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The purpose of this work is to study the synthesis, characterization, and catalytic performance of two types of solid heteropoly
acid catalysts, namely, silicotungstic acid bulk (STAB) and STA-silica sol-gel (STA-SG) compared with sulfuric acid. From the
XPS analyses, there was a significant formation of W-O-Si, W-O-W, and Si-O-Si bonding in STA-SG compared to that in STAB.
The main spectra of O1s (90.74%, 531.5 eV) followed by other O1s peak (9.26%, 532.8 eV) were due to the presence of W-O-W
and W-O-Si bonds, respectively. The STA-SG catalyst was found to be the more environmentally benign solid acid catalyst for
the esterification reaction between oleic acid and glycerol due to its lower toxicity supported by silica via sol-gel technique. In
addition, the ease of separation for STA-SG catalyst was attributed to its insoluble state in the product phase. The esterification
products were then analysed by FTIR and HPLC. Both the H2SO4 and the STAB gave high conversion of 100% and 98% but at a
lower selectivity of GME with 81.6% and 89.9%, respectively. On the contrary, the STA-SG enabled a conversion of 94% but with
a significantly higher GME selectivity of 95%, rendering it the more efficient solid acid catalyst.

1. Introduction

During the recent years, glycerol has been used as combus-
tion materials around the world. The glycerol usage was
expanded into many other high-quality products such as
pharmaceutical, foods, and engine lubricant. To date, glyce-
rol modification into glycerol monoester (GME) as lubrica-
tion materials that was based on the biosources was not really
practised in the industry. The nature of the polar head group
and the structure of the hydrocarbon tail of GME gave the
strong impact as a friction reducer [1].

The GME is synthesized at present by acid catalyzed es-
terification of glycerol and fatty acids [2, 3]. Recently, list of
studies involving alternative heterogeneous catalytic routes
have been reported such as the glycerol esterification with
lauric acid (LA) and oleic acid (OA) by using functionalized
mesoporous materials [4], zeolitic molecular sieves [5, 6],
and solid cationic resins [7, 8] as catalysts. In another work,
the beta-zeolite catalyst gave the conversion of fatty acids

above 20% at optimum condition of glycerol : LA molar ratio
of 1 : 1 at 100◦C for 24 hours [9].

In this work, the usage and activities of the silicotungstic
acid bulk (STAB) and the silicotungstic acid-silica sol-gel
(STA-SG) have been studied. The STAB consists of two mo-
lecular structures, namely, Keggin and Dawson structures
with four protons. The Dawson type STAB is formed by the
combination of two Keggin molecules. The activity and sta-
bility of these catalysts depend on the structure and the type
of the central atom along with the metal [10, 11]. The STAB
is impregnated onto different supports such as polymers and
silica [12] to achieve high surface area and stability in polar
solvents.

2. Experimental

2.1. Synthesis of the Catalyst. The catalyst was prepared
according to Izumi et al [13] methods with some modifica-
tion. In this study, a mixture of water (2.0 mol), 1-butanol
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Figure 1: FTIR spectrum of STAB and STA-SG.

Table 1: BET surface area for STAB and STA-SG catalyst.

Type of catalyst BET surface area (m2/g)

STAB 0.98

STA-SG 460.12

(0.2 mol), and heteropoly acid (5.0 × 10−4 mol) was added
to tetraethyl orthosilicate (0.2 mol) and stirred at 80◦C for 3
hours. Then, the hydrogel obtained was dehydrated slowly at
80◦C for 1.5 hours. The dried gel obtained was extracted in
sohxlet apparatus with methanol as a solvent for 72 hours
and dried for overnight. The heteropoly acid immobilised
silica was dried at 100◦C for 3 hours to use as catalytic mate-
rials and characterized by using BET, FTIR, TEM, and XPS
methods.

2.2. Characterization of the Catalyst. The Brunauer, Emmett
dan Teller (BET) analysis of the STAB and STA-SG catalysts
was applied by using Micromeritics model ASAP 2010 and
the physical nitrogen adsorption was done at liquid nitrogen
temperature of 77 K. The XRD method was performed by
using XRD’s Bruker AXS D8 Advance type with x-ray radia-
tion source of Cu Kα (40 kV, 40 mA) to record the 2θ diffrac-
tion angle from 10◦ to 60◦ at wavelength (λ = 0.154 nm).
TEM analysis was performed by using CM12 transmission
electron microscope Philips type with electron gun at 200 kV.
The X-ray photoelectron spectroscopy (XPS) measurement
of the STAB and STA-SG catalysts were performed on XPS
Axis Ultra from Kratos equipped with monochromatic Al Kα
radiation. The samples were analyzed at the analysis chamber
pressure at about 1×10−10 Pa. The spectra referenced with
respect to C1s line at 284.5 eV.

2.3. Esterification Reaction. The esterification process be-
tween purified glycerol (from the palm oil transesterifica-
tion source) and oleic acid was carried out in the batch
reactor with STAB and STA-SG as the catalysts. The reaction
was performed at 100◦C for 8 hours and connected to the
pump system in order to remove water during the reaction.
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Figure 2: XRD diffractogram of STAB and STA-SG.

The products were then separated from the unreacted reac-
tants through centrifugation and analysed in the HPLC.

3. Results and Discussion

3.1. Physical Surface Analysis (BET). The analyses of BET
showed that STAB has BET surface area of 0.98 m2/g while
STA-SG of 460.11 m2/g as summarized in Table 1. The STA-
SG catalyst gave a relatively higher surface area after sol-gel
technique was applied. This could suggest that STA-SG has
more active sites and high surface area towards higher activ-
ity and yield of GMO.

3.2. FTIR Analysis. The typical FTIR spectrum of STAB ob-
tained at 1100 cm−1 (Si-O-Si), 968 cm−1 (W-Od terminal),
903 cm−1 (W-Ob-W edge shared) and 719 cm−1 (W-Oc-
W) corner shared) corresponded to the primary structure
[SiW12O40]−4 of the catalyst [14] as can be seen in Figure 1.
In the STA-SG catalyst, the Si-O-Si bond detected at
1100 cm−1 was bigger and wider than STAB catalyst. It clearly
demonstrated that Si-O-Si bend with higher composition in
STA-SG affected Si and O from TEOS and that STAB was
chemically bonded with each other.

3.3. Catalysts Crystallinity by XRD. From XRD analysis,
STAB sample generated many peaks which clearly shown that
the sample was formed as crystalline compound. However,
STA-SG obtained by sol-gel technique gave the amorphous
state due to the presence of the silica compounds. From
Figure 2, there was a broader peak shown at 28◦ which was
represented by the Si-O-Si bond as the main component in
STA-SG catalyst. Subsequently, this would lead to a predicted
analysis by XPS that there would be nearly 50% Si-O-Si bond
in STA-SG catalyst.

3.4. Surface Morphology by TEM. From Figures 3(b) and
3(c), TEM analysis has shown the morphology of STA-SG
catalyst. The STAB was assorted in the silica based on TEOS.
The distribution of the catalyst in silica phase was depicted
in Figure 3(b). The STA-SG catalyst was smaller in size in
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Figure 3: TEM micrograph for (a) STAB at 45KX, (b) STA-SG at
35KX, and (c) STA-SG at 45KX.

Table 2: Percentage of mass concentration (%) of C1s, O1s, Si2p
and W4f elements from wide scan analyses for STAB and STA-SG
catalysts.

Type of catalyst C1s O1s Si 2p W 4f

STAB 7.11 23.79 0.48 68.62

STA-SG 2.33 61.19 33.89 2.59

the range of 3.5–5.5 nm compared to STAB in the range of
17–20 nm.

From the analysis, it was noted that the equally shaped
and smaller size of STA-SG particle was parallel to the BET
characterization results that STA-SG has higher surface area
compared to STAB. It was also affected by the additional of
silica based on TEOS as sol gel technique.

3.5. Surface Analysis by XPS. The XPS investigation of bind-
ing energies (BE) and surface composition of silica supported
STAB was investigated in detail. The XPS wide scan spectra of
STAB and STA-SG was shown in Figure 4. The photoelectron
peaks in the XPS spectra for STAB and STA-SG showed the
presences of C1s, O1s, Si2p and W4f as expected. Percentages
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Figure 4: Wide scan for STAB and STA-SG.

of mass concentration for all the elements were summarized
in Table 2.

From Figure 5(a), it was found that the bulk STA has Si2p
binding energy at 102.5 and 103.3 eV, respectively. Mean-
while, the value of Si2p binding energy of STA-SG are 103.0,
103.7, and 104.5 eV (Figure 5(b)), indicating the forma-
tion of W-O-Si, Si-O-Si and SiOH2

+, respectively. The Si2p-
binding energy of 103.7 eV that represented of SiO2 was in
agreement with the binding energy of silica found in the
literature [15–18]. The O1s XPS narrow scan spectrum re-
corded from bulk STA was shown in Figure 6(a) and con-
tained two distinct chemical states of O1s. This showed
that the main (90.74%, 531.5 eV) and intermediate (9.26%,
532.8 eV) were the contributions of the presence of W-O-W
and W-O-Si bonds, respectively [19].

The O1s spectra recorded from sample STA-SG
(Figure 6(b)) was very different from the STAB (Figure 6(a)).
The spectra consisted of the main signal at the 532.9 eV could
be associated with Si-O-Si bond and a much weaker signals
at the 532.1 and 533.7 eV, which might be represented by
W-O-W and adsorbed water, SiOH2

+. The W4f XPS spectra
recorded from bulk STA (Figure 7(a)) composed of the
spin-orbit doublet with binding energies for the W4f7/2 and
W4f5/2 of 36.8 and 39.0 eV, respectively, with ΔBE = 2.13.
These values were typical of the presence of W (VI) [11].
The W4f spectra recorded from STA-SG is less well resolved
than that of STAB (Figure 7(b)).

The W4f XPS also fitted on the basis of two different
W contributions: a spin orbit doublet at 35.5 eV (W4f7/2

component) which accounted for bigger area of the total
spectra and a second doublet at 37.7 eV (W4f5/2 component)
accounting for the remaining area. The major component
has a binding energy which was the same value as the STAB.
The minor component appearing at the lower binding energy
may represent the partial decomposition of STAB on the
silica surface and the formation of an oxide of the type WOx

as WO2 in which W has an oxidation state lower than VI.
Based on other researchers finding [16, 19], we suggest

that there are a few interactions between (H3SiW12O40)—
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Figure 8: Catalytic activity in the esterification reaction (a) reaction
time versus conversion for types of catalysts and (b) AO: glycerol
molar ratio versus selectivity using STA-SG as the catalyst.

with the silanol groups at silica surface to give ion pairs in the
form (≡SiOH2

+) (H3SiW12O40) from the reaction below: ≡
Si-OH + H4SiW12O40 −→ [≡ Si-OH2]+[H3SiW12O40]−.

3.6. Esterification Reaction. The activity of the catalysts was
studied based on the three main parameters, namely, reac-
tion time, OA : glycerol molar ratio, and type of catalysts.
From Figure 8(a), STAB gave a higher conversion of oleic
acid with 98% compared to STA-SG with 96% at 100◦C and
OA : glycerol molar ratio of 6 : 1 for 8 hours. At 9 hours of
the reaction, it was shown that the conversion was reduced
to about 1.5%. This indicated that the backward reaction oc-
curred because of the catalysts inhibition. However, the STA-
SG catalyst gave relatively higher selectivity of the glycerol
monoleate (GMO) and glycerol dioleate (GDO), the byprod-
uct, of 95% and 5%, respectively. It was typically higher than
STAB that gave selectivity to GMO and GDO of 89.9% and
10.1%, respectively.

The reaction temperature of 100◦C was chosen to study
the other parameters on the basis that the higher temperature

would shift the reaction equilibrium to produce more side
products such as GDO and acrolein but at a lower selectivity
of GMO. However, the OA : glycerol molar ratio of 6 : 1
yielded higher selectivity of GMO of up to 95% at 100◦C
for 8 hours as depicted in Figure 8(b), hence the stronger
parameter that promoted towards higher desired product. In
other words, higher molar ratio of OA would increase the
chances for higher GMO production, as the OA is three times
easier to react with the glycerol compound.

4. Conclusion

The synthesized STA-SG catalyst that prepared by sol-gel
technique has the good properties as well as catalytic mate-
rials. The H2SO4 and STAB catalysts gave higher conversion
of 100% and 98% compared to STA-SG of 96%. Even though
there were no significant differences among the three cata-
lysts in terms of the conversion capability, the STA-SG cata-
lyst has an advantage of enabling a higher selectivity of GMO
with 95% compared to 89.9% and 81.6% by using STAB
and H2SO4, respectively. This indicated that the solid heter-
opoly acid type STA-SG has a better catalytic activity and
higher number of active sites that contributed towards higher
selectivity of the main product, namely, glycerol monooleate
(GMO).
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