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Abstract  

The modified coal char from low-rank coal by sulfonation, titanium impregnation and followed by alkyl 

silylation possesses high catalytic activity in styrene oxidation. The surface of coal char was undergone 

several steps as such: modification using concentrated sulfuric acid in the sulfonation process, impreg-

nation of 500 mmol titanium(IV) isopropoxide and followed by alkyl silylation of n-

octadecyltriclorosilane (OTS). The catalysts were characterized by X-ray diffraction (XRD), IR spectros-

copy, nitrogen adsorption, and hydrophobicity. The catalytic activity of the catalysts has been exam-

ined in the liquid phase styrene oxidation by using aqueous hydrogen peroxide as oxidant. The cata-

lytic study showed the alkyl silylation could enhance the catalytic activity of Ti-SO3H/CC-600(2.0). 

High catalytic activity and reusability of the o-Ti-SO3H/CC-600(2.0) were related to the modification of 

local environment of titanium active sites and the enhancement the hydrophobicity of catalyst particle 

by alkyl silylation. Copyright © 2017 BCREC GROUP. All rights reserved 
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1. Introduction  

Coal is very cheap, readily obtainable and 

most abundant in Indonesia. Coal resources in 

this country have been predicted about 21.13 

billion short tons and it was dominated by low 

rank coal which consists of lignite and sub-

bituminous. Thus, Indonesia has become the 

second largest coal supplier in the world [1]. 

Pyrolysis and gasification process of coal pro-

duce coal char as the by-product. Recently, it 

has been found a new class and cheap catalyst 

support with superior performance. Many re-

searches have been reported about the usage of 

coal char as catalyst support such as coal char 

supported iron and coal char supported nickel 

for tar reforming process [2]. Superior perform-

ance from coal char as catalyst support can be 

created by sulfonation and alkylsilylation pro-

cess. 

Sulfonation with concentrated sulfuric acid 

is aimed to form the hydrophilic functional 

group, such as  –SO3H, –COOH  and  phenolic 

–OH group on coal char surface. Hydrophilic 

functional group on coal char surface leads to 

good access TiO2 to be incorporated on the coal 

char surface as a catalyst, which gives rise to 

high catalytic performance, despite the low sur- *  Corresponding Author.  

E-mail: nurhadi1969@yahoo.co.id 

Received: 24th May 2016; Revised: 11st October 2016; Accepted: 18th October 2016 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 12 (1), 2017, 56 

Copyright © 2017, BCREC, ISSN 1978-2993 

face area [3]. Sulfonation of such as coal char 

materials is thus expected to provide a highly 

stable solid with a high density of active sites, 

allowing high performance of catalysts [4]. In 

order to increase the stability of mesoporous 

material, alkyl silylation is employed to pro-

duce highly hydrophobic materials, and to in-

crease the catalytic activity of Ti modified cata-

lyst in epoxidation alkenes using H2O2 as oxi-

dant agent [5]. The alkylsilyl groups served as 

a template to prevent irreversible adsorption of 

reactant and keep the active site free from the 

self poisoning [6].  

Prompted by this several factors of improv-

ing coal char as a catalyst, we have examined 

surface modification of coal char by sulfonation, 

impregnation TiO2 and continued with func-

tionalization of silane coupling agent. We found 

that surface alkyl silylation of sulfonated coal 

char that impregnated TiO2 exert a promoting 

effect in the oxidation of styrene.  

 

2. Materials and Method  

2.1. Raw materials    

The parent coal from Batuah, Loa jannan, 

Kutai Kartanegara East Kalimantan, Indone-

sia has been used as raw material. Based on 

previous research, the coal ranking was deter-

mined as low rank coal from the proximate and 

ultimate analysis [7].   

 

2.2. Catalyst preparation     

The coal (200 mesh) was pyrolyzed in a flu-

idized bed unit under the nitrogen atmosphere 

by using gas flow rate 100 cc/min, at 600 °C for 

2 h, and by heating rate 5 °C/min. The coal 

char obtained in this pyrolysis was labeled as 

CC-600(2.0).  

The sulfonation process to the CC-600(2.0) 

was carried out by adding 12 mL of 98 % sulfu-

ric acid (JT Beker) per gram of coal. The mix-

ture was stirred and heated in an oil bath at 90 

°C for 12 h. The solid product was washed with 

warm distilled water at 80 °C to remove sulfate 

ions, and it was dried at 110 °C for overnight. 

Coal char which was sulfonated indicating as 

sulfonated coal char (SO3H/CC-600(2.0)). Fur-

thermore, titanium tetra-isopropoxide (97 %, 

Aldrich) which contained the molar amount of 

titanium(IV) ion (500 µmol g-1) in toluene was 

impregnated into SO3H/CC-600(2.0) by vigor-

ous stirring at room temperature until toluene 

completely evaporated. Subsequently, the solid 

was washed with ethanol to remove toluene 

and dried at 110 °C. The catalyst that obtained 

was signed Ti-SO3H/CC-600(2.0).  

For the alkylsilylation process, 95%            

n - o c t a d e c y l t r i c h l o r o s i l a n e  ( O T S , 

CH3(CH2)17SiCl3, Merck) was used. The 1 g of 

Ti-(SO3H/CC-600(2.0) catalyst was mixed in 10 

ml of toluene solution containing 500 µmol of 

OTS, shaking for 5 minutes at room tempera-

ture. The mixture was centrifuged to remove 

unreacted OTS and washed with ethanol for 3 

times. The solid catalyst was dried at 110 °C 

for overnight. The catalyst was labeled as o-Ti-

(SO3H/CC-600(2.0). A complete list of the codes 

and treatments used in this research can be 

seen in Table 1.   

 

2.3. Samples characterization     

All catalysts were characterized by using 

the Infrared (IR), X-ray diffraction (XRD), Ni-

trogen adsorption-desorption, Scanning elec-

tron microscopy (SEM) and Hydrophobicity. IR 

spectra of the catalysts were recorded on a 

Perkin Elmer Fourier transform infrared 

(FTIR) spectrometer, with a spectral resolution 

of 2 cm−1, scans 10 s, at temperature 20 °C. The 

XRD patterns were collected with a Bruker 

AXS Advance D8 difractometer using Cu Kα ra-

diation (λ = 1.5405 Å, 40 kV and 40 mA). The 

surface area of the catalysts was determined by 

using a Micromeritics ASAP 2020 V4.00 sur-

face area analyzer by nitrogen adsorption at 77 

K. The pore size distribution was evaluated us-

ing the Barrett-Joyner-Halenda (BJH) model. 

Scanning electron microscopy, photographs, 

and elemental analysis in the solid particles 

were obtained by using JEOL JSM-6390LV in-

strument with an accelerating voltage of 15 kV.  

The hydrophobicity was calculated based on 

the amount adsorbed water in the catalysts. 

Determination of hydrophobicity followed pro-

cedure described by Nurhadi et al. [8].  

 

2.4. Catalytic test      

The catalytic tests were carried out by oxi-

dizing styrene using 30% aqueous H2O2 as oxi-

Samples 
Type of  

treatment 

Time of   

sulfonation (h) 

Temperature  

of pyrolysis 

Time of pyrolysis 

(h) 

Ti-SO3H/CC-600 (2.0) 

o-Ti-SO3H/CC-600 (2.0) 

Sulfonation 

Sulfonation  

12 

12 

600 

600 

2.0 

2.0 

Table 1. Codes and treatments done to the samples 
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dant. The catalytic tests were carried out ac-

cording to the modification procedure reported 

previously [9]. All reactions were carried out at 

room temperature for 20 h under stirring with 

styrene (5 mmol), 30 % aqueous H2O2 (5 mmol), 

acetonitrile (4.5 ml), and catalyst (50 mg). The 

products of the reaction were analyzed by GC-

2014 Shimadzu-gas chromatograph.  

 

3. Results and Discussion 

3.1. Physical properties            

Figure 1 shows the XRD pattern of coal 

char, Ti-SO3H/CC-600(2.0) and o-Ti-SO3H/CC-

600(2.0). Based on JSPDF number 00-026-

1079, both of the catalysts show peaks at 2θ = 

26.6o, 43.5o, and 46.3o which are assigned to 

turbostratic graphite structure. All patterns 

also possess the crystalline structure at 26.5o 

which is attributed to quartz [10,11]. The XRD 

pattern of o-Ti-SO3H/CC-600(2.0) exhibits dif-

ferent broad peak at 2θ range 10°-20° which is 

assigned to amorphous silica that attaches on 

the surface of Ti-SO3H/CC-600(2.0) catalyst af-

ter alkyl silylation process. 

The FTIR spectra for Ti-SO3H/CC-600(2.0) 

and o-Ti-SO3H/CC-600(2.0) are shown in Fig-

ure 2. The FTIR spectra of both samples show a 

broad band at around 3416 cm–1  which were at-

tributed to the O-H stretching mode of the        

–COOH and phenolic OH groups [12]. The in-

tensity of OH groups increased after the long 

carbon chains of alkylsilyl groups attached on 

Ti-SO3H/CC-600(2.0) surface. From the appear-

ance of peaks at around 2912 and 2844 cm–1 

shown in Figure 2 (o-Ti-SO3H/CC-600(2.0)) 

that assigned to symmetric and asymmetric 

stretching mode of the C–H sp3 groups and cor-

related the peak at 1462  cm–1 was attributed 

as bending mode of C–H as the evident the 

long carbon chains of alkylsilyl groups have at-

tached on the Ti-SO3H/CC-600(2.0) surface 

[13]. The peak at around 1619 cm–1 correlated 

to bending mode of the aromatic-like C=C 

stretching mode in polyaromatics and graphite-

like materials. The peak at around 1088 cm–1 

was attributed to the asymmetric stretching of 

Si–O–Si groups. The symmetric stretching 

modes of Si–O–Si groups are investigated at 

around 789 cm–1. The peak intensity that 

shows the existence framework silica at around 

1088 and 789 cm–1 (Figure 2 (o-Ti-SO3H/CC-

600(2.0))) increase and this an evident that the 

silica from OTS has attached on Ti-SO3H/CC-

600(2.0) surface. The weak peak at around 

1034 cm–1 shown in Figure 2 (Ti-SO3H/CC-

600(2.0)) and the peak at around 571 cm–1 are 

assigned the presence S=O symmetric stretch-

ing mode and the SO2 deformation frequency 

that indicate the presence –SO3H groups at-

tachment on the surface [14]. The existence of 

framework titanium was characterized by an 

adsorption band in the 900-975 cm–1 but both 

spectra as shown in Figure 2 were not detected 

and only a peak at around 462 cm–1 was attrib-

uted to the symmetric O–Ti–O stretching that 

caused the vibration of Ti–O bond. 

The effects of the presence of n-

octadecyltriclorosilane (OTS) on the surface 

area and porous structure of Ti-SO3H/CC-

600(2.0) were determined by the analysis of Ni-

trogen adsorption-desorption isotherms. Figure 
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Figure 1. XRD pattern of Ti-SO3H/CC-600(2.0) 

and o-Ti-SO3H/CC-600(2.0) 

Figure 2. FTIR spectra of Ti-SO3H/CC-

600(2.0) and o-Ti-SO3H/CC-600(2.0).   
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3 shows nitrogen adsorption-desorption iso-

therms and pore size distributions of              

Ti-SO3H/CC-600(2.0) and o-Ti-SO3H/CC-

600(2.0). Both isotherms were of Type IV in the 

IUPAC classifications, which are a typical iso-

therm for mesoporous materials. The isotherms 

exhibited that clear hysteresis loops in the rela-

tive pressure range ~0.14-1.0 (Ti-SO3H/CC-

600(2.0)) and ~0.45-0.99 (o-Ti-SO3H/CC-

600(2.0)). The pore size distribution indicates 

the presence of uniform mesopores ~79 Å (Ti-

SO3H/CC-600(2.0)) and ~135 Å (o-Ti-SO3H/CC-

600(2.0)). After Ti-SO3H/CC-600(2.0) was modi-

fied with OTS, the BET surface area, total pore 

volume and mean pore sizes of o-Ti-SO3H/CC-

600(2.0) decrease as shown in Table 2. This de-

crease was due to the OTS that probably coated 

the Ti-SO3H/CC-600(2.0) surface in the form of 

a monolayer. The molecular length of OTS 

around 2.6 nm [15,16] meanwhile the average 

pore of Ti-SO3H/CC-600(2.0) is 19.7 nm, where 

it would be easy for OTS to react with the ex-

ternal and internal pore surfaces. The result 

shows that o-Ti-SO3H/CC-600(2.0) possesses 

hydrophobic external and internal surfaces. 

The long carbon chains from OTS that dis-

persed on Ti-SO3H/CC-600(2.0) surface lead to 

a decrease in the BET surface area, total pore 

volume and mean pore sizes. It is because the 

size of OTS less than the average pore size of 

Ti-SO3H/CC-600(2.0), OTS probably will block 

the pore of Ti-SO3H/CC-600(2.0) which size is 

smaller than 2.6 nm and OTS also will fill in 

the larger pores of Ti-SO3H/CC-600(2.0), the 

average pore volume of o-Ti-SO3H/CC-600(2.0) 

smaller than that of Ti-SO3H/CC-600(2.0).  

Figure 4 shows SEM images of Ti-SO3H/CC-

600(2.0) and o-Ti-SO3H/CC-600(2.0). Both of 

the samples reveal different surface morpholo-

gies. The small agglomerations of titanium ap-

pear on Ti-SO3H/CC-600(2.0) surface, and it 

becomes big after underwent alkyl silylation.  

Figure 5 shows the percentage of adsorbed 

water of Ti-SO3H/CC-600(2.0) and o-Ti-

SO3H/CC-600(2.0). The percentage of adsorbed 

water of Ti-SO3H/CC-600(2.0) was significantly 

higher than o-Ti-SO3H/CC-600(2.0). Appar-

ently, the titanium impregnation leads to the 

changes in oxygen functional groups as titanyl 

Table 2. Physical properties of catalysts      
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Samples 
BET surface 

area 

Pore Volume 

(cm3/g) 

Mean 

pore size 

Average hydro-

phobicity (%wt) 

Ti-SO3HCC600 (2.0) 

o-Ti-SO3HCC600 (2.0) 

12.86 

3.59 

0.042 

0.018 

19.71 

17.80 

5.22 

5.09 
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Figure 4. SEM images of Ti-SO3H/CC-600(2.0) 

and o-Ti-SO3H/CC-600(2.0) 
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(Ti=O) and titanol (Ti–OH) groups on 

SO3H/CC-600(2.0) surface, that it  increases 

the interaction with H2O. Alkyl silylation to Ti-

SO3H/CC-600(2.0) causes alkylsilyl groups 

should be attached and covered with the exter-

nal and internal surfaces of Ti-SO3H/CC-

600(2.0) that it can prevent and decrease the 

interaction with H2O.   

 

3.2. Catalytic activity     

Figure 6 shows a histogram of yields of 

products from styrene oxidation catalyzed by 

Ti-SO3H/CC-600(2.0) and o-Ti-SO3H/CC-

600(2.0). The product yields of styrene oxida-

tion using H2O2 as an oxidant were benzalde-

hyde, phenyl acetaldehyde, and styrene oxide. 

It is observed that the yield of benzaldehyde 

was 0.558 mmol at room temperature for 20 h 

with Ti-SO3H/CC-600(2.0) catalyst, and the 

yield decreased when o-Ti-SO3H/CC-600(2.0) 

was used as the catalyst, indicating that        

Ti-SO3H/CC-600(2.0) has lower catalytic activi-

ties in this reaction. The yield of phenyl acetal-

dehyde from both catalysts almost undetected 

due to the amount of the product was terribly 

small. The yield of styrene oxide of Ti-

SO3H/CC-600(2.0) was two-fold increase when 

o-Ti-SO3H/CC-600(2.0) was used as a catalyst. 

The high yield of benzaldehyde has led it to 

act as a dominant product in styrene oxidation 

after alkyl silylation can be explained on the 

basis of an increase in the hydrophobicity of o-

Ti-SO3H/CC-600(2.0) catalyst. When the sty-

rene and H2O2 as the substrates make interac-

tion with titanium(IV) as the active sites, H2O2 

releases H2O as the side product. The hydro-

phobic long carbon chains of alkylsilyl groups 

can prevent the H2O from interacting with tita-

nium(IV) active sites, hence it has not been poi-

soned and deactivated by H2O, and conse-

quently the catalytic activity has increased. 

In order to investigate the capability to be 

reused and stability of the Ti-SO3H/CC-

600(2.0) and o-Ti-SO3H/CC-600(2.0), both cata-

lysts were recovered and recycled for further 

reaction. After each use, both catalysts were 

recycled by washing with ethanol and centrifu-

gation thrice and drying at 110 °C in a vacuum 

oven for overnight. The yield of benzaldehyde 

was used as basis to compare both catalysts. As 

shown in Figure 7, it can be seen that the o-Ti-

SO3H/CC-600(2.0) catalyst, the activity was 

higher and more stable after three reaction cy-

cles than Ti-SO3H/CC-600(2.0) catalyst and the 

decrease of the yield of benzaldehyde from the 

first reaction cycle to second and third reaction 

cycle was 0.643 mmol to 0.520 mmol and 0.363 

mmol, accordingly. Different from the o-Ti-

SO3H/CC-600(2.0) catalyst, Ti-SO3H/CC-

600(2.0) catalyst showed the yield of benzalde-

hyde was drastically decreased from 0.558 

mmol to 0.223 mmol and 0.132 mmol, accor-
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dingly. Based on catalytic activity for styrene 

oxidation with H2O2 as oxidant, after three cy-

cles of reaction and wash, it is predicted that 

around 50% of the o-Ti-SO3H/CC-600(2.0) and 

20% of Ti-SO3H/CC-600(2.0) catalytic sites of 

freshly catalysts should remain on the catalyst 

under the reaction conditions used in this 

study. The explanation that might be used is 

the physical loss of some catalyst powder dur-

ing the recycle process. During the washing 

step of o-Ti-SO3H/CC-600(2.0), the presence of 

alkylsilyl groups that covered titanium(IV) ac-

tive sites, it can prevent the leaching and dis-

solving of titanium(IV) active sites into ethanol 

solvent. On the contrary, for Ti-SO3H/CC-

600(2.0), the leaching was unavoidable because 

titanium(IV) active sites have direct interaction 

with the ethanol solvent during the washing 

steps.  

  

4. Conclusions 

The results explained above describe that 

Ti-SO3H/CC-600(2.0) and o-Ti-SO3H/CC-

600(2.0) were successfully created, their prop-

erties exist due to the presence of titanium(IV) 

active sites on their surface. Various charac-

terizations of Ti-SO3H/CC-600(2.0) and o-Ti-

SO3H/CC-600(2.0) samples showed that, both 

samples were amorphous, mesoporous, and at-

tachment of the long carbon chain of alkylsilyl 

groups on Ti-SO3H/CC-600(2.0) surface can in-

crease the hydrophobicity. The catalytic per-

formance of o-Ti-SO3H/CC-600(2.0) showed the 

increase due to effect of alkyl silylation process 

of Ti-SO3H/CC-600(2.0). The catalytic activity 

in styrene oxidation with aqueous hydrogen 

peroxide as an oxidant of o-Ti-SO3H/CC-

600(2.0) was higher than Ti-SO3H/CC-600(2.0). 

The increment of catalytic activity of o-Ti-

SO3H/CC-600(2.0) can be considered as the in-

fluence of its hydrophobicity. 
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