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Abstract: Titania-loaded coal char catalyst was successfully
prepared. The preparation steps involved pyrolysis of low
rank coal at different temperatures and durations, sulfona-
tion, impregnation of titanium(IV) isopropoxide, and then
heating at 110 °C. It is found that the coal chars’ surfaces
were rough after sulfonation and impregnation, while large
pore volume, high surface area and carbon composition
were observed at low pyrolysis temperature for short dura-
tion. These properties contributed to high selectivity
towards benzaldehyde (> 90%) at 600 °C (0.5–2 h)) in styr-
ene oxidation using aqueous hydrogen peroxide as the
oxidant.

Keywords: titania-loaded coal char, styrene, oxidation,
sulfonation, aqueous hydrogen peroxide

1 Introduction

The catalytic oxidation of styrene over titania impregnated
on many supports has been a focus of investigation in
fundamental chemistry and modern industrial processes,

as epoxides are important building blocks in organic synth-
esis (Zhan et al. 2009). Many commercial products can be
created from epoxides compounds acting as the intermedi-
ates, such as perfumes, anthemintics, epoxy resins, plastici-
zers, drugs, sweeteners, chiral pharmaceuticals, pesticides,
and epoxy paints (Zhan et al. 2009; Qi et al. 2010).

Many researches have been carried out on different
approaches to utilize titania impregnated on various sup-
ports in the oxidation of styrene with hydrogen peroxide as
the oxidant. The catalysts that have been used are TS-1
(Zhuang et al. 2004; Uguina et al. 2000), Ti-beta (Corma,
Esteve, and Martinez 1996), Ti-MCM-41 (Lin et al. 2009), Ti-
LHMS-3 (Modak, Nandi, and Bhaumik 2012), V-Ti-MCM-41
and Nb-Ti-MCM-41 (Parvulescu et al. 2003). These catalysts
exhibited high catalytic activity and selectivity. However,
these kinds of catalysts are very expensive for extensive
application.

Herein, an alternative support has emerged, via car-
bon resource. Carbon is a common material utilized as a
support precursor due to its unique characteristic such as
inexpensiveness, inertness and stability. Carbon support
can increase the dispersion of the active phases, control
the porous structure, improve mechanical strength, pre-
vent sintering and assist catalysis (Satterfield 1980).
There are many types of materials which can be used as
carbon source. Currently, coal is one of the most impor-
tant carbon source. This is because coal possesses many
advantages such as its chemical composition being domi-
nated by carbon, cheap and easily available (Song and
Schobert 1996); Lazaro et al. 2008).

Coal char is the material formed when raw coal is
pyrolysed at high temperature (Peter et al. 1988). Coal
char composes mainly of carbon and mineral matter. Coal
chars have large pores, high internal surface area and high
reactivity in oxidation reactions. Coal char could be used as
a possible alternative and a new kind of economical sup-
port for catalysts (Chern and Hayhurst 2011).

In this study, low cost coal char has been utilized as
the support material for the catalysts. The catalysts were
prepared by sulfonation of coal char from low rank coal,
followed by impregnation of titania from titanium(IV)
isopropoxide. The sulfonation of coal char was carried
out by using concentrated sulfuric acid that is able to
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form oxygen functional groups, such as SO3H, COOH and
OH groups in a three-dimensional network of the mate-
rial. The oxygen functional groups in the material’s sur-
face provide good access for titania active sites to be
incorporated as catalyst. In the catalytic process, incor-
poration of oxygen functional groups on the materials’
surface also provides good access of reactant to the SO3H
groups and titania active sites, which gives rise to high
catalytic performance, despite the small surface area. The
catalytic performance of this material was tested out in
the oxidation of styrene with 30% aqueous hydrogen
peroxide as the oxidant at room temperature.

2 Experimental

2.1 Raw materials

Low rank coal from Batuah, Loa jannan, Kutai
Kartanegara East Kalimantan, Indonesia was used as
the raw material.

2.2 Pyrolysis process

The coal char supported catalysts were prepared from
pyrolysed low rank coal. The low rank coal was
pulverized to 200 meshes before undergoing pyrolysis.
Pyrolysis was carried out in a stainless steel reactor in a
vertical furnace under nitrogen atmosphere with a gas
flow rate of 100 cm3/min. Different pyrolysis tempera-
tures were used (600, 700, 800 and 900 °C) with heating
rate of 5 °C/min and maintained for 0.5 h. In order to
investigate the effect of the duration of pyrolysis, pyr-
olysis at 600 °C was also done for 0.5, 1 and 2 h. The
coal chars obtained after pyrolysis were labeled as CC-X
(Y), where CC stands for coal char, X is the pyrolysis
temperature and Y as the duration of pyrolysis. For
instance, CC-600(0.5) represents coal char that was
obtained after pyrolysis at 600 °C for 0.5 h.

2.3 Sulfonation and impregnation process

The sulfonation of coal char was carried out by using
sulfuric acid (6 ml, 98%, JT Baker) per gram of coal
char. The mixture was stirred intermittently in an oil
bath at 90 °C for 6 h. Subsequently, the mixture was
washed with distilled water to remove any loosely-
bound acid. It was then dried overnight at 110 °C

(Mittal and Venkobachar 1996). Sulfonated coal char is
denoted as SO3H/CC-X-Y. For example, SO3H/CC-700
(1.0) represents the coal char that was obtained after
pyrolysis at 700 °C for 1 h followed by sulfonation. After
sulfonation, impregnation of titania was done by using
500 µmol of titanium(IV) isopropoxide (97%, Aldrich)
dissolved in toluene (Merck). Sulfonated coal char (2 g)
was immersed and stirred intermittently in the toluene
containing the titania source until all the toluene was
completely evaporated. After that, the solid was washed
by using ethanol to remove any remaining toluene and
dried at 110 °C. The catalysts obtained were labeled as
Ti-SO3H/CC-X-Y. For example, Ti-SO3H/CC-700(0.5)
represents sulfonated coal char which was pyrolysed at
700 °C for 0.5 h and impregnated with titania by using
500 µmol of titanium(IV) isopropoxide. The list of cata-
lysts prepared and their codes are listed in Table 1.

2.4 Samples characterization

Catalysts were characterized by Fourier transform infra-
red (FTIR) spectroscopy using a Thermo Scientific Nicolet
iS50, with a spectral resolution of 4 cm−1, scans of 16 s, at
temperature of 20 °C. Crystallinity and phase content of
the solid materials were investigated using a Bruker
AXS Advance D8 X-ray difractometer (XRD) with the Cu
Kα (λ= 1.5406 Å) radiation as the diffracted monochro-
matic beam at 40 kV and 40 mA. The patterns were
scanned in the 2θ range of between 5° and 80°, at a
step of 0.03° and step time of 1 s. Field emission scanning
electron microscope (FE-SEM) images and mapping ele-
ments were determined by using the JSM-6701F which
has high resolution FE-SEM and energy dispersive X-ray
analyzer (EDX) JEOL-JED 2300. The hydrophobicity of all
catalysts was determined using the water adsorption
technique (Nur et al. 2005). In a typical experiment, sam-
ples (0.1 g) were dried in an oven at 110 °C overnight to

Table 1: Codes and treatments done to the samples.

Samples Type of
treatment

Time of
sulfonation

(h)

Temperature of
pyrolysis (°C)

Time of
pyrolysis

(h)

CC-(.) – –  .
SOH/CC-(.) Sulfonation   .
Ti-Coal – – – –
Ti-CC- (.) – –  .
Ti-SOH/CC-(.) Sulfonation   .
Ti-SOH/CC-(.) Sulfonation   .
Ti-SOH/CC-(.) Sulfonation   .
Ti-SOH/CC-(.) Sulfonation   .
Ti-SOH/CC-(.) Sulfonation   .
Ti-SOH/CC-(.) Sulfonation   .
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remove all physically adsorbed water. Distilled water
(0.75 l) was filled into desiccators for overnight. After
dehydration, the samples were exposed to water vapor
by placing them into the water-filled desiccators at room
temperature and weighed every 30 min. The percentage
of adsorbed water as a function of time was determined
by ((mt–mo)/mo)) × 100%, where mt represents the sam-
ple mass after adsorption of water and mo represents the
initial mass of the sample (Nur et al. 2005). Nitrogen
adsorption–desorption isotherms were measured at 77 K
using a Micromaritics ASAP 2020 V4.00 instrument. The
apparent surface areas were calculated from the nitrogen
adsorption data, using the Brunauer-Emmett-Teller equa-
tion, utilizing data in the 0.01–0.2 relative pressure
range. The total pore volume was obtained from the
amount of N2 adsorbed at the relative pressure of 0.975.
The micropore volume was determine using t-Plot
method. The pore size distributions (PDS) based on the
nitrogen isotherms were calculated by applying the
Barrett-Joyner-Halenda (BJH) model with the use of BJH
Desorption Dv(d). Samples were degassed at 150 °C for 12
h prior to analysis.

2.5 Catalytic test

The catalytic activities of the prepared catalysts were tested
out in the oxidation of styrene with aqueous H2O2 (30%,
Merck) as the oxidant. Styrene (5 mmol, Aldrich), aqueous
H2O2 (5 mmol, 30%, Merck), acetonitrile (4.5 ml, Merck)
and catalyst (100 mg) were mixed in a sample bottle
and stirred at room temperature for 20 h (Zhan et al. 2007,
2009). The products were then separated from the
catalysts by centrifugation. A portion of the resulting liquid
mixture was withdrawn and analyzed by GC-2014 Shimadzu-
gas chromatograph equipped with a BPX5 column
(30 m×0.25 mm×0.25 µm), a flame ionization detector
(FID) and nitrogen as the carrier gas. The temperatures of
the injector.anddetectorwereprogrammedat 250and260 °C,
respectively. The temperature of the column oven was pro-
grammed to increase from80 to 140 °C, at a rate of 10 °C/min.

3 Results and discussion

3.1 Physical properties

The coal rank was determined as lignite from the prox-
imate and ultimate analysis. The proximate and ultimate
analysis is presented in Table 2.

Figure 1(a)–(h) shows the XRD patterns of the modified coal
chars prepared, i. e. CC-600(0.5), SO3H/CC-600(0.5), Ti-
SO3H/CC-600(0.5), Ti-SO3H/CC-600(1.0), Ti-SO3H/CC-600
(2.0), Ti-SO3H/CC-700(0.5), Ti-SO3H/CC-800(0.5) and Ti-
SO3H/CC-900(0.5). The weak and broad diffraction peak at
2θ value of 10–30° (C (200)) assigned to amorphous carbon

Table 2: Proximate analysis result of the low rank coal.

Proximate analysis Ultimate analysis

Moist (%) .
Ash (%) . C (%) .
VM (%) . H (%) .
FC (%) . N (%) .
TS (%) . O (%) .
Cal. Val (Kcal/Kg) ,

Notes: Moist =moisture content, Ash= ash content, VM= volatile matter
content, FC= fixed carbon content, TS= total sulfure content, Cal
val= calorific value, C = carbon, H =hydrogen, N=Nitrogen, O= oxygen.
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Figure 1: XRD patterns for (a) CC-600(0.5) (b) SO3H/CC-600 (0.5)
(c) Ti-SO3H/CC-600(0.5) (d) Ti-SO3H/CC-600 (1.0) (e) Ti-SO3H/CC-600
(2.0), (f) Ti-SO3H/CC-700(0.5), (g) Ti-SO3H/CC-800(0.5) and (h) Ti-
SO3H/CC-900(0.5).
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composed of aromatic carbon sheets can still be observed
(Liu et al. 2009). All samples showed a sharp crystalline
peak at 2θ value of 26.5°, which is assigned to quartz
(Nurhadi et al. 2015). The broad and weak peaks at 2θ
value of 35–50° are assigned to turbostratic graphite struc-
ture (Peng et al. 2010). These peaks are used to investigate
low rank coal that has been pyrolysed at different time
durations and temperature. All the patterns appeared simi-
lar, indicating that the different time durations, 0.5–2.0 h,
that has been used during pyrolysis, do not have much
influence on the structure of the coal char. The graphite
peak is relatively small for the low rank coal pyrolysed at
600 °C and when the temperature of pyrolysis was
increased, it become more prominent and sharper (Liu
et al. 2009; Hasegawa et al. 2010)

The FTIR spectra for CC-600(0.5), SO3H/CC-600(0.5),
Ti-SO3H/CC-600(0.5), Ti-SO3H/CC-600(1.0), Ti-SO3H/CC-600
(2.0), Ti-SO3H/CC-700(0.5), Ti-SO3H/CC-800(0.5) and Ti-
SO3H/CC-900(0.5) are shown in Figure 2. The FTIR spectra
of all samples show a broad band at 3,416 cm–1, which is
assigned to the O-H stretching mode of the –COOH and
phenolic OH groups (Peng et al. 2010). It is generally
known that if the transmittance is high, the amount of the
functional group present in the sample is low. According to
the transmittance data it can be predicted the amount of
OH groups in samples is in the increasing order as follows:
CC-600(0.5) < SO3H/CC-600(0.5) < Ti-SO3H/CC-600(0.5) ~Ti-
SO3H/CC-600(1.0) ~ Ti-SO3H/CC-600(2.0) ~ Ti-SO3H/CC-700
(0.5) ~ Ti-SO3H/CC-800(0.5) ~ Ti-SO3H/CC-900(0.5). The
OH groups increased after sulfonation and titania impregna-
tion processes because titanol (Ti-OH) groups were created.
The characteristic of aromatic C= C stretching mode in
polyaromatics and graphite-like materials are shown in the
vibration band at 1,619 cm–1. The –SO3H groups attached on
the coal chars surface are indicated by the vibrations at
1,034 cm–1 and 571 cm–1. The peak at 1,034 cm–1 is assigned
to the presence of S=O symmetric stretching mode and the
SO2 deformation frequency, while C-S stretching mode is
detected in the region of 571 cm–1. These peaks proved the
existence of covalent bond between the sulfonic acid groups
and coal chars surface (Peng et al. 2010). The existence of
titanium framework was characterized by an adsorption
band in the region of 900–975 cm–1. The peak at approxi-
mately 966cm–1 in Ti-SO3H/CC-600(0.5) and Ti-SO3H/CC-
700(0.5) is attributed to Ti-O-Si on the surface of sulfonated
coal char (Duprey et al. 1997; Prasad et al. 2008; Nur 2006).
In Ti-SO3H/CC-800(0.5) and Ti-SO3H/CC-900(0.5), the
adsorption band in the region 900–975 was undetected due
to the overlapping of the broad silanol groups Si-OH peak
with the region peak of Ti-O-Si. The silica linkages can be
detected by the adsorption band at 1,094 cm–1 and 795 cm–1

(Prasad et al. 2008; Duprey et al. 1997; Nur 2006; Nur,
Hayati, and Hamdan 2007). It is worth noting that the
amount of silanol groups increased when the pyrolysis tem-
perature increased. The peak at 455 cm–1 is attributed to the
symmetric O-Ti-O stretching that is caused by the vibration of
Ti-O bond.

The N2 adsorption-desorption isotherms and corre-
sponding pore size distribution curves (using the
BJH method) for Ti-SO3H/CC-600(0.5), Ti-SO3H/CC-600
(1.0), Ti-SO3H/CC-600(2.0), Ti-SO3H/CC-700(0.5), Ti-SO3H/
CC-800(0.5) and Ti-SO3H/CC-900(0.5) are shown in Figure 3
(A) and (B), respectively. All the isotherms are of type
V with type H-3 hysteresis loops (Leofanti et al. 1998)
in the relative pressure range of 0.3–0.99 for Ti-SO3H/CC-
600(0.5), Ti-SO3H/CC-600(1.0) and Ti-SO3H/CC-600(2.0),
0.45–0.99 for Ti-SO3H/CC-700(0.5), 0.5–0.99 for Ti-SO3H/
CC-800(0.5) and 0.7–0.99 for Ti-SO3H/CC-900(0.5). The BET
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Figure 2: FTIR spectra of (a) CC-600(0.5) (b) SO3H/CC-600 (0.5)
(c) Ti-SO3H/CC-600(0.5) (d) Ti-SO3H/CC-600 (1.0) (e) Ti-SO3H/CC-600
(2.0), (f) Ti-SO3H/CC-700(0.5), (g) Ti-SO3H/CC-800(0.5) and
(h) Ti-SO3H/CC-900(0.5).
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surface area, the total pore volume and pore size showed
the following values; 17.4 m2g−1, 0.046 cm3g−1, 13.7 nm
(Ti-SO3H/CC-600(0.5)), 18.4 m2g−1, 0.053 cm3g−1, 14.6 nm
(Ti-SO3H/CC-600(1.0)), and 12.9 m2g−1, 0.042 cm3g−1, 19.7
nm (Ti-SO3H/CC-600(2.0)), 11.9 m2g−1, 0.045 cm3g−1, 22.6
nm (Ti-SO3H/CC-700(0.5)), 9.1 m

2g−1, 0.02 cm3g−1, 27.4 nm
(Ti-SO3H/CC-800(0.5)) and 5.4 m2g−1, 0.02 cm3g−1, 29.6 nm
(Ti-SO3H/CC-900(0.5)), respectively. It can be seen that the
BET surface area was influenced by the duration of pyroly-
sis. The BET surface area, pore volume and pore size
increased slightly when the duration of pyrolysis was 1 h
and decreased when the duration was increased to 2 h.
Removal of carbon atoms from the original coal during
pyrolysis for 1 h led to the increase in the average pore
size and opening of closed pores. However, when the pyr-
olysis was done for 2 h, the collapsing of the poresmay have
contributed to the decrease in surface area. These results
also showed that increasing the pyrolysis temperature of
low rank coal led to the decrease in BET surface area and
the total pore volume, while increasing the average pore
size of the samples. Increasing the temperature of pyrolysis
can cause the carbon structure inside the coal to be
destroyed and undergo change; namely releasing many

atomics carbon from the carbon framework as volatile
organic compounds, CO2 and CO. The collapse of pore
structure collapsed caused the decrease in surface area of
the samples. The complete list of BET surface area,
pore volume and mean pore size data is shown in Table 3.
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Figure 3: (A) N2 adsorption-desorption
isotherms and (B) BJH pore size distri-
bution of (a) Ti-SO3H/CC-600(0.5),
(b) Ti-SO3H/CC-600(1.0), (c) Ti-SO3H/CC-
600(2.0), (d) Ti-SO3H/CC-700(0.5),
(e) Ti-SO3H/CC 800(0.5), and
(f) Ti-SO3H/CC-900(0.5).

Table 3: Physical properties of the catalysts.

Samples BET
surface

area
(m/g)

Pore
Volume
(cm/g)

Mean
pore
size
(nm)

Average
percentage of

water
adsorption

(%wt)

CC-(.) . . . .
SOH/CC-(.) . . . .
Ti-Coal . . . .
Ti-CC-(.) . . . .
Ti-SOH/CC-(.) . . . .
Ti-SOH/CC-(.) . . . .
Ti-SOH/CC-(.) . . . .
Ti-SOH/CC-(.) . . . .
Ti-SOH/CC-(.) . . . .
Ti-SOH/CC-(.) . . . .
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Figure 4 shows the thermogravimetric analysis
curves of (a) Ti-SO3H/CC-600(0.5), (b) Ti-SO3H/CC-700
(0.5), (c) Ti-SO3H/CC-800(0.5) and (d) Ti-SO3H/CC-900

(0.5). The weight losses of the samples were obtained
in two steps. In the first step, the weight loss
began at 30 °C, reached midpoint at 46.9 °C, and
continued until 100 °C. This step can be associated
with the evaporation of adsorbed water on the samples,
with Ti-SO3H/CC-900(0.5) having the highest weight
loss of 4.2%wt. The weight loss in the second step
started at 575 °C and ended at 837 °C, with a midpoint
of 771 °C. This weight loss was due to the decomposi-
tion of organic compounds. The highest total weight
loss was shown by Ti-SO3H/CC-600(0.5) at around
15.6%wt.

Figure 5(a)–(i) shows the FE-SEM and SEM-EDX dot
images of Ti-SO3H/CC-600(0.5), Ti-SO3H/CC-600(2.0),
and Ti-SO3H/CC-900(0.5). From the FE-SEM images,
no obvious differences in morphology can be seen
and these particles were clearly agglomerated. As for
SEM EDX dot images, it can be seen that Ti-SO3H/CC-
600(0.5) is less homogeneous as compared to Ti-SO3H/
CC-600(2.0) and Ti-SO3H/CC-900(0.5).
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Figure 4: TGA curves of (a) Ti-SO3H/CC-600(0.5), (b) Ti-SO3H/CC-700
(0.5), (c) Ti-SO3H/CC-800(0.5) and (d) Ti-SO3H/CC-900(0.5).
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Figure 5: FE SEM/EDX images of Ti-SO3H/CC-600(0.5) catalyst (a, d, g), Ti-SO3H/CC-600(2.0) catalyst (b, e, h) and Ti-SO3H/CC-900(0.5)
catalyst (c, f, i). The bright dot and areas are Ti.
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Figure 6 shows the EDX spectra of Ti-SO3H/CC-600
(0.5), Ti-SO3H/CC-600(2.0) and Ti-SO3H/CC-900(0.5). It
could be seen that all of the spectra showed the elements
peak of C, O, Si, Al, S and Ti. The complete percentage of all
the elements is listed in Table 4. Samples Ti-SO3H/CC-600
(0.5), Ti-SO3H/CC-600(2.0), and Ti-SO3H/CC-900(0.5) con-
tained almost similar percentage of titania, as the amount of
titania impregnated for all three samples was 500 µmol. The
amount of–SO3H groups attached on the coal char’s surface
can be predicted from the percentage of S element in the
EDX analysis. The percentage of S element decreases when
the duration and temperature of pyrolysis increased, with
the following trend: Ti-SO3H/CC-600(0.5) > Ti-SO3H/CC-600
(2.0) > Ti-SO3H/CC-900(0.5). The percentage of C element

also decreased when time duration and temperature of
pyrolysis increased. On the other hand, the percentage of
Si element increased when the duration and temperature of
pyrolysis increased.
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Figure 6: EDX spectra of (a) Ti-SO3H/CC-
600(0.5), (b) Ti-SO3H/CC-600(2.0) and
(c) Ti-SO3H/CC-900(0.5).

Table 4: Elementals obtained using EDX.

Variable Samples Elements

C O Al Si S Ti

Temperature Ti-SOH/CC-(.) . . . . . .

Ti-SOH/CC-(.) . . . . . .

Time Ti-SOH/CC-(.) . . . . . .

Ti-SOH/CC-() . . . . . .
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Table 3 shows the amount of adsorbed water for
samples CC-600(0.5), SO3H/CC-600(0.5), Ti-Coal, Ti-CC-
600(0.5), Ti-SO3H/CC-600(0.5), Ti-SO3H/CC-600(1.0),
Ti-SO3H/CC-600(2.0), Ti-SO3H/CC-700(0.5), Ti-SO3H/CC-
800(0.5) and Ti-SO3H/CC-900(0.5). The amount of
adsorbed water corresponds to the hydrophobicity of
the samples. The lower the amount of water adsorbed,
the higher the hydrophobicity of the samples. From the
results, it can be seen that the sulfuric acid treatment
and titania impregnation processes influence the
amount of adsorbed water. The sulfuric acid treatment
caused increase in the average amount of adsorbed
water (CC-600(0.5) to SO3H/CC-600(0.5) 5.03 to 5.47%
wt). The sulfuric acid treatment also caused significant
changes in the surface chemistry of the coal char (CC).
Sulfuric acid solution produced oxygenated functional
groups (SO3H, COOH and OH groups), CO2 and CO,
which caused the catalyst’s surface to become hydro-
philic (Izquierdo et al. 2001; Prasad et al. 2008). The
impregnation of titania also caused an increase in the
percentage of adsorbed water in the samples. Titania
impregnation led to changes in oxygen functional
groups, with the addition of titanyl (Ti =O) and titanol
(Ti-OH) groups on sulfonated coal char’s surface, hence
increasing the interaction with water.

3.2 Catalytic activity

Benzaldehyde, phenylacetaldehyde, and styrene oxide
are important chemical intermediates in fine chemical
industry, which are usually produced by the selective
oxidation of styrene with H2O2 as an oxidant. Styrene
oxide (SO) is the primary product expected from
the epoxidation of the double bond in the styrene’s
side chain (Uguina et al. 2000). However, benzalde-
hyde and styrene oxide are the main product observed
in the oxidation of styrene catalyzed by titania sup-
ported on modified coal char catalyst. Generally, ben-
zaldehyde is formed by the ring-opening reaction of
styrene oxide.

The yield of products from the oxidation of styrene
catalyzed by titania supported on modified coal char is
shown in Table 5. For comparison, no catalyst, CC-600
(0.5), SO3H/CC-600(0.5), Ti-Coal and Ti-CC-600(0.5)
were also used as the catalysts for this reaction. The
yield of benzaldehyde was very low (0.008 mmol)
when no catalyst was used. The yield almost did not
change when CC-600(0.5) was used as the catalyst,
indicating that CC-600(0.5) has low catalytic activity in
this reaction. SO3H/CC-600(0.5) exhibited a rather high

catalytic activity with benzaldehyde yield of 0.011
mmol, due to the presence of -SO3H groups. In order to
explain the influence of titania, TiO2, Ti-Coal and Ti-CC-
600(0.5) were also used as catalyst in order to compare
with titania supported on sulfonated coal char catalysts.
TiO2 and Ti-Coal had catalytic activity lower than that of
Ti-CC-600(0.5), with the benzaldehyde yield of 0.072
mmol, 0.169 mmol and 0.571 mmol, respectively. These
enhanced results were caused by the increase in surface
area, with the evidence provided by the N2 adsorption-
desorption analysis, which were 0.92 m2g−1, 7.74 m2g−1

and 16.88 m2g−1, as shown in Table 3. The yields of
benzaldehyde when Ti-SO3H/CC-600(0.5), Ti-SO3H/CC-
700(0.5), Ti-SO3H/CC-800(0.5) and Ti-SO3H/CC-900
(0.5) were used as catalysts were 0.814 mmol, 0.633
mmol, 0.511 mmol and 0.448 mmol, respectively. The
catalytic activity of Ti-SO3H/CC-600(0.5) was much
higher than that of Ti-CC-600(0.5). This is caused by
the attachment of -SO3H groups on CC-600(0.5)’s sur-
face. The catalytic activity of Ti-SO3H/CC-600(0.5) is
much higher than that of Ti-SO3H/CC-700(0.5), Ti-
SO3H/CC-800(0.5) and Ti-SO3H/CC-900(0.5). This can
be correlated with surface area and hydrophobicity. As
shown in Table 3, the coal char obtained at 600 °C has
higher total surface area and pore volume than the
catalysts that were prepared from coal char with higher
temperature of 700, 800 and 900 °C. The reduction of
catalytic activity also can be explained based on the
decrease in hydrophobicity of Ti-SO3H/CC-600(0.5), Ti-

Table 5: Catalytic performance of the catalysts in the oxidation of
styrenea.

Catalyst Styrene
conversion (%)

Yields of product (mol)

BzAb PhAc SOd

No catalyst . . . .
TiO . . . .
CC(.) . . . .
SOHCC(.) . . . .
Ti-Coal . . . .
Ti-CC(.) . . . 

Ti-SOHCC(.) . . . .
Ti-SOHCC(.) . . . .
Ti-SOHCC(.) . . . .
Ti-SOHCC(.) . . . .
Ti-SOHCC(.) . . . .
Ti-SOHCC(.) . . . .

a Reaction conditions: The reactions were carried out at room tempera-
ture for 20 h with styrene (5 mmol), 30% H2O2 (5 mmol) and catalyst
(50 mg). bBzA= benzaldehyde, cPhA= phenylacetaldehyde, and
dSO = styrene oxide
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SO3H/CC-700(0.5), Ti-SO3H/CC-800(0.5) and Ti-SO3H/
CC-900(0.5) catalysts (Table 3). The hydrophobicity
trend decreases as follows: Ti-SO3H/CC-600(0.5) > Ti-
SO3H/CC-700(0.5) > Ti-SO3H/CC-800(0.5) > Ti-SO3H/CC-
900(0.5). This trend is caused by the decreasing amount
of C element and increasing of silanol groups, Si-OH.
Furthermore, the existence of hydroxyl groups on Si-OH
caused difficulty for the styrene substrate to access the
active sites. Moreover, when the surface of the catalyst
interacted with the reactant, H2O2 will release water as
the side product. This will then cause the surface of the
catalyst with low hydrophobicity to readily adsorb H2O,
resulting in the poisoning of the catalyst.

Catalysts that were pyrolised at 600 °C but with dif-
ferent durations (0.5 h, 1.0 h and 2.0 h) are labeled as Ti-
SO3H/CC-600(0.5), Ti-SO3H/CC-600(1.0) and Ti-SO3H/CC-
600(2.0). The varying duration of pyrolysis had no sig-
nificant effect on the catalytic activity. This phenomenon
can be explained by the hydrophobicity test as shown in
Table 3. The average amount of adsorbed water on Ti-
SO3H/CC-600(0.5), Ti-SO3H/CC-600(1.0), and Ti-SO3H/CC-
600(2.0) were 5.40, 5.23 and 5.22%wt, respectively.
Therefore, their ability to avoid poisoning by H2O is
almost the same. Hence, the similar activities were
shown in the oxidation reaction.

The catalytic performance of catalysts for the
oxidation of styrene is also identified through the con-
version and products selectivity, which are shown in
Table 5 and Figure 7. The results show that CC-600
(0.5), SO3H/CC-600(0.5) and TiO2 display lower styrene
conversion, which is nearly similar to when no catalyst
was used. Using supported Ti-CC-600(0.5) as the
catalyst, 10.8% of styrene conversion is achieved,
which indicates that the Ti active sites on the surface
are somewhat active for the oxidation of styrene.
When Ti-SO3H/CC-600(0.5) was used as the catalyst,
higher conversion of styrene is obtained with the
main product of benzaldehyde and a little amount of
phenylacetaldehyde and styrene oxide. The fact that
the conversion of styrene over Ti-SO3H/CC-600(1.0) is
higher than that of over Ti-SO3H/CC-600(0.5) shows
that a higher surface area is crucial in increasing the
catalytic activity. The styrene conversion decreased
when Ti-SO3H/CC-700(0.5), Ti-SO3H/CC-800(0.5) and
Ti-SO3H/CC-900(0.5) were used the catalysts. This is
because as the pyrolysis temperature increased, the
surface area and hydrophobicity of the catalysts
decreased. The selectivity of benzaldehyde for all tita-
nia supported on modified coal chars catalysts was
more than 90%.

33% 

58% 

12% 

74% 
50%

38% 

47% 
49% 

3% 
1% 

96% 

1% 

99% 

5% 

2% 

93% 

3% 
1% 

96% 

2% 

7% 

91% 

2% 

4% 

94% 

4% 
1% 

95% 

4% 
1% 

95% 

C
on

ve
rs

io
n 

of
 s

ty
re

ne
 (

%
) 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

0 
(a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) 

Catalysts 

Benzaldehyde 

Phenyl acetaldehyde 

Styrene oxide 

%  Selectivity product 

Figure 7: Conversion of styrene and selectivity of the products.
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4 Conclusions

Oxidation of styrene by using hydrogen peroxide as the
oxidant with coal char catalysts that were prepared at
different pyrolysis temperature and durations, have been
studied. Coal char was modified by sulfonation, followed
by impregnation titania has profound affect on styrene
oxidation. The catalytic activity of titania supported on
sulfonated coal char in the oxidation of styrene decreased
with increasing temperature of pyrolysis, with the coal
char prepared at 600 °C being the most active. Otherwise,
duration of pyrolysis was insignificant to the catalytic
activity. The catalytic activity is not only dependent on
the total surface area and pore volume, but also on the
functional groups on the catalyst’s surface and the che-
mical nature of the coal char’s surface.
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