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ABSTRACT

This study presents the operational parameters effects on photocatalytic degradation of liquid pol-
lutants using titanium dioxide. Organic pollutants photodegradation is the most widely studied
method, where photocatalysis is observed in many forms. Due to the cost efficiency of titanium
dioxide as a photocatalyst, it has a greater role in this process as compared to other semiconduc-
tors. The operating parameters effects on photocatalytic degradation in wastewater pollutant using
titanium dioxide based photocatalyst are presented in this paper. The findings are used to identify
and explain the individual influence of different parameters, such as the photocatalyst composition,
catalyst loading, initial pH, pollutant concentration, light intensity and temperature, on wastewa-
ter pollutants photocatalytic degradation. The successful application of laboratory scale techniques
and the choice of treatment are generally dependent on the wastewater composition, however, much
research is needed from the aspects of modelling and engineering design for a large scale operation.
Besides that, a general overview of a prevailing trend in the use of titanium dioxide photocatalyst is
presented with the emphasis placed on its achievements and problems.
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1. Introduction such as ultrafiltration, activated carbon adsorption, reverse
osmosis, ion exchange on synthetic adsorbent resins, etc.
have been widely used for pollutant removal [4,5]. How-
ever, these techniques incur more operational effort, taking
into account the need for replacement of filters, regenera-
tion of the adsorbent materials, post-treatment of the solid
wastes, etc. Alternatively, these drawbacks can be side-
lined by adopting other techniques, such as ozonation [6],
enzymatic decomposition or microbiological [7], bio-degra-
dation [8], as well as, advanced oxidation processes, such as
H,O,/UV processes [9], and Fenton catalytic reactions [10].

Wastewater is generally discharged from industrial and
domestic sources into waterways, often without treatment.
This could be detrimental to human health and environment
due to the presence of harmful pollutants. One major group
of pollutants includes heavy metals and anionic species
[1-3]. Several physical wastewater treatment techniques,
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Recent studies have proposed the use of photocatal-
ysis in wastewater treatment applications because of its
ability to completely mineralize targeted pollutants [11-
19]. In this regard, several requirements need to be taken
note for effective execution, such as the operation must be
conducted at room temperature or pressure, the mineral-
ization of targeted pollutants should be complete without
causing secondary pollution, as well as, the operational
cost and efficiency should be optimized. To achieve such
requirements, the individual influence of different param-
eters, such as the photocatalyst composition, catalyst load-
ing, initial pH, pollutant concentration, light intensity and
temperature, on the photocatalytic degradation efficiency
should be studied thoroughly [1-3,19-21]. Therefore, it is
the intent of this paper to provide a comprehensive review
of the factors affecting the photocatalytic pollutant degra-
dation efficiency. A brief introduction of photocatalysis will
first be presented, followed by the elementary explanation
of semiconductor based photocatalysis, the study of tita-
nium dioxide photocatalyst, and lastly, the factors affecting
the photocatalytic degradation efficiency.

2. Photocatalysis

Photocatalytic process accelerated by the existence
of a catalyst is denominated as a photo-induced process.
The process is activated by sufficient energy through the
absorption of photons [22]. The absorption of photons
induces a charge separation upon excitation, which pro-
motes the propagation of an electron from the valence band
(VB) to the conduction band (CB) of a semiconductor, there-
fore, producing a hole in the VB, as demonstrated in Fig. 1.
The conclusive aim of the process is to produce a reduced
product from the reaction between oxidant and activated
electrons, as well as, to produce an oxidized product from
the reaction between a reductant and generated holes. The
photo-generated electrons would react with electron accep-
tors, such as molecular oxygen to be superoxide radical
anion. Photo-generated holes can oxidize organic molecules
to form cationic radicals, or react with hydroxyl anion or
water to form hydroxyl radicals [5],which is a very pow-
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Fig. 1. Photoinduced formation mechanism of an electron-hole
pair in a semiconductor.

erful oxidizing agent, that can oxidize most pollutants to
become mineral end products. The complete mechanisms of
photocatalysis, as well as the detailed comparisons between
the oxidation strength of hydroxyl radicals and superoxide
radicals have been presented in [23,24].

2.1. Semiconductor based photocatalysis

Semiconductors (Fe,O,, TiO,, ZnO and CdS) can be uti-
lized as a sensitizer for light-induced process owing to their
electronic structure which is characterized by a filled VB,
and an empty CB [25-27]. Under irradiation, the electrons
are promoted from the VB to the CB, which leaves positive-
ly-charged holes in the VB. The holes may react either with
hydroxide ions or electron donors, such as superoxide or
hydroxyl radicals in the solution to produce powerful oxi-
dizing agents [4].

As seen from Fig. 1, in semiconductors, the VB and CB
are separated by a band or energy gap. Excitation of elec-
tron-hole pairs, involving the transfer of electrons from
the VB to the CB, will only occur when a semiconductor
molecule adsorbs photons with the same or greater energy
than its band gap. Subsequently, charge carriers would
be generated. On the other hand, recombination of elec-
tron-hole pairs might occur and this might consequently
cause a considerable drop in the photocatalytic activity [28].
Therefore, to minimize the occurrence of recombination of
electron-hole pairs, as well as to improve the photocatalytic
activity, the addition of secondary semiconductors can be
one of the alternatives [29-31].

2.2. Titanium dioxide photocatalyst

Titanium dioxide (TiO,) is the most widely used semi-
conductor among the mentioned semiconductors in pho-
to-induced operation owing to its several advantages
[32-39]. Firstly, it is chemically stable, biologically benign
and non-toxic, thus, giving rise to its safe application in
photocatalysis. In addition, it does not undergo photo-cor-
rosion degradation due to the direct reaction between the
charge-pair on the surface of titanium dioxide with the
solid lattice ions under irradiation. Titanium dioxide also
exhibits a strong resistance against alkalis and acids [40].
Furthermore, titanium dioxide is an industrially mass pro-
duced material that can be synthesized easily in a laboratory
and hence, contributing to its accessibility and affordability.
Besides, it can be manufactured and produced in various
forms, such as colloid dispersion in a liquid phase, white
TiO, powder or sometimes as thin films coated onto sub-
strate. This in turn promotes and widens its industrial appli-
cations, such as the manufacture of brightening cosmetics,
fabrication of paints and coatings, enhancement of the brit-
tleness of polymer-based items, etc. Generally, titanium
dioxide exists in various polymorphs and the three most
common polymorphs are rutile, anatase and brookite [41].
In the crystal family categorization, rutile and anatase are
tetragonal, while brookite is orthorhombic. As compared to
rutile and anatase, brookite is relatively rare in nature. In
common, they do exhibit photocatalytic activity [42].

In scientific definition, titanium dioxide photocataly-
sis is a photo-induced charge separation phenomenon that
occurs in the titanium dioxide semiconductor, producing
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a number of reducing and oxidizing species that lead to
organic mineralization and microbial inactivation without
causing secondary pollution [40,43-45]. To initiate photo-
catalytic reactions, light with a suitable wavelength at a
sufficient intensity is needed to attain energy that equals
or exceeds the titanium dioxide band gap. Referring to the
two crystalline structures of titanium dioxide, anatase has
a band gap of ~3.2 eV, while rutile has a band gap of ~3.0
eV. As demonstrated in Fig. 2 [46], the VB redox potential
of both anatase and rutile are more positive than that of the
hydroxyl species, thus, leading to the oxidation of adsorbed
water and hydroxyl groups to highly reactive hydroxyl rad-
icals upon irradiation. However, rutile appears to be less
negative in the CB redox potential with respect to those of
oxide species and anatase, hence, inhibiting the reduction of
molecular oxygen. On the contrary, molecular oxygen can
be reduced to superoxide radicals by illuminated anatase
due to the more negative CB redox potential of anatase.
In this regard, anatase can thus be claimed to be relatively
more photocatalytically active than rutile [47].

Widely known for its photocatalytic activity, titanium
dioxide has been utilized as a photocatalyst primarily in
the decomposition of organic pollutants contained in either
aqueous or gaseous waste channels. In this regard, under
irradiation, the oxidation of hydroxyl species and the reduc-
tion of oxide species will be taking place concurrently at the
VB and the CB, respectively. Two oxidation reactions can
occur at the VB. Firstly, the direct oxidation of the adsorbed
organic species by the positively charged holes is initated
to form cationic radicals. Secondly, water and/or hydroxyl
groups are oxidized and transformed into highly reactive
hydroxyl radicals that will subsequently induce the oxida-
tion of the organic pollutants [48-51]. On the other hand,
two reduction reactions cantake place at the CB as well.
Firstly, the reduction of adsorbed molecular oxygen by the
conducting electrons is prompted, producing superoxide
radicals, which will give rise to the subsequent formation
of additional hydroxyl radicals via a number of reactions.
Secondly, metal ions are reduced by reacting with photo-ex-
cited electrons. It is noteworthy that the reduction of metal
ions may be restricted by the oxidation of water [52]. The
photocatalytic decomposition of pollutants involving redox
reactions is presented as follows [25,46,52]:
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Fig. 2. Band gaps of various commonly-used semiconductors,
placed alongside the standard redo potentials (versus normal
hydrogen electrode (NHE)) of the and redox couple [46].

Charge-carrier generation of titanium dioxide photocat-
alyst
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Oxidation of water and/or hydroxyl group, followed by
adsorbed organic pollutants
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Reduction of adsorbed molecular oxygen, followed by
formation of hydroxyl radical
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Reduction of metal cation
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where ¢~ and h* represent the photo-induced electron and
hole, respectively, RH is the adsorbed organic pollutant, H,O
is water, OH" is hydroxyl radical, OH" is hydroxyl anion,
O, is molecular oxygen O,", is superoxide radical, H,0O, is
hydrogen peroxide, and M"™ is metal cation with positivity.

3. Operating parameters on photocatalytic degradation

The efficiency and oxidation rate of a photocatalytic sys-
tem after the integration of a semiconductor catalyst with
a photoreactor are highly dependent on several operating
parameters to qualify as the kinetics of photo-mineraliza-
tion. This paper presents the significance of some operation
parameters in relation to photocatalysis. These parameters
include the type and composition of photocatalyst, catalyst
loading, initial pH of the solution, concentration of pollut-
ant, light intensity and wavelength, as well as operating
temperature. The relationship between each parameter and
the photocatalytic degradation efficiency or rate will be dis-
cussed individually.

3.1. Photocatalyst composition and type

Photocatalytic activity of a semiconductor is dependent
on its structural and surface properties such as particle size,
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surface area, porosity, crystal composition, surface hydroxyl
density and band gap. Particle size is directly related to the
efficiency of a catalyst through the definition of particles
specific surface area and this is of primary importance in
heterogeneous catalysis.

Numerous titanium dioxide based photocatalysts have
been examined for the degradation of various organic
compounds in liquid solution. Degussa P-25, Hombikat
UVv100, PC10, PC50, PC500, Rhodia, and Travancore Tita-
nium Products (TTP) have been widely used in laboratory
applications [53-56]. P-25 consists of 25% rutile and 75%
anatase with a primary particle size of 20 nm and a spe-
cific BET surface area of 50 m*/g. Furthermore, Hombikat
UV100 is composed of 100% pure and smaller anatase with
a primary particle size of 5 nm and a specific BET surface
area of 250 m?/g, while PC500 is also made of 100% anatase
with a primary particle size of 5-10 nm and a specific BET
surface area of 287 m?/g. It has been demonstrated that as
compared to other photocatalysts, the degradation rate is
much more rapid in the presence of P-25. The efficiency of
photocatalysts is generally ranked in the order of P-25 >
UV100 > PC500 > TTP for the degradation of various pol-
lutants [53,54,57-61]. The relatively higher photocatalytic
activity of P-25 can be explained by its mixed-composition
of crystalline anatase and rutile. Rutile has a relatively less
negative reductive power and thus it plays an important
role in inhibiting the electron-hole recombination in ana-
tase. There exist several transition points between these
two phases, which promoting the rapid transfer of elec-
trons, and consequently, the photocatalytic activity is
enhanced [62].

Differences in the lattice mismatches, density of
hydroxyl groups on the surface of the catalyst, impurities
and BET surfaces could be the factors affecting the adsorp-
tion behaviour of a pollutant or intermediate molecule, as
well as the lifetime and recombination rate of electron-hole
pairs, which, subsequently leading to variations in photo-
catalytic activities [54,55,57-59,61,63,64].

3.2. Catalyst loading

Extensive studies have been conducted, signifying that
the pollutant degradation rate depends substantially on the
catalyst loading. An initial increase, followed by a decrease
in the degradation rate can be observed in conjunction with
an increase in the catalyst loading because of the light scat-
tering and screening effects. A linear dependency holds true
to a certain extent when the reaction rate starts to intensify
until a limit is reached. Thereafter, it becomes independent
of the titanium dioxide photocatalyst concentration. This
limit depends on the geometry and working conditions of
the photo-reactor. With an increase in the amount of tita-
nium dioxide photocatalyst above the saturation limit,
particles agglomeration and accumulation are prompted.
These subsequently reduce the photocatalyst surface area
available for light absorption and eventually aggravate the
photocatalytic activity. Therefore, an optimal dose of photo-
catalyst is important to achieve tiptop photocatalytic degra-
dation efficiency [65].

However, some researchers have claimed that the direct
comparison of the photocatalytic degradation rate in vari-
ations of catalyst loading is inconclusive because of dif-

ferences in photon wavelengths, light intensity, radiation
fluxes and working geometry [66-71]. Despite, from the
perspective of industrial applications, such as in wastewa-
ter treatment applications, where the presence of uncertain-
ties is inevitable, the amount or concentration of titanium
dioxide photocatalyst has seen a direct influence on the
entire system efficiency [72-74].

3.3. The effect of pH

One of the effective operating parameters in hetero-
geneous photocatalytic processes as well as other photo-
chemical processes is the pH as it affects the catalyst surface
charge, the catalyst particle size and the conditions of the
VB and CB. Organic pollutants have differences in terms of
speciation behaviour, water solubility and hydrophobicity.
At a common pH, some compounds are uncharged, such
as waste or natural water. This is different from the other
compounds with varied speciation and physico-chemical
properties.

Owing to the nature of titanium dioxide photocatalyst
used, variations in the operating pH lead to variations in the
isoelectric point or surface charge of the photocatalyst used.
The pH value at which the surface charge is completely neu-
tralized is known as the point of zero charge, or PZC. Many
researchers have been using the PZC of titanium dioxide
to study the effect of pH on the photocatalytic oxidation
performance [66-68,71-75]. Titanium dioxide photocatalyst
has a PZC of between 4.5 and 7.0, depending on its type and
composition. At the PZC, due to the absence of electrostatic
force, the interaction between water contaminants and pho-
tocatalyst particles is minimal. At an operating pH less than
the PZC, the photocatalyst surface is positively charged
and it gently exerts an electrostatic attraction force towards
the negatively charged compounds. For further photocata-
lytic reactions, such polar attractions between the charged
anionic organic compounds and titanium dioxide can inten-
sify the adsorption onto the photon activated titanium diox-
ide surface [76,77]. This is specifically discernible when the
concentration level of anionic organic compounds is low.
On the contrary, at a pH more than the PZC, the photocat-
alyst surface is negatively charged which, subsequently
exorcising anionic compounds. Furthermore, the solution
pH plays a significant role in the photocatalytic oxidation
and adsorption of pollutants because of the different pH
effects on the surface charge density of titanium dioxide
photocatalyst. The surface ionization state of photocatalyst
can be protonated under acidic conditions and deproton-
ated under alkaline conditions according to the following
water equilibrium equations:

pH < pH,,, TiOH + H' <> TiOH} (11)

pH > pH,,., TiOH + OH™ < TiO™ + H,0O (12)

Typically, the PZC of titanium dioxide is about 6.25
[78]. In acidic media (pH < 6.25), the surface of titanium
dioxide photocatalysis is positively-charged, whereas it
is negatively-charged in alkaline conditions (pH > 6.5). In
addition, the pH of the solution has seen an effect on the
hydroxyl radicals. There is a reaction between the induced
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holes and hydroxide ions on the surface of titanium diox-
ide. The low pH of positive holes is important during
the oxidation phases besides the high pH and neutral
levels or hydroxyl radicals [79,80]. It would be expected
that due to the presence of more available hydroxyl ions,
the generation of hydroxyl radicals is higher on the sur-
face of titanium dioxide. At a high pH, the procedure
degradation efficiency will be logically raised. Numer-
ous investigations have been carried out to elucidate the
effect of pH on the adsorption and photocatalytic degra-
dation of organic compounds on titanium dioxide surface
[54,55,57,58,61,64]. With the change in pH, the degree of
electrostatic attraction or repulsion between organic mol-
ecule ionic forms and the surface of photocatalyst can be
varied. Hence, the pH can be used as the controlling vari-
ables for the enhancement or inhibition of organic pollut-
ants degradation depending on one’s need. The pH effects
on the photocatalytic degradation of some organic com-
pounds are listed in Table 1.

From Table 1 it can be seen that different contaminants
have different optimal pH levels to undergo optimal photo-
catalytic degradation. In addition, it is of great importance
to determine the pK_ values of pollutants for a better predic-
tion of the catalytic activity at a specific pH, because these
affect the adsorption property of the catalyst as well as the
stability of the pollutants molecules. Basically, the pK_ value
measures the acidity of pollutants present in the solution.
The strength of acidity is said to be inversely proportional
to the pK value, such that the weaker the acidity of a pol-
lutant, the larger its pK . Therefore,to attain tiptop photo-
catalytic reaction in wastewater treatment applications, it is
imperative to perform suitable pH control strategies with
the provision of the pK_ values [29,81-86].

3.4. Pollutant concentration and type

The study of the relationship between the substrate
concentration and the photocatalytic degradation rate is

of utmost importance for effective execution of wastewa-
ter treatment. Various pollutants investigated under var-
ied initial concentrations are summarized in Table 2. With
increasing substrate concentration, the probability of col-
lision between pollutants and the surface of photocatalyst
will be higher. Consequently, this increases the degrada-
tion rate due to very short lifetime of the hydroxyl radicals,
which are responsible in oxidizing the organic pollutants
[81,87,88]. However, when the substrate concentration
increases to a certain extent, more intermediates will proba-
bly be generated and adsorbed on the photocatalyst surface
since the photo-degradation process is a non-selective pro-
cess and thus, the decomposition of the pollutants as well
as the obtained intermediates will take place concurrently
by the produced hydroxyls and superoxide radicals. As a
result, active sites on the photocatalyst are partially compro-
mised and hence, incurring a slower adsorption rate, which
eventually leading to a drop in the overall degradation rate.
In short, it can be deduced that at low substrate concentra-
tions, the degradation rate is less dependent on the number
of catalytically active sites. Instead, it is proportional to the
substrate concentration in accordance with apparent first
order kinetics. In addition, the molecular structure of the
pollutants can be one of the factors affecting its degradation
extent, which has been discussed in [89-91].

Langmuir-Hinshelwood (LH) kinetics is the most com-
monly used kinetic expression to explain the kinetics of the
heterogeneous catalytic processes. The Langmuir-Hinshel-
wood expression that explains the kinetics of heterogeneous
catalytic systems is given by:

_dC _ kKC
dt 1+KC

(13)

where r represents the rate of reaction that changes with
time. The term r in Eq. (13) was represented in terms of ini-
tial reaction rate, r,, as a function of the initial dye concen-
tration, C,, or in terms of C, where, C, is the equilibrium
dye concentration in solution after the completion of dark

Table 1

Influence of pH on the photocatalytic degradation of various pollutants
Pollutant Light source Photocatalyst pH range Optimum pH Reference
Propachlor uv TiO, 3.0-11.0 3 [64]
Carbofuran uv TiO, 4.0-9.0 7 [54]
Phorate uv TiO, 4.0-8.0 8 [65]
Fast Green FCF uv TiO, 3.0-11.0 44 [14]
Turbophos uv TiO, 3.0-8.0 8 [65]
Carbendazim uv TiO, 3.0-9.0 9 [66]
Erioglaucine uv TiO, 24-12.2 24 [68]
Propham uv TiO, 3.0-11.0 5 [64]
Thiram Solar TiO, 2.5-114 8 [67]
Patent Blue VF uv TiO, 3.0-11.0 11 [14]
Isoproturon Solar TiO, 3.0-10.0 7 [69]
Bromocresol purple uv TiO, 4.5and 8.0 4.5 [70]
Atrazine Solar TiO, 2.0-9.99 4-5 [71]
Dimethoate uv TiO, 2.04-11.05 11.05 [72]
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Table 2

Influence of initial pollutant concentration on the photocatalytic degradation of pollutants
Pollutant Light source Photocatalyst Concentration range, ~ Optimum concentration, =~ Reference

mM mM

Thiram Solar TiO, 4.2 x104-6.6 x 10* 42 x 10 [74]
Indole-3-acetic acid uv TiO, 0.2-0.6 0.3 [43]
Daminozid uv TiO, 0.50-1.5 0.75 [75]
Prophachlor uv TiO, 0.2-1.35 1.35 [64]
Bentazon uv TiO, 0.02-0.062 0.02 [76]
Isoproturon Solar TiO, 0.25-75 0.75 [77]
Triclopyr uv TiO, 0.25-1.0 0.75 [75]
Propham uv TiO, 0.25-1.3 0.75 [64]
Tebuthioron uv TiO, 0.25-1.5 1 [64]
Phosphamidon uv TiO, 0.1-0.6 0.45 [92]
Diphenamid uv TiO, 0.1-0.6 0.6 [78]
Dimethoate uv TiO, 0.0195-0.49 0.0195 [79]
Carbofuran uv TiO, 0.023-0.113 0.09 [54]
Acephate uv TiO, 0.7-1.0 1 [78]
Erioglaucine uv TiO, 0.006-0.02 0.006 [80]

experiments. The initial rate of reaction as a function of C;
and C, is given by Egs. (14) and (15), respectively:

_ k,KC,

_ 14
"T1ike, 1
k KC
——re 15
"I ke, (15)

The parameters k_and K which are a function of C;or C,
can be predicted by linearizing Eqs. (14) or (15) as follows:

1 1 1
— =
r, k. kKC,

r

(16)

Most of researchers approximated Eq. (13) to first order
kinetics for the condition KC << 1. Recently, some papers
reported that the LH kinetics, as shown in Eq. (14), can be
approximated to zero order kinetics for KC, << 1. However,
if the LH expression is written in terms of initial reaction
rate, for KC, >> 1, the LH kinetics will not be reduced to a
zero order kinetics.

3.5. Light intensity and wavelength

Light is an imperative source that initiates heteroge-
neous photocatalytic processes and other photochemical
processes. In a photochemical process, the formation of
electron-hole pairs as well as the initiation rate of photoca-
talysis depends considerably on the intensity of light [93].
The light distribution in a reactor basically decides the pol-
lutant conversion efficiency as well as the pollutant degra-
dation rate. Hence, extensive studies have been conducted
in investigating the effect of light intensity on the pollutant
degradation rate. In most studies, the pollutant degrada-
tion rate depends linearly on the light intensity, while in
some cases, it demonstrates a square root dependency on

the light intensity [94]. Notably, at high intensity, the reac-
tion rate is independent of the light intensity. This is likely
to happen because at low intensity, the reactions involving
electron-hole formation are much more significant than that
involving electron-hole recombination.

With increasing light intensity, the rate of electron-hole
formation at the surface of titanium dioxide rises and conse-
quently, enhancing its ability to oxidize organic pollutants.
In a particular case, the first order rate constant of iodosul-
furon degradation is found to be directly proportional to
the photon flux when the flux is below 10" photon 1/s-cm?.
At low flux, the oxidizable organic substrate concentra-
tion is higher than the formation rate of electron-hole pairs
within the photocatalyst, and thus, exhibiting a linear rela-
tionship between the degradation rate and the photo flux.
On the contrary, at elevated photon flux (above 10" photon
1/s-cm?), the rate constant varies with the square root of the
flux, in which the degradation rate experiences an immense
reduction due to the significant effect of electron-hole
recombination [8].

A number of research has been carried out, claiming
that the photocatalytic degration rate of titanium dioxide is
not highly affected by the light intensity as a few photons
of energy (as low as 1 pW cm™) are claimed to be sufficient
to induce a surface reaction [95]. To obtain a high photocat-
alytic reaction rate in wastewater treatment applications, a
relatively abundant light intensity is required to sufficiently
provide the titanium dioxide surface active sites with ade-
quate photons energy. However, in the application of tita-
nium dioxide photocatalyst, the surface reaction is limited
to photons with wavelengths shorter than 400 nm, such
as, UV light. Under illumination of UV light (wavelength
< 400 nm), the linear relationship between the degradation
rate and the incident radiant flux is obeyed. It has also been
demonstrated that the destruction of polychlorinated biphe-
nyls and toxin is apparent in the presence of high intensity
photons [96]. Furthermore, there are studies performed in
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investigating the dependency of reaction rate on the radiant
intensity under various lighting conditions [97-99]. To cal-
culate the light intensity of the source, the detailed formu-
lations can be found in [100]. Based on the aforementioned
literatures, it has been discovered that there is a good linear
correlation between the light intensity and the first order
rate constant. In some studies, the photocatalytic oxidation
rate is also found to be dependent on the intensity of light.
Therefore, preliminary studies of the microbial consortia
presence and the photoreactor performance in wastewater
applications are important as they can be used to predict the
minimum irradiation required at constant irradiance [91].

3.6. Temperature effect

Since 1970s, many experimental studies have been per-
formed in investigating the influence of the temperature on
the pollutant degradation rate [101-106]. Besides, a num-
ber of researchers have also discussed the dependency of
the photocatalytic reaction on the reaction temperature
[103,104,107,108]. To activate the surface of titanium diox-
ide, the only presence of heat energy is insufficient when
operating the process under illumination of natural sun-
light. However, the perception of such dependency could
be extrapolated. Studies have shown that an increase in
temperature of the photocatalytic reaction (more than 80°C)
promotes recombination of charge carriers and thus, inhib-
iting the adsorption of organic compounds onto the surface
of titanium dioxide [69].

In most cases, photocatalytic systems are operated at
room temperature and heating is not required. The rec-
ommended range of operating temperature favouring the
photo-decomposition process is generally between 20°C
and 80°C [70,109,110]. At temperatures less than 0°C, the
desorption rate of the final product will be reduced and
hence, inducing an increase in the apparent activation
energy. On the contrary, at temperatures more than 80°C,
the adsorption of reactant will be the limiting factor, caus-
ing the apparent activation energy to become negative. In
addition, an increase in the photo-decomposition rate has
been observed with the reaction temperature augmented
within the temperature range of between 20°C and 60°C
[70,72,108,110-112].

4. Conclusion

The presented paper has discussed the effects of some
operational parameters on the photocatalytic activity of
titanium dioxide based photocatalysts. The study on the
nature of the degraded samples is necessary because this
will provide a strategy for the selection of a specific type of
photocatalyst used in a degradation process. Under experi-
mental conditions, the use of the Degussa P-25 has often led
to a relatively higher pollutant degradation rate than the
other titanium based photocatalysts such as PC500, UV100
and PC10 due to its mixed-composition. Furthermore, an
optimal dose of the catalyst is important to achieve tiptop
performance of a photocatalytic system. Besides, in waste-
water applications, an appropriate pH should be selected
for effective removal of various pollutants. Moreover, at a
low substrate concentration, a proportional relationship

between the rate of degradation and the substrate concen-
tration is evident. Similarly, at a low intensity, the pollutant
degradation rate varies linearly with the light intensity. In
addition, an increase in the photo-decomposition rate has
been observed with the reaction temperature augmented
within the temperature range of between 20°C and 60°C.

Acknowledgment

The authors wish to acknowledge the financial support
and advice given by University of Malaya Research Grant
(RP013B-155US).

Author contributions

This study was initiated by Zhi Chao Ong, Peiman-
Roushenas and Zubaidah Ismail. Zohre Majidnia, Bee Chin
Ang, Mohammadjavad Asadsangabifard and Chiu Chuen
Onn provided in-depth comments and advices. Zhi Chao
Ong, Peiman Roushenas and Jun Hui Tam wrote the paper
and contributed in revising the paper.

References

[1] M. Anari-Anaraki, A. Nezamzadeh-Ejhieh, Modification of
an Iranian clinoptilolite nano-particles by hexadecyltrimethyl
ammonium cationic surfactant and dithizone for removal of
Pb(II) from aqueous solution, J. Colloid. Interf. Sci., 440 (2015)
272-281.

[2] A. Nezamzadeh-Ejhieh, M. Kabiri-Samani, Effective removal
of Ni(II) from aqueous solutions by modification of nano parti-
cles of clinoptilolite with dimethylglyoxime, |]. Hazard. Mater.,
260 (2013) 339-349.

[3] A. Naghash, A. Nezamzadeh-Ejhieh, Comparison of the effi-
ciency of modified clinoptilolite with HDTMA and HDP sur-
factants for the removal of phosphate in aqueous solutions, J.
Ind. Eng. Chem., 31 (2015) 185-191.

[4] W.Z. Tang, H. An, Photocatalytic degradation kinetics and
mechanism of Acid-Blue-40 by Tio,/UV in aqueous-solution,
Chemosphere, 31 (1995) 4171-4183.

[5] LK. Konstantinou, T.A. Albanis, TiO,-assisted photocatalytic
degradation of azo dyes in aqueous solution: kinetic and
mechanistic investigations - A review, Appl. Catal. B-Environ.,
49 (2004) 1-14.

[6] Y.M.Slokar, A.M. Le Marechal, Methods of decoloration of tex-
tile wastewaters, Dyes Pigments, 37 (1998) 335-356.

[7] OJ. Hao, H. Kim, PC. Chiang, Decolorization of wastewater,
Crit. Rev. Env. Sci. Tec., 30 (2000) 449-505.

[8] M. Sleiman, P. Conchon, C. Ferronato, ].M. Chovelon, lodosulfu-
ron degradation by TiO, photocatalysis: Kinetic and reactional
pathway investigations, Appl. Catal. B-Environ., 71 (2007) 279-290.

[9] N.H.Ince, D.T. Gonenc, Treatability of a textile azo dye by UV/
H,0,, Environ. Technol,, 18 (1997) 179-185.

[10] W.G. Kuo, Decolorizing dye wastewater with Fenton’s reagent,
Water Res., 26 (1992) 881-886.

[11] J. Madhavan, P. Maruthamuthu, S. Murugesan, S. Anandan,
Kinetic studies on visible light-assisted degradation of acid red
88 in presence of metal-ion coupled oxone reagent, Appl. Catal.
B-Environ., 83 (2008) 8-14.

[12] S. Chakrabarti, B.K. Dutta, Photocatalytic degradation of
model textile dyes in wastewater using ZnO as semiconductor
catalyst, J. Hazard. Mater., 112 (2004) 269-278.

[13] M.P.Reddy, A. Venugopal, M. Subrahmanyam, Hydroxyapatite
photocatalytic degradation of calmagite (an azo dye) in aque-
ous suspension, Appl. Catal. B-Environ., 69 (2007) 164-170.



116

(14]

(15]

[16]

(17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

P. Roushenas et al. / Desalination and Water Treatment 120 (2018) 109-118

M. Saquib, M. Abu Tariq, M. Faisal, M. Muneer, Photocatalytic
degradation of two selected dye derivatives in aqueous sus-
pensions of titanium dioxide, Desalination, 219 (2008) 301-311.
C.G. Silva, W.D. Wang, ].L. Faria, Photocatalytic and photo-
chemical degradation of mono-, di- and tri-azo dyes in aque-
ous solution under UV irradiation, J. Photoch. Photobio. A., 181
(2006) 314-324.

M. Stylidi, D.I. Kondarides, X.E. Verykios, Visible light-in-
duced photocatalytic degradation of Acid Orange 7 in aqueous
TiO, suspensions, Appl. Catal. B-Environ., 47 (2004) 189-201.
C. Su, BY. Hong, C.M. Tseng, Sol-gel preparation and photoca-
talysis of titanium dioxide, Catal. Today, 96 (2004) 119-126.
J.H. Sun, X.L. Wang, J.Y. Sun, R.X. Sun, S.P. Sun, L.P. Qiao, Pho-
tocatalytic degradation and kinetics of Orange G using nano-
sized Sn(IV)/TiO,/AC photocatalyst, ]. Mol. Catal. a-Chem.,
260 (2006) 241-246.

S. Mousavi-Mortazavi, A. Nezamzadeh-Ejhieh, Supported
iron oxide onto an Iranian clinoptilolite as a heterogeneous
catalyst for photodegradation of furfural in a wastewater sam-
ple, Desal. Water Treat., 57 (2016) 10802-10814.

Z.A. Mirian, A. Nezamzadeh-Ejhieh, Removal of phenol con-
tent of an industrial wastewater via a heterogeneous photo-
degradation process using supported FeO onto nanoparticles
of Iranian clinoptilolite, Desal. Water Treat., 57 (2016) 16483—
16494.

A. Besharati-Seidani, Photocatalytic oxidation of an organo-
phosphorus simulant of chemical warfare agent by modified
TiO, nanophotocatalysts, Iran J. Catal., 6 (2016) 447-454.

A. Mills, S. LeHunte, An overview of semiconductor photoca-
talysis, J. Photoch. Photobio. A., 108 (1997) 1-35.

P. Mohammadyari, A. Nezamzadeh-Ejhieh, Supporting of
mixed ZnS-NiS semiconductors onto clinoptilolite nano-parti-
cles to improve its activity in photodegradation of 2-nitrotolu-
ene, Rsc Adv., 5 (2015) 75300-75310.

A. Pourtaheri, A. Nezamzadeh-Ejhieh, Enhancement in pho-
tocatalytic activity of NiO by supporting onto an Iranian
clinoptilolite nano-particles of aqueous solution of cefuroxime
pharmaceutical capsule, Spectrochim. Acta A., 137 (2015) 338—
344.

M.R. Hoffmann, ST. Martin, W.Y. Choi, D.W. Bahnemann,
Environmental applications of semiconductor photocatalysis,
Chem. Rev., 95 (1995) 69-96.

M.A. Aguado, ]. Gimenez, S. Cerveramarch, Continuous pho-
tocatalytic treatment of Cr(Vi) effluents with semiconductor
powders, Chem. Eng. Commun., 104 (1991) 71-85.

S.Mahdavi, M. Jalali, A. Afkhami, Heavy metals removal from
aqueous solutions using TiO,, MgO, and Al,O, nanoparticles,
Chem. Eng. Commun., 200 (2013) 448-470.

T. Van Gerven, G. Mul, J. Moulijn, A. Stankiewicz, A review
of intensification of photocatalytic processes, Chem. Eng. Pro-
cess., 46 (2007) 781-789.

H. Derikvandia, A. Nezamzadeh-Ejhieh, Increased photocata-
lytic activity of NiO and ZnO in photodegradation of a model
drug aqueous solution: Effect of coupling, supporting, parti-
cles size and calcination temperature, J. Hazard. Mater., 321
(2017) 629-638.

J. Esmaili-Hafshejani, A. Nezamzadeh-Ejhieh, Increased pho-
tocatalytic activity of Zn(II)/Cu(II) oxides and sulfides by cou-
pling and supporting them onto clinoptilolite nanoparticles in
the degradation of benzophenone aqueous solution, J. Hazard.
Mater., 316 (2016) 194-203.

M. Bordbar, S. Forghani-Pilerood, A. Yeganeh-Faal, Enhanced
photocatalytic activity of sonochemical derived ZnO via the
co-doping process, Iran J. Catal., 6 (2016) 415-421.

A. Nezamzadeh-Ejhieh, Z. Banan, A comparison between the
efficiency of CdS nanoparticles/zeolite A and CdO/zeolite A
as catalysts in photodecolorization of crystal violet, Desalina-
tion, 279 (2011) 146-151.

A. Nezamzadeh-Ejhieh, Z. Banan, Photodegradation of
dimethyldisulfide by heterogeneous catalysis using nanoCdS
and nanoCdO embedded on the zeolite A synthesized from
waste porcelain, Desal Water Treat., 52 (2014) 3328-3337.

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

A. Nezamzadeh-Ejhieh, Z. Ghanbari-Mobarakeh, Hetero-
geneous photodegradation of 2,4-dichlorophenol using FeO
doped onto nano-particles of zeolite P, J. Ind. Eng. Chem., 21
(2015) 668—676.

A. Bagheri Ghomi, V. Ashayeri, Photocatalytic efficiency of
CuFe,O, by supporting on clinoptilolite in the decolorization
of acid red 206 aqueous solutions, Iran J. Catal., 2 (2012) 135-
140.

N. Barka, S. Qourzal, A. Assabbane, A. Nounah, Y. Ait-Ichou,
Photocatalytic degradation of patent blue V by supported Tio,:
Kinetics, mineralization, and reaction pathway, Chem. Eng.
Commun., 198 (2011) 1233-1243.

J.A. Grasser, B.K. Stover, D.S. Muggli, Synthesis factors that
impact TiO, nanotube Activity during gas-phase photocata-
lytic oxidation of methanol, Chem. Eng. Commun., 200 (2013)
337-350.

H.Y. He, P. Chen, Recent Advances in property enhancement
of nano TiO, in photodegradation of organic pollutants, Chem.
Eng. Commun., 199 (2012) 1543-1574.

O. Kerkez, I. Boz, Photodegradation of Methylene Blue with
Ag,0O/TiO, under visible light: operational parameters, Chem.
Eng. Commun., 202 (2015) 534-541.

SY. Lee, SJ. Park, TiO, photocatalyst for water treatment appli-
cations, J. Ind. Eng. Chem., 19 (2013) 1761-1769.

S.-D. Mo, W.Y. Ching, Electronic and optical properties of three
phases of titanium dioxide: Rutile, anatase, and brookite, Phys.
Rev. B., 51 (1995) 13023-13032.

A. Di Paola, M. Addamo, M. Bellardita, E. Cazzanelli, L. Palm-
isano, Preparation of photocatalytic brookite thin films, Thin
Solid Films, 515 (2007) 3527-3529.

Z. Majidnia, A. Idris, Photocatalytic reduction of iodine in
radioactive waste water using maghemite and titania nanopar-
ticles in PVA-alginate beads, ]. Taiwan Inst. Chem. E., 54 (2015)
137-144.

Z. Majidnia, A. Idris, Removal of barium from radioactive
aqueous solution by PVA-alginate encapsulated titanium
oxide using sunlight and other light types, Rsc Adv., 5 (2015)
63588-63595.

Z.Majidnia, A. Idris, Combination of maghemite and titanium
oxide nanoparticles in polyvinyl alcohol-alginate encapsu-
lated beads for cadmium ions removal, Korean J. Chem. Eng,,
32 (2015) 1094-1100.

S.D. Jackson, ].SJ. Hargreaves, Metal Oxide Catalysis. 2009,
Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA.

A. Sclafani, JM. Herrmann, Comparison of the photoelec-
tronic and photocatalytic activities of various anatase and
rutile forms of titania in pure liquid organic phases and in
aqueous solutions, J. Phys. Chem., 100 (1996) 13655-13661.

K. Ishibashi, A. Fujishima, T. Watanabe, K. Hashimoto,
Detection of active oxidative species in TiO, photocatalysis
using the fluorescence technique, Electrochem. Commun., 2
(2000) 207-210.

H. Zabihi-Mobarakeh, A. Nezamzadeh-Ejhieh, Application of
supported TiO, onto Iranian clinoptilolite nanoparticles in the
photodegradation of mixture of aniline and 2, 4-dinitroaniline
aqueous solution, J. Ind. Eng. Chem., 26 (2015) 315-321.

A. Nezamzadeh-Ejhieh, M. Bahrami, Investigation of the
photocatalytic activity of supported ZnO-TiO, on clinopti-
lolite nano-particles towards photodegradation of waste-
water-contained phenol, Desal. Water Treat., 55 (2015)
1096-1104.

B. Khodadadi, Effects of Ag, Nd codoping on structural, opti-
cal and photocatalytic properties of TiO, nanocomposite syn-
thesized via sol-gel method using starch as a green additive,
Iran J. Catal., 6 (2016) 305-311.

D. Chen, A K. Ray, Removal of toxic metal ions from wastewa-
ter by semiconductor photocatalysis, Chem. Eng. Sci., 56 (2001)
1561-1570.

HXK. Singh, M. Muneer, Photodegradation of a herbicide
derivative, 2,4-dichlorophenoxy acetic acid in aqueous sus-
pensions of titanium dioxide, Res. Chem. Intermed., 30 (2004)
317-329.



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

P. Roushenas et al. / Desalination and Water Treatment 120 (2018) 109-118

H.K. Singh, M. Saquib, M.M. Haque, M. Muneer, Heteroge-
neous photocatalyzed degradation of uracil and 5-bromouracil
in aqueous suspensions of titanium dioxide, . Hazard. Mater.,
142 (2007) 425-430.

W. Bahnemann, M. Muneer, M.M. Haque, Titanium diox-
ide-mediated photocatalysed degradation of few selected
organic pollutants in aqueous suspensions, Catal. Today, 124
(2007) 133-148.

R. Enriquez, P. Pichat, Different net effect of TiO, sintering
temperature on the photocatalytic removal rates of 4-chloro-
phenol, 4-chlorobenzoic acid and dichloroacetic acid in water,
J. Environ. Sci. Heal. A., 41 (2006) 955-966.

M. Qamar, M. Muneer, Comparative photocatalytic study of
two selected pesticide derivatives, indole-3-acetic acid and
indole-3-butyric acid in aqueous suspensions of titanium
dioxide, J. Hazard. Mater., 120 (2005) 219-227.

M.A. Rahman, M. Muneer, Heterogeneous photocatalytic deg-
radation of picloram, dicamba, and floumeturon in aqueous
suspensions of titanium dioxide, J. Environ. Sci. Heal. B., 40
(2005) 247-267.

M.A. Rahman, M. Muneer, Photocatalysed degradation of two
selected pesticide derivatives, dichlorvos and phosphamidon,
in aqueous suspensions of titanium dioxide, Desalination, 181
(2005) 161-172.

HK. Singh, M. Muneer, D. Bahnemann, Photocatalysed deg-
radation of a herbicide derivative, bromacil, in aqueous sus-
pensions of titanium dioxide, Photoch. Photobio. Sci., 2 (2003)
151-156.

H.K. Singh, M. Saquib, M.M. Haque, M. Muneer, Hetero-
geneous photocatalysed degradation of 4-chlorophenoxy-
acetic acid in aqueous suspensions, J. Hazard. Mater., 142
(2007) 374-380.

D.C. Hurum, A.G. Agrios, K.A. Gray, T. Rajh, M.C. Thurnauer,
Explaining the enhanced photocatalytic activity of Degussa
P25 mixed-phase TiO, using EPR, J. Phys. Chem. B., 107 (2003)
4545-4549.

M. Muneer, M. Qamar, M. Saquib, D.W. Bahnemann, Hetero-
geneous photocatalysed reaction of three selected pesticide
derivatives, propham, propachlor and tebuthiuron in aqueous
suspensions of titanium dioxide, Chemosphere, 61 (2005) 457-468.
HK. Singh, M. Saquib, M.M. Haque, M. Muneer, DW.
Bahnemann, Titanium dioxide mediated photocatalysed deg-
radation of phenoxyacetic acid and 2,4,5-trichlorophenoxy-
acetic acid, in aqueous suspensions, J. Mol. Catal. a-Chem., 264
(2007) 66-72.

A.A. Adesina, Industrial exploitation of photocatalysis: prog-
ress, perspectives and prospects, Catal. Surv. Asia, 8 (2004)
265-273.

LJ. Ochuma, R.P. Fishwick, ]. Wood, ].M. Winterbottom, Opti-
misation of degradation conditions of 1,8-diazabicyclo[5.4.0]
undec-7-ene in water and reaction kinetics analysis using a
cocurrent downflow contactor photocatalytic reactor, Appl.
Catal. B-Environ., 73 (2007) 259-268.

M.N. Chong, B. Jin, HY. Zhu, CW.XK. Chow, C. Saint, Appli-
cation of H-titanate nanofibers for degradation of Congo Red
in an annular slurry photoreactor, Chem. Eng. J., 150 (2009)
49-54.

M.N. Chong, S.M. Lei, B. Jin, C. Saint, CW.K. Chow, Optimi-
sation of an annular photoreactor process for degradation of
Congo Red using a newly synthesized titania impregnated
kaolinite nano-photocatalyst, Sep. Purif. Technol., 67 (2009)
355-363.

UL Gaya, A.H. Abdullah, Heterogeneous photocatalytic deg-
radation of organic contaminants over titanium dioxide: A
review of fundamentals, progress and problems, J. Photoch.
Photobio. C., 9 (2008) 1-12.

J.M. Herrmann, Heterogeneous photocatalysis: fundamentals
and applications to the removal of various types of aqueous
pollutants, Catal. Today, 53 (1999) 115-129.

S.S. China, K. Chiang, A.G. Fane, The stability of polymeric
membranes in a TiO, photocatalysis process, ]. Memb. Sci., 275
(2006) 202-211.

[72]

(73]

(74]

[75]

[76]

(771

[78]

[79]

(80]

(81]

[82]

(83]

[84]

(85]

(86]

[871]

(88]

(89]

[90]

[91]

117

A. Nezamzadeh-Ejhieh, M. Karimi-Shamsabadi, Decoloriza-
tion of a binary azo dyes mixture using CuO incorporated
nanozeolite-X as a heterogeneous catalyst and solar irradia-
tion, Chem. Eng. J., 228 (2013) 631-641.

M. Amiri, A. Nezamzadeh-Ejhieh, Improvement of the photocat-
alytic activity of cupric oxide by deposition onto a natural clinop-
tilolite substrate, Mat. Sci. Semicon. Proc., 31 (2015) 501-508.

A. Nezamzadeh-Ejhieh, S. Hushmandrad, Solar photodecolor-
ization of methylene blue by CuO/X zeolite as a heterogeneous
catalyst, Appl. Catal. a-Gen., 388 (2010) 149-159.

A.P. Toor, A. Verma, C.K. Jotshi, PK. Bajpai, V. Singh, Photocat-
alytic degradation of Direct Yellow 12 dye using UV/TiO, in a
shallow pond slurry reactor, Dyes Pigments, 68 (2006) 53—60.
G. Gogniat, M. Thyssen, M. Denis, C. Pulgarin, S. Dukan, The
bactericidal effect of TiO, photocatalysis involves adsorption
onto catalyst and the loss of membrane integrity, Fems. Micro-
biol. Lett., 258 (2006) 18-24.

Y. Xu, C. Langford, Variation of Langmuir adsorption constant
determined for TiO,-photocatalyzed degradation of acetophe-
none under different light intensity, 133 (2000) 67-71.

X.L. Zhu, CW. Yuan, Y.C. Bao, ].H. Yang, Y.Z. Wu, Photocata-
lytic degradation of pesticide pyridaben on TiO, particles, J.
Mol. Catal. a-Chem., 229 (2005) 95-105.

R.W. Matthews, Photooxidation of organic material in aqueous
suspensions of titanium-dioxide, Water Res., 20 (1986) 569-578.
S.F. Chen, G.Y. Cao, Photocatalytic degradation of organophos-
phorus pesticides using floating photocatalyst TiO, center dot
SiO,/beads by sunlight, Sol. Energy, 79 (2005) 1-9.

A. Nezamzadeh-Ejhieh, M. Khorsandi, Heterogeneous photo-
decolorization of Eriochrome Black T using Ni/P zeolite cata-
lyst, Desalination, 262 (2010) 79-85.

A. Nezamzadeh-Ejhieh, H. Zabihi-Mobarakeh, Heteroge-
neous photodecolorization of mixture of methylene blue and
bromophenol blue using CuO-nano-clinoptilolite, J. Ind. Eng.
Chem., 20 (2014) 1421-1431.

S. Azimi, A. Nezamzadeh-Ejhieh, Enhanced activity of clinop-
tilolite-supported hybridized PbS-CdS semiconductors for the
photocatalytic degradation of a mixture of tetracycline and ceph-
alexin aqueous solution, ]. Mol. Catal. a-Chem., 408 (2015) 152-160.
N. Arabpour, A. Nezamzadeh-Ejhieh, Modification of clinopti-
lolite nano-particles with iron oxide: Increased composite cata-
lytic activity for photodegradation of cotrimaxazole in aqueous
suspension, Mat. Sci. Semicon. Proc., 31 (2015) 684—692.

A. Nezamzadeh-Ejhieh, Z. Salimi, Solar photocatalytic degra-
dation of o-phenylenediamine by heterogeneous CuO/X zeo-
lite catalyst, Desalination, 280 (2011) 281-287.

H. Derikvandi, A. Nezamzadeh-Ejhieh, Designing of experi-
ments for evaluating the interactions of influencing factors on
the photocatalytic activity of NiS and SnS2: Focus on coupling,
supporting and nanoparticles, J. Colloid. Interf. Sci., 490 (2017)
628-641.

N. Ajoudanian, A. Nezamzadeh-Ejhieh, Enhanced photo-
catalytic activity of nickel oxide supported on clinoptilolite
nanoparticles for the photodegradation of aqueous cepha-
lexin, Mat. Sci. Semicon. Proc., 36 (2015) 162-169.

A. Nezamzadeh-Ejhieh, E. Shahriari, Photocatalytic decolor-
ization of methyl green using Fe(II)-o-phenanthroline as sup-
ported onto zeolite Y, J. Ind. Eng. Chem., 20 (2014) 2719-2726.
A. Nezamzadeh-Ejhieh, M. Karimi-Shamsabadi, Comparison
of photocatalytic efficiency of supported CuO onto micro and
nano particles of zeolite X in photodecolorization of Methylene
blue and Methyl orange aqueous mixture, Appl. Catal. a-Gen.,
477 (2014) 83-92.

S. Jafari, A. Nezamzadeh-Ejhieh, Supporting of coupled silver
halides onto clinoptilolite nanoparticles as simple method for
increasing their photocatalytic activity in heterogeneous pho-
todegradation of mixture of 4-methoxy aniline and 4-chloro-
3-nitro aniline, J. Colloid. Interf. Sci., 490 (2017) 478—487.

M. Babaahamdi-Milani, A. Nezamzadeh-Ejhieh, A compre-
hensive study on photocatalytic activity of supported Ni/Pb
sulfide and oxide systems onto natural zeolite nanoparticles, J.
Hazard. Mater., 318 (2016) 291-301.



118 P. Roushenas et al. / Desalination and Water Treatment 120 (2018) 109-118

[92] A. Idris, Z. Majidnia, Evaluation of the Cd removal efficacy
from aqueous solutions using titania PVA-alginate beads,
Desal. Water Treat., 56 (2015) 266-273.

[93] A.E.Cassano, O.M. Alfano, Reaction engineering of suspended
solid heterogeneous photocatalytic reactors, Catal. Today, 58
(2000) 167-197.

[94] R. Terzian, N. Serpone, Heterogeneous photocatalyzed oxida-
tion of creosote Components - mineralization of xylenols by
illuminated TiO, in oxygenated aqueous-media, ]J. Photoch.
Photobio. A., 89 (1995) 163-175.

[95] A. Fujishima, T.N. Rao, D.A. Tryk, Titanium dioxide photoca-
talysis, J. Photochem. Photobiol. C: Photochem. Rev., 1 (2000)
1-21.

[96] G.C. Glatzmaier, T.A. Milne, C. Tyner, J. Sprung, Innova-
tive solar technologies for treatment of concentrated organic
wastes, Sol. Energ. Mater., 24 (1991) 672-673.

[97] C. Karunakaran, S. Senthilvelan, Photooxidation of aniline
on alumina with sunlight and artificial UV light, Catal. Com-
mun., 6 (2005) 159-165.

[98] M. Qamar, M. Muneer, D. Bahnemann, Heterogeneous pho-
tocatalysed degradation of two selected pesticide derivatives,
triclopyr and daminozid in aqueous suspensions of titanium
dioxide, J. Environ. Manage., 80 (2006) 99-106.

[99] D.Curco,]. Gimenez, A. Addardak, S. Cervera-March, S. Esplu-
gas, Effects of radiation absorption and catalyst concentration
on the photocatalytic degradation of pollutants, Catal. Today,
76 (2002) 177-188.

[100]Z. Shams-Ghahfarokhi, A. Nezamzadeh-Ejhieh, As-synthe-
sized ZSM-5 zeolite as a suitable support for increasing the
photoactivity of semiconductors in a typical photodegradation
process, Mat. Sci. Semicon. Proc., 39 (2015) 265-275.

[101] B. Kraeutler, AJ. Bard, Heterogeneous photocatalytic synthe-
sis of methane from acetic acid - new Kolbe reaction pathway,
J. Amer. Chem. Soc., 100 (1978) 2239-2240.

[102]S. Tunesi, M.A. Anderson, Photocatalysis of 3,4-Dcb in Tio,
aqueous suspensions - effects of temperature and light-inten-
sity - CIR-FTIR interfacial analysis, Chemosphere, 16 (1987)
1447-1456.

[103]E. Evgenidou, K. Fytianos, 1. Poulios, Semiconductor-sensi-
tized photodegradation of dichlorvos in water using TiO, and
ZnO as catalysts, Appl. Catal. B-Environ., 59 (2005) 81-89.

[104]N.Z. Muradov, A. TRaissi, D. Muzzey, C.R. Painter, M.R.
Kemme, Selective photocatalytic destruction of airborne
VOCs, Sol. Energy, 56 (1996) 445-453.

[105] ET. Soares, M.A. Lansarin, C.C. Moro, A study of process vari-
ables for the photocatalytic degradation of rhodamine B, Braz.
J. Chem. Eng., 24 (2007) 29-36.

[106] YW. Ho, S.L. Chou, Thioxopyrimidine in heterocyclic syn-
thesis II: novel synthesis of some triazoles and triazepine
derivatives with a pyrimidol[3,2:4,5]thieno[2,3-d]pyrimidine
skeleton, J. Chem-Ny., (2013).

[107] A.G. Rincon, C. Pulgarin, Photocatalytical inactivation of E.
coli: effect of (continuous-intermittent) light intensity and of
(suspended-fixed) TiO, concentration, Appl. Catal. B-Environ.,
44 (2003) 263-284.

[108] D.W. Chen, A K. Ray, Photodegradation kinetics of 4-nitrophe-
nol in TiO, suspension, Water Res., 32 (1998) 3223-3234.

[109]].M. Herrmann, Fundamentals and misconceptions in photo-
catalysis, J. Photoch. Photobiol. A., 216 (2010) 85-93.

[110] PR. Gogate, A.B. Pandit, A review of imperative technologies
for wastewater treatment I: oxidation technologies at ambient
conditions, Adv. Environ. Res., 8 (2004) 501-551.

[111] R. Thiruvenkatachari, S. Vigneswaran, 1.S. Moon, A review on
UV/TiO, photocatalytic oxidation process, Korean J. Chem.
Eng,, 25 (2008) 64-72.

[112]S. Mozia, M. Tomaszewska, A.W. Morawski, Photocatalytic
degradation of azo-dye Acid Red 18, Desalination, 185 (2005)
449-456.



