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www.rsc.org/ TiO, composites with zeolite templated carbon (TiO,-ZTC) and activated carbon (TiO,-AC) were
prepared and used as the photocatalysts for comparative studies with pure TiO,. TiO,-ZTC exhibited the
highest rate of methylene blue degradation with a rate approximately 4 and 4oo times higher than
those of TiO,-AC and pure TiO,, respectively. Moreover, the highest catalytic performance of TiO,-ZTC
in gas-phase degradation of acetone was approximately 1.1 and 12.9 times higher than TiO,-AC and
pure TiO,, respectively. These outstanding performances could be attributed to high surface area, pore

volume, and hydrophobic surface property, leading to improving the adsorption properties of organic

molecules.

Introduction

TiO, nanoparticle is a well-known semiconductor material
normally applied as the catalyst in photocatalytic reaction due
to advantageous properties such as suitable band gap energy,
high thermal stability, nontoxicity, and availability.' However,
the adsorption limitation of organic compounds and the
recombination of electron-hole pairs are the drawback factors
of TiO,-based photocatalysts.*” Composite materials are widely
designed by uses of various types of porous materials with
specific functions.*'* To overcome these problems, carbon-
based materials are also considered as a potential candidate for
the enhancement of photocatalytic efficiency due to their
multifunctional properties such as high surface area, electron
transfer property on the carbon surface, and surface
hydrophobicity.'*!” Carbon materials such as activated carbon
(AC),"” carbon nanotubes (CNTs)*'* and graphene’ "
composite with TiO, nanoparticles have been widely used in
photocatalytic degradation of organic compounds. Among
them, graphene-TiO, composite catalyst has attracted much
interest because of high surface area (~2,600 m%/g) and electron
mobility properties.'®!” The outstanding properties and
structures of carbon allotropes are therefore remarkable factors
for improving the photocatalytic performance of the carbon-
TiO, composite catalysts.

Zeolite templated carbon (ZTC) is a new-structure carbon
material prepared by using zeolite Y as the template for the
tailored-micropore structure preparation, resulting in ordered
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microporous carbon with sp’-carbon hybridization and a very
high surface area (~4,000 m?/g). This structure composes of
buckybowl-like nanographenes of three dimensional carbon
network and oxygen-containing functional groups.'®** ZTC has
been used in many applications such as hydrogen storage,"*
organic compound adsorption,>® and as electrode material for
electric double layer capacitors.”>** According to these unique
properties, ZTC is therefore a potential candidate for use as
photocatalyst supports.

In this work, the composite of TiO, nanoparticles with AC and
ZTC supports were prepared and investigated in the liquid-
phase methylene blue degradation and gas-phase acetone
degradation. Characterizations using nitrogen adsorption-
desorption technique, transmission electron microscopy, and X-
ray diffraction as well as the evaluation of adsorption properties
have been performed. The outstanding photocatalytic
performance of TiO,-ZTC with specific functions compared to
TiO,-AC and pure TiO, has been reported and discussed.

Experimental

Preparation of TiO,-carbon composite catalyst.

TiO, composites with zeolite templated carbon (ZTC) and
commercial activated carbon (AC, Shirasagi) were prepared by
using incipient wetness impregnation method. The details of
ZTC synthesis are reported elsewhere.?’ First, TiO, slurry (5
wt% TiO,; Tayca Corporation, Japan) was mixed with 2-
propanol solution and then added onto the carbon support. The
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obtained mixture was stirred at room temperature for 30 min at
a stirring speed of 300 rpm. In order to evaporate 2-propanol,
the obtained mixture was heated to 343 K under vacuum until
2-propanol was completely removed, and then dried at 373 K
under atmosphere pressure for 12 h.

Characterization techniques.

Nitrogen adsorption-desorption isotherms at 77 K as well as
water adsorption isotherms at 298 K were measured by using
BELSORP-max (BEL Japan, Inc.). Prior to the measurements,
each sample was degassed under vacuum at 473 K for 2 h. X-
ray diffraction (XRD) patterns were recorded using Cu Ka
radiation (A = 1.5406 A) on an X-ray diffractometer (Rigaku
Ultima IV). Transmission electron microscopy (TEM) with an
acceleration voltage of 200 kV (JEM-2010, JEOL) was used to
observe the textural structure of composite catalysts.

Methylene blue adsorption measurement.

The adsorption capacities of TiO,-ZTC, TiO,-AC, and pure
TiO, in methylene blue (MB)
investigated under dark condition at room temperature. Each
catalyst (10 mg) was added into the MB solution (30 ml,
concentrations: 0.3, 0.5, 0.7, and 1 mM) under stirring for 30

catalysts solution were

min. After reaching equilibrium, the absorption of the
remaining MB at the wavelength around 664 nm was monitored
by using UV-vis spectrometer (Shimadzu, UV-2450A). The
adsorption isotherms of composite catalysts were evaluated by

using following equation (1):

Qn = (Co- C)*VeM,, / m Eq. (1)
where Q,, is molar adsorption capacity of MB per gram of
catalyst (mgyp/eata), Cp 1S initial concentration of MB (mM),
C, is equilibrium concentration of MB (mM), V is volume of
MB solution (L), M,, is molecular weight of MB (g/mol) and m
is weight of catalyst (g¢atar)-

Liquid-phase degradation of methylene blue.

The performances of TiO,-carbon composite catalysts in the
degradation of MB were evaluated under light condition. In this
series of experiments, the catalyst (10 mg) was suspended in 1
mmol/l of 30 ml MB solution, and then oxygen gas was
introduced into the solution under dark condition for 30 min to
obtain the adsorption—desorption equilibrium in order to
eliminate the adsorption effect of catalyst. During the
degradation reaction, the mixture was irradiated under UV light
using a high-pressure mercury lamp with the intensity of 5
mW/cm?® for 24 h under stirring. The changes of solution color
were monitored by UV-vis spectrometer (Shimadzu, UV-
2450A) at certain time intervals. The photocatalytic activity of
TiO, powder (AMT-100; Tayca corp., Japan) was also tested as
a reference.

Gas-phase degradation of acetone.

The gas-phase degradation of acetone was also tested in a
specially constructed reaction cell equipped with the flat pyrex
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glass window. The fixed amount of each catalyst mixed with an
inert silica (0.01 : 0.49 g) was placed in the reaction cell.
Oxygen gas was fed into the reactor for 30 min, and then liquid
acetone (0.3 mmol) was introduced into the reaction cell
(volume: ca. 160 ml) and evaporated into the gas phase. The
adsorption process was operated at room temperature under
dark condition for 30 min to reach the adsorption-desorption
equilibrium. The degradation of acetone was carried out under
UV light irradiation using a high-pressure mercury lamp (light
intensity: 5 mW/cm? at around 360 nm). The progress of the
reaction was monitored by gas chromatography (Shimadzu GC-
14B with TCD detector) through CO, detection.

Results and discussion

Textural properties of TiO,-carbon composites and pure TiO,
powder were examined using nitrogen adsorption technique. As
shown in Table 1, the highest specific surface area and pore
volume were observed in the case of TiO,-ZTC composite with
results approximately 2.5 times higher than those of TiO,-AC.
Both TiO,-ZTC and TiO,-AC composite catalysts show the
type I isotherm, indicating the existence of microporous
structure (Fig. S1(A)). As shown in Fig. S1(B), the pore-size
distribution calculated by using the Saito and Foley (SF)
method revealed that the TiO,-ZTC composite catalyst had a
larger pore size and broader micropore size in a range of 0.65-
1.15 nm compared to TiO,-AC composite catalyst (narrower
pore size of 0.75 nm).

Table 1. Physical properties of pure TiO, and composite catalysts with different carbon
supports.

Sample name BET surzface Pore Vg)lume Adsorptic;n cag)acizty
area (m’/g) (cm’/g) of water” (cm’/m”)
TiO, 280 0.45 0.43
TiO,-ZTC 2167 1.56 0.01
TiO>-AC 846 0.62 0.06

 Calculated from water adsorption at P/Py of 0.3and 298 K

Water adsorption measurement was used to evaluate the
surface hydrophobicity of the composite catalysts. The amount
of water adsorbed per unit surface area was determined at the
relative pressure (P/P;) of 0.3 and the temperature of 298 K, as
shown in Table 1. The amounts of water adsorbed on TiO,-
ZTC surface were 6 times and 43 times lower than on TiO,-AC
and pure TiO, surfaces, respectively, indicating the highest
hydrophobic surface property as compared to the other
catalysts.

The significant differences of TiO, dispersion over ZTC and
AC supports were observed by TEM technique, as shown in
Fig. 1. With ZTC support, a relatively high dispersion of
segregated TiO, nanoparticle clusters was observed, while AC
support led to the formation of aggregate clusters of TiO,
nanoparticles.

The adsorption performances of TiO,-carbon composites were
investigated under dark condition using an aqueous solution of
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MB as the adsorbate. The differences of adsorption capacity
were clearly observed as the color changes of MB solution.

Fig. 1 TEM images of fresh catalysts: (a) TiO,-ZTC and (b) TiO,-AC.
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where C is concentration (mM) at a given UV irradiation time,
Cy is concentration (mM) after adsorption under dark condition
for 30 min, k is the apparent rate constant (h™") in degradation,
and ¢ is time (h).

As shown in Fig. S2, UV-vis absorption spectrum of MB
solution (concentration: 0.3 mM) shows an intense peak at
around 664 nm. The color change of MB solution in each
sample after the adsorption process was observed in the
photographic images (inset of Fig. S2). TiO,-ZTC composite
TiO,-AC
composite catalyst shows moderate adsorption capacity. The

catalyst could completely adsorb MB, while
lowest adsorption of MB was observed with pure TiO,. As
shown in Fig. 2, with increasing the concentration of MB (0.3,
0.5, 0.7, and 1 mM), the adsorption capacity (Q,,) of TiO,-ZTC
composite catalyst was increased (Fig. 2a), whereas those of
TiO,-AC composite catalyst (Fig. 2b) and pure TiO, (Fig. 2¢)
were nearly constant at 160 and 18 mgyp/gcal, respectively.
This result clearly confirmed that ZTC support exhibited the
superior adsorption capacity of MB in this concentration range
due to its excellent physical properties including exceptionally
high surface area, large pore volume, and high hydrophobic
surface property. The superior adsorption capacity is also
estimated to be governed by small particle size of ZTC and pi-

interaction of ZTC surface and aromatic rings of MB.2%2¢
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Fig. 3 Relationships between the photocatalytic degradation rate and adsorption
capacity of methylene blue (MB) in water.
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Fig. 2 Adsorption isotherm of MB with different catalysts: (a) TiO,-ZTC, (b) TiO,-
AC, and (c) pure TiO,.

The TiO,-carbon composite catalysts show better catalytic
performance in the degradation of MB molecules than pure
TiO,. Among these, the highest rate of MB degradation was
observed in the case of TiO,-ZTC composite with a rate
approximately 4 and 400 times higher than those of TiO,-AC
composite and pure TiO,, respectively. This result confirmed
that TiO, composite with ZTC support could enhance the
liquid-phase MB degradation.

In addition, TiO,-carbon composite catalysts were tested for
light
irradiation. As shown in Fig. 4, TiO,-ZTC composite catalyst

the gas-phase degradation of acetone under UV

exhibited better acetone adsorption, approximately 1.59 times
higher than TiO,-AC catalyst. Based on the same amount of
TiO,, the highest yield of CO, product was observed in the case
of TiO,-ZTC composite catalyst, while the lowest was observed

The result of MB degradation on each catalyst under UV light
irradiation is shown Fig. 3. The rate of MB degradation was
calculated by using equation 2:

In (C,/C) = kt Eq. (2)

This journal is © The Royal Society of Chemistry 2012

with pure TiO,.
100 50

3 2
€ g0 ©
> g
- @ —~
o} Cc’o\"
£ o0/ So

= C
« L2s 25
o} 29
O 40 4 o ®
Y m"—
2 0%
€ 2
3 ©
2 20 8
€ o
<

Lo

T|02-AC‘
Catalysts

TiO,-ZTC Tio,

Fig. 4 Relationships between the amounts of CO, formed in the photocatalytic
degradation of acetone and adsorption capacity of acetone.

The amount of CO, product obtained from TiO,-ZTC
composite catalyst was approximately 1.1 and 12.9 times higher
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than that obtained from TiO,-AC and pure TiO,, respectively.
This indicated that the performance of TiO, on the ZTC support
could be promoted not only in liquid-phase methylene blue
degradation but also in gas-phase acetone degradation.

In order to confirm the crystalline phase of TiO, in all
catalysts, XRD spectroscopy was applied (Fig. S3). The
diffraction peaks at 20 of 25°, 37°, 47°, 53°, 55°, and 63°,
corresponding to (101), (004), (200), (105), (211), and (204)

planes of TiO, anatase phase 2%*!

were observed in all catalysts.
It should be noted that the same TiO, anatase phase was
obtained in all catalysts; this result implied that carbon
allotropes therefore play a principal and important role for
improving the catalytic performance in methylene blue and
acetone degradation reactions.

According to the above results, ZTC exhibited excellent
photocatalyst properties in the degradation of organic
contaminants due to its unique physical and surface properties.
The extremely large surface area and pore volume of ZTC help
increase the dispersion of TiO, nanoparticles on the support,
while the surface hydrophobicity of ZTC enhances the
adsorption capacity of organic molecules. Furthermore, it

C 2728 could

should be noted that the electronic property of ZT
also induce the electron transfer from TiO, to ZTC surface and
simultaneously reduce electron-hole pairs recombination on
TiO, nanoparticle. These properties are the key factors,
affecting higher photocatalytic performance in the degradation

of organic compounds.

Conclusions

TiO,-ZTC and TiO,-AC composite catalysts were successfully
synthesized by an impregnation method and used as catalysts in
the degradation of methylene blue in water and acetone in the
air. It was found that the rate of methylene blue degradation of
TiO,-ZTC composite catalyst was approximately 4 and 400
than those of TiO,-AC and pure TiO,,
respectively. Moreover, TiO,-ZTC composite catalyst also

times higher
performed the highest degradation of acetone to CO, product
compared to other catalysts. These results could be attributed to
unique characteristics of TiO,-ZTC composite catalyst, such as
exceptionally high surface area, pore volume, and hydrophobic
surface property, resulting in the enhancement of adsorption
capacity of organic molecules.
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