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Abstract—Titanium dioxide/tungsten disulfide (TiO,/WS,) composite photocatalysts were fabricated via a one-step
hydrothermal synthesis process, using TiCl, as titanium source and bulk WS, as sensitizer. The morphology, structure,
specific surface area and optical absorption properties of the composite photocatalysts were characterized by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-
IR), X-ray powder diffraction (XRD), specific surface area analyzer and ultraviolet-visible diffuse reflection spectrum
(UV-vis DRS), respectively. The photocatalytic activity of as-prepared photocatalysts was evaluated by the degradation
of methyl orange (MO) under illumination of 500 W Xenon lamp. The results indicated that TiO,/WS, composite pho-
tocatalysts possessed excellent photocatalytic activity, and ~95% of the degradation rate for MO was reached when
molar ratio of WS, to TiO, was 0.004 and the irradiation time was 60 min. Moreover, the carrier trapping experiment
and fluorescence spectra showed that «O, was the key component in the photocatalytic degradation process and O,
was reduced to be «O; by the electrons from the conduction band of TiO, and WS, for the degradation of MO.
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INTRODUCTION

Various metal-oxide materials have been developed to solve some
environmental pollution. Among various oxide semiconductor
photocatalysts, titanium dioxide (TiO,) has received much atten-
tion for degrading environmental contaminants because it is inex-
pensive, nontoxic, chemically stability and highly reactive [1]. How-
ever, it can only absorb ultraviolet light with wavelength less than
380 nm due to its wide band gap of 3.2 eV. To overcome the lim-
itation of low efficiency in utilization of sunlight, numerous stud-
ies have been performed to extend the absorption band edge of
TiO, into visible light region including metal ions doping [2] or
non-metal jons doping [3], dye sensitization [4], deposition of noble-
metal [5,6], semiconductor coupling TiO, and so on. Among these,
numerous studies about using narrow band gap semiconductors
to sensitize TiO, have been conducted for its advantage in maxi-
mum utilization of solar energy. There are two preconditions for
narrow band gap semiconductors: (1) the band gap of the sensi-
tizer should be near that of the optimum utilization of solar radi-
ant energy; (2) and its energy level of conduction band should be
higher than that of TiO, [7]. Certain metal sulfides with ideal opti-
cal properties and enough stability have been regarded as sensitiz-
ers to decorate TiO,. Ho [8] reported the deposition of quantum
sized WS, on the surface of TiO,. Nanosized WS, made it possible
to achieve electron transfer from WS, to TiO,. Jang [9] fabricated
CdS/TiO, nano-bulk composite by using TiO, to decorate bulk CdS
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with high crystalline and achieved efficient utilization of sunlight
due to the ideal band gap energy and band positions of CdS. Hong
[10] prepared ZnS-ZnO-CuS-CdS heterostructured photocatalyst
with enhanced photocatalytic activity in degradation of methyl blue.
However, there have been fewer investigations on using bulk WS,
to directly sensitize TiO, nanoparticles.

Tungsten disulfide (WS,) has been studied extensively recent years
for its superior performance in resistance to acid/alkali and photo-
corrosion. And it was a layered semiconductor, in which the atoms
in layers were covalently bound while atoms between adjacent lay-
ers interacted by weak van der Waals forces [11]. Although it is
easy to excite bulk WS, for its narrow band gap of 1.35 eV by visi-
ble-light irradiation, the photoinduced electrons cannot effectively
migrate to titanium dioxide because the conduction band edge of
bulk WS, is lower than that of TiO,. Fortunately, the quantum con-
finement effects make it possible to increase the band gap of nano-
sized WS, significantly, which achieves the transfer of electrons
from the conduction band of WS, to that of TiO,. Therefore, nano-
sized WS, can be regarded as an effective sensitizer to decorate
high crystalline TiO, [7,8,12]. On the other hand, nanoparticles
are inclined to agglomerate for its high surface activity in aqueous
solution, resulting in reduced efficiency in the degradation of pol-
lutant. It is also difficult to achieve industrial applications for the
high cost in recycling nanoparticles. To improve the specific sur-
face area of nanoparticles and reduce the agglomeration rate, re-
searchers prefer to load TiO, nanoparticles on bulk materials such
as activated carbon and zeolite.

We report here the fabrication of TiO,/WS, composite photo-
catalysts via a one-step hydrothermal method. The formation of
TiO,/WS, composite promotes the separation rate of photoinduced
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electron-hole pairs and increases the photocatalytic reactivity. In
addition, the high stability and recyclable utilization of TiO,/WS,
composite photocatalysts make it possible to achieve industrial
applications in environmental improvement. To evaluate the pho-
tocatalytic activity of the prepared photocatalysts, methyl orange
was used as a probe chemical to be degraded under simulated sun-
light irradiation.

EXPERIMENTAL

1. Materials

Titanium tetrachloride (TiCl, >99.0%, AR, Fuchen Chemical
Reagent Co., China); tungsten disulfide (WS,, 99%, Aladdin Reagent
Co.); anhydrous ethanol (=99.7%, AR, Nanjing Chemical Reagent
Co., China); glycerol (=99.0%, AR, Guangdong Xilong Chemical
Co,, China); sodium hexametaphosphate (AR, Tianjin Kermel Chem-
ical Reagent Co., China); tertbutyl alcohol (TBA, CR, Shanghai
Lingfeng Chemical Reagent Co., China); disodium ethylene diamine
tetraacetate (Na,-EDTA, >99.0%, AR, Shanghai Lingfeng Chemi-
cal Reagent Co., China); benzoquinone (BQ, >298.0%, CR, Sino-
pharm Chemical Reagent Co.,China); terephthalic acid (PTA, >99%,
AR, Aladdin Reagent Co.); sodium hydroxide (NaOH, >96%, AR,
Nanjing Chemical Reagent Co., China); methyl orange (MO, AR,
Nanhua Chemical Reagent Co., China).
2. Synthesis of TiO,/WS, Composite Photocatalyst

In this study, TIO,/WS, composite photocatalysts with different
amount of bulk WS, were prepared through hydrothermal method
(Scheme 1(a)). The TiO,/WS, precursor was achieved by the hydro-
lyzation of titanium tetrachloride (TiCl,) and tungsten disulfide
(WS,) ethanol solution under ultrasonic vibration at ambient tem-
perature. First, 4 mL TiCl, ethanol solution (2 M) and certain amount
of bulk WS, were dispersed in 16 mL anhydrous ethanol. Then 5.6
mL solution composed of glycerol, sodium hexametaphosphate
and deionized water was added into the above mixture dropwise
under ultrasonic treatment for 10 min to promote the hydrolysis
of TiCl, solution. The obtained TiO,/WS, precursor was then trans-
ferred into 25 mL Teflon-lined stainless steel autoclave, followed by
hydrothermal treatment at 413 K for 3 h in air atmosphere. After
the autoclave was cooled naturally to room temperature, the sam-
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ples were separated by centrifuge at 9,000 r-min" for 10 min, washed
with anhydrous ethanol three times and dried at 353 K over 3 h.
Finally, the samples were calcined at 773 K for 2 h to acquire TiO,/
WS, composite photocatalysts with excellent crystal structure.

The theoretical molar ratios of bulk WS, to TiCl, were controlled
to be 0.002, 0.004, 0.008, 0.012, 0.016 and 0.02, respectively. TiO,/
WS, composite photocatalysts with different amount of bulk WS,
were denoted as W-Ti-x (x=0.002, 0.004, 0.008, 0.012, 0.016 and
0.02, respectively). For comparison, TiO, photocatalyst was also
prepared via a one-step hydrothermal method without the pres-
ence of bulk WS,.

3. Characterization of TiO,/WS, Composite Photocatalyst

FT-IR spectrum of the as-prepared samples were recorded on
Bruker Tensor-27. XRD analysis was carried out at room tempera-
ture with a Bruker D8 Advance X-diffractometer using Cu Ko radi-
ation (1=1.5406 A), operated at 40 kV and 40 mA, and a scanning
speed of 5°/min in the 26 range from 10° to 80°. The specific sur-
face area was obtained by recording the N,-absorption isotherm at
the temperature of liquid nitrogen using a Beishide 3H-2000PS1
analyzer. The morphology of the samples was taken with a Hitachi
S-3700N scanning electron microscope (SEM) attached to energy
dispersive X-ray spectroscope (EDX) and JEOL JEM-2100P trans-
mission electron microscope (TEM). UV-vis DRS was obtained
by a Hitachi U-3010 spectrophotometer. The analysis range was
from 800 to 300 nm, and BaSO, was used as a reflectance standard.
UV-vis patterns were collected on a Shimadzu UV-2450 spectro-
photometer. FL spectra were recorded on a JASCO FP-6500 type
fluorescence spectrophotometer with 321 nm excitation source over
a wavelength range from 300 to 600 nm. Photocatalytic degrada-
tion reaction was in a Nanjing Sidongke SGY-I multifunction photo-
reactor apparatus with 500 W Xenon lamp as simulated sunlight
source.

4. Evaluation of Photocatalytic Activity

Photocatalytic activity of the as-prepared samples was evaluated
by the degradation of MO under simulated sunlight irradiation in
a photoreaction apparatus. A 500 W Xenon lamp was used as the
light source to provide simulated sunlight. In each experiment,
50 mg TiO,/WS, composite photocatalyst and 5 mg MO were dis-
persed in 250 mL deionized water. Prior to illumination, the sus-
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Scheme 1. (a), (b) Schematic diagram for the one-step synthesis of TiO,/WS, composite photocatalysts.
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pension was magnetically stirred in the dark for 30 min to reach
adsorption-desorption equilibrium. Then the suspension was exposed
to simulated sunlight irradiation, and 4 mL of suspension was col-
lected with each irradiation time intervals of 10 min. The collected
solution was centrifuged to isolate photocatalysts and analyzed with
a UV-vis spectrophotometer. The degradation of MO was deter-
mined from its maximum absorption at a wavelength of 464 nm
with deionized water as a reference sample and calculated accord-
ing to Eq. (1):

Ay—A,
D%=—"""x100% 1)
AO
where D is degradation rate of MO, A, is the initial MO concen-
tration and A, is the MO concentration at certain reaction time t
(min).

RESULTS AND DISCUSSION

1. Analysis of Morphology and Structure

FT-IR spectra of bulk WS,, TiO, nanoparticles and TiO,/WS,
composite photocatalysts are shown in Fig. 1, in the wavenumber
range from 4,000 to 400 cm . The spectrum of TiO, nanoparticles
revealed a broad band centered at 3,405 cm™", which can be assigned
to -OH stretching vibration. An absorption peak observed at 1,635
cm' was attributed to the -OH bending mode of water adsorbed
on the surface of TiO,. And the broad peak observed in the range
of 550-700 cm™* indicated the eXLstence of Ti-O bond [13]. Besides,
the broad band at 1,035-1,125 cm™ was attributed to the C-O vibra-
tion, which may have been caused by the organic residuals in the
sample. CO, adsorbed on the metal cations may lead to the peak
at 2,400 cm™ [14]. The peak of -OH stretching vibration of absorbed
water on the surface of TiO,/WS, photocatalysts shifted towards
the direction of larger wavenumber with the increasing amount of
bulk WS,. The result of FT-IR spectra indicated that TiO, and WS,
coexisted in the prepared photocatalysts.

Fig. 2 shows the XRD patterns of TiO, nanoparticles, W-Ti-0.004
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Fig. 1. FT-IR spectra of bulk WS,, TiO, nanoparticles and TiO,/WS,
composite photocatalysts.
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Fig. 2. XRD patterns of (i) TiO, nanoparticles; (ii) W-Ti-0.004 com-
posite photocatalyst; (i) W-Ti-0.02 composite photocatalyst.

Table 1. Comparison of average crystallite grain size and specific
surface area of the samples derived from XRD and N,-ad-

sorption
Samples Specific szlrf_alce area/ Average crystalline grain size/
m-g nm
To, 270.0 104
W-Ti-0.004 262.0 9.0
W-Ti-0.02 259.2 93

and W-Ti-0.02 composite photocatalysts. The analysis of diffrac-
tion peaks revealed that anatase phase was dominant in all sam-
ples, corresponding to the JCPDS card 21-1272. And the charac-
teristic diffraction peaks of WS, (JCPDS card 08-0237) arose when
the molar ratio of bulk WS, to TiO, equaled 0.004. However, the
diffraction peak intensity of anatase phase gradually diminished,
which may have been caused by the inhibition of WS, to the crys-
talline formation of TiO, [15,16]. The average crystalline grain size
of the sample was determined by Scherrer’s Eq. (2):

KA
"~ feosd

©)

where d is the crystal size, A is the wavelength of X-ray radiation
(0.15418 A), Bis the full width at half-maximum, &is the diffrac-
tion angle, and K is a constant (0.89).

Surface morphology analysis of W-Ti-0.004 composite photo-
catalyst has also been studied and its SEM and TEM images are
shown in Fig. 3. Fig. 3(a) shows that the majority of bulk WS, was
coated by TiO, nanoparticles with rough surface structure. And a
small amount of bulk WS, appeared as a smooth surface without
TiO, nanoparticles loading. Also, TiO, nanoparticles tightly were
arranged on the bulk WS, surface and developed pore structure
among nanoparticles, which was in favor of the adsorption and
degradation of MO in photocatalyst system. Surface elemental anal-
ysis of the prepared photocatalysts (Fig. 3(a)) shows that the molar
ratio of sulfur (S) element to tungsten (W) element approximately

Korean J. Chem. Eng.(Vol. 33, No. 1)



110 L. Zheng et al.

Element Weight Atomsc
present (%) present (%)

34.96 5291
£

Fig. 3. SEM-EDS image (a), TEM images (b), (c) of W-Ti-0.004 composite photocatalyst.

equaled 2: 1, proving that WS, and TiO, coexisted in the photo-
catalysts. Thus, it can be concluded that TiO, nanoparticles suc-
ceed in coating bulk WS, and forming TiO,/WS, composite pho-
tocatalysts. Fig. 3(b) shows irregular nanoparticles and some of
them are aggregated together. Certain nanoparticles exhibited core-
shell structure, while others appeared to be nanocomposite mor-
phology (Fig. 3(c)).

According to the above results, a probable schematic diagram
for the growth of TiO,/WS, composite is shown in Scheme 1. Under
ultrasonic treatment, bulk WS, dispersed in TiO, vitreosol. And
when the precursor of TiO,/WS, was thermally treated at 140°C
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Fig. 4. UV-vis diffuse reflectance spectra of bulk WS,, TiO, nanopar-
ticles and TiO,/WS, composite photocatalysts.
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for 3 h, the outer layer of bulk WS, produced W*" and S free ions
(Scheme 1(b)) for the weak van der Waals forces between adjacent
layers. Then, as the autoclave was naturally cooled to room tem-
perature, W** recombined with S* resulting in the formation of
WS, nanoparticles. Part of WS, nanoparticles were coated by TiO,
nanoparticles, while some of them combined with TiO, nanoparti-
cles and formed TiO,/WS, nanocomposite, which greatly improved
the photocatalytic activity (Scheme 1(a)).
2. Evaluation of Optical Absorption and Photocatalytic Activity
The characterization of optical absorption behavior played an
important role in estimating photocatalytic performance of TiO,/
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Fig. 5. Photocatalytic degradation curve of methyl orange catalyzed
by TiO,/WS, composite photocatalysts with different addi-
tion of bulk WS,.
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WS, composite photocatalysts. UV-vis DRS of bulk WS,, TiO, nano-
particles and TiO,/WS, composite photocatalysts are given in Fig.
4. It can be seen that TiO, nanoparticles exhibit strong absorption
in UV region while almost had no absorption of visible light. More-
over, TIO,/WS, composite photocatalysts achieved strong absorp-
tion in visible light region compared with TiO, nanoparticles.

To evaluate photocatalytic activity of TiO,/WS, composite pho-
tocatalysts, degradation of MO was conducted under simulated
sunlight irradiation. Fig. 5 shows the photocatalysis degradation
curve of MO catalyzed by different photocatalysts under visible-
light irradiation. It is obvious that the visible-light photocatalytic
activity of TiO,/WS, composite photocatalysts is superior to that of
pure TiO,. The degradation rate of MO was enhanced with the in-
crease amount of bulk WS, loading and reached ~95% when the
molar ratio of bulk WS, to TiO, equaled 0.004 after 60 min irradi-
ation. However, the degradation rate of MO decreased when the
amount of bulk WS, further increased. Such findings can be ex-
plained by the following points. (1) The addition of WS, reduced
the agglomeration and stack of TiO, nanoparticles, promoting the
uniform deposition of nanoparticle loading on the bulk WS, [17].
(2) The fabrication of TiO,/WS, composite photocatalysts extended
the absorption band edge to visible-light region and facilitated the
separation of electron-hole pairs excited by simulated sunlight. (3)
The excessive amount of bulk WS, addition lowered the permea-
bility of the photocatalyst system and decreased the degradation
rate of MO.

Fig. 6 reveals the UV-vis spectra of MO in W-Ti-0.004 photo-
catalyst system in function of time. Peaks at 464 nm and 276 nm
in MO solution correspond to the azo bond and the phenyl ring,
respectively [18]. MO absorbed on the surface of photocatalysts
was degraded to hydrazine under illumination, which led to the
emergence of the absorption peak at 245 nm and the decrease of
absorption peak at 464 nm [19]. The competitive photocatalytic
degradation of hydrazine and MO resulted in the lower degrada-
tion rate of MO at 10-60 min. When the MO was nearly decom-
posed after irradiation for 60 min, the content of hydrazine was
also at a relatively low level, which indicated that the prepared pho-
tocatalysts had excellent photocatalytic activity.
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Fig. 6. UV-vis spectra of MO in W-Ti-0.004 photocatalysis system
in function of time.
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Fig. 7. Effect of photogenerated carrier trapping agent on degrada-
tion of methyl orange over W-Ti-0.004 composite photocat-
alyst.

3. Carrier Trapping Experiments and Photocatalytic Degrada-
tion Mechanism

Various primary reactive species, including hydroxyl radical («OH),
photo-generated hole (h*), superoxide radical («O;) could be formed
during the photocatalytic degradation process [20]. Scavenger exper-
iments were conducted to study the main reactive species in pho-
tocatalytic degradation process and the photocatalytic degradation
mechanism of TiO,/WS, composite photocatalysts [20]. Herein,
tertbutyl alcohol (TBA), disodium ethylene diamine tetraacetate (Na,-
EDTA) and benzoquinone (BQ) were used as «OH, h* and «O;
scavenger, respectively [21]. Fig. 7 shows the influence of TBA, Na,-
EDTA and BQ on photocatalytic degradation rate of MO. The addi-
tion of TBA or Na,-EDTA accelerated the degradation rate of MO
to some extent, while the presence of BQ inhibited the photocata-
lytic degradation of MO significantly compared with system of W-
Ti-0.004 photocatalyst without scavenger. Therefore, «O;, played
the most important role in photocatalytic degradation of MO and
the trapping of h* and «OH directly or indirectly promoted the sepa-
ration of photogenerated hole-electron pairs leading to the efficient
degradation of MO.

To further analyze the photocatalytic degradation mechanism,
fluorescence technique was adopted to determine «OH. Terephthalic
acid (PTA) was used to react with «OH radicals to produce 2-hy-
droxyterephthalic acid (PTAOH) in aqueous solution [21]. PTAOH
is a highly fluorescent substance and its fluorescence emission spec-
tra are excited at 321 nm from TA solution including 50 mg W-Ti-
0.004 photocatalysts and certain amount of carrier trapping agent.
Fig. 8 shows the fluorescence spectrum in function of reaction time
observed at 426 nm for various photocatalyst systems. In the pres-
ence of BQ, the W-Ti-0.004 photocatalyst system shows weak flu-
orescence intensity, indicating that the majority of «OH was formed
by the reaction among «O;, H" and e". And both of WS, and TiO,
nanoparticles can provide a sufficient potential to reduce O, to «O;
through the one-electron reduction process [21] and further gen-
erated «OH (Egs. (3)-(4)).
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Fig. 8. Fluorescence spectra of hydroxyl radicals at 426 nm in W-
Ti-0.004 photocatalysis system under different carrier trap-

ping agent.
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Na,-EDTA capturing h" in W-Ti-0.004 photocatalyst system led
to lower fluorescence intensity. It may be attributed to the fact that
a small amount of «OH was generated by the reaction between H,0
and h". Thus, the capture of h* indirectly reduced the amount of
+OH in photocatalysis system.

According to the results of the scavenger experiments and fluo-
rescence spectra, a possible reaction mechanism is illustrated in
Scheme 2. First, TiO,/WS, composite photocatalysts absorbed a
certain amount of MO to build adsorption-desorption equilibrium
in the dark. Then TiO,/WS, composite photocatalyst was excited
by simulated sunlight illumination to generate electron-hole pairs.
Due to the higher E; values of TiO, nanoparticles, the photoin-
duced holes easily migrated to the valence band of bulk WS, while
some holes oxidized H,O to +OH. Simultaneously, the electrons
on the conduction band of WS, moved towards the conduction
band of TiO, nanoparticles and reduced the absorbed oxygen to
produce superoxygen anionic free radicals (+O;) that was the main

‘0" + MO —
degradation products

Scheme 2. The proposed photodegradation process on W-Ti-0.004
composite photocatalyst.
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reactive radical species to degrade MO (Egs. (5)-(8)) [8].

TO,/WS,+h y—>TiO,/WS, (h'+e") )

¢ (CB)+0,—+0; ©)

h"+H,0—+«OH+H" 7)

«0, +MO—>...—degradation products (8)
CONCLUSIONS

TiO,/WS, composite photocatalysts were prepared via a one-step
hydrothermal method. Narrow band gap of bulk WS, enhanced
the visible-light absorption of the prepared photocatalysts. The for-
mation of TIO,/WS, composite under hydrothermal condition pro-
moted the separation of the photoinduced electron-hole pairs to
facilitate the photocatalytic degradation of MO. The degradation
rate of MO under visible-light illumination reached ~95.0% in 60
min when the molar ratio of WS, to TiO, was 0.004. The results of
scavenger experiments and fluorescence spectra showed that the
formed TiO,/WS, composite supported on bulk WS, provided elec-
trons to reduce adsorbed oxygen, and the produced superoxygen
anionic free radicals (+O;) played the key role in the degradation
of MO.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Foun-
dation of China (21376099).

REFERENCES

1. W.S. Zhu, Y. H. Xu, H. M. Lj, B. L. Dai, H. Xu, C. Wang, Y. H. Chao
and H. Liu, Korean J. Chem. Eng., 31, 2 (2014).
2.Y. Zhao, C. Z. Li, X. H. Liu, E Gu, H. L. Du and L. Y. Shi, Appl.
Catal. B-Environ., 79, 208 (2008).
3. A.N. Kadam, R. S. Dhabbe, M. R. Kokate, Y. B. Gaikwad and K. M.
Garadkar, Spectrochim. Acta. A, 133, 669 (2014).
4.G.H. Qin, Y. Zhang, X. B. Ke, X. L. Tong, Z. Sun, M. Liang and S.
Xue, Appl. Catal. B-Environ., 129, 599 (2013).
5.X.E Zhou, J. Lu, J.L. Cao, M. E Xu and Z.S. Wang, Ceram. Int.,
40, 3975 (2014).
6. A. Mahmood and S.1. Woo, Korean J. Chem. Eng., 30, 10 (2013).
7.D. W. Jing and L. J. Guo, Catal. Commun., 8, 795 (2007).
8. W.K. Ho, J.C. Yu, J. Lin, J. G. Yu and P.S. Li, Langmuir, 20, 5865
(2004).
9.].S. Jang, W. Li, S. H. Oh and J. S. Lee, Chem. Phys. Lett., 425, 278
(2006).
10. E. Hong, T. Choi and J. H. Kim, Korean J. Chem. Eng,, 32, 3 (2015).
11. M. Thomalla and H. Tributsch, J. Phys. Chem. B, 110, 12167 (2006).
12.S. Jana, P. Bera, B. Chakraborty, B. C. Mitra and A. Mondal, Appl.
Surf Sci., 317, 154 (2014).
13. M. B. Suwarnkar, R.S. Dhabbe, A.N. Kadam and K. M. Garad-
kar, Ceram. Int., 40, 5489 (2014).
14.]. Kaur and S. Singhal, Ceram. Int., 40, 7417 (2014).
15. S.K. Leghari, S. Sajjad, E Chen and J. L. Zhang, Chem. Eng. ], 166,
906 (2011).



Preparation of TiO,/WS, composite photocatalysts with enhanced photocatalytic activity under visible light 113

16.S.S. Liu, J.E Huang, L. Y. Cao, J. Y. Li, H. B. Ouyang, X. W. Tao 19. W.]. Li, D. Z. Lj, J. ]. Xian, W. Chen, Y. Hu, Y. Shao and X. Z. Fu, J.

and C. Liu, Mat. Sci. Semicon. Proc., 25, 106 (2014). Phys. Chem. C, 114, 21482 (2010).

17. T.D.N. Phan, V.H. Pham, J.S. Chung, M. Chhowalla, T. Asefa, 20. W.H. Liu, Q. Z. Hu, E Mo, ].]. Hu, Y. Feng, H. W. Tang, H.N. Ye
W.J. Kim and E. W. Shin, Appl. Cata. A-Gen., 473, 21 (2014). and S. Miao, J. Mol. Catal. A-Chem., 395, 322 (2014).

18.D.Y. Xu, E Cheng, Q.Z. Lu and P. Dai, Ind. Eng. Chem. Res., 53, 21.]. Cao, B.D. Luo, H. L. Lin, B. Y. Xu and S. E Chen, J. Hazard. Mater.,
2625 (2014). 217, 107 (2012).

Korean J. Chem. Eng.(Vol. 33, No. 1)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


