiO,-assisted photocatalysis and ozonation in
the degradation of various stable nitrogen-containing substrates.
Their experimental results indicate the occurrence of a synergis-
tic effect between ozonation and photocatalysis. The enhanced
degradation efficiency is attributed to the fact that ozonation
produces hydrophilic intermediate compounds whose attack by
electrophilic hydroxyl radicals leads faster to carbon dioxide.

Tanaka et al. [83] investigated also the applicability of the
photocatalytic ozonation for treating a real wastewater with a
high content of nitrogen compounds. They treated liquid bovine
manure obtaining degradation curves whose shapes are similar
to those obtained for model substances. By laboratory experi-
ments, it was demonstrated that the combination of ozonation
and photocatalysis is an efficient approach for the degradation
of different nitrogen-containing organic compounds; this com-
bination increased the mineralization efficiency as compared to
water treatment by only ozonation. In spite of its higher energy
and material demand, from an applied point of view, the com-
bination of ozonation and photocatalysis is considered as an
interesting alternative for wastewater treatment. They suggest
that the energy demand of this combined process could be con-
siderably decreased by the use of solar irradiation and in situ
electrochemical O3 generation.

Moraes et al. [71] evaluated the efficiency of photocataly-
sis and ozonation processes, alone or combined, to minimize
the environmental impact of textile effluents, mainly related to
their high colouration and the presence of toxic and carcinogenic
reactive dyes. The ozonation process was the less efficient since
it promotes only partial decolouration, a small modification of
the substrates and not a real degradation or mineralization. The
photocatalytic process promotes a rapid decolouration and an
effective TOC reduction. However, the best results were found
for the simultaneous combined process, which allowed total
decolouration and also the highest TOC reduction.

Wang et al. [84] determined the kinetic parameters for the
decomposition of formic acid by photocatalysis, ozonation and
their combination; the scheme of the used experimental sys-
tem is reported in Fig. 2. They found that the decomposition
rate by the combined system is larger than the sum of those
by each of the two methods and, on this basis, they conclude
that a synergistic effect appears when photocatalysis and ozona-
tion are performed simultaneously. The same effect was found
by Addamo et al. [85] when oxalate anion was mineralized in
water at pH 10. By applying the Langmuir-Hinshelwood kinetic
model to the photoreactivity results, the values of the kinetic
constant and of the equilibrium adsorption constant were deter-
mined. The kinetic constant of the photocatalytic reaction in the
presence of ozone is higher than that obtained in the presence
of oxygen only; moreover, the value of the adsorption constant
of oxalate ion in the first case is three times higher than in the
second one. The higher adsorption capacity of oxalate anion
on the surface of the photocatalyst in the presence of ozone
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Fig. 2. Scheme of a reactor system for combined photocatalysis and ozonation in decomposition of formic acid [84].

and UV irradiation together with the fact that ozone is a more
effective trap for the photogenerated electrons than oxygen can
justify the important beneficial effect observed when photocatal-
ysis and ozonation are contemporary used for the oxalate anion
degradation.

The oxidation of free cyanide in aqueous suspensions of
commercial TiO; specimens has been carried out by contem-
porarily applying ozonation and photocatalysis [86]. Besides the
photoreactivity experiments, Hernandez-Alonso et al. [76,87]
carried out EPR studies either in the dark or under U V-irradiation
in order to gain information on the role played by ozone both
in the increase of cyanide photooxidation rate and in the mod-
ification of the catalyst surface features. The reactivity results
indicate that the disappearance of cyanide ions is determined
by the occurrence of the following four routes: (i) the homo-
geneous reaction; (ii) the heterogeneous catalytic one; (iii) the
heterogeneous photocatalytic one with oxygen; and (iv) the
heterogeneous photocatalytic one with ozone. The kinetic mod-
elling of reactivity results indicates that the presence of ozone
plus radiation determines an increase of values of kinetic con-
stants and of equilibrium adsorption constants. The equilibrium
adsorption constant values in the presence of ozone without irra-
diation are higher than those obtained with pure oxygen under
UV-illumination, indicating that ozone is able per se to modify
the adsorption features of the catalyst surface.

By combining photocatalysis and ozonation, Li et al. [88]
demonstrated the advantages of carbon black modified nano-
TiO, (CB-TiOy) thin films supported on Al sheets for removing
catechol. The combined process considerably increased the TOC
removal rate, and the kinetic study showed that the rate constants
of the complete mineralization of catechol with TiO,/UV/O3 are
about two times higher than that of UV/O3 with the same con-
centration of ozone. The CB-TiO; thin film was also used for
degrading and mineralizing dibutylphtalate [89] by photocat-
alytic ozonation; also in this case, the degradation activity was
higher than that showed by only photocatalysis.

Farré et al. [90] applied the photocatalytic ozonation to
promote mineralization of water-soluble pesticides, such as
alachlor, atrazine, chlorfenvinfos, diuron, isoproturon and pen-
tachlorophenol. The application of the combined system leads
to a rapid decrease of the concentration of these biorecalcitrant
compounds and to a strong reduction of total organic carbon
content, except for atrazine.

Agustina et al. [91] have carried out an exhaustive review of
the most recent papers on the synergistic effect of photocataly-
sis and ozonation applied to wastewater treatment. This review
focuses on the chemical effects of ozone dosage, pH and crystal
composition of photocatalyst on the degradation rate of differ-
ent pollutants. The authors also give valuable information on
the compounds degraded by various researchers, the detected
intermediates, the mechanism, the kinetics and the economic
aspects related to the application of photocatalytic ozonation to
the treatment of industrial wastewaters.

Heterogeneous photocatalysis is regarded as a promising
technique for purifying indoor VOCs. However, the appli-
cation of this method has been limited by the problem of
deactivation of photocatalyst and of generation of refractory
reaction intermediates. Shen and Ku [92] studied the decom-
position of trichloroethylene in the gas phase by the TiO-UV
process in the presence of ozone. They found that the addi-
tion of ozone reduced the removal of TCE, possibly because
excessive ozone molecules could scavenge hydroxyl radicals
produced from the UV excitation of TiO,. Pengyi et al.
[93] investigated the effect of added ozone on the photocat-
alytic oxidation of gaseous toluene, a VOC that can determine
catalyst deactivation during photocatalytic oxidation [94]. In
the absence of O3, toluene conversion drops rapidly at high
toluene concentrations and the photocatalyst deactivates turn-
ing from white to brown. The addition of ozone avoids the
photocatalyst deactivation. The influence of humidity on the
photocatalytic oxidation with ozone was found to be com-
plex: a little humidity improves the decomposition of toluene,
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while too much humidity depresses the decomposition. The
authors explain that humidity enhances the contaminant decom-
position by enhancing the generation of hydroxyl radicals but,
at the same time, it hinders the contact of toluene with the
photocatalyst and ozone and consequently it decreases the
decomposition.

5. Electrochemical treatment

The high degree of recombination between photogenerated
electrons and holes is sometimes a major limiting factor con-
trolling photocatalytic efficiency [95]. The deposition of noble
metals on TiO, films can strongly hinder the electron—hole
recombination by attracting photogenerated electrons and so
it would improve the performance of photocatalytic processes.
However, if the accumulated negative charges are not consumed
or not further transferred out of the metal particles, photo-
generated holes may be attracted by negatively charged metal
particles, which become recombination centres [96]. It has been
recently reported [97] that an anodic bias applied to a TiO;
film can not only spatially separate conduction band electrons
but also drive away the photogenerated electrons accumulated
on metal particles to another compartment of cell, reducing
the electron—-hole recombination and separating oxidation and
reduction sites.

A hybrid technology consisting in the combination of noble
metal deposition with the application of an external electric field
was developed by He et al. [98] in order to improve the efficiency
of photocatalytic degradation of formic acid on Ag-TiO; films.
The combination of the Ag deposition and the application of
anodic bias showed a beneficial effect not only in enhancing
the formic acid oxidation rate but also the COD removal rate,
which was higher than that of the pure photocatalytic process.
The enhancement effect caused by the external electric field in
the presence of Ag denotes that the deposited metal can not only
trap the photogenerated electrons but also assist the external
electric field to make them migrate from the TiO; film anode to
the counter-electrode in another compartment of the cell. Upon
close examination of the kinetic constants of each process, it
was found that the rate constant of photoelectrocatalysis with
Ag-TiO; is a simple sum of those of photoelectrocatalysis on
TiO, and photocatalysis on Ag-TiO,. Even if the combined
method does not show a synergistic effect but only an additive
one, the method is very valuable when there is the need for
degradation of organic pollutants recalcitrant to electrochemical
or photocatalytic treatments.

The main advantage of photoelectrocatalysis is its great ver-
satility joined to the simplicity of the reactors in terms of
construction and management (particularly suitable for automa-
tion) [99]. However, application at large scale is limited by the
difficulty to find materials with specific characteristics to make
the process competitive. Moreover, the oxidation in the potential
region of water stability can lead to electrode fouling due to the
formation of polymeric materials. Ti/PbO,, Ti/SnO,, Ti/IrO»,
glassy carbon are generally used as the materials, but some
of them decrease their activity due to surface fouling (glassy
carbon) or limited service life (Ti/IrO;).

Boron-doped diamond (BDD) [100,101], i.e., silicon coated
by a layer of synthetic diamond heavily doped with boron in
order to obtain acceptable electric conductivity, has been pro-
posed as anode for the degradation of organic compounds [102].
The oxidation process at BDD anodes involves production of
HO?® radicals scarcely adsorbed at the BDD surface: they con-
sequently desorb and can attack the organic pollutant. This
means that BDD anode behaves like an HO® generator. Some
refractory organic compounds present in water (phenol [103],
4-chlorophenol [104], surfactants [105], diuron and dichloroani-
line [106], and triazines [107]) have been successfully treated by
using BDD anodes. Moreover, BDD electrode has shown to be
effective to oxidize cyanuric acid (CA, 2,4,6-tri-hydroxy-1,3,5-
triazine) [107], which is known to be refractory to most AOPs,
including heterogeneous photocatalysis [108]. It was found that
the best operating conditions to photooxidize CA in the electro-
chemical reactor are not the best ones to photooxidize the starting
molecule (atrazine or some other triazine). In contrast, hetero-
geneous photocatalysis is effective to photodegrade atrazine and
other triazine herbicides for which CA represents the final oxi-
dation product [108]. An intriguing future possibility could be
to couple heterogeneous photocatalysis with the electrochemi-
cal technology to perform a hybrid system for the photocatalytic
degradation of atrazines, followed by the electrochemical oxi-
dation of CA.

The photoelectro-Fenton method [109] complements photo-
Fenton and electro-Fenton reaction. In the latter, a potential is
applied between two electrodes immersed in a solution contain-
ing Fenton reagent and the target compound. The recent study of
the herbicide 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), per-
formed in an undivided cell with a Pt anode and an O,-diffusion
cathode, showed that the photoelectrochemical process was
more powerful than the electro-Fenton process, which can yield
only about 60-65% of decontamination. The electro-Fenton
method provides complete destruction of all reaction intermedi-
ates, except oxalic acid, which in the presence of Fe3* ions forms
stable complexes that remain in the solution. The fast photode-
carboxylation of such Fe(Ill)-oxalate complexes by UV light
explains the highest oxidative ability of the photoelectro-Fenton
treatment, which allows a fast and total mineralization of highly
concentrated acidic aqueous solutions of 2,4,5-T at low current
and temperature. A similar behaviour was found for the herbicide
3,6-dichloro-2-methoxybenzoic acid [110].

6. Biological treatment

The possibility to couple biological and photocatalytic meth-
ods has attracted the attention of many researchers in recent
times. While photocatalysis is not specific (or almost not) for
particular substrates, the biological method (which is the most
common and cheapest process used for wastewater remedia-
tion) is not able to treat substances which are biorecalcitrant
or bactericide. Substances used as herbicides (metobromuron,
isoproturon, etc.) or in the manufacture of dyes, such as 5-
amino-6-methyl-2-benzimidazolone (AMBI) are biorecalcitrant
molecules, while compounds, such as benzalkonium chloride are
bactericides [111-114]. The combination of biological method
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with heterogeneous photocatalysis can be used to reduce the
biorecalcitrance or the toxicity to bacteria to a level that permits
the biological treatment. Therefore, the photocatalytic pretreat-
ment is intended to modify the structure of the pollutants by
transforming them into non-toxic and easily biodegradable inter-
mediates. When the pretreatment is successful, the subsequent
biological degradation is achieved in a shorter time and in a
less-expensive way. For the coupled system, the phototreatment
stage must be designed to obtain a solution biologically com-
patible after elimination of the initial biorecalcitrant compounds
and their inhibitory intermediates. These requirements, and the
information concerning the toxicity and the biodegradability
evolution of the phototreated solution, allow one to determine the
optimal time to stop the photocatalytic treatment before feeding
the treated water to the biological reactor. This time corresponds
to the best compromise between the efficiency of the phototreat-
ment and its cost. The shortest phototreatment time is desired to
avoid long irradiation times and the consequent high electrical
consumption. This is important because electricity represents
about 60% of the total operational cost of photocatalytic reac-
tors [115]. However, if the fixed pretreatment time is too short,
the intermediates remaining in solution could still be structurally
similar to the initial biorecalcitrant compounds.

Reference [116] offers an overview of recent works
(1998-2002) where photocatalytic and biological processes
were coupled for wastewater treatment. All the 16 cases pre-
sented indicate the plausibility of using the coupled approach
at pilot scale to treat real industrial wastewaters. This review
confirms the beneficial effects of such two-step treatment at lab-
oratory scale and signals the lack of studies carried at field scale
with the same approach.

Parraetal. [117] performed laboratory experiments to study a
new coupled system that employs TiO; supported on glass rings
in the photocatalytic reactor and bacteria supported on biolite in
the biological part. The advantages of this system are that the
catalyst can be reused and the pH of the solution remains at val-
ues between 6.0 and 6.5, which are tolerable by the biomass. The
coupled photochemical and biological reactor was employed to
reach the complete mineralization of isoproturon, one of the
most used herbicide. Besides laboratory experiments, Parra et
al. [117] studied the efficiency of degradation by direct solar
light and also the feasibility of coupling a compound parabolic
collector with a biological system at pilot scale for treating real
biorecalcitrant wastewater. The solar experiments were carried
out at the Plataforma Solar de Almeria (Spain) using natu-
ral sunlight irradiation. The coupled photocatalytic—biological
flow reactor was operated in semicontinuous mode. The authors
demonstrate the usefulness of the photocatalytic process pre-
ceding the biological one for the complete mineralization of a
non-biodegradable organic substance. The photodegraded solu-
tion of isoproturon was biologically compatible and its complete
mineralization was reached by biological means. The field
experiments using solar collectors demonstrated that the solar
photocatalytic treatment is effective for the purification of water
contaminated by herbicides.

Parra et al. [117] proposed a general strategy to develop a
combined system for biorecalcitrant wastewater treatment. The

following points were taken into account: the biodegradability of
the initial solutions, the operation mode of the coupled reactor,
the chemical and biological characteristics of the phototreated
solutions, the optimal conditions of both photochemical and
biological processes, and the efficiency of the coupled reactor.
This strategy was illustrated by case studies of four different
pollutants: p-nitrotoluene-ortho-sulfonic acid (a pollutant com-
ing from the manufacture of dyes, surfactants and brighteners),
metobromuron (another widely used herbicide), isoproturon and
5-amino-6-methyl-2-benzimidazolone (a model compound of
the dye industry). The authors stress the point that this strategy is
not a universal solution and each effluent must be considered and
tested separately. Chemical, biological and kinetic studies must
be always carried out to ensure that the photochemical pretreat-
ment increases the biocompatibility of the treated wastewater.
On this ground, Mohanty et al. [118] have coupled TiO,-
based photocatalytic pretreatment with a conventional activated
sludge process to achieve improvement in the biodegrada-
tion of 1-amino-8-naphthol-3,6-disulfonic acid, a contaminant
of the textile industry. They carried out the photodegradation
experiments at an optimized TiO, content and determined the
minimum pretreatment time required for transforming the recal-
citrant contaminant and for achieving enhanced biodegradation.

7. Membrane reactor

TiO, is the most often used photocatalyst due to its con-
siderable activity, high stability, non-environmental impact and
low cost. In photocatalytic processes, the TiO, catalyst is gener-
ally applied in the form of powder suspended in slurry. The
inconvenience of this kind of approach at large scale is the
catalyst-recovering step from the solution at the end of operation.
This problem can be solved immobilizing the catalyst on an inert
surface, such as glass, quartz, concrete or ceramics. This con-
figuration has its advantages and disadvantages. Due to the fact
that fixation determines mass transfer limitations of pollutants to
the surface of the catalyst [119] and also a loss of photocatalytic
activity, slurry reactor systems excel the fixed ones with respect
to photocatalytic degradation efficiency. However, as said, for
slurry reactors, mainly for the continuous ones, the TiO, par-
ticles have to be separated from the treated water at the exit
from the detoxification process. Thus, for the development of
the photocatalytic technology, the solid-liquid separation is an
extremely important issue. The best possible recovery of TiO»
particles must be ensured in order to prevent a decrease of the
catalyst concentration in the reactor system and to avoid the
wash out of TiO» particles causing a non-acceptable secondary
pollution. The production process of TiO; catalysts generates
very fine powders. P25 Degussa has an average primary particle
size of about 21 nm even if in aqueous media the particles form
aggregates within the micron range. In this range of particle size,
solid-liquid separation is influenced by interfacial effects of the
aggregates rather than by the size of the primary particles.

The classical solid-liquid separation processes, such as sedi-
mentation, flotation and membrane filtration may find, in princi-
ple, application in the separation of TiO; particles from a liquid if
the controlling parameters are optimized. From a practical point
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of view, however, the sedimentation of TiO; after pH adjustment
or the coagulation with flocculants like basic aluminium chlo-
ride is not satisfactory because the sedimentation is very long,
lasting hours, and the supernatant needs to be filtered after the
sedimentation step. Membrane filtration offers advantages and
disadvantages. It is purely a physical separation process, which
does not involve a phase change or interphase mass transfer, and
may be used as a single step for the complete recovery of TiO»
particles from liquids. The major problems, when membrane
separation is applied to powder photocatalyst recovery, are the
great membrane flux decline and the membrane fouling.

In the field of membrane separation, microfiltration is a
solid—liquid separation process useful when colloids and fine
particles in the 0.1-5 pum range are involved. In comparison
with ultrafiltration, microfiltration offers the further advantages
of needing relatively low transmembrane pressure for operation
(usually <300 kPa) and of providing a relatively high filtration
rate with a consequent reduction of equipment and operating
costs.

Xi and Geissen [120] investigated the possibility of catalyst
separation from water by cross-flow microfiltration by using
TiO, suspensions and thermoplastic membranes. The effects of
operating conditions, such as feed concentration, pH and ionic
strength, cross-flow velocity and transmembrane pressure on
the separation characteristics have been studied and the optimal
conditions were established. An extreme sensitivity to pH and
electrolyte concentration was observed. A higher steady state
flux was obtained by determining the coagulation—flocculation
state of TiO; particles through the control of pH at values close
to the isoelectric point and by adding specific electrolytes to the
slurry.

Fu et al. [121] investigated the possibility of coupling pho-
tocatalysis and membranes for the degradation of fulvic acid.

Water level sensor

They used a submerged membrane photocatalytic reactor with
a nano-structured TiO,—silica gel photocatalyst; the scheme of
this photoreactor is reported in Fig. 3. The catalyst particles
were small enough to form a homogeneous suspension and big
enough to easily settle while having the TiO, with high activ-
ity. The microfiltration separation process allowed the TiO; be
easily separated, recovered and reused; more significantly, it
was efficient to maintain high flux of membranes. In fact, the
spherical ball-shaped particles improve the service life of micro-
filtration membrane by reducing fouling on surface; moreover,
the particles do not deposit inside the pores preventing pore
closure.

Doll and Frimmel [122] investigated the photocatalytic
degradation of pharmaceutical and diagnostic residues in a pilot
plant over a period of several days. The pilot plant consisted
of a photocatalytic reactor followed by a cross-flow microfil-
tration module. A continuous operation of the pilot plant was
achieved by a continuous separation and reuse of TiO, with
periodical back-washing operations of the filtration module. The
investigation also included the testing of membrane materials
because in this case the membrane must be resistant to abrasion
and to periodical back-washing. A self-made tubular module
with a ceramic single channel membrane of a-aluminium oxide
achieved the best cross-flow-membrane microfiltration because
of its resistance to abrasion and back-washing. The photocat-
alytic activity of tested TiO, powders was constant during the
continuous usage over several days.

Recently, it has been demonstrated that the integration of
heterogeneous photocatalysis with a separation process using a
selective membrane, a process called pervaporation, is a very
promising method to improve the detoxification efficiency of
water streams containing organic pollutants at low concentra-
tion. The membrane plays both the roles of a simple barrier
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Fig. 3. Scheme of the submerged membrane photocatalytic reactor for fulvic acid removal [121].
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for the catalyst and of a selective barrier for the molecules to
be degraded. The commercial pervaporation membranes are
organophilic so that most of the organic compounds perme-
ate preferentially with respect to water. 4-Chlorophenol (4-CP)
has been used as a probe molecule and the disappearance rate
(transformation in hydroquinone, HQ, and benzoquinone, BQ)
was highly improved [123]. A synergy was observed because
photocatalysis is favoured by the continuous subtraction by per-
vaporation of the intermediates that otherwise would compete
with 4-CP for photocatalytic oxidation. In addition, pervapo-
ration takes advantage of photocatalysis, which transforms a
poorly permeable compound (4-CP) into highly permeable com-
pounds (HQ and especially BQ). It is worth noting that in the
integrated process the quantity of permeate stream collected is
very small in respect to the initial volume of water to be purified.

Polymeric ultrafiltration membranes, such as polyacryloni-
trile (PAN), FS50PP (fluoride + polypropylene) and GR51PP
(polysulfone + polypropylene) have been used. They showed
a good photostability checked by SEM and TOC and accept-
able values of water permeate flux, but the rejection was
unfortunately negligible. In order to improve the rejection
effects, polymeric nano-filtration membranes have been tested
[124-127]. The best ones were NF-PES-010 (a more perme-
able polyethersulfone, Hoechst) and N30F (a modified less
permeable polysulfone, Hoechst). The choice of the membrane
depends on the molecular size of the pollutants to be treated. The
pH can influence very strongly the rejection as an electrostatic
interaction, the Donnan exclusion phenomenon [128], may arise
between the charged membrane and the ionic pollutant.

In addition to 4-nitrophenol (4-NP), degradation tests were
successfully carried out on humic acids, phenol, benzoic acid,
olive mill wastewater, organic dyes, drugs, etc. [127].

The selected membranes showed the capability to retain the
photocatalyst and to reject partially organic species by control-
ling the residence time in the reacting system. Further work is
required to look for other types of membranes, such as high
rejection NF-type or low rejection reverse osmosis-type mem-
branes, efficient also with pollutants of low molecular weight.
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Some tests aimed to photodegrade lincomycin were carried out at
the Plataforma Solar de Almeria (Spain) [129] by using sunlight
for irradiating batch or continuous systems; the corresponding
schemes are reported in Fig. 4. It was noticed a total organic
carbon accumulation in the reacting volume. This feature was
explained by considering that under the used experimental con-
ditions, the amount of photons entering the system per unit time
were not sufficient to mineralize the organic carbon fed in the
photoreactor per unit time.

In conclusion, it is possible to say for these systems that
the proposed configuration arranged for working in continuous
regime seems the most promising set-up for application because
it takes the advantages of both the classical photoreactors (cat-
alyst in suspension) and the membrane processes (separation at
molecular level).

8. Membrane photoreactor

As reported in the previous section, an approach to immo-
bilize photocatalytic powders is to combine a slurry with
membrane filtration; in this system, membranes are used as a
separating layer to retain the catalyst. A drawback of membrane
reactors is that the use of photocatalytic powders determines that
the reactants must diffuse to the catalyst surface before photo-
catalytic reactions can occur. This diffusion process is relatively
slow and so it is likely to be a rate-determining step, espe-
cially for the case where reactants at low concentrations must
be degraded. In order to solve this problem, a recent strategy
was to utilize photocatalytic membranes with pores of several
nano-meters in which the photocatalyst is capable not only of
performing selective permeation but also of producing an oxi-
dized permeate stream. In this configuration, oxidation by HO®
radicals occurs both on the external surface of membrane and
inside the pores, while reactants are permeating in a one-pass
flow. The main advantage of membrane photoreactors [130] is
that this configuration allows one to minimize the mass transfer
resistances between the bulk of the fluid and the semiconductor
surface. As a consequence of the forced transport of reactants by

PFP 1
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Fig. 4. Lincomycin degradation in a membrane reactor under sunlight irradiation. Scheme of the photoreacting batch systems (a) and of the photoreacting continuous
system (b): (A) switch valve; (B) thermocouple; (C) not-reacting tank; (D) pump; (E) regulation valve; (F) manometer; (G) membrane vessel; (H) line under pressure;

(I) rotameter; (L) feed tank; (PFP) plug flow photoreactor [129].
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convection inside the pores, an increased reaction rate, compared
with conventional diffusion transport, is observed.

Photocatalytic membrane reactors have been successfully
applied to liquid phase reactions of trichloroethylene [131],
4-nitrophenol [132] and Methylene Blue [133].

Maira et al. [134] demonstrated that a photocatalytic mem-
brane reaction system is effective for enhancing the gas
phase photocatalytic oxidation of trichloroethylene using a
nano-structured TiO, membrane and a TiO,-zeolite hybrid
membrane. It was found that the observed reaction rate increased
for the case of photocatalytic membrane reaction with respect to
the case of conventional reaction configurations in liquid phase
[131] and gas phase reaction [135].

Tsuru et al. [135] investigated TiO, membranes having pore
sizes of several nano-meters for use in the photocatalytic reac-
tion of methanol in the gas phase. Porous TiO; membranes were
prepared by coating colloidal TiO; sols on the outer surface of
cylindrical a-alumina microfiltration membranes. The photo-
catalytic decomposition with membrane permeation showed a
larger rate than the case without membrane permeation, this case
corresponding to a conventional photocatalytic reactor com-
posed of a thin TiO; film prepared on non-porous substrates. For
the case with membrane permeation, all reactants were required
to permeate through TiOy pores, providing a more effective
contact between the reactants and the catalytically active TiOy
surface; in fact, the transport of organic compounds to the TiO;
surface was enhanced by forced convection in addition to trans-
port by diffusion, and a larger surface area was utilized for the
photocatalytic reaction.

Tsuru et al. [136] prepared porous TiO, membranes by the
sol-gel process and applied them for the gas phase reaction
of methanol and ethanol. In an attempt to increase the photo-
catalytic activity, they also modified the TiO, membrane with
platinum. Under the used experimental conditions, methanol at a
100 ppm feed was completely photooxidized by black light irra-
diation; at higher concentrations, the conversion decreased. TiO»
platinization caused both photocatalysis as well as thermal cat-
alyticreactions. In the degradation of ethanol, a synergistic effect
between photocatalysis and thermal catalytic reactions was
observed [137]. The overall ethanol conversion over illuminated
Pt-modified TiO; was larger than the sum of the conversions for
photocatalysis and thermal catalytic reactions; the synergistic
effect was attributed to the photoproduction of acetaldehyde on
TiO, and its subsequent thermal oxidation over platinum.

9. Physical adsorption

Even if heterogeneous photocatalytic processes have shown
to be very effective, there are many real situations they cannot
cope with. The pollutants are frequently present in concentra-
tions that are too low to allow their efficient removal; moreover,
natural organic matter present in water can occupy the cat-
alytically active surface sites causing much lower degradation
efficiency. In order to overcome the above-mentioned problems
[138-140], the photocatalytic oxidation has been coupled with
physical adsorption. In this combination, a suitable adsorbent,
such as silica, alumina, zeolites, clays or activated carbon (AC),

selectively adsorbs the toxic pollutants without extracting the
natural compounds present in the water. Once the adsorbent
losses its capacity of removing the contaminant organics, it is
separated from the purified water and it is mixed with TiO;
powder in water to produce a composite suspension. The des-
orbing component is therefore photocatalytically oxidized by
irradiating the suspension and the regenerated adsorbent can
be reused in further adsorption cycles. The other alternative
of photocatalysis—adsorption combination consists in fixing the
catalyst on the surface of the adsorbent, thereby producing a
catalyst—adsorbent system with advantageous features, such as
better separability or better aggregation properties. In this case,
the adsorption and oxidation of organic compounds occur con-
tinuously, thus avoiding the need of cyclic operations.

Matos et al. [140] aimed to detect any associative or synergis-
tic effect between powdered TiO, and powdered AC maintained
in an aqueous suspension. The mere addition of AC to TiO; sus-
pension was expected to induce some beneficial effect because
of the high adsorption capacity of AC with respect to organic
molecules. The authors observed that depositing TiO; by differ-
ent ways on different supports induces some doping by foreign
ions penetrating the TiO, lattice during the final thermal treat-
ment necessary for the stabilization of the material. To better
put in evidence any synergistic effect, a mechanical mixture of
AC and TiO; was tested, therefore preserving the initial sur-
face state of each solid constituent. The chosen test reaction was
the photocatalytic degradation of phenol. From experiments of
phenol adsorption, they observed no additivity of the adsorption
capacity of both solids when they are mixed. This difference
was ascribed to a strong interaction between titania particles
and AC, which creates an intimate interface non-accessible to
phenol molecules from the solution. From the reactivity runs,
it was observed that the photocatalytic activity of the TiO,—AC
system is higher than that of neat TiO;. The addition of AC to
TiO, creates a kinetic synergistic effect in phenol disappear-
ance with an increase of the rate constant by a factor of 2.5.
Phenol molecules, adsorbed and accumulated on AC, are able
to be transferred to titania where they are decomposed under
irradiation; this transfer occurs through the TiO,/AC interface
with the concentration gradient acting as the driving force. In
order to confirm this explanation, the mechanical mixture of
TiO, and AC was modified by two physical treatments: grinding
and sonication. Grinding had practically no effect upon phe-
nol adsorption but slightly lowered the photocatalytic activity;
grinding may produce defects in the TiO, lattice that would
behave as electron—hole recombination centres, worsening the
photocatalytic activity. On the contrary, sonication of the mix-
ture was detrimental for the photoreactivity; sonication favours
the separation of titania and AC particles, thus partly destroy-
ing their surface interaction. The even partial destruction of this
interface stops the transfer of adsorbed molecules, and then the
synergistic effect disappears.

Herrmann et al. [141] confirmed, in solar application and in a
large scale, the synergistic effect obtained with powdered TiO,
and powdered AC maintained in an aqueous suspended mixture.
The test reaction was the 4-chlorophenol degradation. The addi-
tion of a commercial AC to TiO» under UV irradiation induced a
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synergistic effect by a factor of 2.4 in the photoefficiency of the
photocatalyst. As for phenol photodegradation, the synergy was
explained by an important adsorption of 4-CP on AC followed
by a mass transfer to photoactive TiO;. This transfer occurred
mainly via a 4-CP spillover induced by a mere mixture of both
phases in suspension.

llisz et al. [142] studied the applicability of sequential
operations of adsorption on an organo-clay and TiO;-based
photocatalysis as a potential technology for water treatment.
2-Chlorophenol (2-CP) was chosen as model compound to test
the efficiency of the combination. In particular, it was checked
if the adsorbent has some negative effect on the photocatalytic
process; in fact, the clay could show a shielding effect for the
UV absorption of TiO; and the desorption process of 2-CP could
cause a lower degradation efficiency. In the combined system,
the clay firstly adsorbed the 2-CP and then it was separated, dried
and dispersed in aqueous TiO» suspension. It was found that the
rate of photocatalytic decomposition of 2-CP adsorbed on the
organo-clay was practically the same as that without the adsor-
bent and much faster than that for direct photolysis at the same
irradiation conditions (A >310nm). There was not significant
difference in product distribution between the 2-CP/UV/TiO,
and 2-CP/clay/UV/TiO; systems and, moreover, it was found
that the 2-CP/clay/UV/TiO; system did not exhibit changes in
the total organic carbon content after completing the oxidation
of all the organics. This fact indicates that no adsorbent damage
is caused by the photocatalytic process and the adsorbent can
therefore be reused in several treatment cycles.

Nlisz et al. [143] tested three different catalyst—adsorbent
systems: (i) TiO; intercalated into the interlamellar space of
an untreated montmorillonite; (ii) TiO; crystallized on hex-
adecylpyridinium chloride-treated montmorillonite; and (iii)
hexadecylpyridinium chloride-treated montmorillonite as adsor-
bent and P25 Degussa TiO, as photocatalyst. The most
advantageous situation was found for the last case, for which
the highest rate of 2-CP degradation was measured, no nega-
tive effect of the suspended adsorbent was observed and the
recovered adsorbent was reused without further regeneration.
For cases (i) and (ii), a considerably lower pollutant degrada-
tion rate was observed. In case (ii), the modest degradation was
accompanied by a high decrease in the TOC content indicating
that oxidation of the organic modifier took place continuously in
the course of the photocatalytic process, damaging the adsorbent
probably for the adjacency of the TiO, particles and the alkyl
chains. The low efficiency measured for case (i) was probably
caused by the low crystallinity and small size (high band gap)
of the produced TiO; particles.

The photocatalysis—adsorption combination has been also
used for destroying volatile organic compounds present in air.
Ao and Lee [144] studied toluene vapour and nitrogen oxide
removal using TiO, immobilized on an activated carbon filter.
Shiraishi et al. [145], by combining photocatalysis with adsorp-
tion and thermal regeneration, developed a novel air-purification
system consisting of a rotating honeycomb loaded with zeolite or
activated carbon, combined with a photoreactor able to eventu-
ally oxidize the desorbed volatile contaminants. Chin et al. [ 146]
developed a kinetic model for a rotating adsorbent—photocatalyst

reactor able to remove formaldehyde in air. Vapour formalde-
hyde was adsorbed from a simulated room onto a slowly rotating
honeycomb that then passed through a small chamber in which
locally recirculated heated air desorbed the formaldehyde and
carried it through a photocatalytic reactor where the desorbed
formaldehyde was oxidized. The regenerated adsorbent then
rotated back into the airtight chamber. The advantages of this
combination are that it allows rapid air contaminant removal
followed by desorption into a small volume photoreactor where
the consequent increase in contaminant concentration allows the
use of a reactor smaller than a photocatalyst-only system would
require. The model developed by Chin et al. [146] provides a
technique for evaluating all the numerical parameters of the sys-
tem, i.e. the adsorption, desorption and reaction rate constants,
as well as the adsorption equilibrium constants, and so it can
be applied to correctly design systems with different adsorp-
tion/desorption temperatures, adsorbent materials and chamber
sizes.

10. Conclusions

Heterogeneous photocatalysis is a very powerful AOP able
to destroy a great variety of organic and inorganic contaminants
present in water and air. This system works only if a semicon-
ductor oxide is irradiated by band gap radiation; this implies that
for the operation of this system it is necessary to furnish photons
to the catalyst.

Actually, the main drawback of this technology is repre-
sented by the fact that the quantum efficiency values are very
low, only reaching 1% in the best conditions, i.e., only one
over one hundred of the incident photons is able to produce
an oxidation/reduction step. Depending on the amount of the
contaminant present in the waste to be treated and on the needed
degree of oxidation, it is necessary to provide the photoreact-
ing system with a photon flow two orders of magnitude higher
than that eventually utilized. Generally, the compounds in a spe-
cific contaminated air are very few and they are present at very
low concentrations; moreover, the volumes to be treated are
small, like those of freezing chambers, chambers for surgery,
air conditioning in buildings, chambers for special production,
etc. In this case, it is likely that heterogeneous photocatalysis
can achieve the complete purification of the gaseous body. The
opposite situation occurs in contaminated aqueous bodies where
the contaminants vary in their chemical nature, and are probably
at high concentrations and in high volumes. As a consequence,
the photon flow needed for the treatment is amazingly huge.

Lamps can provide the necessary photons but the cost of
photon production must be taken into account in the whole eco-
nomics of the process and it can be very high. Sun can also give
photons but only ca. 5% (ca. 30 W m~2) can be used by TiO»,
and this cannot satisfy the needs of the treatment in a realistic
way.

On the basis of the previous considerations, we think that
the use of photocatalysis for wastewater remediation should be
successful if addressed only to the transformation of recalcitrant
to non-recalcitrant compounds, which subsequently can be eas-
ily degraded by conventional techniques. In this circumstance,
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the coupling of photocatalysis with other chemical and physi-
cal operations seems a good strategy to achieve the remediation
goal.

Which would be the best combination? The authors believe
that the answer to this question depends on the particular prob-
lem to be solved, and that any of the presented combination
shows neither intrinsic advantages nor drawbacks that favour or
exclude its utilization. Thus, for each system, treatability test
must be done to find the best technology.

In conclusion, the combination of heterogeneous photocatal-
ysis with chemical and physical operations appears to be the
most promising tool for developing real applications of decon-
tamination processes. However, by examining the literature
on this topic, the authors noticed that almost the totality of
experimental works have been carried out in artificial systems
containing only one compound used as model molecule. It would
be of a great importance to investigate real wastewater contain-
ing compounds of different chemical nature in order to elucidate
the mutual effects of these compounds on their degradation rate.

The use of sunlight should be the final objective for some of
the applications, but for achieving this goal, a systematic inves-
tigation on bench scale by using artificial light is needed in order
to have a better knowledge of the influence of physicochemical
and operational parameters on the photoreactivity.
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