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Immobilized Catalysts

Ionic Immobilization of Silicotungstic Acid on Amine-
Functionalized Zirconia: A Mesoporous Catalyst for
Esterification of Maleic Acid
Meenakshi Ramalingam,[a] Sundar Manickam,[a] Kutti Rani Srinivasalu,*[a]

Mohammed Bilal Ismail,[a] and Easwaramoorthy Deivanayagam[a]

Abstract: Silicotungstic acid (H4SiW12O40) has been immobil-
ized onto the mesopores of amine-functionalized zirconia by
exploitation of electrostatic interactions. The ionic grafting of
silicotungstic acid was confirmed by XPS, FTIR, UV/Vis-DRS and
TGA analysis. The mesoporosity of the material was confirmed
through N2 adsorption/desorption analysis. The morphology of

Introduction

Polyoxometallates (POMs)/heteropolyacids are nanodimen-
sional anionic clusters based on oxygen and different transition-
metal ions such as V, Nb, Mo and W, with metal-oxygen octahe-
drons as the basic structural units.[1] Polyoxometallates are
highly acidic with multiple-electron redox properties and have
hence attracted much attention as acid and oxidation catalysts
for various reactions.[2–4] Although polyoxometallates are used
as efficient catalysts in various organic reactions, the low sur-
face areas (1–10 m2 g–1) and high solubilities of POMs in polar
solvents often result in poor catalyst/product separation. This
problem can be overcome by heterogenizing the POMs with
appropriate supports, which increases the specific surface area
of the catalyst and hence enhances the catalytic activity.[5] The
heterogenization of polyoxometallates and its applications in
the production of catalysts has been explored extensively.[6–15]

Mesoporous materials such as MCM-41, SBA-15 and zirconia,
with high surface areas, uniform and controllable pore sizes,
and well-ordered packing of pores, have been used as supports
for polyoxometallates.[13,16,17] Impregnation is the simplest and
most convenient method for immobilizing soluble POMs within
the solid supports. The major drawbacks of this method are
uneven distribution of POMs and their leaching during catalytic
reactions.[18,19] A more appropriate method would be to func-
tionalize the support with a silane and then to immobilize
POMs by covalent[20] or noncovalent interactions.[21] This func-
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the material was established by TEM analysis. The immobilized
silicotungstate material was found to be an efficient heteroge-
neous catalyst for selective esterification of maleic acid with
butan-1-ol. A 98 % level of conversion of maleic acid and 82 %
selectivity for dibutyl maleate within 5 h at 95 °C was achieved.
The catalyst could be reused thrice without loss of activity.

tionalization imparts enhanced stability to the immobilized cat-
alytic species.[22]

Zirconia has been used as an excellent catalyst support for
POMs because ZrO2 nanoparticles offer several advantages such
as chemical inertness, high melting point and excellent thermal
stability even under harsh reducing or oxidizing condi-
tions.[23,24] Zirconia-supported polyoxometallates have been in-
vestigated as catalysts for various chemical transformations
such as oxidation of alkenes[25,26] and esterification.[27] The
functionalization of zirconia with different groups has been
widely reported.[28–33] In particular, the structural basicity of
mesoporous zirconia (m-ZrO2)T functionalized with amine
groups resulted in excellent yields of Knoevenegal condensa-
tion products at room temperature under solvent-free condi-
tions, as reported by Parida et al.[32] Similarly, Cu-anchored
amine-functionalized m-ZrO2 was an efficient, reusable catalyst
for aryl–sulfur coupling for the synthesis of value-added diaryl-
sulfides.[33]

The immobilization of polyoxometallates on amine-function-
alized zirconia by exploitation of electrostatic interactions had
not previously been reported. The free-amine-functionalized
zirconia should be protonated by the acidic heteropolyacid
(e.g., H4SiW12O40) protons to form (propyl NH3

+)4 [SiW12O40]4–.
Furthermore, the oxygen atoms of silicotungstic acid should
enter into weak hydrogen bonding with free hydroxy groups of
the zirconia network, thereby increasing the fixation of Keggin
units firmly within the pores. This synergetic effect of strong
electrostatic interactions and weak hydrogen bonding may de-
crease the leaching of [SiW12O40]4– in high-temperature liquid-
phase reactions: esterification, for example.

Esters are important intermediates in the synthesis of fine
chemicals, plasticisers, food preservatives, pharmaceuticals
etc.[18,34,35] Esters are generally produced in industry by use of
mineral acid catalysts such as hydrofluoric acid, sulfuric acid
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etc., which are corrosive and have to be neutralized after the
reaction for disposal.[35,36] The use of ecologically friendly hetero-
geneous solid acid catalysts would be a better alternative for
esterification reactions.[19,27,35,37] Silicotungstic acid (15 wt.-%)
supported on hydrous zirconia has been used as an efficient
and stable solid acid catalyst for the esterification of various
acids with alcohols with 100 % selectivity.[27] The liquid-phase
esterification of acetic acid with butanol in the presence of
phosphotungstic acid supported on ZrO2, SiO2 and carbon was
reported by Sepúlveda et al.[19] H� zeolite was found to be
more active than Al-MCM-41 molecular sieves in the esterifica-
tion of maleic anhydride with methanol.[35] Esterification of mal-
eic anhydride with ethanol over Al-MCM-41 (Si/Al-50, 100) and
H� zeolite resulted in a 95 % yield of diethyl maleate at the end
of the ninth hour.[37]

In this work we aimed at low loading of silicotungstic acid
on amine-functionalized zirconia by exploitation of ionic inter-
actions. The catalytic efficiency of the catalyst in the selective
esterification of maleic acid with butan-1-ol to afford dibutyl
maleate was investigated.

Results and Discussion

Physicochemical Characterization

Amine-functionalized zirconia (denoted as AZrO2) was prepared
by a sol-gel technique at basic pH with use of sodium hydrox-
ide. Hydrolysis and condensation of zirconyl oxychloride
(ZrOCl2) and (3-aminopropyl)triethoxysilane (APTES) in the pres-
ence of ionic surfactant leads to the formation of mesoporous
zirconia functionalized with amine groups. The surfactant-free
amine-functionalized mesoporous zirconia was obtained by
acid treatment of the as-synthesized zirconia. Silicotungstic acid
was immobilized in the mesopores of amine-functionalized zir-
conia (denoted as SW-AZrO2) by exploitation of simple ionic
interaction as represented in Scheme 1. The amount of tung-
sten present in SW-AZrO2 was found to be 34.7 %. Hence, 2.9 %
of the silicotungstic acid had been immobilized in the pores of
the zirconia.

The immobilization of silicotungstic acid and the nature of
its interaction with amine-functionalized zirconia was con-
firmed by X-ray photoelectron spectroscopy and FTIR analysis.
The wide scan of SW-AZrO2 confirmed the presence of W, Si, Zr,
N, C and O (Figure S1 in the Supporting Information).

The binding energy peaks (W 4f7/2, W 4d5/2 and W 4d3/2)
observed at 36.00 eV (Figure 1, a), 248.28 eV (Figure 1, b) and
250.96 eV (Figure 1, b), respectively, were attributed to the +6
oxidation state of tungsten.[38–40] Figure 1 (c) shows the well

Scheme 1. Immobilization of silicotungstic acid on amine-functionalized mesoporous zirconia.
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resolved spin-orbit components for Zr 3d5/2 and Zr 3d3/2 peaks
at 183.25 eV and 185.85 eV, respectively, which further con-
firmed the Zr4+ oxidation state.[33,41,42,43] The presence of two
types of Si (Si–C and Si–O–W) was clearly evident from the
deconvoluted spectra of Si 2p peaks (Figure 1, d). The peaks at
102.41 and 103.01 eV correspond to 2p3/2 and 2p1/2 of Si in the
APTES moiety. Similarly, binding energies of 2p3/2 and 2p1/2 in
the silicotungstate anion were observed at 103.42 and
104.42 eV, respectively.[44] The N 1s signal (Figure 1, e) showed
three constituents at 400.55 eV, 402.17 eV and 402.83 eV, which
corresponded to the presence of amino group, ammonium
(NH3

+) and NO species, respectively.[45] The presence of NH3
+

confirmed the proton exchange between the silicotungstic acid
and the free amine. The exact mechanism for the formation of
NO species under alkaline conditions is not understood. The
presence of free amine might be due to proton exchange be-
tween propylammonium and free surface hydroxy groups on
zirconia. This exchange reaction can happen only under XPS
conditions (high vacuum) through removal of water molecules.
In a catalytic reaction this effect is negligible, due to the pres-
ence of solvent butan-1-ol around the active species. The pres-
ence of the propyl group in the silane moiety was observed in
the narrow-scan spectra of C 1s (Figure S2). The aliphatic carbon
atoms of C–C–H, C–N and C–C=O systems were observed at
285.05, 286.46 and 289.97 eV, respectively.[46] O1s XPS curve
fitting[43] (Figure 1, f ) showed peaks at 529.49 eV and 530.34 eV
attributed to the presence of ZrO2 and Si–O–Zr bonds, respec-
tively. The peaks at 530.99 eV and 532.18 eV were due to the
contributions of W–O–W and W–O–Si bonds, respectively. The
peak at 533.34 eV was assigned to free OH groups present on
the zirconia. The binding energy of carbonyl oxygen is observed
at 531.49 eV. The formation of OH groups on the surface might
be due to partial condensation of Zr–OH groups.

The successful immobilization was further confirmed by the
FTIR spectrum, as shown in (Figure 2). AZrO2 and SW-AZrO2

each showed a broad peak at 3000 cm–1, confirming the pres-
ence of adsorbed water molecules. Alkyl stretching vibrations
of the aminopropyl groups were identified at 2950 cm–1 as a
shoulder on the hydroxy broad peak, whereas amino group
stretching vibrations were overlapped with the broad hydroxy
peaks (not shown). CN stretching was observed at 1379 cm–1

in AZrO2. The N–H bending vibration at 686 cm–1 and a shoul-
der at 1520 cm–1 assigned to the NH2 symmetric bending vibra-
tion confirmed the presence of amine groups on the surfaces
of the zirconia nanoparticles. The peaks at 712 cm–1 and
952 cm–1 corresponded to Zr–O bond and Zr–O–Si bonds.[30]

The asymmetric stretching vibrations of tungsten–oxygen octa-
hedra for pure silicotungstic acid (spectrum not shown) were
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Figure 1. XPS depth profile spectra of SW-AZrO2: (a) W 4f, (b) W 4d, (c) Zr 3d, (d) Si 2p, (e) N 1s, (f ) O 1s. The spectra are normalized to aid visualization.

found as terminal (W–Ot), edge sharing (W–Oe–W) and corner
sharing (W–Oc–W) peaks in the 981 cm–1, 780 cm–1 and
880 cm–1 regions, respectively. The stretching mode of central
SiO4 tetrahedra was observed at 926 cm–1.[14] The immobiliza-
tion of silicotungstic acid in the pores of functionalized zirconia
(SW-AZrO2) was easily identified by the presence of stretching
vibrations of WO6 octahedra and SiO4 tetrahedra. The peak at
912 cm–1 corresponds to the asymmetric stretching of Si–O. The
prominent peak of tungsten octahedra, W–Ot, appeared as a
shoulder at 1024 cm–1, due to overlapping with the Zr–O–Si
band. The other vibrations of tungsten octahedra, edge sharing
(W–Oe–W) and corner sharing (W–Oc–W), were detected at
787 cm–1 and 871 cm–1, respectively.
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N2 adsorption/desorption isotherms of AZrO2 and SW-AZrO2

are as shown in Figure 3 (a and b). Each sample corresponded
to a type-IV isotherm, with a characteristic hysteresis loop con-
firming its mesoporous nature. The BET surface area for AZrO2

was 52.56 m2 g–1 whereas that for SW-AZrO2 was 42.03 m2 g–1.
A considerable decrease in the BET surface area and pore vol-
ume as shown in Table 1 suggested that silicotungstic acid has
been immobilized on the inner surface of the pores. The NLDFT
method was used to calculate the pore size distribution of the
AZrO2 and SW-AZrO2 samples. The inset in Figure 3 (a and b)
shows the pore size distributions of the samples, with pore di-
mensions of 5.6 nm and 4.3 nm for AZrO2 and SW-AZrO2, re-
spectively.
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Figure 2. Combined FTIR spectrum of (a) AZrO2, and (b) SW-AZrO2.

Figure 3. N2 adsorption/desorption isotherms of (a) AZrO2 (inset: pore size
distribution graph), and (b) SW-AZrO2 (inset: pore size distribution graph).

Table 1. Surface properties of silicotungstic acid immobilized on amine-func-
tionalized mesoporous ZrO2.

Sample name Surface area Pore volume Pore diameter
[m2 g–1] [cc g–1]) [nm]

AZrO2 52.56 0.0745 5.6
SW-AZrO2 42.03 0.0611 4.3

Wide-angle X-ray diffraction patterns of AZrO2 and SW-ZrO2

are shown in Figure 4. In AZrO2, no crystalline diffraction peaks
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were observed, as previously reported by Parida et al.[33] A simi-
lar pattern was observed for SW-ZrO2, which indicated the
amorphous nature of the catalyst. Moreover, the crystalline
phases of silicotungstic acid were not observed, mainly due to
the lower loading (2.9 %) and uniform dispersion of the active
species. TEM images of SW-AZrO2 (Figure 5) showed uniform
spherical morphology. The EDX analysis confirmed the immobi-
lization of silicotungstic acid in the pores of the amine-function-
alized zirconia.

Figure 4. PXRD patterns of (a) AZrO2, and (b) SW-AZrO2.

Figure 5. TEM images of SW-AZrO2.

TGA patterns of the prepared samples under air are shown
in Figure 6. AZrO2 showed three distinct regions of weight loss
(Figure 6, a).[33] The weight loss around 100 °C corresponds to
the loss of water adsorbed on the sample. The weight loss ob-
served between 150–250 °C was mainly due to the organic
amine group grafted on the surface of the zirconia. The weight
loss around 600 °C corresponds to the removal of terminal
hydroxy groups bonded on to the surface of the zirconia. The
TGA pattern of SW-AZrO2 showed two distinct regions of
weight loss (Figure 6, b). The weight loss observed in the 300–
600 °C region corresponded to the decomposition of Keggin
[SiW12O40]4– anion. The loss around 700 °C is attributed to the
formation of defective WO3

– anion.[14]
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Figure 6. TGA patterns of (a) AZrO2, and (b) SW-AZrO2.

UV/Vis diffuse reflectance spectra of AZrO2 showed two ab-
sorption bands at 215 and 293 nm due to charge transfer from
oxo anion O– to zirconium cation Zr4+ (Figure S3).[33] In the
spectrum of SW-AZrO2 the second of these peaks had shifted
from 293 nm to 253 nm, indicating the electrostatic interaction
and subsequent immobilization of Keggin anion [SiW12O40]4– to
the pores of AZrO2.

Catalytic Esterification

The catalytic activity of SW-AZrO2 was evaluated for the liquid-
phase esterification of maleic acid with butan-1-ol at 95 °C
(Scheme 2). The products monobutyl maleate (MBM) and di-
butyl maleate (DBM) were identified by GC–MS (Figures S4 and
S5). The electrostatic interaction between silicotungstate anion
and propylammonium cation, as evidenced from XPS analysis,
generates a hydrophilic environment in the pores of the zirco-
nia. This hydrophilic environment allows the easy diffusion of
polar starting materials (maleic acid and butan-1-ol) into the
pores and also allows easy separation of DBM (i.e., a hydropho-
bic product) as soon as it is formed. The reaction conditions,
such as catalyst weight, butan-1-ol/maleic acid feed ratio and
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temperature, were varied to optimize the selectivity in favour
of dibutyl maleate.

Scheme 2. Esterification of maleic acid catalysed by SW-AZrO2.

To investigate the effect of catalyst concentration, the reac-
tion was performed with an increase in the weight of catalyst
present, from 50 to 150 mg. Initially, the selectivity was strongly
in favour of MBM, but as the reaction proceeded the percent-
age decreased considerably, as shown in Figure 7. This is mainly
because MBM is retained in the pores due to its amphiphilic
nature and further reacts with butan-1-ol to give DBM. An in-
crease in the weight of catalyst present increased the percent-
age selectivity with respect to DBM (Figure 8), and equilibrium
was attained due to the simultaneous accumulation of water
molecules in the hydrophilic sites of the catalyst. The formation
of dibutyl fumarate was also observed, but always with <6 %
selectivity. The degrees of conversion of maleic acid and the
selectivity in favour of dibutyl maleate after 5 h were similar for
125 mg and 150 mg of catalyst. Hence, the optimum catalyst
concentration was concluded to be 125 mg. High levels of con-
version and selectivity in favour of dibutyl maleate were at-
tained in shorter reaction times (i.e., 5 h) with SW-ZrO2 as cata-
lyst than with other solid acid catalysts, which exhibited similar
results only after 9 h.[35,37]

Figure 7. Effect of catalyst on MBM selectivity.

The feed ratio of butan-1-ol to maleic acid was varied from
10.95 mmol to 43.71 mmol. As expected, the level of conversion
and the selectivity in favour of DBM decreased when the feed
ratio of butan-1-ol to maleic acid was increased. The poorer
accessibility of maleic acid to the hydrophilic sites is mainly due
to the presence of excess butan-1-ol. The changes in the DBM
product selectivity are as shown in Figure 9. A low feed ratio
increased the selectivity in favour of DBM, but the reaction pro-
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Figure 8. Effect of catalyst on DBM selectivity.

ceeded in a solvent-free manner rather than in a liquid-phase
process. After 5 h, the attainment of maximum selectivity in
favour of DBM was achieved when a feed ratio of 21.85 mmol
was used, and hence this was concluded to be the optimum
condition for the esterification.

Figure 9. Effect of feed ratio on DBM selectivity.

The esterification was studied at three different tempera-
tures: 85, 95 and 120 °C. High selectivity in favour of dibutyl
maleate was observed with an increase in temperature (Fig-
ure 10). Although better conversion and selectivity were ob-
served at 120 °C, the optimum temperature was chosen as
95 °C, because a higher temperature would result in leaching
of the active species.
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Figure 10. Effect of temperature on conversion and DBM selectivity.

DBM Selectivity

Under the optimum conditions, the effects of various forms of
active species on maleic acid esterification were examined. The
degrees of conversion and the selectivity in favour of DBM are
tabulated in Table 2. Firstly, use of the active species of the
catalyst (i.e., silicotungstic acid itself ) resulted in >98 % conver-
sion and >98 % selectivity in favour of dibutyl maleate with no
isomerization. The better conversion and selectivity is achieved
because silicotungstic acid possesses higher specific activity per
unit proton than conventional acid catalysts. Complete catalyst
recovery could not be achieved, due to the high solubility of
silicotungstic acid in polar solvents. The exchange of protons
with excess tetrabutylammonium ions resulted in tetrakis(tetra-
butylammonium) silicotungstate catalyst. Use of this heteroge-
neous catalyst – (TBA)4SiW12O40 with no acidic hydrogens – re-
sulted in 79 % conversion with only 58 % selectivity in favour
of dibutyl maleate. From Table 2 it can be seen that the pres-
ence of silicotungstic acid (SW-AZrO2) had an immense effect
on the selectivity in favour of DBM (i.e., 85 % with 98 % conver-
sion, similar to the results obtained with pure silicotungstic
acid). This indicates that the acid strength of the catalyst played
an important role in the esterification reaction.[47] This catalyst,
being heterogeneous in nature, was easily recovered by simple
centrifugation.

Table 2. Esterification of maleic acid catalysed by different cation-substituted
silicotungstates.[a]

Sl. No. Catalyst Conversion [%] Selectivity [%]
DBM DBF

1 H4SiW12O40
[b] 98.72 98.36 –

2 (TBA)4SiW12O40 79.02 57.90 trace
3 SW-AZrO2 98.06 82.09 5.7

[a] Maleic acid (0.861 mmol), butan-1-ol (21.85 mmol), catalyst (0.125 g),
95 °C, 5 h. [b] Homogeneous conditions, H4SiW12O40 (0.01 equiv.).

In order to test the effectiveness of the catalyst, a reusability
test was performed under optimum conditions at 95 °C. The
SW-AZrO2 could easily be recovered from the reaction mass by
simple centrifugation and was washed several times with di-
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ethyl ether, dried and reused for the subsequent catalytic cy-
cles. The small decrease in the level of conversion, from 98 %
in run 1 to 97 % in run 3, indicated that the hydrophilic environ-
ment in the mesoporous zirconia is well preserved (Figure 11).
The selectivity in favour of DBM is also well retained (82 % to
78 %) after the third run, indicating the efficiency of the cata-
lyst. After the third run, the decrease in selectivity in favour of
DBM is attributed to the isomerization of dibutyl maleate to
dibutyl fumarate in the presence of free amine groups within
the zirconia, due to leaching of active species.[48] The leaching
might be due to the better solubility of silicotungstate anion in
polar solvents, as well as to the high reaction temperature
(95 °C). FTIR of the reused catalyst showed characteristic vibra-
tions of silicotungstic acid with a decrease in intensity (Fig-
ure 12).

Figure 11. Reusability of SW-AZrO2 in maleic acid esterification.

Figure 12. FTIR spectra of SW-ZrO2: (a) fresh, (b) after fourth run.

Conclusions
In conclusion, the generation of a hydrophilic environment
within the pores is achieved through simple electrostatic inter-
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action between silicotungstic acid and amine-grafted zirconia.
The presence of ammonium cations and silicotungstate anions
within the mesopores was confirmed by FTIR, UV/Vis-DRS and
XPS analysis. N2 adsorption/desorption analysis confirmed the
mesoporous nature of the samples. The decreases in surface
area and pore volume clearly indicated the presence of silico-
tungstic acid within the pores of the amine-functionalized zir-
conia. This minimally loaded catalyst was found to be effective
in selective esterification of maleic acid with 98 % conversion
and better selectivity in favour of dibutyl maleate in a shorter
reaction time (i.e., 5 h). Hence, this could be an eco-friendly
alternative to the generally used hazardous mineral acids for
the synthesis of dibutyl maleate.

Experimental Section
Materials: Zirconium oxychloride and APTES were purchased from
Sigma–Aldrich. Cetyltrimethylammonium bromide (CTAB), sodium
hydroxide, silicotungstic acid, maleic acid and butan-1-ol were pur-
chased from Alfa Aesar and used as such without further purifica-
tion.

Characterization: The W ion concentration determined by induc-
tively coupled plasma–optical emission spectroscopy (ICP-OES, Per-
kin–Elmer OPTIMA 8000) was used to quantify the amount of tung-
sten content in SW-AZrO2. The wavelength chosen was 207.91 nm
and the limit of detection for tungsten was 7 ppb. The catalyst
(100 mg), dispersed in sulfuric acid (10 M, 25 mL), was stirred at
85 °C for 24 h. This solution was diluted to the required volume
and analysed for tungsten content by ICP-OES. X-ray photoelectron
spectra were recorded with an ESCA-3 Mark II spectrometer (VG
Scientific Ltd., UK) with Al-Kα (1486.6 eV) radiation as the source.
Spectra were referenced to the binding energy of C1s (285 eV). The
IR spectra of the samples were recorded in the ATR mode with a
Jasco FT/IR-6300 instrument in the 4000–400 cm–1 range. The BET
surface areas and pore size distributions of the materials were de-
termined by N2 adsorption measurements carried out with a Bel-
sorp 28SA at 77 K. Prior to analysis, the samples were degassed at
150 °C for 3 h. The natures of the samples were analysed with high-
angle X-ray diffractometers (Bruker A8) and use of Cu-Kα in the 2θ
range of 10° to 90°. Transmission electron microscopy (TEM) was
performed with a JEOL model JEM-2100 electron microscope
equipped with an energy-dispersive X-ray spectroscopy (EDS) de-
tector and operated at an accelerating voltage of 200 kV. The ther-
mal stability was recorded with a Metler–Toledo Thermogravimetric
Analyzer under oxygen (flow rate 20 mL min–1) in the temperature
range of 30–1000 °C at a heating rate of 5 °C min–1. UV/Vis diffuse
reflectance spectra (UV-DRS) were recorded with a Shimadzu UV
2401PC spectrophotometer and use of an integrating sphere at-
tachment.[49–51] BaSO4 was used as background standard.

Synthesis of Amine-Functionalized Mesoporous Zirconia
(AZrO2): Amine-functionalized zirconia was synthesized as reported
by Parida et al.,[33] but with use of zirconium oxychloride instead of
zirconium butoxide. A mixture of cetyltrimethylammonium bromide
(0.025 mol, 2.8 g), sodium hydroxide (0.03 mol, 4 g) and water
(4 mol, 72 mL) was heated at 80 °C for 30 min at a pH of 13. The
zirconium oxychloride dissolved in water, APTES was added rapidly,
and the mixture was stirred for 2 h. The resulting precipitate was
filtered, washed with water followed by methanol and dried under
vacuum. The surfactant was removed by acid extraction, with the
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material (1 g) being treated with a mixture of ethanol (100 mL) and
conc. HCl (1 mL, 38 % in weight) at 80 °C for 6 h. The resulting
product was filtered, washed with ethanol and dried.

Synthesis of Silicotungstic Acid Supported on Amine-Function-
alized Mesoporous Zirconia (SW-AZrO2): Silicotungstic acid
(H4[SiW12O40], 0.3 g) was added to AZrO2 (1 g) dispersed in water
(20 mL), and the mixture was stirred at 60 °C for 24 h. The obtained
precipitate was filtered off, washed with excess water to remove
unreacted silicotungstic acid and dried under vacuum for 6 h. The
synthesis of the catalyst is shown in Scheme 1. Tetrakis(tetrabutyl-
ammonium) silicotungstate was prepared by the same procedure
with tetrabutylammonium bromide instead of 1-butyl-3-methyl-
imidazolium bromide.[14]

Catalytic Procedure for Esterification of Maleic Acid with Butan-
1-ol: Esterification of maleic acid with butan-1-ol was carried out
in a two-necked round-bottomed flask at 95 °C for 5 h. Maleic acid
(0.861 mmol) was added to a stirred dispersion of catalyst (125 mg)
in butan-1-ol (2 mL). Small aliquots of sample were withdrawn peri-
odically (1, 3 and 5 h) and monitored for the progress of the reac-
tion by gas chromatography (Shimadzu 2014) with use of a capillary
column (Rtx-5, 30 m × 0.32 mm ID × 1 μm) and FID detector. Nitro-
gen was used as the carrier gas at a flow rate of 37.1 mL min–1 and
a column flow of 1.1 mL min–1. The products were confirmed by
GC–MS (Perkin–Elmer). A Clarus 680 chromatograph with capillary
column (Elite-5MS, 30 m × 0.25 mm ID × 250 μm df) was connected
to a Clarus 600 (EI) mass spectrometer. The maleic acid conversion
and product selectivity was calculated by use of the equation given
below.

Conversion (mol-%) =
Initial mol-% – Final mol-%

Initial mol-%
× 100

Selectivity in favour of dibutyl maleate (%) =

GC peak area of dibutyl maleate

Sum of GC peak area of monobutyl and dibutyl maleate
× 100

Supporting Information (see footnote on the first page of this
article): Wide-scan XPS of SW-AZrO2, C 1s narrow scan of SW-AZrO2,
UV/Vis diffuse reflectance spectra of AZrO2 and SW-AZrO2, mass
spectrum of monobutyl maleate, mass spectrum of dibutyl
maleate.
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