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Abstract−Advanced oxidation processes (AOPs) with UV irradiation and photocatalyst titanium dioxide (TiO2) are
gaining growing acceptance as an effective wastewater treatment method. A comprehensive review of the UV-TiO2

photocatalytic oxidation process was conducted with an insight into the mechanism involved, catalyst TiO2, irradiation
sources, types of reactors, comparison between effective modes of TiO2 application as immobilized on surface or as
suspension, and photocatalytic hybrid membrane system. Photocatalytic degradation technique with titanium dioxide
is generally applied for treating wastewater containing organic contaminants due to its ability to achieve complete min-
eralization of the organic contaminants under mild conditions such as ambient temperature and ambient pressure. Re-
cently, photocatalysis studies using TiO2 have been gaining attention for the degradation of persistent organic pollutants
and other organic chemicals which are known to be endocrine disruptors. Treatment of wastewater in a titanium di-
oxide-suspended slurry reactor has been widely utilized due to its simplicity and enhanced degradation efficiency. How-
ever, this system requires separation of TiO2 from water after the photocatalytic process. The final section of the man-
uscript focuses on the removal of TiO2 using a membrane hybrid system. A two-stage coagulation and sedimentation
process coupled with microfiltration hollow-fibre membrane process was found to achieve complete removal of TiO2,
and the recovered TiO2 can be reused for a photocatalytic process after regeneration.
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INTRODUCTION

Advanced oxidation processes (AOP), which involve the gener-
ation of highly reactive hydroxyl radical (HO·), have emerged as a
promising water and wastewater treatment technology for the deg-
radation or mineralization of a wide range of organic contaminants.
A class of AOP consists of photoactivated processes. The photoac-
tivated reactions are characterized by the free radical mechanism
initiated by the interaction of photons of a proper energy level with
the catalyst (photocatalytic oxidation). The present review aims to
provide a comprehensive analysis on the mechanism of UV-TiO2

photocatalytic oxidation process, photocatalyst material, irradiation
sources and the types of photoreactors. The efficiency of the system
is also affected by the mode of TiO2 application as immobilized on
surface or as suspension.

TiO2 photocatalysis is effective for the decomposition of various
organic contaminants in water; however, its practical use as slurry
type suspensions is limited because of the difficulty of separation of
the infinitesimally small TiO2 particles after the photocatalytic pro-
cess. This final section of the manuscript provides a specific insight
into the separation of TiO2 from suspension by a photocatalytic hy-
brid membrane system.
1. Photocatalytic Oxidation

Although Frank and Bard [1] were the first to examine the pos-
sibility of using a semiconductor catalyst (titanium dioxide-TiO2)
to decompose cyanide, Ollis and co-workers extensively studied
the potential of photocatalysis for organic degradation [2-5].

Semiconductors are primary light absorbers. They are used in

photocatalysis because of a favorable combination of electronic struc-
ture, light absorption properties, charge transport characteristics,
and excited-state lifetimes [6]. The principal mechanism of a semi-
conductor photocatalytic reaction (Fig. 1) is as follows. When a pho-
tocatalytic surface is illuminated by light with energy equal to or
larger than the bandgap energy ∆Ebg (bandgap energies of common
semiconductors are given in Table 1), it excites the electrons in the
valance band to the conduction band, resulting in the formation of
a positive hole (p+) in the valance band and an electron (e−) in the
conduction band.

The positive hole oxidizes either pollutants directly or water to
produce HO· radicals, whereas the electron in the conduction band
reduces oxygen adsorbed to photocatalyst (TiO2). The mechanism
described above can be represented by Eqs. (1)-(5) as shown below;
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In the photocatalytic degradation of the pollutants, when the re-
duction process of oxygen (Eq. (2)) and the oxidation of pollutants
(Eq. (3) and (4)) do not proceed simultaneously, there is an electron
accumulation in the conduction band, thereby causing a recombina-
tion of electron and positive holes. Therefore, efficient consumption
of electrons is essential to promote photocatalytic oxidation.

The most important and fundamental elements for a successful
photocatalytic system are the catalyst, the light source and the reac-
tor configuration.
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2. TiO2 as Catalyst
Among many semiconductor photocatalysts, there is a general

consensus among researchers that TiO2 is more superior because
of its high activity, large stability to light illumination, low price,
and nontoxicity [6,10-16]. Okomoto [11,12] observed the greater
photocatalytic activity for TiO2 compared to CdS catalyst for the
decomposition of phenol as target organic species. Sakthivel [10]
showed that under similar study conditions, TiO2 had greater pho-
tocatalytic efficiency than α-Fe2O3, ZrO2, CdS, WO3 and SnO2. How-
ever, ZnO performed better than TiO2. However, Augugliaro [13]
indicated that, although ZnO had a higher activity (although the sur-
face area is less) than TiO2, the later was photochemically more stable
in aqueous media. Wu [17] also observed higher photocatalytic ac-
tivity for TiO2 compared to ZnO and SnO2.

Significant progress has been made on investigating the photo-
catalytic activity of TiO2 based on its crystal structure and size [15,
18]. Three different crystal forms exist: anatase, rutile and brookite.
Anatase and rutile have been the most studied phases of nanostruc-
tured TiO2, while reports on brookite are still scarce [6,13,18-22].
The position of oxygen ions on the exposed crystal surface of ana-
tase shows a triangular arrangement, allowing effective absorption
of organics. Whereas, the position of titanium ions creates a favor-
able reaction condition with the absorbed organics. However, this

favorable structure arrangement is not available for rutile structure.
This is one of the reasons why anatase has higher photocatalytic
activity than rutile [23,24]. The difference in abilities is also reported
to be due to their electronic and chemical properties [13]. Even though
anatase is believed to be the most active form of titania, reports sug-
gest that a pure anatase sample would not necessarily lead to the
best photocatalytic performance [25-27]. The presence of rutile phase
introduces mesoporosity and a wider pore size distribution. These
factors may be responsible for the increased catalytic activity. These
reports suggest that a mixture of anatase and rutile would be the
best combination to achieve maximum photocatalytic efficiency.
Several commercial samples of TiO2 varying in particle size and
purity were studied to determine catalytic activity with Degussa
P25 grade (mixture of 70% anatase, 30% rutile material). There is
a general consensus that Degussa P-25 TiO2 gives better degradation
efficiency compared to other forms [10,26,28].

The effect of particle size on the photocatalytic activity can be
interpreted in terms of surface area (anatase=10 m2/g, rutile=20 m2/
g, Degussa P25=50 m2/g). Generally, the smaller the particle size,
the larger the surface area and higher the expected activity. This
can be explained in terms of an increase in number of active sites
per square meter, as well as greater adsorbability of the pollutants
on the catalyst surface [29].
3. Light Source

TiO2 absorbs radiation below the visible range of light spectrum.
Hence, photoactivation of TiO2 requires radiation with light of wave-
length less than or equal to 384 nm, with an absorbance maximum
at approximately 340 nm. The vast majority of studies quoted in
the literature have been carried out between the wavelengths 320-
380 nm [30-32]. The light that gives rise to the required radiation
field can be produced by artificial lamps or by solar irradiation [32].

In a photocatalytic reactor, UV-A (320-380 nm) radiation is pro-
vided by fluorescent low-pressure mercury lamps emitting low-in-
tensity UV-A radiation. Medium pressure mercury lamps have also
been used, which emit high intensity UV light in the short, medium
and long UV spectrums. However, short (UV-C; 200-280 nm) and
medium (UV-B; 280-320 nm) UV radiation emitted by the mercury
is usually cut off by the photoreactor material, unless it is made of

Fig. 1. Schematic representation of the mechanism of photocatalytic activity (photochemical activation and elelctron-hole formation) [7].

Table 1. Bandgap energies for some common semiconductor mate-
rials at 0 K [8-10]

Semiconductors Bandgap
energy (eV) Semiconductors Bandgap

energy (eV)
Diamond 5.400 WO3 2.760
CdS 2.420 Si 1.170
ZnS 3.600 Ge 0.744
ZnO 3.436 Fe2O3 2.300
TiO2 3.030 PbS 0.286
CdS 2.582 PbSe 0.165
SnO2 3.540 ZrO2 3.870
CdSe 1.700 Cu2O 2.172
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quartz.
Some studies have also reported increased efficiency with UV-C

radiation than UV-A for the degradation of certain organic materials
[33,34]. Direct photolysis and the higher probability of trapping of
electron-hole pairs with shorter wavelength excitation were thought

to be the possible reasons for such an effect. It is estimated that only
5% of the incident solar irradiation is of use for the TiO2 band gap
photocatalytic reaction. This significantly limits its practical appli-
cation. Therefore, modification of TiO2 photocatalysts to enhance
light absorption and photocatalytic activity under visible light irra-

Fig. 2. Different types of photocatalytic reactors (a)-(d).
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diation is the subject of recent research [35].
4. Photoreactor

The optical path of the light within the reactor governs the choice
of photoreactor geometries, which further determines how much
radiation is absorbed by the reacting suspension and therefore deter-
mines the efficiency of the photocatalytic process. The most usual
geometries [16,34,36-38] used for heterogeneous photocatalysis in-
clude the following (Fig. 2(a)-(d)):

• Immersion well photoreactor: this is a stirred-tank reactor in
which the catalyst is suspended in liquid while the lamp immersed
in the suspension [39,41,42].

• Annular photoreactor: two coaxial cylinders surround the lamp
placed on the axis.

• Elliptical photoreactor: this consists of a reflecting cylinder of
elliptical cross section whose foci are occupied, respectively, by the
lamp and the tubular reactor.

• Multi-lamp photoreactor: this set-up consists of a tubular reac-
tor irradiated from the outside by many lamps.

• Film type photoreactor: in this set-up the catalyst particles are
deposited on the plane by forming a layer over which the liquid flows
as a film. The catalyst is irradiated through the liquid film or through
the transparent plane supporting the catalyst.

• Fluidized bed photoreactor [40,43]: This novel photoreactor
has a narrow annulus fluidized bed consisting of small TiO2-coated
quartz sand particles. This configuration meets the requirements of
higher surface area-to-volume ratio (which is much lower in fixed-
bed configurations), makes better use of light, and shows improve-
ment in mass transfer conditions. It is possible to control and to im-
prove the penetration of light into the fluidized bed by varying its
expansion. Na et al. [44] adopted the photocatalytic fluidized bed
reactor for the treatment of dye wastewater. Air was supplied into
the reactor to keep the TiO2-coated hollow ceramic balls in a fluid-
ized state.
5. Solar Reactors

Major design issues for solar photocatalytic reactors are whether
to use concentrated or non-concentrated sunlight and whether to
use a suspended or supported catalyst.

In light-concentrating systems the solar light is concentrated onto
a photocatalytic reactor by a reflecting surface. The main advan-
tage of a concentrating system over a non-concentrating system is
it requires smaller reactor volume for the same light-harvest area.
Moreover, they can be operated at much higher flow rates, thereby
improving mass transfer rates. On the other hand, the lack of re-
flecting surfaces for the non-concentrating system reduces optical
losses. Moreover, this system is known to use more sunlight as it is
capable of capturing the diffuse UV light as well as direct solar beams
[32]. This allows its operation even under cloudy conditions. How-
ever, the non-concentrating system faces certain disadvantages of
pressure limitation and the demand for large reactor volumes (as it
acts both as a solar collector and photocatalytic reactor) [32].

The operation of the reactor can be a continuous single pass or
in a batch mode. A schematic of single-pass and batch modes is
given in Fig. 3. A sketch of solar photoreactor is shown in Fig. 4.

In the single pass mode, the reactor area and the flow rates must
be carefully taken into account to ensure that the desired destruc-
tion of pollutants is achieved in a single-pass. As the UV flux den-
sity decreases, the flow rate through the solar reactor must be de-

creased (alternatively, the number of reactors has to be increased)
[32]. In the discontinuous batch mode, the wastewater is stored in
the tank and continuously recirculated through the solar reactor until
the desired final concentration of the pollutant is achieved. Most
solar photocatalytic wastewater treatment plants have been oper-
ated in the batch mode.

Different kinds of solar reactors have been reported [32];
• Parabolic Trough Reactor (PTRs): It consists of a parabolic shaped

light reflecting surface (surface covered with reflective polymer film)
with the reaction pipe in its focal line (Fig. 5(a)). TiO2 is either used
as suspension in the tube or bonded onto the surface [32,45].

• Compound Parabolic Collecting Reactor (CPCRs): The shape
of the CPCPR reflector consists of two half cylinders of parabolic
profile set side by side. The reaction tube is placed in its focal point
which is just above the connection of two parabolic profiles (Fig.
5(b)) [32,45].

• Double Skin Sheet Reactor (DSSR): It consists of a non-con-
centrating double-skin sheet (PLEXIGLAS®) structured box type
photoreactor. The suspension containing the polluted water together
with the photocatalyst meanders through the channels in the box
[32,46,47].

• Thin film fixed bed reactor (TFFBR): It consists of a sloping
glass plate coated with photocatalyst. The polluted water flows along
the inclined surface forming a very thin film [32,47].

Fig. 3. Schematic representation of two different types of opera-
tions of solar photocatalytic reaction (a) single-pass mode
(b) batch mode.

Fig. 4. Schematic representation of solar photoreactor [32].
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Careful site treatability studies and establishment of an appropri-
ate pre-treatment are very important prerequisites for successful
development of the solar photocatalysis process [48]. It was noted
that the solar photocatalytic process will be a suitable technology
as the final stage of purification of biologically or physically treated
wastewater, and industrial application of this process on a larger
scale is in strong demand for cheap photocatalysts with higher ac-
tivity to be competitive with treatment methods already established
on the market [49].
6. Mode of TiO2 Addition

In photocatalytic degradation using UV/TiO2, two modes of TiO2

application are adopted: (1) TiO2 immobilized on support materials,
e.g., quartz sand, glass, glass wool matrix, ceramic membrane, noble
metal etc., and (2) TiO2 suspended in aqueous medium [41,50-53].
In terms of technical application, immobilized TiO2 is preferable
[31] compared to dispersed TiO2 because it does not need addi-
tional post-treatment for the recovery of catalyst particles after oxi-
dation. However, the problem of scouring or detachment of the de-
posited catalyst particles was reported in earlier studies with films
comprising immobilized powders of TiO2 [54]. Moreover, during
the heating process, which is used for fixing the photocatalyst, a part
of the porous structure gets lost through a sintering process. These
reduce the area-to-volume ratio of the photocatalyst, which causes
ineffective mass transfer. Hence, the efficiency of reactors with im-
mobilized photocatalysts seems to be generally lower than those
designs using dispersed TiO2 particles (slurry) [33,50]. In the case
of dispersed TiO2, an increase of photocatalytical degradation effi-
ciency by at least a factor of 10 has been reported [50,55] com-
pared to TiO2 applied in fixed-bed configurations [56].

It is also well known that PAC can be very efficient when it is
mixed with TiO2 in suspension in photocatalytic processes [57,58].
Arana et al. [57] observed that 1) the combination of PAC and TiO2

results in fast decantability in comparison with that of TiO2 alone,
2) a TiO2 particle distribution on the PAC surface yields a homoge-
neous particle size distribution, and 3) the rate of organic removal
by the PAC and TiO2 was six times higher than that with TiO2 alone.
7. Photocatalytic Membrane Hybrid System

The use of slurries in photocatalytic wastewater treatment sys-
tems requires a post-treatment of separation of catalyst particles.
Separation of TiO2 particles from suspension is usually carried out
through physicochemical processes like filtration, centrifugation and

coagulation. There have been some attempts previously in cou-
pling photocatalysis with membrane processes [41,43,59-63].

TiO2 powders are very fine with an average primary particle size
of about 21 nm (Degussa). However, in aqueous media the parti-
cles form aggregates within the micron range. This allows the use of
porous membrane-like microfiltration for its separation [59]. Molinari
et al. [61,62] studied the TiO2 in suspension in the reactor entrapped
by the membrane (Fig. 6) and having the membrane separately from
the photoreactor, which was also studied by Xi and Geissan [59]
(Fig. 7). Placing the membrane inside the photoreactor could dam-
age the membrane due to the possible membrane oxidation by •OH

Fig. 5. Geometric profiles of (a) parabolic trough reactor (PTRs) and (b) compound parabolic collecting reactor (CPCR) [32].

Fig. 6. Batch photoreactor with TiO2 entrapped by the membrane
placed around the bulb of the lamp [61].
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radicals attack. However, having the UV irradiation lamp outside
the reactor would decrease the depth of penetration of UV light be-
cause of strong absorptions by TiO2 and dissolved organic species.

Attempting to separate TiO2 particles directly from the photocat-
alytic process could lead to significant membrane fouling, resulting
in sharp decline in permeate flux. Moreover, when complete organic
degradation is not achieved in the photoreactor, interactions between
the two solutes in the system, the residual organic material and the
TiO2 photocatalysts, play a significant role in the formation of dense

cake layers at the membrane surface, leading to a greater mem-
brane fouling and flux decline during membrane operation. The
organic-laden TiO2 particles offered more than four times higher
specific cake resistance with a substantially increased compress-
ibility coefficient than TiO2 particles alone [43].

In order to prevent or lower the membrane fouling, coagulation
and sedimentation stages were introduced between photocatalytic
oxidation and membrane separation [41]. Submerged hollow fibre
microfiltration membrane (PVDF, 0.2µm) was used as a final step,
which obtained reusable quality water. In the separation of very fine
TiO2 particles, solid-liquid separation is influenced by interfacial
effects of the aggregates rather than by the size of the primary par-
ticles [59]. The change of electrostatic repulsive and van der Waals
attractive interactions between particles results in the flocculation
of the particles and leads to the formation of flocs and produces a
good separation from the liquid. Ferric chloride or iron (II) sulphate
was used as the coagulant. Effective TiO2 removal by coagulation us-
ing aluminium chloride as coagulant was earlier reported by Kagaya
et al. [64]. A two-step coagulation and sedimentation process fol-
lowed by submerged hollow fibre microfiltration was found to com-
pletely remove TiO2 from water, and the membrane fouling was
significantly reduced, compared to carrying out membrane separa-
tion without intermediate coagulation step [41]. A schematic of the
two-step coagulation-sedimentation process followed by membrane
separation is shown in Fig. 8. The flow chart of the treatment se-
quence involved as a post-treatment to photocatalytic oxidation for
effective separation of TiO2 photocatalyst is given in Fig. 9. Fig. 10
shows the scanning electron microscope (SEM) images of the par-
ticles retained on the membrane after direct filtration after the pho-
tocatalytic process and by adopting the two stage coagulation and
sedimentation followed by microfiltration membrane hybrid process.
Most of the particles were removed by coagulation and sedimenta-

Fig. 7. TiO2 separation using cross flow microfiltration membrane
[59].
1. Feed vessel 08. Blocking valve
2. Magnetic stirrer 09. Centrifugal pump
3. pH electrode 10. Frequency inverter
4. pH meter 11. Flow meter
5. pH controller 12. Pressure gauge
6. Acid (or base) solution 13. Filter module
7. Peristaltic pump for acid
7. (base) solution

Fig. 8. Schematic of photocatalytic membrane hybrid system.
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tion and decreased membrane fouling. Complete TiO2 separation
was achieved, represented by the reduction in turbidity from about
4,000 NTU to less than 0.1 NTU. In a study by Sopajaree et al. [65,
66], with integrated photoreactor-ultrafiltration hollow fibre mem-
brane operation, the TiO2 recycled to the photoreactor (10 repeat
cycles) noted a systematic degradation in the photocatalyst perfor-
mance with each repeat cycle. Hence, a regeneration step for the
TiO2 recovered will regenerate its photocatalyst capacity.

CONCLUSIONS

A comprehensive review of the UV-TiO2 photocatalytic oxidation
process was carried with an insight into the mechanism involved,
catalyst TiO2, irradiation sources, types of reactors, comparison be-
tween effective modes of TiO2 application as immobilized on sur-
face or as suspension, and photocatalytic hybrid membrane sys-
tem. The most important and fundamental elements for a success-
ful photocatalytic system are the catalyst, the light source and the
reactor configuration.

TiO2 has greater photocatalytic efficiency than α-Fe2O3, ZrO2,
CdS, WO3 and SnO2, and is photochemically more stable in aque-
ous media. Modification of TiO2 photocatalysts to enhance light
absorption and photocatalytic activity under visible light irradiation
is presently being attempted by the research community. Applica-
tion of TiO2 in a slurry type reactor increases the organic degrada-
tion efficiency by at least a factor of 10 when compared to using
TiO2 immobilized onto support materials. Recovery of TiO2 parti-
cles by adopting a photocatalytic membrane hybrid system was found
to be very efficient and capable of completely removing TiO2 from
suspension. The influent wastewater turbidity for 1 g/L TiO2 was
about 4,000 NTU and the final turbidity of the solution after treat-

ment was less than 1 NTU. Adopting a two-stage coagulation and
sedimentation stage before the membrane filtration significantly
eliminated the particles in suspension, thereby lowering the strain
on the membrane. This would lower membrane fouling and pro-
long the life of the membrane. The recovered TiO2 particles can be

Fig. 9. Flow chart of post photocatalytic oxidation treatment for
TiO2 separation.

Fig. 10. SEM images of the membrane used in the separation of
TiO2 particles in suspension by photocatalytic membrane
hybrid system (a) cake deposit on the membrane surface
after direct filtration after photocatalytic process, (b) cross
section of the membrane showing the thickness of the cake
deposit (c) particle deposits on memebrane surface after
two stage coagulation and sedimentation.
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reused for the photocatalytic process after regeneration.
The advantages of UV/TiO2 photocatalysis include operation at

low temperature and pressure, low cost and significantly low en-
ergy consumption. Application of TiO2 in suspension instead of im-
mobilizing the TiO2 on solid carriers has shown an increase in organic
degradation efficiencies. However, TiO2 slurry requires additional
separation stages after the photocatalytic process. Moreover, higher
TiO2 concentration in suspension actually decreases the degradation
efficiency as the capacity of UV light penetration is significantly
decreased due to higher turbidity. An immobilized TiO2 system elim-
inates post-treatment stages; however, studies indicate that the de-
gradation performance is reduced due to limiting mass transfer and
loss of photocatalytic activity by the fixation procedure.

This technology has the potential for an efficient and sustainable
treatment operation with the combination of solar energy as the ir-
radiating light source and effective recovery and regeneration of
photocatalyst TiO2 particles.
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