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Abstract

Solid acid catalyst is a promising alternative to the counterpart homogeneous acid for esterification reaction from
the viewpoint of reusability and environmental concerns. This work aims to develop sulfonated mesoporous silica-
carbon composite as solid acid catalyst for the esterification. The catalyst was synthesized from sodium silicate as
the silica precursor and polyethylene glycol (PEG) as both carbon precursor and template via a sol-gel route in an
aqueous system. Then, it was carbonized to produce mesoporous silica-carbon composite. Using the proposed
method, the surface area of the silica-carbon composite could reach as high as 1074.21 m2/g. Although the surface
area decreased to 614.02 m?/g when it was functionalized with sulfonate groups, the composite had a high ionic ca-
pacity of 5.3 mEq/g and exhibited high catalytic activity for esterification reaction of acetic acid with ethanol. At a
reaction temperature of 80 °C, the acetic acid conversion reached 76.55% in 4 h. In addition, the catalyst had good
reusability, which can be comparable with the commercial catalyst Foltrol F-007. It appears that the sulfonated
silica-carbon composite prepared from sodium silicate using PEG as the carbon source a promising candidate as
catalyst for esterification and the related area.
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1. Introduction reaction mixture and their environmentally un-
friendly characteristics, e.g., toxic and corrosive-
ness to equipment. Solid acid catalyst have
shown promising alternative to the homogene-
ous acid catalyst as indicated by the extensive
studies conducted to develop them [1—4].

Among several classes of material that have
been developed for use as solid acid catalyst,
e.g., ion exchange resin [5], silica-based materi-
als [6,7], carbon-based materials [8—10], and sil-
ica-carbon composites [11-15], mesoporous sili-

Esters are essential chemicals that are com-
monly produced industrially by homogeneous
acid catalyzed esterification reaction between
alcohols and fatty acid. Since esterification is an
equilibrium reaction, the acid catalyst is used to
speed up the reaction and to direct the reaction
path to ester formation. The main drawbacks
encountered with homogeneous acid catalysts
are the difficulties in separating them from the
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alization of carbon materials offer advantages
for its application as solid acid catalyst
[1,14,16,17]. In addition, mesoporous silicas al-
so possess high thermal/mechanical stability
and large pore volumes that provide accessible
diffusion pathway that make it suitable for pro-
cesses involving large molecules. This differs
from carbon-based materials obtained by car-
bonization of carbon precursor through pyroly-
sis or hydrothermal process that mainly con-
sists of microporous domains that limit their
application for large molecules [18]. Although
ordered mesoporous carbons (OMCs) can pro-
vide large pore volumes for such purposes, they
are typically prepared using ordered mesopo-
rous silicas as templates that involves hydro-
fluoric acid for the template removal [9,19,20].

Mesoporous silica-carbon composite is typi-
cally synthesized through a three-step method
[13,21]. The first step is preparation of mesopo-
rous silica framework, such as SBA 15, KIT 6
and MCM 41. The second step is impregnation
of carbon precursor into the silica pores and the
third step is carbonization of carbon precursor
at high temperature under inert atmosphere.
To reduce the preparation step, Valle-Vigén et
al. directly carbonized the surfactant template
to obtain ordered mesoporous silica-carbon
composite [12,22]. However, this method in-
volves a mild surfactant removal that need to
be controlled very carefully to provide high con-
centration of silanol groups to anchor carbon
precursors. Otherwise, homogeneous layer of
carbon coating could not be realized. Yokoi et
al. carbonized surface-alkoxylated silica pro-
duced by esterification of furfuryl alcohol with
the silanol groups on the surface of mesoporous
silica to obtain silica-carbon composite [15].

Previously, we have successfully prepared
silica-polyethylene glycol (PEG) composite
starting from a cheap and non-toxic silicate in
an aqueous system [23,24]. Mesoporous silica
was formed when PEG was removed complete-
ly, either by calcination or solvothermal meth-
od, and it could be functionalized easily with
hygroscopic salt. If the PEG was partially re-
moved and at the same time carbonized by
heating under inert atmosphere, silica-carbon
composite might be produced. Sulfonation of
the carbon layer remaining inside the silica
pores might become a simple way to fabricate
solid acid catalyst with accessible pores.

In the present work, we propose an inexpen-
sive method for producing sulfonated mesopo-
rous silica-carbon composites starting from a
sodium silicate solution using PEG as both a
templating agent and a carbon precursor. The
method involves the formation of a silica-PEG

composite gel through a sol-gel reaction in an
aqueous system. Upon partially PEG removal
and carbonization process of the composite gel,
carbon layer is preserved inside the silica
pores. The silica-carbon composite was then
sulfonated with sulfuric acid to distribute the
sulfonate groups along the porosity. The com-
posites were then used as catalysts in the es-
terification of acetic acid with ethanol.

2. Materials and methods
2.1 Materials

The materials used to prepare mesoporous
silica-carbon composite were industrial grade
sodium silicate solution (water glass; 28% SiOs2,
S102:Na20 = 3.3, provided by PT. PQ Silica In-
donesia) as the silica source and polyethylene
glycol (PEG 1000, reagent grade, Merck) as
both the template and carbon source. Other
chemicals used were hydrochloride acid (HCl
37%, Merck), sodium hydroxide (NaOH,
Merck), and sulfuric acid (H2SO4 98%, Merck).
They were reagent grade and used as received
without further purification. Demineralized
water was used during all synthesis and treat-
ment processes.

2.2 Preparation of Mesoporous Silica-Carbon
Composite

The preparation of mesoporous silica-carbon
composite basically included two steps: (i) prep-
aration of silica-PEG composite and (ii) carbon-
ization. The preparation of mesoporous silica-
PEG composite follows our developed proce-
dure with some modifications [23]. Briefly, 30
mL of sodium silicate solution containing 8.0%
of silica was added to 75 mL of acidic (0.6 M
HC]) PEG (3 g) solution under stirring. The pH
was then adjusted to 4 by adding NaOH solu-
tion under the stirring drop by drop. The mix-
ture was aged at room temperature for 1 h to
form a gel and dried in an oven at 80 °C for 18
h. Then, it was washed with demineralized wa-
ter to remove NaCl byproduct and dried to pro-
duce silica-PEG composite.

To produce silica-carbon composite, the sili-
ca-PEG composite was carbonized to convert
the PEG in the composite into carbon adhering
as thin layer on the surface of the three-
dimensional structure of silica network. The
carbonization was carried out in a tubular fur-
nace under flowing of nitrogen gas. The carbon-
ization temperature was set constant at 450,
550, and 750 °C with a heating time varied
from 1 to 5 h. The heater was then turned off,
and the sample was allowed to cool to room
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temperature to be used as raw material to pro-
duce solid acid catalyst.

2.3 Sulfonation of Silica-Carbon Composite

The as-prepared mesoporous silica-carbon
composite was sulfonated using sulfuric acid
under nitrogen atmosphere. One gram of the
mesoporous silica-carbon composite was dis-
persed in 25 mL 98% sulfuric acid. The mixture
was heated at 150 °C under constant stirring.
The sulfonation time was varied for 5 and 10 h.
After heating, the mixture was allowed to cool
to room temperature and demineralized water
was added to dilute the sulfuric acid. The solid
was filtered from the mixture and washed with
demineralized water to remove residual sulfu-
ric acid. The complete removal was indicated
by the absence of white precipitate in the
wastewater used for washing when BaClz was
added. The solid sample was then dried and
stored for characterization.

2.4 Characterizations

The porosity properties of the samples were
determined by nitrogen adsorption-desorption
at its boiling point using a gas adsorption-
desorption instrument (Nova 1200,
Quantachrome). Prior to the measurements,
the samples were degassed at 150 °C under
flowing of nitrogen gas for 5 h for silica-PEG
samples and at 300 °C for 3 h for other sam-
ples. The specific surface area was calculated
using the multi-point Brunauer-Emmet-Teller
(BET) method at P/Po < 0.3. The total pore vol-
ume was determined at P/Po approaching uni-
ty. The average pore size and pore size distri-
bution was estimated from the desorption pro-
file using the Barrett-Joyner-Halenda (BJH)
model. The morphology and chemical composi-
tion of the sample were determined by a scan-
ning electron microscopy/energy-dispersive X-
ray spectroscopy (SEM-EDX, JET-2300, JEOL).

The ionic capacity of the sulfonated-samples
was determined by acid-base titration method.
The sample was immersed in 25 mL of 1 N
NaOH solution for 48 h to react the sulfonate
group on the sample with NaOH. The solid
sample was filtered, and the filtrate was dilut-
ed and titrated with standardized 0.1 M HCI
solution to determine the remaining NaOH
concentration after immersion. The ionic capac-
ity was then calculated by the number of moles
of NaOH reacted with the sulfonate group di-
vided by the initial mass of sample immersed.

2.5 Esterification of Acetic Acid with Ethanol

The esterification of acetic acid with metha-
nol in the presence of sulfonated-mesoporous
silica-carbon composite was performed in a
three-neck flask under reflux. The reaction
mixture comprised of 40 mL ethanol (99.9%,
p.a., Merck) and 20 mL acetic acid (100%, gla-
cial, Merck) with a catalyst loading of 0.2 g per
20 mL acetic acid. The reaction was carried out
for 4 h under constant stirring with a tempera-
ture varied from 60 to 80 °C. During reaction, 1
mL of aliquots was sampled periodically from
the reaction mixture for analysis. The acetic
acid concentration in the aliquot was quantita-
tively analyzed using a gas chromatography
(GC-model, Shimadzu 2010 series) equipped
with a column (DB-WAX 122-7032, Agilent)
and a flame ionization detector (FID). The col-
umn was operated at 12 °C/min ramp from 35
°C up to 240 °C, kept for 5 min. The carrier gas
was nitrogen with a flow rate of 2.5 mL/min
and the volume of sample injected was 0.5 uL.
The concentration of acetic acid was deter-
mined by external calibration and the reaction
conversion was calculated by:

X, = S =S 100% (1)
A0
where, Cao and Ca are, respectively, the initial
and final concentrations of acetic acid.

3. Results and discussions
3.1 Characteristic of Silica-Carbon Composite

Figure 1 presents the effect of carbonization
time on the specific surface area of silica-
carbon composite at different carbonization
temperatures. The surface area of the silica-
PEG composite before carbonization was ap-
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Figure 1. Effect of carbonization temperature
on the surface area of mesoporous silica-carbon
composites at various carbonization time.
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proximately 760.3 m2/g. The high surface area
of silica-PEG composite may be originated from
the behavior of PEG that tends to induce parti-
cle aggregation, leading to the formation of an
aggregated platelet structure in the silica net-
work [23]. For all carbonization times, the sur-
face area of silica-carbon composite carbonized
at 450 °C was higher than that of the original
silica-PEG composite, which range from 893.3
to 1030.8 m2/g. The surface area tended to de-
crease with an increase in carbonization tem-
perature when the carbonization time was pro-
longed (>1 h). They were even lower than that
of the original silica-PEG composite. On the
other hand, the surface area of silica-carbon
composite carbonized for 1 h tends to increase
with an increase in carbonization temperature,
from 895.6 m%/g at 450 °C to 1074.2 m2/g and
1651.5 m2/g at carbonization temperature of,
respectively, 550 and 750 °C.

The increase in the surface area of silica-
carbon composite with an increase in tempera-
ture at carbonization time of 1 h was followed
by an increase in the pore size and pore volume
(Table 1). For example, the pore size and pore
volume of silica-carbon composite carbonized at
550 °C was 3.43 nm and 0.67 cm3/g, respective-
ly, and they increased to 3.68 nm and 1.52
cm3/g for carbonization temperature of 750 °C.
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Figure 2. Effect of sulfonation time on the sur-
face area of silica-carbon composite sulfonated
at 150 °C under nitrogen atmosphere. The car-
bonization was carried out at a temperature of
550 and 750 °C.

On the contrary, the pore size and pore volume
were relatively independent on temperature
when the carbonization time was longer than 1
h which took the value of approximately 3.0
nm and 0.7 cm3/g, respectively. During carboni-
zation process, the non-carbon elements are re-
leased from PEG, enriching carbon content
through condensation and pyrolysis reactions
[25]. The pyrolysis reactions produce many
pores left by the release of the small, non-
carbon molecules. However, when the carboni-
zation time was prolonged, the condensation
reactions produce many products that may not
easily be released from the pores. These may
be also the reason why the surface area de-
creases with the increase of carbonization time.

3.2 Characteristics of Catalysts

Figure 2 shows the effect of sulfonation time
on the surface area of sulfonated silica-carbon
composites. It can be observed that the surface
area tended to decrease after sulfonation. The
initial surface area of silica carbon composite
carbonized at 550 and 750 °C was approxi-
mately 1074.2 and 1651.5 m2/g, respectively.
The surface area was reduced to 614.02 and
591.88 m2/g for sulfonation temperature of 550
and 750 °C, respectively, at sulfonation time of
5 h, and lower further when the sulfonation
time was prolonged. The surface areas were de-
rived from the N2 adsorption-desorption iso-
therms shown in Figure 3(a). The N2 sorption
isotherms revealed that all porous materials,
i.e. PEG-templated silica, silica-PEG compo-
site, silica-carbon composite, sulfonated silica-
carbon composite, showed type IV isotherm
which correspond to mesoporous structure ac-
cording to TUPAC classifications [23,24]. The
porous silica obtained with PEG template
demonstrated the type H2 of hysteresis that in-
volves a vapor-percolation threshold of the
boundary curve occurring at a relative pres-
sure of approximately 0.42 [24]. On the other
hand, other samples exhibited the type H4 hys-
teresis loop indicating slit-shaped pores exist-
ing in the samples [26]. The pore volume and
pore size also decreased after sulfonation pro-
cess. The pore volume, for example, decreased
from 0.83 cm3/g for silica-carbon composite ob-

Table 1. Effect of carbonization temperature on the pore size and pore volume of silica-carbon compo-

site carbonized for 1 h.

Carbonization temperature (°C)

Pore volume (cm?/g)

Pore size (nm)

450
550
750

0.67 2.98
0.83 3.43
1.52 3.68
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tained at carbonization temperature of 550 °C
to 0.43 cm3/g. As shown in Figure 3(b), alt-
hough the pore sizes decrease after sulfonation,
the pore sizes are still above the lower bounda-
ry of pore size range of mesoporous materials.
The reduction in surface area, pore volume and
pore size of the sulfonated silica-carbon compo-
site as described above suggests that sulfonate
(-SOsH) groups are not only attached on sur-
face of silica-carbon composite but also fill the
pore openings [16].

Figure 4 shows the SEM images showing
the morphology of the silica-PEG composite (a)
and the corresponding silica-carbon composite
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Figure 3. (a) N2 adsorption-desorption iso-
therms at 77 K of the porous silica, silica-PEG
composite, silica-carbon composite and sul-

fonated silica carbon composite. (b) The corre-
sponding pore size distribution of the samples.

carbonized at 550 °C for 1 h (b) and further sul-
fonated with sulfuric acid (c). All particles had
a well-defined spherical shape with smooth
surface of approximately 2.9 pm in diameter
for silica-PEG composite and decreases slightly
to approximately 2.5 um after carbonization.

Figure 4. SEM images and particle size distri-
bution (inset) of silica-PEG composite (a), sili-
ca-carbon composite (b) and sulfonated silica-
carbon composite (c).

Table 2. The composition of silica-PEG, silica-carbon and sulfonated silica-carbon composites.

Composition (wt%)

Element Silica-PEG Silica-carbon Catalyst
C 39.54 34.17 56.89
0 31.74 33.93 92.34
Si 27.62 28.98 19.05
S ) : 0.17
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The elemental composition of the silica-PEG
composite, silica-carbon composite and catalyst
obtained from EDX analysis is shown in Table
2. This shows the existence of other materials
which are evaporated, in this case, including
the reduction of carbon element. An additional
element attached to the catalyst compared to
the previous composite is sulfur, which 1is
0.17% mass. This shows that the sulfonation
process has successfully introduced sulfonate
groups into the silica-carbon composite.

It is expected that silica-carbon composites
having high surface area are beneficial for cata-
lytic reactions. Hence, the silica-carbon compo-
sites produced using the above method that
have high specific surface area were sulfonated
for use as solid acid catalyst. Figure 5 shows
the effect of surface area on the ionic capacity
of the sulfonated silica-carbon composites. The
measurements were carried out in triplicate
and the margins of error of the measurements
were displayed as error bar in the figures. In
general, the ionic capacity increased with in-
creasing the surface area and it could reach ap-

lonic Capacity (mEqg/g)

0 1 1 1 1 L 1 1
300 400 500 600 700 800 900 1000 1100
Surface area (m%g)

Figure 5. The dependence of the ionic capacity
of the sulfonated silica-carbon composite on the
surface area of the samples.
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Figure 6. Effect of carbonization time on prop-

erties of acid catalyst. The carbonization was

carried out at 550 °C and the sulfonation was

at 150 °C for 5 h.

proximately 5.3 mEq/g at high surface area.
This value was comparable to ionic capacity of
the sulfonated carbon aerogel derived from coir
fibers (4.45 mEq/g) and of the commercial
Flotrol F-007 (4.5 mEq/g), a commonly used
catalyst in esterification industries [1].

To conclude, the carbonization time influ-
enced the properties of the composite including
surface area, pore size and pore volume and, in
turn, the ionic capacity of the sulfonated silica-
carbon composites (Figure 6). The surface area,
pore volume and pore size tended to increase
with the increase of carbonization time. The
ionic capacity follows nearly linearly in which
it increased with the increase of the three pa-
rameters. It appears that the properties of sul-
fonated silica-carbon composites can be con-
trolled by adjusting the condition of carboniza-
tion.

3.2 Catalytic Activity of the Sulfonated Silica-
Carbon Composite

Figure 7 shows the effect of temperature on
acetic acid conversion with a molar ratio of ace-
tic acid:ethanol (1:2) using the sulfonated sili-
ca-carbon composite as catalyst. The catalyst
used was the sulfonated silica-carbon compo-
site having the specific surface area of 614.02
m?2/g and the ionic capacity of 5.3 mEq/g. The
acetic acid conversion for both cases tended to
increase with the elapsed time. For the case of
70 °C, the equilibrium conversion could be
reach in a very short time, less than 80 min.
However, the equilibrium conversion was very
low with only 27%. For the case of 80 °C, it

100
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Figure 7. Effect of temperature on acetic acid
conversion with a molar ratio of acetic
acid:ethanol (1:2) using the sulfonated silica-
carbon composite as catalyst. The curves are
the prediction using the elementary pseudo-
homogeneous kinetics model.
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took longer time to reach equilibrium conver-
sion but with a much higher value of conver-
sion that takes a value of approximately 77%.

The above results were analyzed by a sim-
plified kinetic model to determine the kinetic
and the equilibrium constants. It was assumed
that the reaction was pseudo-homogeneous
with a second order elementary reaction that
can be expressed as:

_dc,
dt

=kC,Cy —k,C.Cp,
c.C, 2)
K

e

_rA =

=k {CACB -

where, Ca, Cg, Cc, and Cp are the concentration
of acetic acid, ethanol, ethyl acetate and water,
respectively, k; and k: are the forward and
backward second order rate constants, and K.
is the equilibrium constant of the reaction. The
equilibrium constant is related to the rate con-
stant by:

kl

K= 3)
Since the reaction was carried out with a molar
ratio of acetic acid to ethanol of 1:2 and the
products water and ethyl acetate were assumed
to be absent at the beginning of the reaction, in
term of acetic acid conversion, Equation (3) is
modified as:

dx 1
T;‘ =kC,, [2—3)@ +(1 —?ijJ (4)

where, X4 1s the acetic acid conversion and Cao
is the initial concentration of acetic acid.
Equation (4) was solved numerically using a
4th order Runge-Kutta method in a spreadsheet
Excel by trial-and-error of the k1 and K. values.
The calculated values of k1 and K. are present-
ed in Table 3 and the predicted conversions of
acetic acid are shown in the Figure 7. It can be
observed that the estimated rate and equilibri-
um constants can predict well the conversion of
acetic acid in the heterogeneously catalyzed es-
terification system. The forward rate constant
k1 for the reaction at 80 °C is twofold higher
than that of 60 °C indicating that the esterifi-
cation reaction proceeds faster at higher tem-
perature. Moreover, the equilibrium constant
for esterification at 60 °C is very low, only one

Table 3. Kinetic parameters of reactions.

Temperature
Parameters
60 °C 80 °C
k1 (L.mol-1.min-1) 5.63x10-4 1.16x10-3
K. 4.46x10-2 2.72

sixtieth of the equilibrium constant at 80 °C. It
means that the equilibrium conversion of ester-
ification reaction taking place at 60 °C is very
low.

The reusability of catalyst is important for
any solid catalytic system. Figure 8 shows the
reusability of the sulfonated silica-carbon cata-
lyst used for esterification of acetic acid with
ethanol (molar ratio 1:2) at 80 °C. For compari-
son, the reusability a commercial Flotrol F-007
catalyst for the same reaction is also presented.
The sulfonated silica-carbon catalyst showed a
better catalytic activity in the first cycle com-
pared to Flotrol F-007 catalyst with a conver-
sion of 77% compared to 67.7%. After each cy-
cle, the catalyst was washed with ethanol and
used for the next cycle. The conversion using
the sulfonated silica-carbon catalyst decreased
to 49.5% and 35.9% in, respectively, the second
and third cycles. The Flotrol F-007 catalyst al-
so showed a decrease in the catalytic activity in
the second and third cycle, but it was better
than the sulfonated silica-carbon catalyst. For
Flotrol F-007, the conversion decreased to
65.9% 1in the second cycle and 57.0% in the
third cycle. Thus, the sulfonated silica-carbon
catalyst shows a slightly lower reusability as
compared to Flotrol F-007.

The sulfonated silica-carbon composite used
to evaluate the catalytic activity of esterifica-
tion was the one that had the highest surface
area (614.02 m2/g) and highest ionic capacity
(5.3 mEq/g). The high surface area provide
more sites for the sulfonate groups to be graft-
ed on the surface of the silica-carbon compo-
site. This, in turn, would provide more active
sites for the esterification reaction to take
place. As discussed above, the pore size for all

100
[ catalyst
5555 Flotrol F-007

S D o]
o o o
1 1 |

Conversion of acetic acid (%)
N
e

Cycle number (-)

Figure 8. Reusability of sulfonated silica-
carbon composite and Flotrol F-007 catalysts at
a reaction temperature of 80 °C for 240 min.
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samples are >2 nm, so that the materials can
be categorized as mesopores according to IU-
PAC. In this size range, the pore diffusion re-
sistance may be neglected and the overall ki-
netic reaction is controlled by the surface reac-
tion.

4. Conclusions

Mesoporous silica-carbon composite with
high surface area has been successfully synthe-
sized using sodium silicate as the silica source
and PEG 1000 as both carbon source and pore
template. The use of PEG as both the carbon
source and the template offer advantage over
the two-step method that typically requires im-
pregnation of carbon precursor and carboniza-
tion at high temperature. In this current ap-
proach, the two steps are carried out simulta-
neously that can significantly reduce the syn-
thesis time. In addition, the surface area of the
mesoporous silica-carbon composite could be
controlled by adjusting the amount of PEG. The
mesoporous silica-carbon composite was then
functionalized with sulfonic acid. It is found
that the ionic capacity of the composite is
greatly influenced by the specific surface area
of the composite, where the higher the surface
area is, the higher the ionic capacity is. The ob-
tained sulfonated silica-carbon composite ex-
hibited high activity for catalytic esterification
reaction of acetic acid with ethanol. The activi-
ty is comparable to the commercial catalyst
Foltrol F-007. In addition, the sulfonated silica-
carbon catalyst also demonstrated good reusa-
bility. The high activity, together with good re-
usability, makes the sulfonated silica-carbon
composite prepared from sodium silicate using
PEG as the carbon source a promising candi-
date as catalyst for esterification and the relat-
ed area.
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