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Abstract 

Due to its wide application, synthesizing silica through a cost-effective process becomes an attractive subject to be 

studied today. In this work, mesoporous silica (MS) was prepared from the highly available agricultural waste, 

rice husk ash (RHA), to be used as catalyst in the pyrolysis of -cellulose. Silica was extracted from RHA through 

a reflux process in a strong base solution and arranged into a mesoporous structure by using cetyltrimethylammo-

nium bromide (CTAB). To find a condition that produces a mesoporous support with the highest surface area and 

catalytic activity, the mole ratios of CTAB:SiO2 used during the preparation of MS were varied; 0.05:1; 0.1:1; 0.2:1. 

Afterwards, all prepared MS were characterized using Fourier Transform Infra Red (FTIR), Scanning Electron Mi-

croscope (SEM), and Surface Area Analyzer (SAA). Through he surface area analysis, it was found that MS mate-

rials possessed surface area, pore diameter, and pore volume that range from 600–970 m2.g−1, 3.5–4.7 nm, 0.7–1 

cm3.g−1, respectively. The highest surface area, with over 970.80 m2.g−1, was obtained in MS support prepared by 

using CTAB:SiO2 mole ratio of 0.1:1. SEM images showed a coral reef-like surface morphology for all MS. In the 

pyrolysis of -cellulose evaluated by Py-GCMS, aside from producing biofuel compounds, the use of MS was able to 

generate two-fold furan production, which is considered as a valuable compound in many chemical syntheses. This 

result highlights the potential of MS prepared from RHA to be used as a catalysis support material that is more 

economical for biofuel and other chemical production. 

Copyright © 2021 by Authors, Published by BCREC Group. This is an open access article under the CC BY-SA   

License (https://creativecommons.org/licenses/by-sa/4.0). 
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1. Introduction 

Due to its non-renewable property and envi-
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ronmentally harmful emission, the use of fossil 

fuels as a primary energy source is no longer 

deemed to be desirable [1]. This concern has 

prompted numerous searches for a more feasible 

and sustainable alternative energy over the 

years. Biomass, for instance, is one of the most 
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popularly studied alternative source that ex-

hibits a promising potential with its high avail-

ability, renewability, and environmentally 

friendly nature [2]. Currently, energy produc-

tion from biomass is especially focused on the 

conversion of cellulose, as one of its predomi-

nant compounds, into biofuel [3]. Being the 

most abundant polysaccharide on Earth, utiliz-

ing cellulose for alternative fuel production is 

appealing for the fact that it is cost-effective 

and does not interfere with food production [4]. 

The conversion of cellulose into liquid biofuel is 

mainly done through a thermochemistry pro-

cess called pyrolysis that produces a mixture of 

oxygenated compounds referred as bio-oil [5]. 

However, although producing a cleaner emis-

sion during its combustion, the direct use of 

bio-oil as conventional fuel remains unfavora-

ble because of its corrosive properties, high vis-

cosity, and instability [4]. Therefore, many past 

research were centered on the development of 

catalysis material that can effectively upgrade 

the quality of bio-oil generated during the py-

rolysis of -cellulose. 

Along with catalysts like zeolite and silicon 

aluminate, mesoporous silica (MS) MCM-41 is 

included as materials that showed great results 

in producing high yield of high-quality bio-oil 

during the pyrolysis of -cellulose due to its 

high specific surface area [6]. Former study has 

particularly highlighted the desirable increase 

of furan production as a valuable chemical 

product with the use of MCM-41 catalyst.     

Despite the good catalytic activity, the common 

expensive synthesis process of mesoporous sili-

ca that comes with the need for tetraethyl or-

thosilicate (TEOS) as silica source has put a 

drawback to its wide application. In overcom-

ing this issue, proposing an alternative silica 

source that is low cost and highly available can 

be a very interesting subject to look into. 

Rice husk ash (RHA) is a massively pro-

duced agricultural waste from rice production 

that is known to contain silica with 20–25 wt% 

content [7]. The harmful nature of this waste 

has instigated many efforts to avoid its disposal 

in the environment [8,9]. Based on this consid-

eration, employing the low value RHA waste in 

the preparation of MS catalysis material is 

such an attractive idea that solves both eco-

nomical and environmental problems [10]. 

Through a reaction with base, silica can be suc-

cessfully extracted from natural ingredients as 

sodium silicate [11]. The negatively charged ox-

ygen composing the structure of sodium silicate 

can easily be directed to form a mesoporous 

structure through its active interaction with a 

positively-charged surfactant like cetyltrime-

thylammonium bromide (CTAB) via liquid 

crystal templating (LCT) [12]. The differences 

in silica material and CTAB concentration 

highly affect the character of MS produced 

from the synthesis process. Although these ef-

fects have been thoroughly studied in the prep-

aration of MS from many other silica sources, 

such as: fly ash [13], natural diatomite [14], 

natural zeolite, TEOS [15], bagasse, and rice 

husk, no many research were done on the utili-

zation of RHA. 

Therefore, in this work, the preparation of 

MS as catalyst in the pyrolysis of -cellulose 

was carried out using RHA as silica source and 

CTAB surfactant as structure directing agent. 

Firstly, RHA was dissolved in a strong base so-

lution at a moderate temperature to obtain so-

dium silicate. The product was then mixed in a 

CTAB solution at various concentration to pro-

duce multiple white powder MS catalysts with 

different characters after calcination. Many 

characterization procedures were employed in 

determining the properties that each prepared 

catalysis materials possessed. The effect of 

these properties to the catalytic activity of MS 

is also evaluated in the pyrolysis of -cellulose 

at high temperature. From this work, the use 

of a high performing MS catalyst prepared 

from RHA in the pyrolysis of -cellulose is ex-

pected to provide a cost-effective and environ-

mentally friendly production of high-quality 

bio-oil from a highly available biomass. 

 

2. Materials and Methods 

2.1 Materials 

In this work, the RHA was collected from 

the burning of rice husks in Bogor, West Java. 

Sodium hydroxide p.a. (NaOH, >97%), hydro-

chloric acid (HCl, 37%), and -cellulose were 

purchased from Merck. CTAB (C16H33(CH3) 

3NBr) surfactant was provided by Himedia.  

 

2.2 Methods 

2.2.1 Extraction of sodium silicate 

In the extraction of sodium silicate, 16.6. g 

of rice husk ash was added along with 20 g of 

NaOH to a 200 mL of aqueous solution. They 

were dissolved and reacted at 80 °C in a reflux 

system for 2 h in an accordance to a previously 

published method [10]. The mixture solution 

was then cooled and separated from its solid 

residue through a centrifugation. 

 

2.2.2 Synthesis of mesoporous silica (MS) 

CTAB powder was weighed and dissolved in 

15 mL distilled water under constant stirring 
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for 15 minutes. The solution was then added 

with a dropwise of the previously prepared so-

dium silicate with varying CTAB:SiO2 mole ra-

tio: 0.05:1; 0.1:1; 0.2:1 and stirred to homogene-

ous.  After 30 minutes, the pH of the mixture 

solution was adjusted to 10 using 1 M of HCl 

and stirred for 2 h. Afterwards, the mixture 

was sat at room temperature for 24 h for an ag-

ing process. The white precipitation formed, 

marked as SC (silica+CTAB), was then filtered, 

washed by distilled water, and dried and dried 

at 60 °C overnight. Eventually, SC was cal-

cined at 550 °C for 6 h to remove surfactant 

template and obtain a mesoporous silica (MS) 

[16]. From this process, three MS, labelled as 

MS (0.05:1); MS (0.1:1); MS (0.2:1) were collect-

ed. 

 

2.2.3 Pyrolysis of -cellulose  

In this study, the pyrolysis of -cellulose 

was done at 450 °C using a Py-GCMS with a 

quartz pyrolysis tube [1,17]. The GCMS instru-

ment consists of a capillary column (60 m; 0.25 

mm; 0.25 µm), helium UHP as the carrier gas, 

a split injector ratio of 1:50, and an injector 

temperature of 280 °C. Pyrolysis in the absence 

as well as in the presence of MS are both ob-

served. The mass ratio of MS:-cellulose used 

was 1:10. The samples were put into a sample 

cup in the auto-shot sampler before entering 

the heated zone. The sample cup will automati-

cally fall into the pyrolysis furnace through a 

valve that operates sequentially. 

 

2.2.4 Catalyst characterization 

The functional groups of all MS were char-

acterized by Fourier transform infrared spec-

troscopy (FTIR) (Thermo Scientific) spectra 

recorded in the 4000–400 cm−1 range using the 

KBr pellet method. Nitrogen adsorption-

desorption isotherm of all samples were deter-

mined using a surface area analyzer (SAA) 

(JWGB Meso 112) on mesoporous silica de-

gassed at 300 °C for 3 hours. The data obtained 

from surface area analysis was used to quanti-

fy pore volume as well as specific surface area 

using Brunauer-Emmett-Teller (BET) and Bar-

rett-Joyner-Halenda (BJH) method. The sur-

face morphology of MS was captured using a 

scanning electron microscope (SEM) (ZEISS). 

Meanwhile, the catalytic activity test was eval-

uated using Py-GCMS (SHIMADZU) instru-

ment. 

Figure 1. FTIR spectra (a) silica without CTAB; (b) mesoporous silica (MS) with three variations of 

CTAB: SiO2 ratio mole; (c) spectra of pure CTAB, SC (silica+CTAB) (0.1:1), and mesoporous silica with 

CTAB: SiO2 ratio mole of 0.1:1 (MS 0.1:1). 

(a) 

(b) (c) 
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3. Results and Discussion 

3.1 Effect of Mole Ratio Variations of 

CTAB:SiO2 

The silica without CTAB FTIR spectrum is 

shown in Figure 1(a) that consist of siloxane 

(Si−O−Si) groups reveals at 1067 cm−1 

(stretching asymmetry) and 797 cm−1 

(stretching symmetry), silanol (Si−OH) groups 

at 952 cm−1, and hydroxyl group (−OH) of si-

lanol and water at 3595 cm−1 (stretching). The 

functional groups constructing all MS prepared 

using three different CTAB:SiO2 mole ratio 

were observed with FTIR as shown in Figure 

1(b). All materials displayed the bending, 

asymmetric and symmetric stretching vibration 

band of siloxane (Si−O−Si) at wavenumber 464, 

1242, 1071 cm−1, respectively, as well as the 

symmetric stretching of silanol group at 965 

cm−1. On the other hand, the vibration bands 

appeared at 1636 cm−1 and 3450 cm−1 indicated 

the presence of O−H vibration band from ad-

sorbed water on the surface of MS catalysts 

[10,13,16,18]. Furthermore, a distinction of 

spectrum was found in the vibration of MS be-

fore (SC) and after calcination. Three promi-

nent bands formed by the symmetric and asym-

metric stretching of C−H as well as the stretch-

ing of CN bond at wavenumber 2923, 2850, and 

1477 cm−1, respectively, were not found in the 

spectrum of MS after calcination process. In an 

attempt to explain this data, CTAB spectrum 

was observed to be used as a reference (Figure 

1(c)) [19]. Through comparison, it is obvious 

that the disappearing C−H and CN bond in a 

calcined MS belongs to the structure of surfac-

tant compound that is inevitably decomposed 

at high temperature. The result indicated the 

success of calcination in removing CTAB com-

pound to generate a vacant MS with an availa-

ble active surface site.  

The mesoporous structure of MS can be con-

firmed through its nitrogen adsorption-

desorption isotherm graphs displayed in Figure 

2(a). It is seen that all materials exhibited 

Type IV isotherm model with a clear hysteresis 

loop which, according to IUPAC classification, 

corresponds to the structure of mesoporous ma-

terial. The correlation coefficient for BET sur-

face area is about 0.995. From its low N2 ad-

sorption volume, isotherm graph has also hint-

ed that MS (0.05:1) possessed the lowest sur-

face area among the other catalysts. This was 

evidently confirmed by BET calculation listed 

in Table 1. The surface area of MS reached a 

maximum with the use of 0.1 CTAB ratio be-

fore generating a significant decline in the use 

of a higher surfactant concentration. Similarly, 

(a) (b) 

Figure 2. Mesoporous silica (MS) with three variations of CTAB: SiO2 ratio mole; (a) N2 adsorption-

desorption isotherm and (b) silica pore distribution. 

Sample 
Specific surface area 

(m2/g) 

Average pore diameter 

(nm) 

Total pore volume 

(cm3/g) 

MS (0.05:1) 604.443 4.698 0.710 

MS (0.1:1) 970.802 3.692 0.896 

MS (0.2:1) 907.012 4.368 0.990 

Table 1. Pore properties from N2 adsorption-desorption of mesoporous silica (MS) with three variations 

of CTAB:SiO2 ratio mole. 
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BJH calculation had also shown a gradual in-

crease of pore volume along with the increase 

of CTAB ratio. The increase of surface area and 

pore volume that comes with employing higher 

CTAB concentration is naturally expected as it 

creates a greater amount of template that facil-

itates the formation of more mesoporous struc-

tures. However, the drop of surface area found 

in MS (0.2:1) suggested a less effective mesopo-

rous structure directing process possibly due to 

the presence of excessive CTAB molecules that 

create an undesirable disturbance in the inter-

action between sodium silicate and surfactant. 

Therefore, among the three condition, it is obvi-

ous that 0.1:1 was the most optimum 

CTAB:SiO2 mole ratio to be used in the synthe-

sis of MS from RHA. 

The uniformity of pore size was well por-

trayed in the pore size distribution graph of all 

MS materials as shown in Figure 2(b). As ex-

pected, the narrowest pore distribution curve, 

which suggests the best uniformity, was shown 

by MS prepared in the most optimum condition 

(0.1:1). The high order of MS (0.1:1) prevents 

the formation of larger sized pores in the mate-

rial, which explains the low average pore diam-

eter in comparison to the other MS catalysts. 

The surface morphology of all MS captured by 

SEM (Figure 3), revealed a coral-reefs-like 

structure with irregular and agglomerated par-

ticles that is similar to the material found in 

the study by Arunmetha et al. [20]. 

 

3.2 Pyrolysis of -Cellulose with Mesoporous 

Silica 

In this study, the catalytic activity of MS 

prepared from RHA was evaluated in the py-

rolysis of -cellulose carried out at 450 °C 

(Table 2). Exhibiting the highest surface area, 

MS (0.1:1) was selected as the best catalyst to 

be explored further. To detect a performance 

enhancement and differences, the results ob-

tained from pyrolysis with and without cata-

lyst material were specifically compared. All 

compounds that are composing the pyrolysis 

products were identified using Py-GCMS in or-

der to obtain information of which reaction 

route each pyrolysis underwent. 

Generally, pyrolysis of -cellulose was 

shown to produce bio-oil that is predominantly 

composed by aliphatic hydrocarbon and several 

oxygenated compounds such as levoglucosan, 

furans, acetic acid as well as ketones. The pres-

Figure 3. SEM mesoporous silica (MS) with three variations of CTAB:SiO2 ratio mole; (a) MS (0.05:1); 

(b) MS (0.1:1); (c) MS (0.2:1).  

(a) 

(b) (c) 
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No. Compound Molecular formula 
Concentration (%) 

-Cellulosa MS (0.1:1) 

1. Carbon dioxide CO2 7.63 8.35 

2. Aliphatic hydrocarbon   13.83 6.19 

Butane, 2-methyl- C5H12 4.2 - 

Cyclooctane C8H16 0.8 1.18 

Propane, 2-methyl- C4H10 3.73 5.01 

1-Octene C8H16 4.1 - 

1,1-Dibutoxyethane C10H22O2 1.00 - 

3. Ketones   10.26 10.87 

2-Hexanone C6H12O - - 

5-Hexen-2-one C6H10O 1.22 - 

Cyclopetanone, 2-methyl- C6H10O 2.5 3.38 

Cyclopentanone, 3-methyl- C6 H10O - 1.52 

2-Propanone,1-hydroxyl- C3H6O2 - 1.23 

2-Butanone, 3-methyl- C5H10O 2.58 2.53 

2-Pentanone, 4-methyl- C6H12O - 2.21 

Ethanone, 1-(3-butyloxiranyl)- C8H14O2 1.15 - 

Ethanone, 1-(methylenecyclopropyl) C6H8O - - 

Ethenone C2H2O - - 

2-Pentanone, 4-methyl- C6H12O 2.81 - 

4. Carboxylic acid   3.32 3.34 

Acetic acid, anhydride C4H6O3 3.32 3.34 

5. Furan   6.2 7.22 

2,5-dimethyl -4 -hydroxy-3 (2H)-

furanone 

C6H8O3 1.03 2.98 

2-Furanmethanol C5H6O2 3.02 - 

2(3H)-Furanone, dihydro- C4H6O2 2.15 - 

2-Furancarboxaldehyde, 5-methyl- C6H6O2 - 4.24 

6. Aldehide   3.4 9.75 

Heptanal C7H14O 3.4 6.38 

Octanal C8H16O - 2.03 

Pentanal C5H10O - - 

Butanal, 3-methyl- C5H10O - 1.34 

7. Anhydrous sugars   54.87 46.35 

1,6-anhydro-beta-d-glucopyranose 

(levoglucosan) 

C6H10O5 54.87 46.35 

8 Ester   0.49 - 

Pentanoic acid, 2-hydroxy-3-methyl-, 

methyl ester 

C7H14O3 0.49 - 

9. Alcohol   - 7.94 

3-Buten-1-ol C4H8O - 1.13 

1-Hexanol C6H14O - 5.65 

2-Heptanol C7H16O - 1.16 

  Total   100 100 

Table 2. The  -cellulose product with catalytic and non-catalytic pyrolysis 
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ence of levoglucosan and acetic acid in the 

product implied the occurrence of depolymeri-

zation and deacetylation reactions, respectively 

[4]. However, the difference in the pyrolysis 

performed with and without MS catalyst was 

especially seen in the generation of furan com-

pound that increase in the latter condition 

(Figure 4). According to former study, furan is 

the product obtained from the dehydration of 

sugar [6]. The increase of furan compounds 

found in the liquid product obtained from a cat-

alyzed pyrolysis over MS (0.1:1) highlighted a 

high water adsorption by the catalyst that in-

duces dehydration reaction. Moreover, the 

types of furan present in the liquid product 

were also varied in non- and catalyzed pyroly-

sis of -cellulose. While a non-catalyzed pyroly-

sis produced 3 types of furans (2,5-dimethyl-4-

hydroxy-3(2H)-furanone, 2-Furanmethanol, 

2(3H)-Furanone, dihydro), the catalyzed pro-

cess released 2 types that includes  2,5-

dimethyl-4-hydroxy-3(2H)-furanone and 2-

Furancarboxaldehyde, 5-methyl as an addition. 

Furancarboxaldehyde particularly dominates 

the furan composition in the product of MS-

catalyzed pyrolysis. Furan is a valuable chemi-

cal that can be used as a precursor to synthe-

size many other chemical compounds. There-

fore, its production is considered desirable.  

Overall, pyrolysis over MS catalyst was 

shown to produce higher level of oxygenated 

compounds. This is likely due to the high sur-

face area and porous structure provided by MS 

that leads to the increase of diffusion limits, 

which improves the interactions between reac-

tants and active sites, thus, facilitating macro-

molecular reaction involving large volumes of 

molecules [21,22]. In addition to furan, ketones 

and alcohol are also obtained in a higher num-

ber in the catalyzed pyrolysis. This is in an 

agreement to the study by Chi et al. [6]. The re-

sult is a clear depiction of MS behavior that ac-

tively initiates ring opening of sugar, which is 

also indicated by the 10% decrease of levoglu-

cosan in the product [21]. With high level of fu-

ran, alcohol, and ketones that have such a wild 

application in many fields [23–25], bio-oil ob-

tained from the pyrolysis of cellulose over MS 

has such a high economical value through an 

industrial standpoint.  

As previously mentioned, aside from oxy-

genated compounds, aliphatic hydrocarbons, 

predominantly 2-methylpropane, were also 

produced during the pyrolysis of -cellulose. 

These compounds are highly preferred for fuel 

composition due to its high octane number [4]. 

However, the level of aliphatic hydrocarbon 

compounds found in the bio-oil of MS-catalyzed 

Figure 4. Distribution product of catalytic and non-catalytic pyrolysis  -cellulose. 
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pyrolysis was lower than that obtained in the 

uncatalyzed process (Table 1). The data demon-

strated the low selectivity of MS towards deox-

ygenation reaction that produces hydrocarbon, 

which opens up many research potential for its 

enhancement in the future. 

 

4. Conclusion 

In this work, mesoporous silica (MS) cata-

lyst was prepared from rice husk ash (RHA) 

waste for the pyrolysis of -cellulose at 450 °C. 

It was found that the best MS from RHA, with 

BET surface area, pore diameter, and pore   

volume of 970.802 m2/g; 3.692 nm; 0.896 cm3/g,  

respectively, was obtained in the synthesis    

using 0.1:1 CTAB:SiO2 mole ratio. The bio-oil 

obtained from the pyrolysis of -cellulose with 

and without MS catalyst were shown to differ 

in its composition. The use of MS, for instance, 

enhanced the production of oxygenated com-

pounds, such as furan, alcohol, and ketones, 

that are all valuable due to their wide applica-

tion. It is especially noticed in the furan pro-

duction that increased by two times in the MS-

catalyzed pyrolysis of -cellulose. In contrast to 

oxygenated compounds, hydrocarbon level was 

shown to decrease with the use of MS. The re-

sult indicated the low deoxygenation selectivity 

portrayed by MS catalyst. From this work, a 

cost-effective and environmentally friendly ca-

talysis material from RHA waste was provided 

for the conversion of biomass to produce a valu-

able chemical compounds and an alternative 

fuel. 
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