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Clinoptilolite supported rutile TiO, composites were synthesized for the enhancement of its photocat-
alytic performance in the degradation of the aqueous terephthalic acid solution under UVC illumination
by the increase in its surface area and to simplify its recovery from the treated solution after use. The XRD
spectra of the composites revealed the formation of pure rutile TiO, on the surface of the clinoptilolite.
The SEM images showed the formation of the spherical TiO, clusters were composed of nano fibers on
the surface of the clinoptilolite. For all composites synthesized, the dispersion of the TiO, particles on

IT(%WOMS: the clinoptilolite led to a surface area larger than that of the bare TiO, and clinoptilolite. The materials
Clinzoptilolite synthesized in the present study exhibited higher catalytic activity compared with the commercial

Rutile Degussa P25 and anatase. Among the catalysts synthesized the TiO,/clinoptilolite with a weight ratio
of 0.5 was found to be the most photoactive catalyst even though it contains a lesser amount of active
TiO,. The kinetic of the reactions for different catalyst was found to be consistent with the pseudo-
first order kinetic model. The results of the Langmuir-Hinshelwood model showed the slight contribution
of the adsorption on the degradation. The activity of the TiO,/clinoptilolite with a weight ratio of 0.5
decreased after repetitive use due to the accumulation of the TPA molecules on the surface of the catalyst.

Titanium tetrachloride
Terephthalic acid
Photodegradation
Reusable catalyst
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1. Introduction

The rapid growth in technology causes environmental problems
both in the air and water. In order to overcome these issues,
increased effort has been carried out to improve effective and inex-
pensive technologies. Heterogeneous photocatalytic degradation
becomes a promising technology for the treatment of water
because it is cheap and environmentally friendly. In this method,
semiconductors are used as the photocatalyst and solar light as
the energy, and the degradation reaction can be carried out under
ambient conditions. The TiO, nano particles are one of the most
preferred photocatalyst due to their low toxicity, chemical inert-
ness, photostability, and high photocatalytic activity for the degra-
dation of various organic compounds [1-3]. The crystal structure,
size, shape, surface, and optical characteristic of the TiO, particles
are crucial properties that affect their performances in photocat-
alytic degradation. Therefore, the studies regarding the synthesis
of photoactive TiO, has gained interest in recent years. The main
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crystal structures of TiO,, anatase, rutile, and brookite, show speci-
fic physical, chemical, and optical properties. Although TiO, nano
particles exhibit high photocatalytic activity in the degradation
reactions, recovery problems from the treated solution for reuse
limits its application on an industrial scale. In order to improve
their recovery from the treated solution they are dispersed on dif-
ferent kinds of supports having high adsorption capacity. The dis-
persion of TiO, on a support provides high specific surface area
which enhances the degradation performance. The materials used
as a support for TiO, particles are generally SiO, [4-9], activated
carbon [10,11], and zeolites [2,3,12-15]. Among these supports,
zeolites have attracted interest due to their unique structures, uni-
form pores, and channels [16-18]. Zeolites can be synthesized
using different methods or obtained from natural sources.
Although the properties of the synthetic zeolites can be easily
tuned during the synthesis, natural zeolites are cheap, easily avail-
able, and abundant but require some chemical treatments to
obtain a clean surface.

The TiO,/zeolite composites are generally synthesized by the
sol-gel, solvothermal and hydrothermal methods using organic
and inorganic titanium precursors. Most of the composite synthe-
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sis covers calcination at high temperatures (200-800 °C) to
improve the crystal structure [2,3,13-17,19]. Since anatase is gen-
erally accepted as the most photoactive TiO,, the studies generally
focused on the calcination temperature for the formation of the
anatase phase on a support [2]. However, due to the superior prop-
erties of rutile, that are thermodynamically stable and possess
chemical inertness even in acidic and basic conditions, in recent
years, the attraction to synthesize rutile TiO, has increased
[1,20-24]. The synthesis of rutile TiO, generally consists of calcina-
tion at high temperatures for the transformation of the amorphous
or anatase structures to rutile which increases the energy require-
ment and agglomeration of the particles. Therefore, the develop-
ment of the methods and specifying the conditions for the
synthesis of rutile TiO, with controlled properties at moderate con-
ditions is important.

The studies regarding the synthesis of TiO, particles on clinop-
tilolite which is a natural zeolite generally consist of anatase TiO,
particles obtained using TiCl, or TTIP as Ti precursor and calcina-
tion at high temperatures for phase change [3,14-17,19,25]. Tru-
jillo et al. [14] studied the synthesis of anatase TiO,/clinoptilolite
composites using TiCl, as the titanium precursor with a final step
of calcination at 400 °C and used them as a catalyst in the photo-
catalytic degradation of anionic and cationic contaminants. Wang
et al. [15] synthesized clinoptilolite supported Cr-doped TiO, pho-
tocatalyst with a TiCl, precursor for the degradation of methyl
orange under UVC illumination. They investigated the effects of
the ion concentration and calcination temperature on the structure
and photocatalytic activity of the composites. Petkowicz et al. [19]
used zeolite NaA, synthesized using different silicon sources, as the
support for the TiO, produced by TiCl, followed by calcination.
Their photocatalytic activities were investigated in the degradation
of methylene blue under UVA irradiation.

In the present study, the rutile TiO,/clinoptilolite composites
were synthesized by the hydrolysis of TiCl4 on a clinoptilolite sup-
port at 95 °C and their photocatalytic activities were examined in
the degradation of terephthalic acid (TPA) which is a raw material
produced in millions of tones all over the world for the manufac-
ture of polyester fibers and films [26]. The wastewater containing
TPA may cause serious problems such as acute, chronic, and molec-
ular toxicity to organisms [27,28]. The novelty of the present study
is the synthesis of rutile TiO, particles on clinoptilolite at moderate
temperature without calcination and their usage as catalyst in the
degradation of TPA under UVC illumination which was not
reported in literature before. The method and conditions in the
present study provide a simple, one-step, and moderate tempera-
ture technique by which rutile TiO, particles can be synthesized
with the desired properties without calcination.

2. Experimental
2.1. Materials

Titanium tetrachloride (TiCly, >99% purity, Merck) was used as a
titanium precursor and hydrochloric acid (HCIl, 38 wt%, Merck) as a
solvent. Natural zeolite tuff (Gordes-Turkey) kindly supplied by
INCAL MINERAL Co. was used as the support. Commercial Degussa
P25 (30% rutile and 70% anatase), Rutile (Kronos) and Anatase
(Sigma) were used as TiO,, references. Terephthalic acid (TPA), with
a high purity (>99.6%) was kindly supplied by PETKIM Petrochem-
ical Co. and was selected as the model organic pollutant. All chem-
icals were used as received without further purification. The
conductivity and pH of the double distilled water used in the study
was 1.3 uS cm~! and 6, respectively.

2.2. Preparation of the support

Natural zeolite tuff with a particle size of 5 cm was ground in a
jaw crusher (Fritsch GmbH) and then wet sieved to <38 um. The
tuff was purified using distilled water and HCI solution as given
detailed in a previous study [29]. The elemental content of the nat-
ural zeolite was analyzed with an atomic absorption spectropho-
tometer (AAS, Varian SpectrAA-10Plus) and found that SiO,,
Al,03, K70, and CaO in weight percentages of 75.5, 14.6, 5, and
3%, respectively, are the main components of the zeolite and the
remaining contains trace amounts of other oxides such as Fe,0s,
MgO, MnO, TiO,, and Na,O. Considering the Si/Al mole ratio (Si/
Al=4.38>4)[30] and the ratio of the sum of the divalent cations
to the sum of the monovalent cations changing between 0.5 and
0.8 (X M""/> M" =0.58) [31], the tuff is defined as clinoptilolite.

2.3. Synthesis of TiO, on clinoptilolite support

The TiO,/clinoptilolite composites were synthesized by the acid
hydrolysis of TiCl, on the clinoptilolite. The procedure reported by
Yener and Helvaci [4,32] was followed for synthesis. Briefly, the
aqueous solution of TiCl, (0.5 M) was prepared using HCl (3 M)
to control the fast hydrolysis reaction of the TiCl, in water. In a typ-
ical synthesis, 250 mL of acidic TiCl, solution was added to the 20
and 10 g clinoptilolite for TiO,/clinoptilolite weight ratios of 0.5
and 1, respectively, in a home-made reactor system. The hydrolysis
reaction was carried out at 95 °C for 3 h, at a constant stirring rate
of 500 rpm under reflux. After aging at room temperature for 24 h,
the white precipitate and yellow supernatant were separated to
analyze with AAS. The existence of Ti in the supernatant was eval-
uated as the unconsumed reactant of TiCl, and used for the calcu-
lation of the reaction efficiency. The other ions detected by AAS
were the elements dissolved from the zeolite tuff due to the acidic
reactant solution and resulted in a yellow supernatant. The precip-
itate was repeatedly washed with water to decrease the acidity of
the suspension by removing the Cl ions until the pH of the rinsing
water became neutral and then dried at 60 °C for 1 day. The com-
posites synthesized at TiO,/clinoptilolite weight ratios of 0.5 and 1
were denoted as TZ05 and TZ, respectively. Their photocatalytic
activities were compared with those of the clinoptilolite and TiO,
nano particles labeled as Z and T, respectively. The TiO, particles
were synthesized using the same procedure without zeolite sup-
port under the same reaction conditions.

2.4. Characterizations

The quantitative analyses of the elements in the clinoptilolite
and in the supernatant separated at the end of the composite syn-
thesis were performed with X-ray fluourescence (XRF, Spectro IQ
II) and an AAS analysis. The crystal structure of the particles was
identified by X-ray diffraction (XRD, Philips X'pert PRO - 45 kV,
40 mA) with a 20 ranging from 5 to 75° using Cu Ko radiation.
The crystallite size of the particles was calculated using the Scher-
rer equation, D = K/,/B cos 0, where D is the crystallite size (nm), K
is the crystallite-shape factor of 0.9, /. is the X-ray wavelength
which is 0.15418 nm for CuKo, f is the X-ray diffraction broaden-
ing measured at half the line maximum intensity (radian), and 0 is
the diffraction angle (°) observed. The chemical structures of the
products were specified by Fourier transform infrared spec-
troscopy (FTIR, Perkin Elmer Spectrum 100, Diamond/ZnSe crys-
tals). The samples together with KBr (Sample: KBR=1: 100 by
weight) were pressed into pellets, and their analyses were per-
formed at a resolution of 4 cm~! over the 4000-600 cm~! region
in the transmittance mode. The specific surface areas and pore
sizes of the samples were determined by means of N,
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adsorption-desorption isotherms at 77.35K using a volumetric
adsorption system (ASAP2010 Micromeritics Instrument). The
samples were degassed at 300 °C based on the results of the
thermo gravimetric analysis (Shimadzu TGA-51/51H) for 24 h prior
to measurements to ensure that no gas molecules were adsorbed
on the surface and in the pores of the particles. The shape and size
of the particles were characterized by a field emission gun scan-
ning electron microscope (SEM, FEI QUANTA 250 FEG). The diffuse
reflectance spectra of the samples were obtained with a UV/Visible
spectrophotometer equipped with an integrating sphere accessory
(UV/Vis DRS, Schimadzu 2600) using BaSO4 powder as a reference
material. Their band gap energies (BGE) were estimated by trans-
forming the diffuse reflectance spectrum into the equivalent
absorption coefficient, which is proportional to the Kubelka-
Munk function F(R..), F(R.) = (1 —Ry)*/2R.., where R, is the
measured absolute reflectance from an infinitely thick layer of a
sample (R, = Rsample/Rstandara) [33]. The indirect BGE was obtained

from the plots of (F(R..)hv)"/* versus hv as the intercept of the

extrapolated linear part of the plot at(F(R.)hv)"? = 0. The zeta
potentials of the materials were determined by means of the light
scattering at different pH values (Malvern Zetasizer Nano ZS).

2.5. Photocatalytic experiments

The photocatalytic degradation of TPA was carried out in an
aqueous medium in a homemade double walled borosilicate cylin-
drical batch reactor [34]. The temperature of the reaction medium
was held constant at 25 °C by circulating cooling water in the
jacket of the reactor. The irradiation was provided by a UVC lamp
(Phillips G8T5, TUV 8 W, 254 nm) placed at the center of the reac-
tor in a quartz tube. The reaction was performed with 20 ppm of
1L of aqueous TPA solution with a pH 3.7 containing 0.75 g/L of
catalyst. The uniformities in temperature, pH, and concentration
of the solution during the reaction period were supplied by mag-
netic stirring. Prior to the photocatalytic degradation, the suspen-
sion was agitated for 1h to reach adsorption-desorption
equilibrium in the dark. The lamp was then switched on to initiate
the photoreaction. The samples were taken at regular time inter-
vals and placed into test tubes covered with aluminum foil and
then centrifuged to remove the catalyst particles. In addition, a
blank experiment without a catalyst was performed to elucidate
the effect of photolysis. Both the photocatalytic experiments and
their analysis were repeated at least three times in order to vali-
date the results. The change in the concentrations of TPA and its
probable degradation products with respect to irradiation time
were determined using high performance liquid chromatography
(HPLC, Shimadzu 20A) equipped with a UV-vis detector and an
Inertsil ODS-4 column (5 pum, 250 mm x 4.6 mm). The mobile
phase with a flow rate of 1 mLmin~! consisted of 90% 100 mM
NaH,PO,4 with a pH 2.1, 6% acetonitrile, and 4% water. The detec-
tion was monitored at 240 nm for TPA and at 210 nm for its degra-
dation products. The quantitative analyses were performed on the
base of the calibration curves using the software package of HPLC.

3. Results and discussion
3.1. Characterization of the particles and composites

The synthesis of the composites was conducted with a high
aqueous acidic solution of HCl of 3 M which significantly affects
the structure of the clinoptilolite [35]. Therefore, in order to deter-
mine the ions leached from the structure of the clinoptilolite, the
supernatants were separated at the end of the synthesis of the
composites of TZ and TZ05 to analyze with AAS (Fig. 1). For both
composites, the most significant leaching was observed for magne-
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Fig. 1. Removal percentages of the elements, X;emova, Separated from the clinop-
tilolite at the end of the composites synthesis.

sium. Even the silicon in the framework did not leach, 20% of alu-
minum was removed, and the Si/Al mole ratio of the clinoptilolite
structure changed from 4.38 to 5.52 and 5.09 for TZ and TZO05,
respectively. Thus, the structure of clinoptilolite was not destroyed
during the synthesis of TiO,/zeolite composites at the acidic condi-
tions studied.

The surface compositions of the composites in powder form
determined by the XRF analysis shows that TiO, content of TZ sur-
face was approximately double that of TZ05 as expected (Table 1).
Elemental mapping was performed by SEM-EDS analysis to deter-
mine the distribution of the elements (Fig. 2) on the composites.
The images showed that the coverage of TiO, particles in TZ is
higher than that of TZ05 which is consistent with the XRF analysis.

The reaction efficiencies were calculated based on the Ti
amount measured in the supernatant by assuming them as the
unreacted Ti ions of the TiCl, solution. For the synthesis of both
composites, the reaction efficiencies were found to be 97%, which
confirms the assumption of 100% conversion of TiCl, to TiO, for
the determination of the required amount of zeolite before the
synthesis.

3.1.1. FTIR analysis

The FTIR spectra of the particles and clinoptilolite supported
composites given in Fig. 3a show the bending vibrations of the
sorbed water at around 1640 cm™!. In the FTIR spectrum of Z, the
band at 1070 cm™! is assigned to the O—Si(Al)~O asymmetric
stretching vibrations of the zeolite structures [14,36,37] and the
symmetric vibration of Si—O—Si at 800 cm~! [12]. The FTIR spec-
trum of T shows the stretching vibration of Ti—O and Ti—O—Ti
bands below 1000 cm™!. In the FTIR spectra of the composites,
the characteristic zeolite band at 1070 cm ™! slightly shifts towards
a higher wave number by keeping the zeolite structure unchanged.
This slight shift was explained by the addition of the transition
metal cations into a zeolite structure during the synthesis
[36,37]. In addition, its intensity decreased due to the increase in
the TiO, content. Similar to the FTIR spectrum of T, the broad band
below 1000 cm~! attributed to the Ti—O—Ti bonds confirm the for-
mation of the TiO, structures on the zeolite for TZ05 and TZ. The
intensity of the band at 800 cm~! decreased for TZ05 and disap-
peared for TZ with the increase in the TiO, content. This may be
explained by the overlapping of the Si—0—Si band of zeolite and
Ti—O band of TiO,.

3.1.2. XRD analysis

The XRD patterns of the particles and composites are given in
Fig. 3b. The XRD spectrum of the zeolite indicated the characteris-
tic peaks (20 =9.83, 22.33, 25.95, 26.69, 29.86, and 31.75°) of the
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Table 1

Surface chemical composition (wt%) of the composites.
Composites MgO Al;,03 Si0, K,0 TiO, MnO Fe,03
TZ05 0.32 4.48 51.98 0.84 40.90 0.02 0.29
TZ 0.41 2.12 16.44 0.08 80.08 0.04 0.05

20.00 k¥

Fig. 2. Elemental mapping of the (a) TZ05, (b) TZ by SEM-EDS analysis.
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Fig. 3. (a) FTIR and (b) XRD patterns of the particles and composites.
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clinoptilolite minerals which are found to be consistent with the
chemical analysis, and quartz (26 = 26°) as the impurity [17,37].
The XRD pattern of the TiO, denoted that all of the diffraction
peaks can be assigned to a well crystallized rutile TiO, which cor-
responds to the data listed in JCPDS No 77-0441. The peaks of other
crystallite phases of TiO,, anatase and brookite, were not observed
indicating synthesis of a pure rutile phase at the conditions stud-
ied. In the XRD spectrum of TZ05, the characteristic peaks of both
the clinoptilolite and rutile phases were observed. However, their
intensities are lower than that of the clinoptilolite and TiO,. The
peaks corresponding to the clinoptilolite observed in the XRD pat-
terns of TZ05 supported the stability of the clinoptilolite structure
even after the high acidic reaction. This result is consistent with
that obtained from the chemical analysis. On the other hand, the
XRD spectrum of TZ shows dominantly the characteristic peaks
of the rutile phase and slightly the peak of clinoptilolite at
20 = 22.33°. It may be suggested that since the amount of TiO, syn-
thesized was higher in TZ than that of TZ05, they almost covered
the surface of the clinoptilolite and hindered the peaks of the
clinoptilolite from being detected by XRD. An increase in the
TiO, content in the TZ increased the intensity of the rutile peaks
compared with that of TZ05. The crystallite size was calculated
using the Scherrer equation (Table 2). The crystallite size increased
with an increase in the TiO, content at the conditions studied.

3.1.3. N> adsorption-desorption analysis

The textural properties of the Z, T, TZ05, and TZ obtained from
the N, adsorption-desorption isotherms are given in Table 2. The
crystallite size of the TiO, particles are bigger than the pore size
of the clinoptilolite (dpore), SO they are formed on the surface of
the clinoptiolite crystals rather than inside the pores, and the com-
posites (TZ05 and TZ) have higher total surface areas than clinop-
tilolite (Z). The TZ has a higher external surface area than the TZ05
indicating that the mesoporous structure is dominant and the
pores are larger than the TZ05. On the other hand, the TZ05 still
has a microporous structure due to the uncovered clinoptilolite
crystals by TiO,.

3.1.4. SEM analysis

The SEM images of the clinoptilolite (Fig. 4a) showed the rela-
tively smooth surface of the clinoptilolite crystals in grave shape.
As given in Fig. 4b, the agglomerates of the TiO, particles consist
of spherical particles. Previous studies showed that, these spheres
were formed by the interconnected nano fibers growing from a
center in a radial direction [4]. Since the size of these nano fibers
are quite homogeneous, the surface of the spheres formed by the
tips of the nano fibers seems very smooth. The surface of the nat-
ural zeolite was covered by the spherical TiO, clusters and became
rough for both composites (Fig. 4c and d). An increase in the weight
ratio of the TiO,/clinoptilolite from 0.5 to 1 increased both the cov-
erage of TiO, clusters on the surface of the zeolite and the TiO,
agglomeration. The change in the coverage with respect to the
weight ratio was supported with the surface chemical composi-

tions of the composites obtained by XRF (Table 1) and SEM-EDS
(Fig. 2.) analyses. As seen from the images, the TiO, particles were
synthesized on the surface of the clinoptilolite rather than its
pores. The size of the TiO, clusters on the surface of the zeolite
for both weight ratios were found to be smaller than that of pure
TiO,. Similar to the TiO,/SiO, composites synthesized by Yener
and Helvaci [4], the presence of the clinoptilolite in the reaction
medium or formation of the Ti—O—Si band during the composite
synthesis delayed the formation of the TiO, nuclei and may hinder
the growth of the particles.

3.1.5. UV-vis DRS analysis

The UV-vis DRS spectra of the TiO, particles and TiO/clinop-
tilolite composites are given in Fig. 5. Their band gaps obtained
from the plots of the Kubelka-Munk function given as an inset in
Fig. 5 are summarized in Table 2. The decrease in the TiO, content
resulted in a slight shift in the diffuse reflectance of the composites
towards shorter wavelengths and consequently with a slight
increase in the band gap energy in comparison with that of the
bare TiO,.

3.1.6. Zeta potential measurements

The zeta potentials of the materials synthesized as a function of
the solution pH are given in Fig. 6. The zeta potential of the bare
clinoptilolite at the pH range studied was found to be highly neg-
ative which was also reported by Trujillo et al. [14] and Liu et al.
[17]. The trend in the zeta potential of Z with respect to the pH
was found to be similar to that of TZ05 due to the low amount of
TiO, particles on the surface of the clinoptilolite. The surface
charges of the composites were found to be positive at a low pH
due to the presence of TiO, on the surface of the clinoptilolite
and decreased with the increase in pH. The isoelectric points of
T, TZ05, and TZ were found to be 4.75, 2.15, and 5.50, respectively.
The isoelectric point of TiO, particles are generally found to be
between 6 and 7 in literature. The difference in the isoelectric point
given in literature and found in this study may be due to the vari-
ation in the synthesis methods and reaction conditions during the
synthesis.

3.2. Photocatalytic reactions

3.2.1. Effect of the amount and type of the photocatalyst

The catalytic activities of the particles and composites synthe-
sized in the present study were determined in the photocatalytic
degradation of TPA. The photocatalytic degradation was performed
at 25 °C, in 1 L of an aqueous TPA solution of which the concentra-
tion and pH are 20 ppm and 3.7, respectively. As it is well known,
the characteristic properties of the catalysts like the surface area,
surface charge, crystal structure and size, and the reaction condi-
tions such as the type and concentration of the pollutant, the pH
of the solution, the catalyst amount, and the type of the photon
source highly affect the efficiency of the photocatalytic reactions.
In the present study, in order to elucidate the effects of the

Table 2
The structural properties of the particles and TiO,/clinoptilolite composites.
Sample Crystallite size* (nm) Total surface area” (m?/g) External surface area” (m?/g) dpore (NM) BGE (eV)
T 6.8 93 89 2.9¢ 3.04
z 10.1 23 6 0.9¢ -
TZ05 5.3 194 74 1.1¢ 3.10
TZ 6.4 210 120 2.6¢ 3.08
@ Crystallite size was calculated by the Scherrer Equation using XRD data at 20 = 27° for [110] plane of rutile and 20 = 22.3° for zeolite.
b Total and External surface areas were calculated by BET and t-plots methods.
¢ Mesopore average diameter was derived using BJH method.
d

Micropore median diameter was derived using Horvath-Kawazoe method.
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Fig. 5. Diffuse reflectance spectra and plots of the modified Kubelka-Munk function
(inset).

characteristic properties of the catalysts on the degradation, the
reaction conditions were kept constant. Prior to the photocatalytic
degradation, that is before the UVC lamp was switched on, the
adsorption-desorption equilibrium was satisfied for 1h. The
amounts of adsorbed TPA on the materials were found to be chang-
ing between 5% and 15%. This pointed out the slight contribution of
adsorption to the removal of TPA and the need of the photolysis
reaction for the further degradation of TPA.

The photocatalytic experiments were performed to determine
the optimum amount of catalysts for T, TZ05 and TZ with four load-
ings of 0.1, 0.5, 0.75 and 1 g/L of which results are given in Fig. 7.
The overall degradation percentages, X% were calculated as
X% = (Co — C)/Co x 100 where G is the concentration at the end

-10 4

Zeta Potential (mV)
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-30 -

-40

——7
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== TZ05 ——TZ

Fig. 6. The Zeta potentials of the particles and composites with respect to pH.

of the adsorption-desorption equilibrium stage and C is the
remaining TPA concentration in the treated solution at the end of
the reaction time of 2 h. For the catalyst of T, the degradation
increased up to 0.75 g/L and then decreased at a catalyst amount
of 1 g/L. For the supported catalysts of TZ05 and TZ, no significant
change in the degradation was observed up to the 0.75 g/L and a
similar decrease in degradation was observed at 1g/L. The
decrease in the degradation at 1g/L catalyst amount might be
due to the light scattering effect which hinders the penetration
of UV light through the solution and reduction in the surface area
of TiO, being exposed to light illumination [3,4,27]. Since high
degradation was obtained and no significant change in the degra-
dation was observed at the catalyst amount of 0.75 g/L for all cat-
alysts investigated, the optimum catalyst amount was selected as
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Fig. 7. Effect of catalyst dosage on the degradation of TPA (Co =20 ppm).

0.75 g/L, and all other investigations were performed with this cat-
alyst amount.

The normalized concentration of TPA versus time is given in
Fig. 8a where Cy is the TPA concentration measured at the end of
the adsorption-desorption equilibrium and C; is the remaining
TPA concentration in the treated solution at irradiation time t. In
order to determine the role of the photolysis on the degradation,
an experiment was carried out without any catalyst (photolysis).
The photolysis achieved only a 10% degradation of TPA. In the reac-
tions where clinoptilolite was used as catalyst, a similar degrada-
tion with photolysis, 11%, was observed, indicating that
clinoptilolite alone is not effective in the photocatalytic degrada-
tion of TPA. The pH of the solution is one of the main factors that

cJ/C,
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Fig. 8. (a) The normalized concentration versus irradiation time, and (b) -In(C/Co)

vs. irradiation time (Catalyst amount: 0.75 g/L, Co = 20 ppm).

influence the ionization degree of the organic pollutant and the
surface charge of the catalysts. TPA has two carboxylic groups with
pKa values of 3.52 and 4.82 [27]. At a pH > 3.52 one of the car-
boxylic groups started to dissociate its proton and became nega-
tively charged. Thus, with the pH of the solution as 3.7, the TPA
was partially ionized. The surface charge of the bare clinoptilolite
at the pH studied was found to be negative (Fig. 6) which led to
a reduction in the electrostatic attraction between the ionized
TPA and surface of the clinoptilolite. Both the negative charge
and low surface area of the clinoptilolite (Table 2) resulted in a
low adsorption of the pollutant TPA on its surface where the pho-
tocatalytic reaction takes place and consequently low photocat-
alytic degradation.

The photocatalytic activities of the composites with two differ-
ent TiO,/clinoptilolite weight ratios of 0.5 and 1 were investigated.
The degradation percentages were found to be 94 and 93% for TZ05
and TZ, respectively. The degradation rate increased compared
with the photolysis alone and the reaction where clinoptilolite
was used as catalyst. Although the catalytic activity of clinoptilolite
alone was very low, it does not affect the photocatalytic activity of
the TiO, on the composites. No significant difference in the degra-
dation percentage with respect to the TiO, content was observed
and both composites obtained almost the same degradation value
at the end of the irradiation time. The similarity in the degradation
for both composites can be explained by comparing their charac-
teristic properties. Since the photocatalytic reactions commonly
occur on the surface of the catalyst, surface area is one of the most
crucial properties affecting the photocatalytic degradation. As seen
in Table 2, the surface areas of both composites were found to be
similar to each other. Another property affecting the catalytic
activity is the surface charge. The surface charges of TZ05 and TZ
were found to be negative and positive, respectively, at the pH
studied. The negative surface charge of TZ05 reduced the attraction
between its surface and ionized TPA whereas, the positive charge
of TZ favored this attraction. Another effect that plays an important
role in degradation is the size and distribution of the TiO, particles
on the clinoptilolite surface. TiO, particles with a smaller size and
with a homogeneous distribution covered the clinoptilolite surface,
and less agglomeration was observed in the TZ05 than that of TZ
(Fig. 4c and d). Eventually, the assessment of the characteristic
properties indicated that for the nearly close surface areas, the
homogeneous TiO, distribution on the clinoptilolite of the TZ05
compensated for the negative effect of the surface charge in the
degradation, and similar photocatalytic degradation percentages,
94% for TZ05 and 93% for TZ, were obtained for both composites
with the conditions studied. The photocatalytic activities of the
composites were compared with that of the pure TiO, synthesized.
As shown in Fig. 8a, T showed nearly the same degradation as that
of the composites. While the same catalyst concentrations of
0.75 g/L were used in the experiments, the TiO, contents of the
composites were naturally lower than that of the pure TiO, which
were 1/2 for TZ and 1/4 for TZ05. The low content of TiO, in the
composites decreased the active sites activated by the UV irradia-
tion compared with the pure TiO,. However, the high surface area
of the composites may enhance the adsorption of the TPA mole-
cules on the surface of the composites leading to the same degra-
dation with a decreased amount of photoactive TiO,. Even so, the
same photocatalytic degradation of TPA was obtained for the com-
posites at the end of 2 h of reaction. In addition, the removal of the
composites from the treated solution after irradiation is easier than
the pure TiO, which provides the reuse of the catalysts [3,4]. In
order to compare the photocatalytic activities of the materials syn-
thesized, commercial TiO, in different crystal structures (the mix-
ture of rutile and anatase, rutile and anatase) were examined in the
photocatalytic degradation of TPA. Although there are a lot of stud-
ies reported the excellent photocatalytic activity of Degussa P25
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and the anatase TiO, particles used in different degradation reac-
tions [3,38-41], in the degradation of TPA with the reaction condi-
tions used in this study, the commercial (Rutile) and synthesized
(T) rutile exhibited better catalytic performances than commercial
anatase rutile mixture (P25) and commercial anatase (Anatase)
(Table 3). The same catalyst may exhibit different photocatalytic
activity depending on the type of the pollutant [14,42,43]. The high
photocatalytic degradation percentages obtained in the presence of
the materials synthesized and commercial rutile confirmed the
superior photocatalytic ability of the rutile phase for the degrada-
tion of TPA. Similar results for the photocatalytic degradation of
TPA under UVC irradiation were reported by Yener and Helvaci
[4] for the rutile TiO, particles dispersed on the amorphous SiO,
obtained from rice husk ash.

The photocatalytic reaction of most organic compounds at low
initial concentrations is described by the pseudo-first order kinetic
model by assuming the homogeneous reaction as [27]

1o = f% — kG (1)

where 1y is the initial rate of TPA in the photocatalytic reaction and
k is the pseudo-first order reaction rate constant. Since no degrada-
tion byproducts were detected by the HPLC analysis of which chro-
matogram is given as a Supplementary Material, the experimental
data obtained for the first 30 min of the degradation reaction were
fitted to the linearized form of the Eq. (1) and is seen in Fig. 8b. The
slopes of the straight lines give the reaction rate constants of each
reaction for different catalysts and are given in Table 3. The high
regression coefficient (Table 3) revealed the suitability of the
pseudo-first order kinetic model assumption. Although nearly the
same degradation was obtained at the end of the 2 h illumination
time for T, TZ05 and TZ, the reaction rate constants indicated that
the rate of degradation is in the order of TZ05 > TZ > T.

The photocatalytic activities of the catalysts were also investi-
gated using the turnover frequency (TOF) which was calculated
using the slope of the kinetic curves of all the catalysts studied at
zero time per mole of Ti in the catalysts (Table 3) [4]. The trend
in TOF was found to be similar with the trend in the first order
reaction rate constant, k and overall degradation efficiency, X.
The TOF of the composites were higher than the TiO, particles
which indicated the increase in the rate of degradation. Similarly,
the TOF increased with the decrease in TiO, amount in the
composites.

TOF per effective TiO, surface area of the supported catalysts
was also calculated. As explained in Section 3.1.3, since the TiO,
particles were synthesized on the surface of the clinoptilolite crys-
tals rather than inside the pores, the external surface area of the
composites was taken as the effective surface area of the TiO, par-
ticles. The TOF per TiO, surface area were calculated as 0.00015,
0.00025 and 0.00011 min~! m~2 TiO, for T, TZ05 and TZ, respec-
tively. The results were found to be consistent with that of TOF cal-
culated per mol of Ti, indicating the increase in the rate of

Table 3
Results of photodegradation of TPA.

degradation with the use of composites and with the decrease in
the TiO, amount in the composites.

3.2.2. Effect of the initial concentration of TPA

Among the catalysts studied, TZ05 was found to be the most
photoactive catalyst considering its low TiO, content, high degra-
dation percentage and high TOF value. Thus, the effect of the initial
concentration of TPA on the degradation efficiency was studied at
four different initial concentrations of TPA using TZ05 as a catalyst
by keeping the other reaction conditions constant. The change in
the concentrations with respect to the irradiation time is seen in
Fig. 9a. The amount of pollutant adsorbed on the surface of the cat-
alyst is expected to increase with an increase in the concentration
of pollutant solution leading to the high degradation percentage
[16,25]. On the other hand, a high concentration may hinder the
penetration of UV light to the catalyst surface and reduce the
degradation rate [16]. The degradation percentages of the 2 h of
reaction were found to be 94, 88, 64, and 52% for TPA concentra-
tions of 20, 40, 80, and 100 ppm, respectively. As a result, for higher
degradation percentages more irradiation time is needed for TPA
concentrations of 80 and 100 ppm. In order to determine the role
of the adsorption on the photocatalytic degradation, the
Langmuir-Hinshelwood model describing the heterogeneous reac-
tion occurring at a solid-liquid interface was used [12,25,44]

= 7% _ 1eraddC0 2)
+ KadaCo

where K,qq and k; are the equilibrium adsorption constant and
degradation constant at maximum coverage, respectively. The rg
values were independently obtained from the concentration versus
irradiation time curves seen in Fig. 9a by the linear fit using only the
experimental points during the first 30 min of irradiation. The lin-
earized form of the Langmuir-Hinshelwood model equation was
used to plot the data given in Fig. 9b. The values of K44 and k; were
obtained from the intercept and slope of the linear fit as
0.016 ppm~' and 1.02 min~' ppm, respectively. The reaction rate
constant was calculated by multiplication of K44 and k; and found
as 0.0166 min~'. For TZ05, the reaction rate constant obtained for
the pseudo-first order reaction model, 0.0136 min~! and the
Langmuir-Hinshelwood model, 0.0166 min~! were found to be
close to each other indicating the slight contribution of adsorption
on photolysis.

3.2.3. Reusability of the catalyst

A catalyst recycling study was conducted using TZ05 as catalyst
with a TPA concentration of 20 ppm and catalyst amount of 0.75 g/
L to determine the reusability of the catalyst over three cycles. At
the end of the first cycle, the catalyst was centrifuged, washed sev-
eral times with distilled water, dried at 60 °C and reused in the sec-
ond cycle. The same treatment procedure was applied after the
second use. A decrease in the photocatalytic degradation efficiency
was observed with respect to the repeated usage as seen in Fig. 9c.

Sample code k (min~!) R? Degradation, X (%) TOF (min~! mol~! Ti)
T 0.0101 0.967 95 1.08

Z 0.0008 0.984 11 -

TZ05 0.0136 0.991 94 5.80

TZ 0.0097 0.996 93 2.07

P25 0.0071 0.998 56 0.76

Rutile 0.0117 0.987 95 1.25

Anatase 0.0069 0.992 85 0.74

Photolysis 0.0008 0.905 10 -

" Degussa P25 TiO,; Kronos TiO,; Sigma TiO,.
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Fig. 9. (a) Change in the concentration with respect to the irradiation time at different initial TPA concentrations, (b) Linearization of the Langmuir Hinshelwood model
equation, and (c) Degradation percentage as a function of the number of use (Catalyst: TZ05, Catalyst amount: 0.75 g/L).

The degradation efficiencies were found to be 94, 88, and 75% for
the first, second, and third cycles, respectively. The reduction in
the photocatalytic activity was probably due to the accumulation
of TPA on the surface of the catalyst. This may reduce the adsorp-
tion due to the blockage of the active sites by the pollutant mole-
cules and consequently lower the photocatalytic activity.
Kanakaraju et al. [3] also reported a reduction in the photocatalytic
activity for the degradation of amoxicillin due to the blockage of
the pollutant and its degradation byproducts on the surface and
pores of the TiO,/clinoptilolite catalyst. Gomez et al. [2] also
observed a reduction in the activity of the TiO,/HZSM-11catayst
after repetitive usage. In order to generate the activity of the cata-
lyst, they calcined the recovered catalyst. However, since the syn-
thesis procedure in the present study does not include calcination
which significantly affects the properties of the particles, the cata-
lyst was not calcined for regeneration.

4. Conclusion

Rutile TiOy/clinoptilolite composites were synthesized by the
acid hydrolysis of a TiCl, solution at TiO,/clinoptilolite weight
ratios of 0.5 and 1 at 95 °C without calcination. At the weight ratio
of 1, the agglomeration of the TiO, particles was found to be higher
than that of 0.5 by conserving the shapes of the clusters as spheres
consisting of the interconnected nano fibers. The synthesis of TiO,
particles on the clinoptilolite led to the formation of the compos-
ites with a high surface area. All the catalysts synthesized in the

study exhibited high photocatalytic activity. The composites satis-
fied the high precipitation rate which simplifies the recovery of the
catalyst from the treated solution for reuse. Among the catalysts
used the TiO,/clinoptilolite composites with a weight ratio of 0.5
was found to be the most appropriate catalyst for the degradation
of TPA since it provided the same degradation rate with its low
TiO, content. The experimental data of the reactions with different
types of the catalysts was fitted to the pseudo-first order kinetic
model which described the degradation behavior of TPA with high
correlation coefficients. In addition, the Langmuir-Hinshelwood
model showed the slight contribution of the adsorption to the
degradation. The photocatalytic activity of the TiO,/clinoptilolite
composites with a weight ratio of 0.5 decreased 20% after three
repetitive use due to the blockage of TPA on the surface of the
composites.
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