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INTRODUCTION

In previous years, numerous catalysts and catalytic proce-
sses have been developed and studied. However, many opportu-
nities are available for development of new catalytic materials
and processes. One challenge that can be focussed on is deve-
loping a solid acid catalyst that can be a mixed oxide mont-
morillonite clay nanocomposite. Nanocomposite clays with
colloidal particles, for example, SiO2-Fe2O3 [1,2], SiO2-ZrO2

[3-5], SiO2-TiO2 [6] and SiO2-Al2O3 [7] have been developed.
Generally, montmorillonite modification leads to high specific
surface area, controllable pore size and thermally stable pillared
clay.

Several researchers have used montmorillonite K10 (Mt-
K10) and its modified compound as a solid acid catalyst in
different organic reactions [2,8-10]. Catalysts are ecofriendly,
non-corrosive, effectively work at intermediate temperatures
and can replace conventional acid catalysts for converting
reactants into a number of products.

In our earlier study, we proposed a novel method for synthe-
sizing a solid acid catalyst [4]. We investigated how microwave
radiation affects the synthesis and physico-chemical charater-
istics of silica-zirconia Mt-K10 nanocomposite [4]. For prep-
aring the catalyst, silica-zirconia sol was intercalated into the
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interlayer of montmorillonite clay and then calcinated using
microwave irradiation [4].

In this study, montmorillonite K10 (Mt-K10) was chemi-
cally modified using mixed silica-zirconia and the parent
products were compared with the final product for acidity,
porosity, catalytic activity and thermal properties. Using EDX,
their chemical properties were identified. Furthermore, by using
ammonia-gravimetric and TGA/DTA analysis, FTIR and XRD,
their acidity and thermal stability were studied. Additionally,
porosity and catalytic activity were studied using N2 gas adsor-
ption and lauric acid esterification, respectively.

EXPERIMENTAL

Montmorillonite K10 (Mt-K10) was obtained from Fluka
(Chemica), tetraethyl orthosilicate (TEOS), ZrOCl2·8H2O,
ethanol, NaOH, ammonium vapor, lauric acid, methanol and
n-hexane were used as received.

X-ray diffraction patterns of the catalyst were recorded
on the XRD-6000 Shimadzu. N2 adsorption-desorption isotherms
were measured at liquid nitrogen temperature with a gas sorption
analyzer (Quantachrome, NOVA 11000). FTIR spectra were
performed on a PC 8201 infrared spectrophotometer (Shimadzu
Corporation, Japan). TGA/DTA curves were recorded on the
Perkin Elmer TG/DTA EN 55011.



General preparation of silica-zirconia/Mt-K10: With
the reported procedures, silica-zirconia/Mt-K10 was synthe-
sized and characterised [4]. First, sol silica was prepared by
mixing 41.6 g tetraethyl orthosilicate (TEOS), 10 mL HCl (2 M)
and 12 mL ethanol for 2 h at room temperature. Subsequently,
sol silica was mixed with 0.2 mol/L ZrOCl2·8H2O at a molar
ratio of Si:Zr of 10:1. The pH of the mixture was maintained
at approximately 1.5 through titration with 0.2 mol/L NaOH.
The solution was allowed to stand at room temperature for 1 h
and then mixed with Mt-K10 at 1% w/v (CEC = 4.36 × 10-4

meq/g) at a molar ratio Si:Zr:CEC = 50:5:1. The mixture was
stirred for 20 h at room temperature. The product was centri-
fuged and washed with ethanol:water 1:1 volume ratio and then
dried at room temperature. The dried sample was microwaved
at 700 W power. The product had catalytic properties and was
named SZMK.

Characterization of acidity, porosity and thermal stability
of catalysts: The total surface acidity of solid catalysts was
determined by allowing ammonium adsorption followed by
FTIR measurements. The sample was placed in a desicator
and evacuated using a vacuum pump for 1 h before ammonium
vapour exposure for 24 h. Then, the sample was reevacuated
for 1 h at room temperature and analyzed using a PC 8201
infrared spectrophotometer. Furthermore, using the gravimetric
method along with DTA/TGA analysis, total acidity of the
samples was measured.

The sample porosity was determined using N2 gas sorption
analyzer. Before measurement, samples were degassed at 300
ºC for 3 h under reduced atmosphere. Furthermore, all samples
were cooled with liquid nitrogen, leading to the formation of
a single layer of nitrogen molecules on their surface. The specific
surface area, average pore volume, average pore radius and
pore size distribution were determined.

The thermal stability of samples was studied from 300-
500 ºC and further analyzed by using X-ray diffraction (XRD-
6000 Shimadzu).

Catalyst activity: The catalyst was first used in lauric acid
esterification at 20 % (w/w) dosage for refluxing of methanol
and acid mixed in a molar ratio of 20:1 for 12 h. Then, the final
mixture was analyzed using gas chromatography (GC) with an
FID. The catalyst was reused for two cycles of the same reaction.

RESULTS AND DISCUSSION

Formation of silica-zirconia/Mt-K10: In this study,
initially, nanosol SiO2 particles were prepared through the
hydrolysis of TEOS. Subsequently, zirconyl chloride octahydrate
(ZrOCl2·8H2O) solution was added to nanosol SiO2. Positively
charged tetrameric ions [Zr4(OH)14(OH2)10]2+ was adsorbed on
the negatively charged SiO2, such that the linkage formed (Zr-
O-Si) was accompanied by a bond dissociation (Zr-O-Zr) in
the Mt-K10 framework. Therefore, positively charged colloidal
SiO2-ZrO2 can be intercalated into aluminosilicate layers through
the ion exchange reaction, producing an intercalation compound
SiO2-ZrO2. After calcination, nanosol particles eventually conv-
erted into nanometer-sized oxide pillars in the interlayer space
of montmorillonite [3,5].

Characterization: The chemical compositions of Mt-K10
and SZMK were determined through elemental analysis using

EDX. The main components of the parent mineral (Mt-K10)
and catalyst (SZMK) were O, Si, and Al. The Na content of the
parent minerals indicates that it was sodium montmorillonite.
In SZMK, no sodium was found, but Zr was detected, which
indicated that cation exchange had occurred. Using EDX, silica
(SiO2) and zirconia (ZrO2) were estimated at a 51.64 and 6.53
mass %, respectively (Fig. 1).
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Fig. 1. EDX spectra of SZMK

Fig. 2 shows a series of XRD patterns of Mt-K10 and SZMK
after heat treatment. In general, XRD patterns of all the samples
were virtually unchanged compared with that of Mt-K10. This
indicates sufficient retention of crystallinity during preparation.
The diffraction obtained with Mt-K10 peaks at 8.79º (001),
17.71º (003), 19.72º (100), 26.56º (005) and 34.89º (105) corres-
ponding to montmorillonite of hexagonal phase, which was
similar to those reported in the literature [3,11]. On calcination
at 700 W, d001 slightly increased and shifted to a lower angle.
This is because of the small quantity of mixed oxides colloidal
particle SiO2/ZrO2 still in the Mt-K10 interlayer of SZMK.

TGA/DTA analysis shows a similar results regarding the
thermal stability (Fig. 3). The basic structure of Mt-K10 was
not reputered by heating, but peak broadening and slight
decrease in diffraction intensity were observed. These were
closely related to decrease in the crystal size of Mt-K10 due
to chemical treatment. Furthermore, stacking disorder among
particles may result in XRD peak broadening [12]. The estimated
sizes of crystallite Mt-K10 and SZMK (perpendicular to the
d001 plane) obtained with Scherrer equation were 34.11 and
21.28 nm, respectively, as reported earlier [13].

TGA/DTA thermograms of Mt-K10 and SZMK after NH3

adsorption in the region 30-900 ºC are shown in Fig. 3. Below
100 ºC, a weight loss was due to physisorbed ammonia loss.
For Mt-K10, more than 10 % weight loss was observed. How-
ever, for SZMK, a weight loss in this temperature region was
less than 10 %. Thus, compared to Mt-K10, ammonia was
adsorbed more strongly to SZMK acid sites, which had more
and stronger acid sites than Mt-K10 due to Lewis acid sites
of Zr metal. Song et al. [14] states that thermal desorption at
elevated temperatures can remove base molecules adsorbed
on the solid surfaces of Brønsted and Lewis acid sites. The
desorption temperature depends on the interaction strength
between the base and surface acid sites.

Physical changes usually result in the endothermic curves
of DTA. For modified montmorillonite, the broad endothermic
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peak between 50 and 450 ºC centered at approximately 230 ºC,
corresponding to the dehydration reaction and acidic proton
loss [15]. An area under the DTA peak of Mt-K10 is slightly
larger than that of SZMK, which is directly proportional to
the heat evolving or flowing into the sample.

For the prepared materials, effect of silica-zirconia on the
total surface acidity was measured using ammonia adsorption,
which was calculated using the gravimetric method followed
by FTIR analysis. Total surface acidity measurements of Mt-
K10 and SZMK were 4.83 and 4.99 mmol/g, respectively. In
this case, prepared material SZMK with microwave radiation
exhibited high total surface acidity.

Fig. 4 presents the FTIR spectra of Mt-K10 and SZMK
after treatment with gaseous ammonia. No major differences
were observed among the spectra, but they were remarkably
different from those obtained before ammonia was adsorbed.
The essential peaks among them are absorption peaks at wave-
numbers 470, 794, 1056, 1396, 1635, 3441 and 3749 cm-1. An
absorption band at wavenumber 3441 cm-1, which was iden-
tified as -OH stretching vibration of water molecules, indicates
that montmorillonite has water absorbing properties. Around
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Fig. 4. FTIR Spectra of Mt-K0 and SZMK after adsorbed ammonia

the -OH bending vibration of water molecules, this band was
reinforced with an absorption band at 1635 cm-1 [16].
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Fig. 2. Diffractogram of Mt-K10 (left) and SZMK (right) before and after heating at 300 and 500 °C
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Fig. 3. TGA/DTA curves of Mt-K10 (left) and SZMK (right)
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Stretching vibration of the octahedral Al-OH appears at
3749 cm-1 in Mt-K10 and at 3826 cm-1 in SZMK samples. The
presence of these bands are attributed to the owing of increasing
Si/Al ratio caused by SiO2/ZrO2 oxide inclusion. Increasing the
Si/Al ratio provided a good thermal resistance to pillared mont-
morillonite [16]. The absorption bands at 470 and 794 cm-1

are characteristic of a bending vibration of Si-O-Si. However,
an absorption band at 1056 cm-1 is an absorption characteristic
of Si-O stretching vibration in the tetrahedral layer. Further-
more, an intense peak at 1396 cm-1 is a characteristic of Brønsted
acidity, whereas this peak does not appear on the samples before
ammonia adsorption.

Qualitatively, the strength of acid sites can be determined
from the absorption peaks in the wavelength range showing
the interaction between the catalyst and ammonia. Ammonia
adsorption on Mt-K10 and SZMK samples leads to a formation
of strongly bound coordinated ammonia, which is evidenced
by strong Brønsted acidity. According to Emeis [17], a number
of Brønsted or Lewis acid is proportional to a band area of the
Brønsted or Lewis peak. A specific area of the peak indicates
that an acidity of Brønsted is equal to 42.812 and 52.248 for
the Mt-K10 and SZMK, respectively. Thus, SZMK has more
acid sites compared with Mt-K10. A mixture of Si-Zr metal
oxides in Mt-K10 interlayer contributed to Lewis acid sites.
Moreover, these data are reinforced by the results of total acidity.
The total acidity increased by 0.16 mmol/g for SZMK. Using
N2 gas adsorption analysis, porosity of the parent and modified
Mt-K10 was studied. The data are shown in Table-1 and Fig. 5.

TABLE-1 
N2 GAS ADSORPTION ANALYSIS 

Sample Specific surface 
area* (m2 g-1) 

Total pore 
volume** (cm-3 g-1) 

Average pore 
radius** (Å) 

Mt-K10 240 2.43 32.92 
SZMK 249 2.69 29.32 

*Determined by the multipoint BET method.  
**Determined using BJH pore analysis. 
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Fig. 5. Pore size distribution of Mt-K10 and SZMK

Nitrogen gas adsorption analysis shows that the specific
surface area and the total pore volume of SZMK increased,
whereas the average pore radius decreased. Theoretically, calci-

nation process enhances the specific surface area parameter
regarding the formation of the metal oxide pillar at the interlayer
space of a montmorillonite [18]. The average decrease in pore
radius was probably related to the sol-gel mechanism during
intercalation. Catalysts with a large specific surface area are
preferred because that increases the rate of mass transfer [18],
thereby increasing the overall rate of chemical reactions. The
small crystallite size (based on XRD data) and the entire pore
surface were associated with a large specific surface area.

Fig. 5 shows the pattern of pore size distribution of the
samples calculated by the BJH method. The pore size distri-
bution of SZMK was slightly different from that of Mt-K10.
This may be due to an increase in the proportion of macropores
when Si-Zr is added to the system. SZMK has a narrow size
distribution and exhibits mesopores. Moreover, SZMK adsorbed
more N2 gas that Mt-K10 did due to its higher total pore volume.

Catalytic activity: Lauric acid was esterified with methanol
by using the catalysts Mt-K10 and SZMK to test their catalytic
activity. Furthermore, an experiment was conducted without
using a catalyst (blank reaction) for comparison. Di Serio et al.
[19] proposed a methyl ester formation step through an esterifi-
cation reaction by using solid acid catalysts. Here, a carbonyl
group of lauric acid adsorbs on the Lewis acid site, and methanol
adsorbs on the basic site of the catalyst to produce carbocation
(step-1). Then, on the catalyst surface, a nucleophilic-attacked
carbocation occurrs at each methanol hydroxyl group (step
2). The nucleophilic attack generates a tetrahedral intermediate.
Finally (step-3), the final product (methyl laurate) was obtained
through the desorption of the hydroxyl group from the catalyst
surface after breaking the -OH bond, whereas deprotonated
catalyst regenerated active species for initiating another catalytic
cycle. After the catalytic cycle was completed, H2O was obtained
as a product of esterification.

The conversion of lauric acid into methyl laurate using
the parent and modified Mt-K10 catalysts was investigated
using GC. The total conversion and product yield were deter-
mined based on a reaction chromatogram calculated as follows:

0 product

0

[Lauric acid] [Lauric acid]
Total conversion (%) 100

[Lauric acid]

−
= ×

%[ML] Weight of product
Methyl laurate (ML) yield (%) 100

Weight of lauric acid

×= ×

Here, [lauric acid]o and [lauric acid]product are lauric acid
concentrations in unreacted and final products, respectively.
The weight of lauric acid is the same as the initial weight of
the reactant. The chromatogram of lauric acid esterification
using modified Mt-K10 catalyst (SZMK) showed that almost
all the lauric acid was converted into methyl laurate (Fig. 6).
Thus, the esterification reaction completed successfully.

Under the conditions applied in this study for the conver-
sion of lauric acid to methyl laurate (Fig. 7), all materials have
catalytic activity. A similar behaviour was reported by Zatta
et al. [20] while developing phosphoric acid-activated clays.
In this case, acid concentration and treatment time were limited
to develop the best catalyst for lauric acid esterification with
methanol. Present results showed that the catalyzed esterification
reaction produced large conversion and product yields comp-
ared with that obtained in the reaction without a catalyst. Further-
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more, esterification with a mixture of Si-Zr metal oxide calcined
by microwave radiation using a modified Mt-K10 catalyst
provides higher results than that obtained using montmorillo-
nite K10 (Mt-K10).

FTIR data supports the differences in these results (Fig.
7). It quantitatively showed that Brønsted acid sites indicated
by the peak at 1396 cm-1 (Fig. 4) have the intensity 23.778,
which is less than the absorption intensity of Mt-K10 by 32.203.
According to Banwell and Mccash [21], more polar the bond,
greater will be the absorption intensity. The decrease in the
absorption intensity of the functional groups of SZMK was
due to reduced polarity of the bonds between its atoms. The
polarity of SZMK is lesser than that of methanol. Consequently,
in reaction, methanol will minimize the interactions with the
pore walls of SZMK, increasing the diffusion rate of active sites.
This allows to speed up the esterification reaction. Moreover,
a large surface area of SZMK (Table-1) provided positive cata-
lytic properties to SZMK itself. The high specific surface area
tends to strongly adsorb the reactants and hinder the adsorption-
desorption mechanism of reactants and products.

Catalyst recovery and reusability: The recovery and
reusability of the catalytic material, silica-zirconia/Mt-K10,
were examined. The catalyst was separated, washed with
n-hexane, dried at room temperature, and exposed to microwave
radiation energy of 200 W for 10 min prior to the catalytic
run. The catalyst reusability in the esterification reaction of
lauric acid with methanol was examined for two cycles with
inconsistent activity and the results are presented in Fig. 8.
The catalytic activity decreased by 15 % on an average due to
the leaching of Lewis or Brønsted acid sites during the esteri-
fication process.
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Conclusion

Present research shows that the chemically modifying
montmorillonite K10 (Mt-K10) using a mixed silica-zirconia
increases the acidity, porosity and thermal stability of the total
surface. Silica-zirconia/Mt-K10 potentially improves the catalytic
activity of lauric acid. Lauric acid can be converted to methyl
laurate by using catalysts exclusively containing Lewis or strong
Brønsted acid sites.
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