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ABSTRACT

Photodegradation of a phenol wastewater sample with ZnO-TiO, supported on
nano-clinoptilolite particles (NCP) was studied. NCP were obtained by planetary ball mill.
The proposed catalyst was obtained via ion exchanging of NCP with Zn(NO;),*6H,O and
C4H;oN2040Ti*H,O (0.2M) aqueous solutions for 12 h followed by calcination at 450°C for
12h. XRD, FT-IR, and TEM were used for characterization of samples. The best degradation
efficiency was related to the catalyst containing both ZnO and TiO,. The optimum values
were 0.1 gLf1 of photocatalyst, 100 times diluted wastewater solution, and pH of 3.0 in

photodegradation studies.

Keywords: Advanced oxidation processes; Phenol; Nano-zeolite; Clinoptilolite; Wastewater;

Zn0O; TiO,

1. Introduction

Phenols are one of the most important pollutants
in textile industry wastewaters. Unfortunately, many
conventional methods for removing the phenolic pol-
lutants, such as adsorption [1], chemical coagulation
and biological treatments [2,3], solvent extraction [4],
and pervaporation using membranes [5], do not have
sufficient removal efficiency [6]. Recently, advanced
oxidation processes (AOPs), based on the production
of highly reactive hydroxyl radicals, have been
proposed as an efficient method for the removal of
phenolic compounds and other pollutants [7-9]. Heter-
ogeneous photocatalysis based on the semiconductors

*Corresponding author.

is the most famous AOP in the recent decades in
which irradiating the semiconductor by photons with
sufficient energy with respect to bang gap energy of
semiconductor produces electron-hole pairs. The pro-
duced e-holes can generate reactive hydroxyl or super
oxide radicals by reaction of e-hole with water and
dissolved molecular oxygen, which can destroy differ-
ent organic pollutants to smaller fragments and finally
to water and carbon dioxide [7-10]. Among various
semiconductors, ZnO and TiO, have been widely used
in photodegradation experiments [11-14]. Based on
the literature, supporting the semiconductors on suit-
able supports such as zeolites prevents the formation
of aggregation and also electron-hole recombination,
where both increase the degradation efficiency of the
supported semiconductors [15-17].
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Phenol as one of the most important environmental
pollutant is quite toxic, even its low concentration
(5-25mg L") is lethal to fish, and at concentrations of
about 0.5mgL™" can cause unpleasant taste in drink-
ing water. Several industries including petroleum
refineries, olive oil mills, petrochemical plants, and
oil-field activities generate waste streams containing
significant amount of phenol and its derivatives.
Hence, in order to prevent health and environmental
hazards by phenol and phenolic compounds, phenol-
containing wastewater should be pre-treated for
reducing the phenol content prior to discharge to the
environment [18-20]. The purpose of this work is to
study the photodegradation process in order to
remove phenol from a real sample of wastewater by
using modified clinoptilolite nano-particles by ZnO
and TiO, (ZnO-TiO,/NCP) semiconductors. In
general, coupling of semiconductors with different
energy levels prevents electron-hole recombination as
a desirable phenomenon in the photodegradation pro-
cesses and significantly enhances the efficiency of the
method [21]. The effect of some key operating factors
on the photodegradation efficiency was studied and
the results were fitted to first-order kinetic model for
the calculation of rate constants.

2. Experimental
2.1. Materials

The natural zeolite clinoptilolite tuffs (CP), belong
to the Semnan region in the northeast of Iran, were
prepared  from  Afrand  Touska  Company
(Isfahan-Iran). Zn(NO;),*6H,O, CsH;o(N,O,Ti*H,O
and other used analytical grade chemicals were pur-
chased from Aldrich or Merck. Distilled water was
used throughout the experiments. The pH of solutions
was appropriately adjusted with sodium hydroxide or
hydrochloric acid solution. The used wastewater sam-
ple was prepared from Toka Co., which is one of the
companies in Mobarakeh industrial town in the
southwest of Isfahan-Iran, and it was used after sim-
ple filtration.

2.2. Preparation of nano-particles and catalyst

The natural clinoptilolite tuffs were mechanically
pretreated, by crushing in an agate mortar and sieving
in analytical sieves, for separating the particles
<100 um. The obtained powder was used to prepare
nano-particles of zeolite using a planetary ball mill
(PM100; Retsch Corporation). The particles smaller
than 100 pm were used in dry milling during 6 h. All
the tests were done in a 250 mL stainless steel jar with
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protective jacket of polymer. Zirconium oxide balls of
20 and 3mm were used for dry and wet millings;
respectively. In order to remove magnetic impurities,
aqueous suspension of the powder was magnetically
stirred for 8 h; and at definite time intervals (15 min),
the magnet gave out impurities and the adsorbed
magnetic particles were removed. After getting a rela-
tive confidence for removing magnetic impurities, for
removing water soluble impurities and also to reach
completer removing of magnetic impurities the sus-
pension was refluxed at 70°C for 24 h under magnetic
stirring. The water content of the suspension was
renewed every 8h to reach complete purification.
Finally, the suspension was centrifuged and the solid
material was dried at 100°C for 3 h.

Then 25mL of aqueous solution CsH;oNO10-
Ti*H,O with concentration of 0.4M and 25mL 0.4 M
Zn** aqueous solution with the same concentration
was added to 2g NCP powder. The suspension was
shaken at room temperature for 24h and then centri-
fuged and the residue (Zn-Ti-NCP) was washed with
copious water and dried at room temperature. The
obtained solid was calcined at 450°C for 12h to
produce the ZnO-TiO, nano-clinoptilolite catalyst
(ZnO-TiO,/NCP).

2.3. Photocatalytic degradation experiments

The photodegradation experiments of wastewater
were conducted with Hg lamp (35W) as irradiation
source. The surface adsorption extent of the pollutants
on the surface of the used photocatalyst was studied
in a dark condition. An appropriate amount of the
photocatalyst was added to a 20 mL adequate diluted
wastewater to obtain the desired dose of the catalyst
(e.g. to 0.1gL™" catalyst dose as optimum value). The
suspension was shaken in the regular time intervals
and centrifuged. The amount of adsorbed pollutants
was measured spectrophotometrically. To eliminate
the surface adsorption effect in the removal of pollu-
tant, prior to photocatalytic experiments, the suspen-
sions were magnetically stirred for 30 min. The direct
photolysis of the same mixture was also studied by
subjecting it under UV irradiation in the absence of
the photocatalyst.

To study the photodegradation of the proposed
wastewater sample, 20 mL of 100 times diluted sample
containing 0.1gL™" of the photocatalyst was con-
structed in a cylindrical Pyrex-glass cell (5cm inside
diameter and 10cm height) as a reactor. The suspen-
sions were irradiated with a medium pressure Hg
lamp (35 W, Philips) which was positioned above the
reactor in a distance of 30cm with respect to the
sample cell. During the irradiation, the suspension
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was sampled out at the regular time intervals and
centrifuged to remove any suspended solid particles.
Based on the absorption spectrum of the clear solu-
tion, the degradation extent was calculated in terms of
the change in the absorbance at the Ana.x=270 nm. The
degradation extent was calculated by the following
equation:

Degradation % = [(Co — C¢)/Co] x 100
= [(AO 7A{»>/A0] x 100 (1)

where Cy, C;, Ag, and A; are the initial concentration
of the pollutant, contaminant concentration after irra-
diation time ¢, initial absorbance, and final absorbance
of the sample after irradiation time f, respectively
[22,23].

2.4. Characterization

A planetary ball mill (PM100; Retsch Corporation)
was used to prepare nano-particles of the natural
zeolite. The Fourier transformation infrared spectra
(FT-IR) were recorded at room temperature using a
Nicolet single beam FT-IR (Impact 400D) spectropho-
tometer and KBr pellets. The X-ray diffraction pattern
of samples was prepared using a Bruker diffractome-
ter (D8 Adyance) with Ni-filtered copper radiation
(K,=1.5406 A) in the 20 range of 5-60°. Average crys-
tallite sizes of the prepared particles were calculated
by Scherrer equation. TEM images were recorded
Transmission electron microscopy (CMy,, Philips). The
diffuse reflectance spectroscopic (DRS) studies were
carried out using Shimadzu UV 3600 equipped with
an integrating sphere. BaSO, was used as the refer-
ence material. Before this study, all samples were
heated at 250°C for 3h. The absorption spectra were
registered on a double-beam spectrophotometer (Carry
100 Scan) in quartz cells of 1cm optical path length
and the absorbance of samples was measured in the
wavelength range of 190-900nm. The degradation
extent the pollutant was determined using the mea-
sured absorbance of the cleaned sample (by centrifug-
ing the sample) before and after the irradiation
process of samples. Measurements of total organic
carbon (TOC) were performed by TOC analyzer
(Shimadzu TOC-VCSN). An atomic absorption
spectrometer, Perkin Elmer AAnalyst 300, was used
for determination of the zinc and titanium content of
the catalysts (by digesting the catalysts in a mixture of
HNO3 + HCIO4 + HF)

To determine the pH of point of zero charge,
pHpzc, some experiments were carried out as follows
[24]: The pH of a series of 50mL 0.01M NaCl
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solutions was adjusted to a value between 2 and 12 by
adding HCI 0.1M or NaOH 0.1 M solution in closed
Erlenmeyer flasks. Before adjusting the pH, all solu-
tions were degassed by purging N, gas to remove dis-
solved CO,. The pH of these solutions was recorded
as the initial pHs (pHp. Then, 0.2g of the NCP or
ZnO-TiO,/NCP sample was added and the final pH
(pHp) was measured after 48h agitation of the
suspensions at room temperature. Finally, the plot of
pHr vs. pH; was constructed. The pH,,. is the point
where the line pH; vs. pH; crosses the curve pHp vs.
pH;. On the other hand, to have a straight line which
crosses the original curve, the pH; should be plotted
vs. pH;.

3. Results and discussion
3.1. Characterization studies
3.1.1. XRD and TEM results

Fig. 1(A) shows the XRD patterns of raw NCP, TiO,
supported nano-clinoptilolite (TiO,/NCP), ZnO sup-
ported nano-clinoptilolite (ZnO/NCP), and ZnO-TiO,
supported nano-clinoptilolite (ZnO-TiO, /NCP) sam-
ples at 26-range from 3° to 80°. The pattern (a) belongs
to the XRD pattern of raw NCP, which shows character-
istics reflection lines at 20 values of 10.0°, 11.2°, 13.3°,
17.5%, 18.3°, 22.2°, 26.7°, 30.5°, and 32.1°. The observed
reflection peaks in Fig. 1(A) can be indexed to clinoptil-
olite crystalline structure data in the library of the
instrument [JCPDS No. 39-1383], which also show good
agreement with the XRD data of clinoptilolite in the
literature [25]. This confirms that the used zeolite tuff
includes clinoptilolite phase as a major component.
Based on the XRD results, slight amounts of quartz
(3.5%) and cristobalite (7.8%) were also present in the
used tuff. Presence of new peaks at 20 of 32.8° and 35.8°
in the XRD pattern of TiO,/NCP (Fig. 1(A-B)) shows
loading of TiO, onto the zeolite framework [26,27].
These agree with the XRD data of TiO, (JCPDS No. 21-
1276 and 29-1360). Pattern (c) shows new reflection lines
were located at 28.5°, 30.7°, 33.5°, and 37.1°, which are
in agreement with the JCPDS file for ZnO (JCPDS
36-1451) and can be indexed as a wurtzite hexagonal
phase of ZnO. This in turn confirms sufficient loading
of ZnO particles onto the zeolite framework. In
addition, the reflection lines of ZnO and TiO, are
present in the XRD pattern of combined ZnO-TiO,/
NCP at 26 values of 33.5 and 37.1 (for ZnO) and 35.8 for
(TiO,). However, the crystallinity and hence the inten-
sity of all nano-samples were decreased with respect to
the original parent clinoptilolite. Our results are in
agreement with the literature [28] which showed
that the loss in the crystallinity during the ball milling
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Fig. 1. (A): XRD patterns of (a) NCP, (b) TiO,/NCP, (c)
ZnO/NCP, (d) ZnO-TiO,/NCP; (B): TEM image of
ZnO-TiO,/NCP sample.

process of natural clinoptilolite depends on the used
conditions including dry and wet milling durations,
rotational speed, balls to powder ratio, and water to
powder ratio. XRD patterns also show that there are no
considerable shifts at the peaks position of the raw and
treated samples. Decrease in the intensity of the
calcined samples may be explained by the fact that
although the crystal structure of the clinoptilolite does
not destroy during the calcination, some amor-
phous structure maybe formed (such as amorphous or
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crystallized ZnO or TiO, due to aggregation of ZnO or
TiO, particles on the NCP surface) [29]. Changing in the
peak intensities can also be considered due to presence
or interaction of cations and semiconductors with the
matrix structure [30].

Presence of the broad lines in the XRD pattern of
the prepared samples agrees with the formation of
nano-particles during the ball milling process. So, we
determined the average size of the samples using B,
the excess of width line of the diffraction peak in radi-
ans, and 6, the Bragg angle in degrees, and using
Scherrer equation [8,31] as:

d=0.9./Bcos0 (2)

The average particles’ size of NCP, ZnO/NCP, TiO,/
NCP, and ZnO-TiO,/NCP were calculated as 22, 26,
29, and 32 nm, respectively.

To have more precise particle size for ZnO-TiO,/
NCP, TEM image was recorded and as shown in
Fig. 1(B) more ZnO-TiO,/NCP particles have sizes
smaller than 100 nm.

3.1.2. FT-IR results

FT-IR spectra of the parent zeolite NCP, TiO,/NCP,
and ZnO-TiO,/NCP in the region 450-4,000 cm ™! are
shown in Fig. 2. The spectrum (a) in Fig. 2 shows the
-5i-O-Si- stretching vibrations at about 1,087 cm?,
which is quite wide and overlaps with the ~Al-O- and
—Al-O-Si- stretching vibrations [32]. The peaks which

were located at the region of 620-740cm™' are
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Fig. 2. FT-IR patterns (a) NCP, (b) ZnO/NCP, (c) TiO,/
NCP, (d) ZnO-TiO,/NCP.
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attributed to the stretching modes involving mainly the
tetrahedral atoms. In general, the stretching modes are
sensitive to the Si/ Al ratio of the zeolite framework and
can shift to lower frequencies with decreasing the Si/Al
ratio. Another group of frequencies is sensitive to the
linkages type between the secondary building units of
zeolite framework that occurs in the region of 500-600
cm". This relates to the presence of a double ring in the
framework and can be observed for all zeolites contain-
ing the double four and double six rings. The bands
located in the region of 1,634-1,644 and 3,474 cm™’
relate to the deformation mode of water and the OH
stretching mode, respectively [33].

Comparison of FI-IR spectra of raw clinoptilolite
and ZnO-TiO,/NCP samples (spectra “a” and “c” in
Fig. 2) shows some shifts in peaks positions (wave-
numbers in parenthesis belong to ZnO-TiO,/NCP
sample) of 3,474 (3,518), 1,634 (1,637), 1,087 (1,088),
798 (795), and 610 (611) cm . In FT-IR of modified
samples, the peaks located at 720 and 1,471 cm™' were
also disappeared and a new peak was observed at
about 478-480cm ™' due to structural changes during
the formation of ZnO-TiO; in the calcination process.
In addition, for modified samples, some shifts were
observed at peak position of -S5i-O-Si— and Al-O-Al
stretching vibrations (at about 1,087 cm™ ) and the
peaks located at right side of this peak, showing
entrance of TiO, and ZnO-TiO, onto NCP particles.
These results have a good compliance with Breck’s
results [32].

3.1.3. DRS results

UV-vis DRS spectra of NCP, ZnO/NCP, TiO,/NCP,
and ZnO-TiO,/NCP samples in the range of 190-900
nm were recorded and the corresponding spectra are
shown in Fig. 3. The charge transfer O, — AI’* with
participation of aluminum atoms at different locations
of zeolite (surface, corners, defects, etc.) causes an
absorption peak in the wavelengths lower than 350 nm.
Based on the literature [34], after calcination of metal-
exchanged forms of zeolites, some red shifts in the
band-gap transition to longer wavelengths have
observed. Such changes are present in our results, so
the red shifts with together the peak broadening were
observed in the absorption spectra of the modified
ZnO/NCP, TiO,/NCP, and ZnO-TiO,/NCP samples.
Also, the absorbance of the modified samples was sig-
nificantly enhanced by loading sufficient amounts of
the proposed semiconductors. The following trend was
observed for the peak broadening and enhancement in
the absorption intensity:
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Fig. 3. DRS patterns of CP, NCP, ZnO/NCP, TiO,/NCP,
and ZnO-TiO,/NCP.

NCP < ZnO/NCP < TiO,/NCP < ZnO — TiO,/NCP

The results indicate that the absorption peak of the
natural zeolite was enhanced in the nano-zeolite
which may be attributed to the changes in the crystal-
lite phase and reducing in the particles size. Based on
the literature, absorption band at about 370 and 400
nm corresponding to the band gap width of the ZnO
and TiO, nano-particles appears with increasing the
amounts of TiO, and ZnO loading [35].

3.2. Photodegradation experiments
3.2.1. Effect of catalyst

Effect of different catalysts such as: ZnO/NCP,
TiO,/NCP, bulk TiO,, and ZnO-TiO,/NCP was stud-
ied on the degradation extent of phenol in the pro-
posed wastewater sample. According to atomic
spectroscopic determination of zinc and titanium, the
metal oxides content of the used catalysts was deter-
mined and the results are collected in Table 1. The
photodegradation extents of 6.5, 10.9, and 7.9% were
respectively obtained in presence of ZnO/NCP, bulk
TiO,, and TiO,/NCP during 300 min irradiation, while
the hybrid ZnO-TiO,/NCP showed about 20% degra-
dation efficiency. The band gap energy of TiO, and
ZnO are, respectively, about 3.2 and 3.4eV [36].
Hence, in the hybrid ZnO-TiO,-NCP composite,
transferring of the excited electrons from ZnO
conductance band to TiO, conduction band prevents
electron-hole recombination results a considerable
enhancement in the degradation efficiency. Our results
agree with the literature [37,38]. According to obtained
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Table 1
Abbreviations of the catalysts and their metal oxide components
Symbol of photocatalyst meq ZnO/g meq TiO,/g Zn0% TiO,%
ZnO/NCP 1.3 0.0 5.2 0.0
TiO,/NCP 0.0 14 0.0 5.5
ZnO-TiO,/NCP 1.2 1.4 4.7 5.5

results, the ZnO-TiO,/NCP catalyst was used for next
studies.

3.2.2. Effect of the photocatalytic dosage

In order to determine the optimum amount of the
ZnO-TiO,/NCP photocatalyst, some experiments were
carried out with varying amounts of ZnO-TiO,/NCP
catalyst (from 0.05 to 0.20gL™") and100 times diluted
wastewater sample at pH 3 and the corresponding
results are given in Fig. 4. The degradation rate was
increased with increasing in the photocatalyst amount
(to 0.1gL™") and thereafter decreased. With increasing
the photocatalyst amount, the number of available
adsorption sites increases which brings the phenol mol-
ecules near the catalyst surface where hydroxyl radicals
form [15,39]. However, by increasing the catalyst dose,
the catalyst surface area, the light absorption, and con-
sequently the creation of number of active species will
increase which in turn increase the degradation extent
of pollutants. Further increase in the weight of the cata-
lyst showed a negative effect [40]. With increase in the
photocatalyst amount, some adsorption sites are par-
tially occupied together with the particle interaction,
such as aggregation. These phenomena lead to decrease
in total surface area of the photocatalyst and also an
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Fig. 4. Effect of photocatalyst amount on the degradation
extent of phenol in 100 times diluted wastewater sample,
pH 3.0 at A=270nm.

increase in diffusion path length. On the other hand, at
higher doses, beyond the optimum value, some parts of
the catalyst are in the dark causing a decrease in the
light penetration. Deactivation of activated molecules
by collision with ground state molecules and light scat-
tering may also reduce the catalytic activity in the
higher amounts of catalyst [41].

3.2.3. Effect of initial concentration of pollutant

For study of the influence of initial concentration
of the wastewater sample, because of its important
role on the degradation efficiency, some photodegra-
dation experiments were done using 1, 10, 100, 500,
and 1,000 times diluted wastewater sample containing
0.1gL™" of ZnO-TiO,/NCP catalyst and pH 3. For
each sample, one blank solution was selected with the
same concentration and the degradation process was
done, as mentioned in Section 2.3. The corresponding
results collected are shown in Fig. 5.

It was observed that 100 times diluted wastewater
sample was the optimum concentration for efficient
degradation of wastewater. The lifetimes of hydroxyl
radicals are very short (only a few nanoseconds) and
thus they can only react where they form [42]. Hence,
at low concentrations, less molecules and phenol can

207
—=&—— 10 times diluted
S —o0— 100 times
T 167 .
g —v— 500 times
g —— 1000 times
g 121
=
=
2
= 8-
=]
]
S
o0
D
| 44
0 T T T 1

60 120 180 240 300
Irradiation time (min)

Fig. 5. Effect of pollutant concentration on the degradation
extent of phenol, conditions: 0.1 gL_1 of catalyst and pH
3.0, A=270nm.
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reach near the surface of the photocatalyst, where
hydroxyl radical formed. Hence, hydroxyl radicals can
deactivate before reacting with molecules of phenol
and hence the degradation extent decrease. With
increasing in the pollutant concentration, more phenol
molecules reach near the catalyst surface and easily
react with hydroxyl radicals. At high concentrations,
the wastewater starts acting as a filter for the incident
light and it does not permit the desired light intensity
to reach the semiconductor surface in a limited time
domain; thus, photodegradation percent decreases
[43]. In general, there are a lot of things like salts and
detergents in wastewater and especially in this waste-
water the concentration was very high that lead to
prevention of photons reaching catalyst surface and
thus the absorption of photons by the -catalyst
decreases. Hence, relative dilution of wastewater
decreases the problems of salts and detergents and
hence increases the degradation efficiency. But, high
dilution of the wastewater sample decreases the prob-
ability of collision between pollutant molecules with
hydroxyl radicals which lead to decrease in the
degradation extent of the pollutant [43—45].

3.2.4. Effect of pH

The effect of solution pH was investigated by per-
forming the experiments at various pH covering the
range from 3 to 8, adjusting by diluted HCl or NaOH
solution. The pH is one of the most important factors
controlling the photocatalysis process of pollutants
especially due to its effects on the charge of the cata-
lyst surfaces [46]. The maximum photodegradation of
the proposed wastewater was observed at pH 3
(Fig. 6).

Changes to protonation-deprotonation characteris-
tics of the mineral surface due to structural transfor-
mation will alter the pHp,. and therefore the
equilibrium pH of the suspension [47]. The pHp,. is a
point at which the surface acidic (or basic) functional
groups no longer contribute to the pH value of the
solution [48]. According to inset of Fig. 6, the pHy,.
for the used ZnO-TiO,/NCP was obtained about 6.6.
At pH values smaller than pH,,. the charge of the
catalyst is positive, and negative at higher values. In
our idea, in pH 3, the catalyst surface has a net
positive charge, and phenol molecules are partially
protonated and most of phenol molecules are as non-
protonated form. Hence, an attractive force brings
phenol molecules near the catalyst surface. In other
alternative, an attractive force can create between the
positive charges of the catalyst surface and phenolic
m-electrons. In both conditions, more phenol molecules
can reach near the catalyst surface, where hydroxyl
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Fig. 6. Diagram of examination effect pH on the degradation
of aqueous solution of the pollutant, conditions: concentra-
tion 100 times diluted and g L 'of catalyst, A =270 nm (inset:
pHp.. for NCP and ZnO-TiO,/NCP).

and superoxide radicals are present during the irradia-
tion process. With increasing the pH to 5, the positive
charge density of the catalyst surface reduces and the
extent of the above-mentioned attractive force and
hence the degradation extent decrease.

3.2.5. Mineralization studies

To confirm the mineralization of the proposed
wastewater, photodegradation of a sample was stud-
ied under the optimized conditions (100 times diluted
solution, pH 3, and 0.1 gL71 of the catalyst) and the
reduction of TOC was followed. Decrease in TOC
extent in the samples during 0, 1, and 2h photodegra-
dation experiments were, respectively, found as 2,536,
2,206, and 1886 mg L', Decrease in TOC content of
the proposed wastewater during the irradiation pro-
cess confirms mineralization of the sample to smaller
fragments.

4. Conclusion

Results of this work confirmed that hybridization of
ZnO-TiO, semiconductors and supporting it on
clinoptilolite nano-particles can efficiently increase the
photodegradation activity of the obtained ZnO-TiO,/
NCP with respect to the supported ZnO and TiO,
alone on NCP. The efficiency of the proposed
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ZnO-TiO,/NCP catalyst was also better than bulk
TiO,. On the other hand, both zeolitic bed and hybrid-
ization of two semiconductors distribute the excited
electrons thorough the catalyst and hence prevent
recombination of e-hole pairs which as a desirable phe-
nomenon in the photodegradation processes led to
increase in the degradation extent.
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