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A B S T R A C T

During recent years, many advanced oxidation techniques have been investigated for 
water and wastewater treatment to overcome the shortage of clean water. This review 
summarizes the background and principles of photocatalysis applied as an advanced 
oxidation technology. In particular, this paper focuses on modification of photocata-
lysts with various dopants as well as the novel photocatalytic reactors to improve the 
oxidation efficiency of the pollutants in water and wastewater.  
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Table 1.
Redox potential of major oxidizing agents that are used in water 
treatment [10].

Oxidizing agent Oxidation
 potential (V)

Relative
 oxidation power*

Chlorine 1.36 1
Oxygen 1.20 0.88

*Relative oxidizing power when chlorine oxidation power is 1

semiconductor photocatalysis, electrons from the 
valence band of a semiconductor are excited to the 
conduction band by wavelength of higher energy 
than the respective band gap [15], resulting in the 
formation of e−

CB/h+
VB pairs. The lack of a contin-

uum of inter-band states in semiconductors assures 
an adequately extended lifetime for photo generat-
ed e−

CB/h+
VB pairs to initiate redox reactions on the 

catalyst surface. Electrons in the conduction band 
can reduce O2 to form superoxide radicals (O2

•−). 
Additional reaction of O2

•− with holes on the valence 
band produce single oxygen (1O2) [16, 17]. 

Subsequent reactions of valence band holes with 
surface adsorbed H2O or HO− result in the forma-
tion of hydroxyl radical, H2O2 and protonated su-
peroxide radicals (HOO•) . H2O2 is resulting from 
the combination of two HOO• [18, 19]. Further re-
action of H2O2 with HO• results in the formation of 
HOO• [19, 20]. During the photocatalytic process, 
free electrons/holes, and reactive oxidizing spe-
cies such as HO2

•, HO• and O2
•− react with the sur-

face adsorbed impurities such as inorganic/organic 
compounds, and biological species leading to their 
decomposition. Photocatalytic treatment of pollut-
ed water has some advantages over other methods 
such as low operational and installation cost, simple 
pre-processing, less area and decomposition possi-
bility of non-biodegradable matters. Limited lamp 
life (when UV-Lamp is used) and photocatalyst re-
covery (when using powder) are disadvantages of 
photocatalytic water treatment [19]. Photocatalytic 
research is basically related to the development of 
solar energy use [21, 22]. 

Conventional wastewater treatment consists of a 
combination of physical, chemical, and biological 
processes and operations to remove solids, organic 

1. Introduction

tions use photolysis of H2O2 and ozone to generate 
the OH- radicals which are able to oxidize organic 
molecule. Heterogeneous photocatalysis, are based 
on the use of a wide band gap semiconductor and 
irradiation with UV-vis light [4, 5]. Among various 
treatment methods, chemical oxidative treatments, 
and especially, AOPs, are suitable for their capabil-
ity of oxidizing and mineralizing almost any organic 
contaminant [6].

Compared to the typical chemical treatments AOP 
is a method that uses a range of technologies to the 
increase oxidation power. For effective water treat-
ments, a range of pollutants need to be removed eco-
nomically at room temperature and under atmospher-
ic pressure [7-9]. As shown in Table 1, AOP produces 
OH•, which has stronger oxidation power than ordi-
nary oxidants [10]. 

Technology that uses the catalytic activity of 
semiconducting metal oxides, such as TiO2, ZnO,
Bi2WO6, Bi20Ti20, Fe2O3, Nb2O5, BiTiO3, SrTiO3, 
ZnWO4, CuS/ZnS, WO3, Ag2CO3, ZnS, etc. [11, 12], 
has been researched actively with particular focus on 
TiO2 photocatalytic technology [13]. The advanced 
technology that uses TiO2 photocatalysis use only 
photo energy without additional chemicals [14]. In 

Shortage and availability of clean and healthy water 
is one of the universal problems of our century. Enor-
mous amount of researches have been conducted to 
overcome these problems with the approach of mini-
mizing the chemicals, energy, cost and environmental 
damage. In both developing and industrialized coun-
tries, a growing number of contaminants are entering 
water supplies from human activity: from traditional 
compounds such as heavy metals to emerging micro-
pollutants such as endocrine disrupters and nitrosa-
mines [1-3]. Conventional methods of water purifica-
tion and disinfection can remove contaminants from 
water, but these methods are often chemically, energy 
consuming and operationally intensive. Thus, sever 
chemical treatments (such as those using ammo-
nia, chlorine compounds, ozone...) and waste from 
treatment (sludge, brines, toxic material) can add to 
the problems of contamination and polluting water 
sources. Advanced Oxidation Processes (AOPs) can 
be used for treating of water polluted by organic ma-
ters and for disinfection of pathogens. These meth-
ods are based on highly reactive chemicals formation 
which degrades even most refractory molecules into 
biodegradable compounds. The Methods that are us-
ing UV, H2O2/UV, O3/UV and H2O2/O3/UV combina-

OH radical 2.80 2.06
Ozone 2.07 1.52

Hydrogen peroxide 1.77 1.30
Perhydroxyl radical 1.70 1.25

Permanganate 1.68 1.24
Chlorine dioxide 1.57 1.15
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The formation of OH radicals can occur through sev-
eral processes that are discussed below. AOPs are di-
vided into two categories according to the presence 
or absence of light (UV) as reaction promoter [28].

2.1. Dark oxidative process 

Advanced oxidation processes based on presence 
or absence of light, are divided into dark oxidative 
process and UV conjugated process. In the dark oxi-
dative processes, the light is not effective in the reac-
tion. These processes are consisting of using ozone, 
Fenton’s reagent, elecctro-magnetic beam, ultra-
sound, microwave, and cavitation. In the following 
sections, these processes are discussed.        

2.1.1. Ozone (O3)

This technology injects ozone gas directly into pol-
luted water [29]. In one mechanism the organic con-
taminants react directly with ozone, and in another 
effectively oxidation decomposition occur through 
an indirect reaction with OH• radical, which is gener-
ated by decomposed ozone. The mechanism of ozone 
decomposition depends on the properties of the or-
ganic pollutants in polluted water. Hence, the organic 
pollutants in contaminated water can either promote 
or inhibit ozone decomposition and can interact with 
contaminants decomposition [9, 30].

2.1.2. Fenton’s reagent

Fenton oxidation technology that uses the Fenton 
reaction is a method to generate OH• in a Fe2+ and 
H2O2 mixture[31, 32]. This can decompose H2O2 by 
Fe2+ in the liquid phase without light irradiation, and 
generate OH• radical. In the case light irradiation can 
promote decomposition of H2O2 due to ferrous or 
ferric ions and rapid hydroxyl radical generation is 
possible. The Fenton oxidation reaction is only appli-
cable under the acidic conditions, i.e., pH< 4. There-
fore, the process has disadvantages of high cost of 
operation due to the additional cost of the acid/base 
for pH adjustments [33, 34]. Fenton reaction can be 
express as:

H2O2 + Fe3+            HO2
• + H+ + Fe2+                      (1)             

 
HO2

• + Fe2+             HO2
- + Fe3+                               (2)                                                          

HO2
• + Fe3+                   HO2

• + H+ + Fe2+                       (3)                                                          

matter and, sometimes, nutrients from wastewater 
that are almost energy and cost consuming pro-
cesses [23].The water treatment process may vary 
slightly at different locations, depending on the 
technology of the plant and the water it needs to pro-
cess [24]. Although many excellent review articles 
have been published until now discussing the im-
portance of photocatalysts in water and wastewater 
treatment, but the few reviews have been published 
on photocatalytic reactor configuration conjugated 
with membrane processes. So the the purposes of 
the present article is to review the improving strat-
egies of photocatalytic activity, and various types 
of reactor configuration and combination of photo-
catalysts with membranes for water and wastewater 
treatment. A summary of advanced oxidation pro-
cesses, principles and mechanism of photocataly-
sis, improvement strategies of photocatalytic water 
treatment, and photocatalytic reactors in water and 
wastewater treatment have been discussed in this 
review.

2.Advanced Oxidation Process

The wide area of water pollution, variety and 
non-biodegradable problems has become a problem 
that cannot be solved by the conventional treatments 
like Coagulation / Flocculation, sedimentation, fil-
tration, Disinfection, sludge drying, Fluoridation 
and pH correction [24-27]. Moreover, in the case 
of water treatment technology, it is very difficult to 
remove pollutants completely with existing biolog-
ical treatment technology. Compared to the typical 
chemical treatments, AOP is a method that uses a 
range of technologies to increase oxidation power. 
Generated OH• radicals strongly oxidize organic 
compounds, toxic pesticide and manure emissions 
to minerals in AOP (Fig.1). 

Fig. 1. Degradation of pollutants by OH radicals generated from 
photocatalysis process [25].
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2.1.3. Elecctro-magnetic beam, Ultra sound, and microwave

OH• radical can be generated by directly decom-
posing water using an external energy source, such 
as an electromagnetic beam, ultrasound and [35]. 
When water is irradiated with gamma rays (as 
electromagnetic beam), water molecules are de-
composed to OH•, H+, and aqueous electrons. also 
high-voltage discharge in water can decompose wa-
ter molecules. When high voltage pulses of approx-
imately 10 kV, are added between two electrodes 
located with a few centimeter gap between them, a 
flame is generated as water discharge is caused. This 
generates high concentrations of OH• radical. OH• 

can also be produced by ultrasound or microwaves 
[36]. When these energy sources pass through wa-
ter, localized pressure differences with time gener-
ate micro bubbles, which acquire vibration energy 
and become unstable. These bubbles generate strong 
energy at high temperatures and high pressures, and 
the water molecule is broken down to OH• and H+.

2.1.4. Cavitation (sonication and hydrodynamic)

Sonication or hydrodynamic processes include the 
formation of cavitation micro bubbles. These bub-
bles collapse severely after reaching a critical reso-
nance size and generate high temperature and highly 
reactive OH• radicals. Removal of organics occurs 
by thermal decomposition at the bubble-water inter-
face and by reaction with the radicals. Oxidation by 
cavitation is enhanced by addition of O3 or H2O2 [28].

2.2. UV conjugated process

The second category of advanced oxidative pro-
cesses is UV conjugated processes. These process-
es occur in the presence of light especially in the 
range of ultra-violet wavelength and are consisting 
of  UV/O3, UV/H2O2, UV/Fenton, and UV/photocat-
alyst processes. 

2.2.1. UV/O3 (Ozonation)

Hydroxyl radicals are generated when low pres-
sure UV light is applied to ozonated water. Destruc-
tion of organic compounds occurs by hydroxyl rad-
ical reactions, coupled with direct photolysis and 
oxidation by molecular ozone [28]. 
O3 + H2O            O2 + H2O2                                  (4)      
(λ<300nm) UV lamp

2O3 + H2O2            2OH• + 3O2                              (5)
generation of OH•

2.2.2. UV/H2O2

The OH• radical route is the predominant removal 
mechanism in the destruction of organics [28].

H2O2             2OH•                                                  (6)      
(λ<300nm) UV lamp

2.2.3. UV/Fenton 

UV/Fenton processes are like Fenton reaction. UV 
light can accelerate generation of OH• radicals.

2.2.4. UV/semiconductors (photocatalysis) 

Photocatalysis refers to the speed-up of the chemi-
cal reaction in the presence of substances called pho-
tocatalysts, which can absorb special wavelengths 
depending on the band structure [37-40]. Usually, 
semiconductors including TiO2, Fe2O3, WO3, ZnO, 
CeO2, CdS, Fe2O3, ZnS, MoO3, ZrO2, and SnO2 are 
selected as photocatalysts due to their narrow band 
gap and distinct electronic structure (unoccupied 
conduction band and occupied valence band) [20, 
41-59]. In the following principles and mechanism of 
photocatalysis have been discussed. 

3.Principles and mechanism of photocatalysis

3.1. Structural and electronic properties

The initial work of water decomposition using elec-
trodes composed of TiO2 was done by Fujishima and 
Honda [47]. The quantum efficiencies of TiO2 in solar 
energy conversions are rather poor due to the usually 
faster recombination of electron-holes [60, 61]. Oth-
er noteworthy advances include the invention of dye 
sensitized solar cells by Grätzel et al., which are com-
posed of TiO2 anodes and the discovery of anti-fog-
ging abilities of TiO2 surfaces by Wang et al. [13, 62]. 
TiO2 is widely used because of its non-toxicity, abun-
dance (inexpensiveness), thermal/chemical stability, 
and high redox potential [47, 63, 64]. Due to supe-
rior mobility of electron–hole pairs, and improved 
surface hydroxyl density, anatase TiO2 considered as 
the photocatalytically most active polymorph of TiO2 
[65, 66]. Factors, such as surface area, particle size, 
ratio of poly-morphs, type of dopants, defect concen-
tration, synthesis method, and phase purity, affect the 
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photocatalytic activity of semiconductors [67-69].

3.2. Principles of photocatalysts

A photocatalyst receives UV radiation from sun-
light and uses the energy to decompose different 
substances including organic maters, organic ac-
ids, estrogens, pesticides, dyes, hydrocarbons, mi-
crobes and chlorine resistant organisms, inorganic 
molecules such as nitrous oxides (NOx) [70-72]. For 
preventing free nanoparticles in water, photocatal-
lysts nanoparticles are usually immobilized on a 
substrate [73] or integrated into thin-films and other 
materials. For the activation of TiO2, UV irradiation 
is needed. To allow activation by visible light, TiO2 
can be modified with a second semiconductor, dyes, 
nitrogen, carbon or sulphur. For example, TiO2 
doped with nitrogen has better photocatalytic per-
formance than pure TiO2 nanoparticles [74].

Photocatalytic reactions are initiated by the ab-
sorption of illumination with energy equal to or 
greater than the band gap of the semiconductor. This 
produces electron-hole (e−/h+) pairs as in Equation 
(7), Fig. 2:

TiO2 + hυ = e-
cb (TiO2) + h+

vb (TiO2)    (7)

Where cb is the conduction band and vb is the va-
lence band. Thus, as a result of irradiation, the TiO2 
particle can behave either as an electron donor or 
acceptor for molecules in contact with the semicon-
ductor. The electron and hole can recombine, re-
leasing the absorbed light energy as heat, with no 
chemical reaction. On the semiconductor surface, 
the excited electron and the hole can participate in 
redox reactions with water, hydroxide ion (OH−), 
organic compounds or oxygen leading to minerali-
zation of the pollutant.

Fig. 2. Schematic of the charge transfer across semicopnductor in-
terface [75].

Oxidation of water or OH− by the hole generates 
the hydroxyl radical. OH radicals are able to rapidly 
attack pollutants on the semiconductor surface [76, 
77].

Pervious work indicate that heterogeneous photo-
catalytic process involves five separate steps  [78] 
and include (1) diffusion of reactants to the surface 
of photocatalyst, (2) adsorption of reactants onto the 
surface of semiconductor, (3) reaction on the sur-
face of semiconductor, (4) desorption of products 
from the semiconductor and (5) diffusion of prod-
ucts from the surface of the semiconductor. There 
are two routes through which OH radicals can be 
formed the reaction of the valence-band holes with 
either adsorbed H2O or with the surface OH groups 
on the photocatalyst particle [79].

3.3. Limitation of semiconductors 

One of the main disadvantages of TiO2 photo-
catalyst is the recombination of photo-generated 
charge carriers, which decreases the efficiency of 
the reaction [80]. The photo-excited electrons come 
back to the valence band during the recombination 
processes [81-83]. Methods such as hetero junction 
formation, doping with ions, and nano sized crys-
tals have been demonstrated to reduce recombina-
tion [84-90]. For example, TiO2 partially loaded 
with Ag and Au noble metal nanoparticles exhibited 
better photocatalytic activities [91], because metal 
nanoparticles act as electron traps during the pho-
tocatalytic reaction, and thus decreasing the rate of 
electron–hole recombination [92]. Notably, higher 
visible-light photocatalytic activities of N-doped, 
and S, N-codoped anatase–rutile nano hetero junc-
tions have been reported by Etacheri et al. [93]. In 
conclusion, increasing the life-time of electron–hole 
pairs resulted in increasing the photocatalytic per-
formance of photocatalysts. Both rutile and anatase 
have tetragonal crystal structure and previous re-
ports proved that the kinetic stability of anatase is 
higher than that of rutile under ambient conditions. 
A thermodynamic phase stability calculation by 
Banfield and co-workers show that a critical particle 
size of 14 nm is required to initiate anatase to rutile 
transformation. Another disadvantage of the TiO2 
photocatalyst is the large band gap of TiO2, that lim-
its its use to UV light with wavelength lower than 
390 nm. therfore only 5% of the solar radiations can 
be used by undopped TiO2 photocatalysis, which 
significantly decreases Economic justification [94]. 
Studies have been done to synthesize small band 
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Some dyes having redox property and visible light 
sensitivity can be used in photocatalytic [105, 106]. 
The process is similar to composite semiconductors 
(are discussed in section 4.5), The photo-excitation, 
electron injection and dye regeneration can be pro-
posed as follows:

dye + hυ                   dye*                                                                                               (8)

dye*                 dye+   + e-                                            (9)

dye+ + e-                      dye                                                                        (10)

To achieve higher efficiency in oxidation reac-
tions, fast electron injection and slow backward 
reaction are needed. The recombination times were 
found to be mostly in the order of nanoseconds to 
microseconds on electron/hole recombination of 
dyes [107], while the duration of electron injection 
is in the order of femtoseconds [108]. The quick 
electron injection and slow recombination reaction 
make dye sensitized semiconductors suitable. Fre-
quently used dyes are listed in Table 2.

Sensitized photocatalysis usually leads to a rapid 
destruction of chromophore structure to form small-
er organic species, resulting in final mineralization 
of the dye [110-113].

4.2.  Addition of noble metal 

Noble metals, such as Ag, Pt, Rh, Pd, Au have 
been investigated and showed to be very effective 
for promotion of TiO2 photocatalyst. Photo-excited 
electrons can be transferred from conduction band 
to nobel metal particles located on the surface of 
TiO2 (Fig.4). These metals reduce the recombina-
tion, resulting efficient charge separation and higher 
photocatalytic activity [114]. Because of high cost 
of Au and Pt, more research is needed to find low-
cost metals with suitable improvement of photocat-
alytic activity [115].

The atomic radiuses of noble metal (e.g., Pt, Ag, 
Au) are bigger, so they are unable to enter the crys-
tal lattice of photocatalysts. But, they can improve 
the surface characteristics of photocatalysts, and re-
strain the recombine of electron-hole [116].

It has been shown that noble metals such as plat-
inum, palladium, silver, and gold ions allow to 
wide light absorption of TiO2 to the visible light 
[118]. The surface of noble metal acts as visible 
light absorbing agent [119]. The photocatalyt-

gap photocatalysts that can utilize both UV and vis-
ible light. Various methods conducted for the visible 
light activation are explained in the following sec-
tions [94].

4.Strategies to improve photo degradation
 efficiency

In principle, photocatalytic activity will be en-
hanced if the absorption of light is increased or if 
the recombination losses for photogenerated charge 
carriers are decreased. Different strategies for en-
hancing the photocatalytic activity of photocatalysts 
under visible and UV have been conducted include 
sensitization with different sensitizers (spatially 
dyes), addition of nobel metals, doping with tran-
sient metal ions, addition of inert elements, and us-
ing compound materials [95]. In the following sec-
tion, these strategies have been discussed.  

4.1. Photoexcited treatment on the surface of pho-
tocatalysts 

Addition of photo excited sensitizers (e.g., ruthe-
nium-II) on the surface of photocatalysts can wid-
en the wavelength range and enlarge the utilization 
range of sun light. The principle of photosensitiza-
tion of photocatalyst is showed in Fig. 3. The visible 
light excites the sensitizer molecules adsorbed on 
TiO2 and hence inject electrons to conduction band 
of TiO2. While the conduction band acts as a me-
diator for transferring electrons from the sensitizer 
to substrate electron acceptors on TiO2 surface, the 
valence band remains unaffected in a common pho-
tosensitization [95]. Various inorganic/organic dyes 
[96-103] as a sensitizer in relation to photo elec-
trochemical cells and water splitting systems have 
been used. The studies of photosensitization used to 
degradation of pollutants using visible light are few.

Fig. 3: Photosensitized TiO2 Particles [104].

 

TiO2 
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                         Table 2.
                         Frequently used dyes [109].

Dye Type λmax(nm)
Thionine (TH+) Thiazines 596

Toluidine blue (Tb+) Thiazines 630
Methylene blue (MB) Thiazines 665
New methylene blue Thiazines 650

Azure A Thiazines 635
Azure B Thiazines 647
Azure C Thiazines 620

Phenosafranin (PSF) Phenazines 520
Safranin-O (Saf-O/SO) Phenazines 520
Safranin-T (Saf-T/ST) Phenazines 520

Neutral red (NR) Phenazines 534
Fluorescein Xanthenes 490
Erythrosin Xanthenes 530

Erythrosin B Xanthenes 525
Rhodamin B (Rh. B) Xanthenes 551

Rose Bengal Xanthenes 550
Pyronine Y (PY) Xanthenes 545

Eosin Xanthenes 514
Rhodamin 6G Xanthenes 524

Acridine orange (AO) Acridines 492
Proflavin (PF) Acridines 444

Acridine yellow (AY) Acridines 442
Fusion Triphenyl methane derivatives 545

Crystal violet Triphenyl methane derivatives 578

Malachite green Triphenyl methane derivatives 625
Methyl violet Triphenyl methane derivatives 580

Fig. 4. Electrons capture by a metal in contact with a semicon-
ductor surface [114].

Fig. 5. UV–vis absorption spectra of the annealed (a) TiO2 and 
(b) 3% and (c) 7% Ag-doped TiO2 nanoparticles [117].
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activity improvement of silver doped TiO2 was 
mainly belong to the increase of surface area, which 
promotes more reactive sites available to take part 
in photoreactions. On the other hand, doping TiO2 
with Ag (Fig.5) retards the recombination rate of 
electron−hole pair by enhancing the charge carrier 
separation and hence improves the photocatalyt-
ic activity [120, 121]. Sobana [122] and Xin [123] 
show that Ag deposited on TiO2 act as electron traps, 
enhance the electron−hole separation and lowering 
recombination.

4.3. Addition of transition metal ion 

One of the most effective methods to create visi-
ble-light sensitive photocatalysts is adding impuri-
ty in the forbidden band through metal ion doping 
[124, 125].

Common metal ion dopants are V, Ni, Cr, Mo, Fe, 
Sn, Mn, Co, Cu. A trace quantity of transition met-
al ion is deposited on TiO2, extended the available 
wavelength range, and increase the utilization rate 
of visible light. Fe3+, Mo5+, Ru2+, V5+ and Rh2+ can 

improve the activity of photocatalysts. Among them 
the effect of Fe3+ is the most prominent. But Cr3+ 

is harmful to the activity of photocatalysts (Fig. 6). 
The doping Fe3+ induces the narrowing of the band 
gap of TiO2. The dopant Fe3+ ion causes the forma-
tion of new states near the conduction band. There-
fore the doping by iron ions significantly promotes 
the photocatalytic activity in the visible light region 
[126]. Also, it inhibits the recombination of the pho-
to generated electron and hole. The Fe ions with a 
suitable concentration can trap the photo generated 
electron, which enhances the utilization efficiency 
of the photo generated electron and hole.
Fig.7 shows mechanism of Fe ion narrowing the 
band gap. According to figure various structures of 
iron can change the energy levels of TiO2.
Metal ion cause creation of impurity energy levels 
in the band gap of TiO2 as below:

Mn++ hυ             M(n+1)+ + e-
CB                                                (11)

Mn++ hυ             M(n-1)+ + h+
VB                                               (12)

Fig. 6. Donor level (A) and acceptor level (B) formed by metal ion doping [124]

Fig. 7. Schematic diagram of the mechanism of Fe3+ doping on 
TiO2 [125].

Fig. 8. Scheme of TiO2 band structures, chemically ion-doped TiO2 
[114].
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M is metal and Mn+ is metal ion dopant. Electron 
(hole) transfer between metal ions and TiO2 can 
modify electron/hole recombination (Fig.8):

Mn++ e-
CB            M(n-1)        as electron trap       (13)

Mn++ h+
vB            M(n+1)+      as hole trap              (14) 

Photocatalytic reaction only takes place when the 
trapped electron and hole are transferred to the sur-
face of particle. Therefore, metal ions should be de-
posited near the surface of TiO2 particles for a suit-
able charge transfer. There is an optimum of metal 
ion concentration, above which the photocatalytic 
activity decreases because of the increase in recom-
bination [114].

Fe, Rh, Mo, V, Ru, Re, and Os ions can enhance 
photocatalytic activity, while Al and Co ions cause 
detrimental effects. Fe and Cu ions can trap elec-
trons and holes, and the impurity energy levels gen-
erated are near to conduction band as well as the 
valence band edge of TiO2. Therefore, doping of 
either Fe or Cu ions is suitable for enhancement of 
photocatalytic activity. In the same way, the effects 
of doping transition metal ions (Cr, Mn, Fe, Co, Ni 
and Cu) on photocatalytic efficiency of TiO2 also 
have been investigated. As, Cu, Mn, and Fe ions can 
trap both electrons and holes, doping of these metal 
ions may be better than doping with Cr, Co and Ni 
ions, as the latter metal ions can only trap one type 
of charge carrier. Enhanced photocatalytic activities 
were observed at certain doping concentration of 
different rare earth metal ions (La, Ce, Er, Pr, Gd, 
Nd and Sm) doped into TiO2. Gd ions were found 
to be most effective in increasing the photocatalytic 
activity due to their higher ability to transfer charge 
carriers to the interface of photocatalyst [125].

4.4. Addition of inert elements 

The utilization of visible light could be increased 
significantly when the oxygen of TiO2 was partially 
substituted with nitrogen. TiO2 improved with car-
bon contains more pores, and its degradation capa-
bility is two times greater than that pure TiO2. Dop-
ing of anions (N, F, C, S, etc.) in TiO2 could increase 
its photoactivity into the visible wavelength. 

Zhao and Liu [127] investigated N-TiO2 and found 
that TiO2 doped with substitutional N has shallow 
acceptor states above the valence band. In other 
hand, TiO2 doped with interstitial nitrogen has iso-
lated impurity states in the middle of the band gap 

Fig. 9. Doping TiO2 with N [114].

(Fig.9). The N-doped TiO2 was determined to be ef-
fective for methylene blue decomposition, disinfec-
tion and for phenol degradation under visible light. 
S doping is leading to similar band gap narrowing. 
C and P are less effective as the introduced states 
were so deep that photo-generated charge carriers 
cannot be transferred to the surface of the photocat-
alyst. S-doped TiO2 is more efficient than pure TiO2 
under visible light radiation. Although the valence 
band was shifted upwards, the oxidation ability was 
found to be still high. Similar to S-doping, N-doping 
also causes a valence band shift upward,  led to nar-
row band gap and less oxidizing holes [128]. 

4.5. Compound materials 

Compound materials extend the specific surface 
area, improve the reaction conditions, and widen 
the range of absorption light. The band-gap energy 
of ZnFe2O4 is lower, and it can absorb visible light. 
When the mass ratio of Zn to Ti in the compound 
materials of ZnFe2O4/TiO2 is 0.05, it possesses the 
highest photocatalytic activity [128].

Mixing different semiconductors with different 
energy levels is another method, which has received 
great interest recently [130-134]. In photocatalytic 
systems, combining TiO2 with other semiconduc-
tors was done to widen the absorption wavelength 
range into the visible light region and to mitigate 
the charge carrier recombination in individual pho-
toelectrodes (Fig.10) [131]. Zhang [131] showed 
that the good matching of the conduction band and 
valence band of the two semiconductors could en-
sure an efficient transfer of the charge carriers from 
one to another. When the large band gap of TiO2 is 
coupled with a small band gap semiconductor having 
more negative conduction band level, the electron can 
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Fig. 10. The excitation process in a semiconductor–semiconductor photocatalyst [114, 129].

be injected from the small band gap of the semicon-
ductor used as a sensitizer to the TiO2 [138]. Accord-
ing to Robert [132] the efficient transfer of electron 
between TiO2 and the sensitizer was occurred when 
the conduction band of TiO2 is more anodic than the 
corresponding band of the sensitizer. Under visible 
irradiation, only the sensitizer is excited and the elec-
trons photogenerated will flow into the conduction 
band of the adjacent TiO2. As mentioned in certain 
number of studies, the photocatalytic activity of 
TiO2 combined with metal oxides such as CdS,[134] 
SnO2, [135]WO3,[136] and FeO3 [137]. Bi2S3, [138] 
among others, has been largely used for improving 
the process under visible irradiation. For photocata-
lytic application intended for water and wastewater 
treatment, the systems MxOy/TiO2 and MxSy/ TiO2 are 
the most widely used catalyst. By comparison, SnO2/
TiO2 and ZnO/TiO2 are examples of a TiO2/MxOy sys-
tem, which have been used by Zhang [139] and Ge 
[140], respectively.

5. Photocatalytic reactors in water and wastewa-
ter treatment

Hybrid photocatalysis-membrane processes are 
used in the installations called “photocatalytic mem-
brane reactors”. In the literature, other names such 
as “membrane chemical reactor” (MCR) [9], “mem-
brane reactor” [56], “membrane photoreactor” [56], 
or more specific, “submerged membrane photocatal-
ysis reactor” [5] and “photocatalysis–ultrafiltration 
reactor” (PUR) [35] are used for these configura-
tions. Because all these names mean the hybridiza-
tion of photocatalysis with membrane process, it will 
be useful to use a general term of the “photocatalytic 
membrane reactor”. Photocatalytic membrane reac-
tors are divided commonly into two main groups: 
(I) reactors with catalyst suspended in feed solution 
and (II) reactors with catalyst supported in/on the

membrane. In case of the reactors with photocatalyst 
in suspension a membrane filtration may be needed 
as a single step for the proper recovery of catalyst 
particles from the solution [56]. The main drawback 
of such configuration are decay of the permeate flux 
and membrane fouling, which are especially observed 
in case of pressure drive membrane methods. One 
solution for this problem can be application of pho-
tocatalytic membranes reactors. In this configuration, 
oxidation by hydroxyl radicals occurs on the outer 
surface and within the pores of the membrane, at a 
same time reactants are permeating in a one-pass flow. 
However, fixation of the photocatalyst often results in 
a loss of photoactivity of photocatalyst [82]. Moreo-
ver, selection of a proper membrane, refractory to UV 
irradiation and hydroxyl radicals is necessary. In both 
configurations, i.e. utilizing photocatalyst in suspen-
sion or fixed on/in a membrane, the membrane might 
act as a barrier for the molecules which are decom-
posed and products and by-products of their decom-
position. However, this role significantly depends on 
the separation characteristics of the membrane used 
and the membrane process applied. The products and 
by-products of photo degradation of organics are of-
ten low molecular weight compounds. Therefore, in 
case of pressure driven membrane processes, NF and 
RO only might be considered as processes able to sep-
arate these substances. In case of membrane methods 
in which the mechanism of separation is other than the 
sieve one, other properties of substances, for example 
volatility, should be taken into consideration. Based 
on these considerations, the photocatalytic reactors 
for water and wastewater treatment are divided into 
three main groups,  including slurry reactors, wall 
and fixed bed reactors, and fluidized bed reactors. 

5.1. Slurry reactors

Figures 11-14 show different configuration of slurry 
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Fig.11. schematic of slurry reactors [137].

 
Fig. 12. schematic of slurry reactor [137].

 
Fig. 13. Schematic of slurry reactor [138].

 
Fig. 14. Schematic of slurry reactor [138].

photocatalytic reactors. In this reactors, micromet-
ric particles of photocatalyst are suspended in liquid 
system. Light irradiated to feed tank and membrane 
separate micrometric particles of photocatalyst. 
Degradation of pollutants occurs by suspended mi
crometric photocatalyst radiated with UV, separa

tion take place by microfiltration or nanofiltration. 
Reactions take place on the surface of photocata-
lysts. Reactants diffuse from bulk of liquid to sur-
face of particles, reaction take place and then de-
graded products defuse to the bulk. 
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The fine particles of the Degussa P-25 TiO2 have 
always been applied in a slurry form.

Light is irradiated to membrane vessel or feed 
tank, Fig. 13 and Fig. 14.

Another type of slurry photpcatalytic reactor is 
thin film slurry (TFS) [139]. This configuration ben-
efits from a very large illuminated catalyst surface 
area per unit volume of reactor and minimal mass 
transfer limitations. Two feasible configurations of 
TFS photocatalytic reactors are shown in Table 3.

In TFSFW the water is flowing along a flat wall 
(FW), as a falling film or between parallel plates and 
the reactor is irradiated by lamps that are distrib-
uted equally. In TFSIW the liquid film is flowing 
along the internal wall (IW), of a cylindrical reac-
tor as a falling film or in an annulus with the lamp 
that are located along the central axis. Between 
these two options, the TFSIW is better configuration 
for commercial design when using UV lamps. The
advantages of this reactor geometry are:
(1) The cylindrical symmetry of the system allows 
all parts of the photoreactor to be uniformly illumi-

nated with little loss of efficiency providing that the 
lengths of the reactor and lamp are comparable;
(2) There is improved photon utilization as back-scat-
tered photons have a low probability of escaping from 
the reactor and can be recaptured by the liquid film;
(3) There is no need for a light reflector which inevi-
tably introduces a loss in photon utilization and adds 
to the overall cost of the unit;
(4) Improved safety aspects such as the containment of 
the lamp inside the reactor in case of fire or explosions;
(5) Simple design that require the use of a single 
lamp and occupies minimum floor space. 
The comparison of ideal flow systems has shown that 
falling film laminar flow and plug flow systems have 
high performance depending on the degree of con-
version obtained in the photocatalytic reactors [139].

5.2. Wall and fixed bed reactors

There is another type of photocatalytic systems 
that photocatalyst fixed on the surface of membrane, 
the wall of reactor or fixed granular beads. Fig. 15-

                                                                           
                                                                             Table 3.
                                                                             TFS photocatalytic reactors [139].

Reactor configuration

TFSIW
 (UV lamps)

TFSFW
(solar radiation or UV lamps)

Fig. 15. Schematic representation of the fixed photocatalyst without membrane [140].
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20 show various configurations of these reactors. In 
this configuration catalysts has been fixed on wall of 
the reactor or has been fixed on surface of the mem-
brane or fixed on fixed millimetric granular beads. 
Reaction is only limited to the surface of wall or 
membrane.

Fig. 15 show a fixed photocatalytic system consists 
of an annular reactor 15 cm long, 3 cm inner tube di-
ameter and 5 cm external tube diameter operating in 
a closed recirculation system. A centrifugal pump is 
used for circulating water and reactor equipped with 
a stirred reservoir tank of 2L volume with a device 
for withdrawal of samples [140]. Van Grieken et al. 
showed disinfection of E. coli bacteria suspensions 
in slurry, wall and fixed-bed reactors and concluded 
that immobilized systems have shown that they are 
stable and do not present deactivation after several 
cycles of reuse, being readily applicable for contin-
uous water treatment systems.

Photocatalyst can be fixed on the wall of glassy re-
actor in to configuration (Fig. 16).

Fig. 17-19 show different configuration of catalyst 
that fixed on wall reactor.

In Fig. 20 the hybrid photo-catalytic/UF experi-
mental set-up is reported. It consists of three con-
centric tubes placed in the vertical direction. The 
inner tube is the photocatalytic UF membrane. The 
intermediate and external tubes are made of Plexi-
glas, and define an outer flow channel the annular 
space between the tubes) where polluted water is 
fed in the lumen of the transparent Ca alginate/TiO2 
polymer fibers.

Membranes with catalyst coating (Fig. 21) have 
fouling problems. For long time processes, because 
of membrane fouling, pressure drop increases sig-
nificantly at constant flux mode, while flux reduces 
greatly at constant pressure drop mode. In PMRs, 
fouling mechanisms can be mainly divided into two 

Fig. 16. (A) Schematic of the liquid side illumination system where pollutant and photon flux come from the same direction. (B) Sche-
matic of the support side illumination where pollutant and photon flux come from opposite directions [141].

           
           Fig. 17. Schematic of fixed on wall reactor [138].
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Fig. 18. Schematic of fixed on wall reactor [138].

Fig. 19. Schematic of fixed on wall reactor [138].

Fig. 20. Photocatalytic membrane system used in the hybrid-
photocatalytic/ultrafiltration with catalyst fixed on wall of re-
actor [142].

Fig. 21. Schematic of fixed on membrane wall [143].
steps: pore blocking and cake layer steps, which are 
shown in Fig. 22.

Both suspension and fixed catalyst reactors have 
their advantages and disadvantages. These properties 
are listed in Table 4.

Javier Marugan et.al [145] used fixed bed photo-
catalytic reactor for inactivation of Escherichia coli 
bacteria. P25 industrial titanium dioxide immobilized 
onto glass Raschig rings was used [Fig.23].

5.3.Fluidized bed reactors

Suspension catalytic reactors are more efficient 
than fixed bed reactors because mass transfer is eas-
ier and there is possibility to add desired amount of 
catalyst to the reactor. At the other side fixed catalyst 
on wall reactors do not have separation problem of 
photocatalyst from water. Therefore the third type of 
reactor configuration has been formed. This reactor is 

something between slurry and fixed on wall catalyst 
reactors. Photo catalysts fixed on milimetric balls 
and these balls fluidized by air force or water flow. 
There for by this way advantages of two previous 
model is accessible and overcome to their limita-
tions. Fig. 24 show configuration that air fluidized 
milimetric balls and reaction take place on surface 
of balls.

Photocatalytic degradation of organic contami-
nants in wastewater by TiO2 introduced in immobi-
lized state on supporting material [137]. Soo et al. 
2005 synthesized hollow ceramic ball (Fig. 25) with 
a novel method, 1.5 mm in diameter, and coated 
TiO2 on wall and  photocatalytic activity of fluidized 
bed process (Fig. 26) was investigated for RhB deg-
radation. Results show that this process effectively 
photocatalyzed the degradation of RhB.
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Fig. 22. Schematic illustration of membrane fouling mechanisms: 
(a) pore blocking and (b) cake layer [144].

Fig. 23. schematic representation of fixed bed reactor [145].

Fig. 24. Schematic of fluidized bed reactor [137].

Fig. 25. The SEM photograph of Photomedia (×40) [146].

Fig. 26. The schematic diagram of photocatalytic fluidized 
bed reactor [146].

In another work Wang et al. used granular activated 
carbon as support of photocatalyst [146]. The pho-
toatalytic oxidation of acid dye under visible light ir-
radiation was done in a recycle fluidized bed reactor. 
ZnFe2O4/TiO2-immobilized granular activated carbon 
(ZnFe2O4/TiO2-GAC) was used as the photocatalyst, 
and the lamp (CDM-T, 150 W) was used as the light 
source. Granular activated carbons with an average 
diameter of 2.172 mm (8–9 mesh), 1.189 mm (12–16 
mesh), and 0.542 mm (28–32 mesh) were hired as the 
supports of ZnFe2O4/TiO2 photocatalysts. Zulfakar 

et al. used immobilized TiO2 on quartz sand with 
0.3 mm in diameter [147]. The performance of the 
supported photocatalyst was evaluated in different 
operating parameters such as photocatalyst loading 
and initial phenol concentration in a fluidized bed 
reactor (Fig.27). 

Fluidized bed photocatalytic reactor systems have 
several benefits over common immobilized (coat-
ed on wall) or slurry-type photocatalytic reactors. 
The unique reactor configuration provides both ex-
posure of photocatalyst to UV/sun light and good
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Table 4. 
Advantages and disadvantages of suspended reactors with TiO2 immobilized in/on the membrane [137].

Advantages Disadvantages
- No need to separate and recycle the catalyst—the membrane can 
be used as long as the activity of TiO2 remains high

- The effectiveness of degradation lower than in case of catalyst 
in suspension

- No membrane fouling due to presence of TiO2 particles
- Adjustment of catalyst loading to the composition of the treated 
solution is impossible (fixed amount of the catalyst immobilized 
in/on the membrane)

- Possibility of fouling mitigation due to enhanced hydrophilicity 
of the TiO2-modified membrane
- Possibility of fouling mitigation due to decomposition of organic 
contaminants forming the gel layer or filtration cake

- Risk of damage of polymer membranes by the UV light or hy-
droxyl radicals 

- Contaminants could be decomposed either in feed or in permeate - Necessity of the membrane exchange when the catalyst loses its 
activity

Fig. 27. Fludized bed reactor set-up [148].

penetration of the light into the photocatalyst bed 
that allow more contact of photocatalyst and reac-
tant fluid. Also, UV light can be more evenly dis-
tributed within the given catalyst bed. Separation 
problem of catalysts from treated water is very easy 
in fluidized bed reactor systems.

6. Conclusions 

This article reviews the principles and methods of 
photocatalysts preparation, promoting photocata-
lyst activity and improving performance, mainly for 
TiO2. In addition to destruction of viruses and bac-
teria, heterogeneous photocatalysis has been used to 
decompose natural organic matters, volatile organ-
ic compounds in water, air and soil. Widening the 
wavelength for semiconductor application by dop-
ing is an area of increasing interest. Various config-
urations of photocatalytic reactors were investigated 
and their advantages and disadvantages were report-
ed. The photocatalysts can be modified and used in 

an appropriate reactor configuration for destruction 
of specific pollutants.
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