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a b s t r a c t

12-Phosphotungstic acid supported on porous hydrous zirconia was prepared and characterized by N2

adsorption isotherm, powder XRD, FTIR, 31P MAS NMR, H2-TPR, NH3-TPD, SEM and TEM. It is found that the
chemical interaction of Keggin anions with hydrous zirconia is different compared to the interaction with
ZrO2 and Ce0.5Zr0.5O2 supports. The phosphotungstic acid clusters dispersed on porous hydrous zirconia
did not show any split of IR bands at 1080 cm−1 (�P–O) and 983 cm−1 (�W O,ter) while those dispersed on
ZrO2 and Ce0.5Zr0.5O2 showed a split in these two bands due to the lowering of symmetry of the central
PO4 tetrahedron and direct interaction of W Oter with oxide support. The dispersion of phosphotungstic
Esterification
2-Ethyl-1-hexanol
Acetic acid
P

acid on porous hydrous zirconia led to the growth of crystallites which showed catalytic activity for
liquid-phase esterification of 2-ethyl-1-hexanol with acetic acid. Both conversion of 2-ethyl-1-hexanol
and selectivity for 2-ethyl-1-hexyl acetate can be achieved at 100%.
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. Introduction

Heteropoly acids (HPAs) are polyprotic oxides that are used
s solid acids and catalysts for homogeneous selective oxidation
1,2] and heterogeneous esterification reactions [3–12]. These cat-
lysts are environmentally benign and very effective for oxidation
eactions with H2O2 and O2 [1,2]. A number of attempts have
een made to develop efficient heterogeneous catalysts with het-
ropoly acids dispersed on supports such as hydrous zirconia [5],
e0.5Zr0.5O2 [13], SiO2 [14], intercalated anion-exchange materials
nd resins [4,11], surface modified mesoporous materials such as
CM-41, SBA-15 [9,15–17] and anchored-SiO2 surfaces [18]. Dis-

ersion of heteropoly acids is important for catalytic applications
ecause of the low surface area of unsupported HPA (∼10 m2/g).
he chemical interaction and bonding, molecular dispersion, ther-
al stability of Keggin molecular species and their catalytic activity

epend on the nature of the solid support (surface area, poros-
ty, acidic or neutral and sorption property) and HPA loading.
iterature search shows that there are several factors which are

aken into account for heterogenization of polyoxometalates. The

ain factors considered in heterogenization of heteropoly acids are
lectrostatic interaction with supports, porous nature of supports,
onic interactions to form solid ionic materials with polyanions,
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nsertion of Keggin anions in hydrotalcite-like anion exchange
aterials, immobilization of heteropolyanions as molecular species

n chemically modified silicate surfaces. The dispersed HPA cat-
lysts have been studied for their catalytic activity towards acid
atalysed reactions such as esterification, alkylation, acylation,
sopropanol dehydration, MTBE synthesis and tert-butylation reac-
ions [5,6,11,13,16–21].

Hydrous zirconia (HZ) is a compatible support with het-
ropoly acids [5,12,18–21]. Phosphotungstic acid (PWA) supported
n hydrous zirconia is reported as a promising catalyst for the
sterification of canola oil with methanol exhibiting ∼77% yield
21]. Generally, zirconium hydroxide (Zr(OH)4nH2O) is regarded as
ydrous zirconia (ZrO2nH2O), a precursor from which ultrafine zir-
onia powder is obtained by calcination. There are some important
tructural differences observed between these two phases. Zirco-
ium hydroxide is a tetramer, [Zr4(�–OH)8(OH)8(H2O)8]xH2O, in
hich the Zr atoms are linked by a pair of hydroxo bridges. The

onding pattern in hydrous zirconia is similar to that of zirco-
ium hydroxide except that Zr atoms are linked by an oxide bond,
ot a pair of hydroxo bridges [22]. Both materials contain coordi-
ated water molecules. Because of the Zr–O–Zr linkages present

n hydrous zirconia, it retains less number of bridging and non-

ridging hydroxo groups when compared to zirconium hydroxide.
ince the bridging hydroxo groups can behave like Brønsted acid
ites, hydrous zirconia is expected to show less Brønsted acidity
han zirconium hydroxide. The Zr–O–Zr linkages, bridging and non-
ridging hydroxyl groups provide hydrous zirconia the ability to

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:grrao@iitm.ac.in
dx.doi.org/10.1016/j.molcata.2008.08.008
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Fig. 1. N2 adsorption–desorption isotherm of hydrous zirconia (HZ).

nteract with and stabilize the dispersed catalytic species such as
eggin ions.

The chemical interaction and catalytic ability of strong Brønsted
ype 12-tungstophosphoric acid supported on hydrous zirconia is a
ubject of numerous recent investigations which demonstrate the
ersatility of this unique solid acid catalyst for tert-butylation of m-
resol [20], esterification and transesterification reactions [5,21],
ynthesis of linear alkyl benzenes [23], and oxidative bromina-
ion of phenol [24]. The significant features of this catalytic system
nclude the stability of Keggin species on hydrous zirconia [5,25],

onoclinic to tetragonal phase transition of zirconia in the pres-
nce of PWA [23], availability of Brønsted and Lewis acidity [16], and
eneration of Lewis acid sites by chemical interaction between PWA
nd surface hydroxyl groups of zirconia [25]. Catalyst recycling and
co-friendly nature are the other important features of this solid
cid catalyst. In an effort to design heterogenized heteropoly acid
atalysts on compatible and non-conventional oxide supports such
s CexZr1−xO2 [13], we have undertaken a detailed study on the

orous hydrous zirconia supported 12-tungstophosphoric acid and
arried out esterification of 2-ethyl-1-hexanol with acetic acid. It is
ound that the nature of interaction of Keggin anions with porous
ydrous zirconia is different compared to the interaction with ZrO2
nd CexZr1−xO2 solid solutions.

able 1
urface area and pore volume of PWA loaded hydrous zirconia catalysts

atalyst SA (BET) (m2 g−1) Pore volume (cm3 g−1)

ydrous zirconia 157 0.110
0 wt% PWA/HZ 149 0.099
5 wt% PWA/HZ 144 0.099
0 wt% PWA/HZ 138 0.097
5 wt% PWA/HZ 131 0.087
0 wt% PWA/HZ 118 0.083
5 wt% PWA/HZ 104 0.068
0 wt% PWA/HZ 95 0.063
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ig. 2. XRD pattern of (a) HZ, (b)–(h): 10 wt%, 15 wt%, 20 wt%, 25 wt%, 30 wt%, 35 wt%,
nd 40 wt% PWA dispersed on hydrous zirconia.

. Experimental

.1. Preparation of PWA/porous hydrous zirconia

Zirconium hydroxide gel was prepared from zirconium oxy-
hloride aqueous solution (S.D. Fine Chem Ltd.) by adding drop
ise ammonium hydroxide solution (SRL) up to pH 9.5. The hydro-

el was refluxed at room temperature for 24 h, then filtered and
ashed with deionized water and dried in an oven at 110 ◦C for
4 h. The sample could not be dissolved but suspended in nitric
cid which confirmed the formation of hydrous zirconia [22]. The
WA/hydrous zirconia catalysts were prepared by wet impregna-
ion method. The PWA dispersed in ethanol solution was added
rop wise to the support by continuous stirring at room temper-
ture. The samples were dried at 100 ◦C overnight and calcined at
00 ◦C for 5 h in air. For comparative studies, ZrO2 was prepared
y combustion method, and CexZr1−xO2 samples were prepared by
ol–gel combustion method. 20 wt% of PWA was impregnated on
hese supports by the same method discussed above.

.2. Characterization of catalysts

All samples were analysed by X-ray diffraction employing Shi-
adzu XD-D1 diffractometer using Cu K� radiation (� = 1.5418 Å).

he surface area and pore volume of powder samples were obtained
rom Micromerticis ASAP 2020 machine. The KBr pellet method was
sed to record IR spectra of samples on a PerkinElmer IR spectrome-
er with a resolution of 4 cm−1 in the range of 450–4000 cm−1. The
1P MAS NMR spectra of bulk PWA and dispersed PWA catalysts

ere recorded using Bruker Avance 400 spectrometer at resonance

requency of 161.97 MHz for 31P nuclei with Bruker CP MAS probe
nd the chemical shifts are reported in ppm (ı) relative to external
5 wt% H3PO4. The 31P MAS NMR spectra were recorded with a sam-
le spinning rate of 8 kHz, and the delay between two pulses was
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Table 2
IR and 31P MAS NMR spectral data of supported PWA catalysts

Catalyst 31P MAS NMR (ppm) Wavenumber (cm−1)

P–O W Oter W–Ocorner–W W–Oedge–W

H3PW12O40·nH2O −15.1 1080 987 890 810
10 wt% PWA/HZ −14.8 1080 984 890 810
15 wt% PWA/HZ −14.8 1080 983 890 810
20 wt% PWA/HZ −13.6, −15.1 1080 984 890 810
25 wt% PWA/HZ −13.7, −14.8 1080 984 890 810
30 wt% PWA/HZ −13.6, −15.0 1080 984 890 810
3 1080
4 1080
2 1058
2 1056

2
(
s
i
u
r
c
s

c
c
r
a
p

p
C
c
1

F
a

a
N
w
s
o
t
d

2

c
p
h

5 wt% PWA/HZ −13.6, −15.0
0 wt% PWA/HZ −13.5, −14.9
0 wt% PWA/ZrO2 −14.2, −15.0, −15.6 1080,
0 wt% PWA/Ce0.5Zr0.5O2 −14.0, −15.0, −16.1 1080,

s for relaxation of the 31P nuclei. Scanning electron microscopy
SEM) pictures were taken using FEI Quanta 200 microscope. The
ample powders were deposited on a carbon tape before mount-
ng on a sample holder. The TEM images of the samples were taken
sing JEOL JEM-3010 transmission electron microscope. The mate-
ial was dispersed in acetone and deposited onto a 200-mesh size
arbon coated copper grid. The TEM images were recorded with a
low-scan CCD camera.

The temperature programmed reduction (TPR) of samples was
arried out on Micromeritics Chemisorb 2750 instrument. TPR was
arried out from room temperature to 900 ◦C in 5% H2 in Ar at a flow
ate of 20 ml min−1. Linear heating of 10 ◦C min−1 was employed
nd the water produced by reduction was trapped in slurry of iso-
ropyl alcohol cooled by liquid nitrogen.

The acidity of the catalysts was measured by temperature

rogrammed desorption of NH3 (NH3-TPD) using Micromeritics
hemisorb 2750 instrument. It was carried out after ∼0.02 g of the
atalyst sample was pre-treated at 300 ◦C in He (20 cm3 min−1) for
h. The temperature was then decreased to 100 ◦C under He flow,

ig. 3. FTIR spectra of (a) HZ, (b)–(h): 10 wt%, 15 wt%, 20 wt%, 25 wt%, 30 wt%, 35 wt%,
nd 40 wt% PWA dispersed on HZ, and (i) pure PWA.
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984 890 810
984 890 810

984, 962 890 810
982, 964 892 816

nd NH3 was adsorbed by exposing samples to a stream of 9.34%
H3 in He for 30 min at the same temperature. It was then flushed
ith He gas for 60 min at 100 ◦C to remove physisorbed NH3. The

ample was cooled to room temperature in He flow. The desorption
f NH3 was carried out in He flow (20 cm3 min−1) by increasing
emperature to 750 ◦C at a rate of 10 ◦C min−1 and measuring NH3
esorption using a TCD detector.

.3. Esterification reaction

Esterification reactions were carried out in a stainless steel auto-
lave (10 ml) in the temperature range 60–100 ◦C under autogenous
ressure. Calculated amounts of reaction mixture (2-ethyl-1-
exanol and acetic acid) were taken into an autoclave and 100 mg
f freshly activated catalyst was added. Activation of the catalyst

as done by calcination at 300 ◦C in air for 5 h. The autoclave tem-
erature was then raised to 60 ◦C, 80 ◦C and 100 ◦C as required and
aintained at the desired temperature during the reaction period.
fter the reaction, the autoclave was cooled to room temperature,

ig. 4. FTIR spectra of (a) ZrO2, (b) 20 wt% PWA/ZrO2, (c) Ce0.5Zr0.5O2, (d) 20 wt%
WA/Ce0.5Zr0.5O2, (e) HZ, (f) 20 wt% PWA/HZ and (g) pure PWA.
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and 62.1◦ superimposed on broad PXRD structure are due to the
growth of PWA crystallites dispersed on amorphous hydrous zirco-
nia. The growth of PWA crystallites has been previously shown to
occur on silica support by López-Salinas et al. [25] and Kuang et al.

Table 3
H2-TPR and NH3-TPD data for PWA/HZ catalysts

Catalyst NH3-TPD peak Temperature (◦C) H2-TPR peak
Temperature (◦C)

HZ 170, 390 632
10 wt% PWA/HZ 171, 370, 687 462, 593, 768
15 wt% PWA/HZ 169, 381, 687 630
20 wt% PWA/HZ 176, 389, 511, 687 652
ig. 5. 31P MAS NMR spectra of (a) pure PWA, (b)–(h): 10 wt%, 15 wt%, 20 wt%,
5 wt%, 30 wt%, 35 wt%, and 40 wt% PWA dispersed on HZ.

he reaction mixture was collected from the autoclave and the cat-
lyst was removed by filtration. The effect of reaction time, molar
atios of the reactants, and amount of catalyst required on alco-
ol conversion and product selectivity were studied. Conversions
re reported on weight basis in the text. Analysis of the prod-
cts was carried out by a gas chromatograph (AMIL–Nucon 5765)
sing a HP-1 capillary column (cross-linked methyl silicone gum,
5 m × 0.2 mm × 0.33 �m film thickness) and a flame ionization
etector.

. Results and discussion

.1. Porosity analysis

Porosity in hydrous zirconium oxide originates from the
reparation conditions which directly influence its morphology,
icrostructure and thermal stability [26–30]. Fig. 1 shows the typi-

al nitrogen adsorption–desorption isotherm measured on hydrous
irconia samples prepared in this study. The hysteresis loop indi-
ates well-developed porous network of the material with capillary
ondensation taking place in mesopores. Adsorption hysteresis
ndicates slit-like pores resembling H4 type loop which does not
lose even at lower limit of P/P0 = 0.42. Hydrous zirconia shows
ariety of isotherms including H2 type hysteresis and wide dis-
ribution of pore diameters (∼20 Å to >100 Å) depending on the

igestion treatment and pH [27,29,30]. The porous hydrous zirconia
escribed here is further used for preparing supported phospho-
ungstic acid catalysts in this study. The surface area and pore
olume data for porous hydrous zirconia and PWA loaded catalyst
amples are presented in Table 1. As expected, the surface area and

2
3
3
4
P

ig. 6. NH3-TPD of (a) HZ, (b)–(h): 10 wt%, 15 wt%, 20 wt%, 25 wt%, 30 wt%, 35 wt%,
nd 40 wt% PWA dispersed on HZ. Inset is the TPD of pure PWA.

ore volume values are consistently decreasing with PWA loading
n porous hydrous zirconia.

.2. Powder X-ray diffraction analysis

Fig. 2 shows the powder XRD of hydrous zirconia and 10–40 wt%
WA loading on hydrous zirconia support. Hydrous zirconia shows
wo very wide diffraction structures peaked at ∼32◦ and ∼54◦

hich are typical of amorphous nature of the material [24,25].
hen PWA is loaded the broad XRD structures of hydrous zirconia

re not affected indicating that crystallization of amorphous sup-
ort does not occurs at calcination temperatures <350 ◦C. Higher
alcination temperatures are required for hydrous zirconia to yield
ixture of tetragonal and monoclinic phases [23,31]. The weak

iffraction peaks at 10.2◦, 20.7◦, 25.7◦, 34.3◦, 37.6◦, 53.1◦, 59.8◦
5 wt% PWA/HZ 170, 389, 518, 687 658
0 wt% PWA/HZ 159, 375, 523, 687 698
5 wt% PWA/HZ 175, 384, 528, 687 690, ∼843
0 wt% PWA/HZ 170, 375, 539, 687 708, 846
WA 547 450, 557, >640
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ig. 7. H2-TPR of (a) HZ, (b)–(h): 10 wt%, 15 wt%, 20 wt%, 25 wt%, 30 wt%, 35 wt%, and
0 wt% PWA dispersed on HZ and (i) pure PWA.

32]. However, due to stronger interaction, molecular dispersion of
WA appears to be favourable on ZrO2 [23–25,33] and CexZr1−xO2
upports [13].

.3. FTIR analysis

The interaction of PWA species with hydrous zirconia has been
xamined in the IR fingerprint region of 700–1200 cm−1. The
pectra in Fig. 3 show vibrational bands pertaining to PWA develop-
ng at 810 cm−1 (W–Oe–W stretch), 890 cm−1 (W–Oc–W stretch),
84 cm−1 (W O terminal) and 1080 cm−1 (P–O stretch) as a func-
ion of PWA loading on hydrous zirconia. In our earlier study [13],
e reported that the bands at 1080 cm−1 and 984 cm−1 are split
ue to the interaction of the W O terminal bond of the Keggin
nit with Lewis acid centers on the Ce0.5Zr0.5O2 solid solution.
he present study further shows that the nature of interaction of
he Keggin units is different with Ce0.5Zr0.5O2 solid solution and
ydrous zirconia. To clarify this point, the IR spectra of PWA dis-
ersed on ZrO2, Ce0.5Zr0.5O2 and hydrous zirconia are shown in
ig. 4. The IR spectra clearly display the split in 1080 cm−1 and
83 cm−1 bands in the case of ZrO2 and Ce0.5Zr0.5O2 but not for
ydrous zirconia. The results of IR and 31P MAS NMR analysis of
he supported H3PW12O40 composite samples are summarized in
able 2. The previous IR studies of López-Salinas et al. [25], Qu
t al. [31] and Jiang et al. [34] on zirconia supported H3PW12O40
omposites showed prominent shifts/splits in the IR stretching
ands of P–O bond, W Oter bond and W–Oe/c–W bonds. These
hifts/splits are generally noted for uncalcined composite samples,

nd ascribed to the interaction of Keggin units with zirconia sup-
ort and the symmetry decrease of the central PO4 tetrahedron.
he red-shift in the �as vibration of W Oter bond has been inter-
reted due to the weakening of the anion cohesion [25] or the

nteraction of the terminal oxygen with the cationic Lewis sites

g
t
t
p
p
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s reported on Ce0.5Zr0.5O2 solid solution [13]. There is also an
ffect of solvent used in impregnating H3PW12O40 on the support
35] and final calcination temperature [25]. In the present study,
he composite catalyst samples prepared by impregnation with
thanol solution of H3PW12O40 on hydrous zirconia do not show the
hift/split in the characteristic IR bands while impregnation with
queous solution of H3PW12O40 on zirconia and Ce0.5Zr0.5O2 solid
olution leads to split in the IR bands (Figs. 3 and 4 and Table 2).
his suggests that aqueous impregnation of H3PW12O40 appears
o be a key factor for stronger interaction facilitating molecular
ispersion of Keggin units on oxide supports at lower loadings.
he surface hydroxyl groups on hydrated zirconia, Zr–OH, play a
ole in stabilizing Keggin species by acid–base type interaction
25].

.4. 31P MAS NMR analysis

31P MAS NMR technique is extremely sensitive to 31P local
lectron density and water of hydration in the bulk as well as
ispersed phosphotungstic acid crystallites on oxide supports. It

s a tool often used to discern various types of surface Keggin
pecies present in heteropoly acid catalysts. Fig. 5 displays the 31P
AS NMR spectra for bulk PWA and PWA/HZ samples. The bulk

WA shows a sharp signal at −15 ppm characteristic of phosphorus
n the central position of the Keggin unit [13,32]. One resonance
eak at −14.8 ppm is observed for 10 wt% and 15 wt% PWA loaded
n porous hydrous zirconia support. This peak is essentially due
o the bulk-type PWA and its intensity grows with PWA loading.
t is assigned to the Keggin anions which are structurally intact
n hydrous zirconia. As PWA loading is increased from 20 wt%
o 40 wt%, an intense resonance peak is observed in the range of
14.8 ppm to −15.1 ppm with a small shoulder around −13.6 ppm.
he former is due to the intact Keggin anion crystallites while the
houlder is attributed to the distorted intact Keggin species inter-
cting with Zr–OH groups of the hydrous zirconia. Two types of
eggin species, interfacial molecular and bulk, have been iden-
ified previously in the dispersed layers of phosphotungstic acid
n ZrO2 [25,34,36], CexZr1−xO2 [13], SiO2 [14,35,36] and SiMCM-
1 [37] supports, and their relative amounts and activity depends
n loading. This study reveals that Zr–OH groups present in the
orous hydrous zirconia are involved in stabilizing Keggin ions by
orming surface ion pairs, such as ( Zr–OH2)n

+(H3−nPW12O40)n−3

n hydrated ZrO2 [25,36] and ( SiOH2)+(H2PW12O40)− on SiO2
14,35].

.5. NH3-TPD analysis

The acidic properties of heteropoly acid catalysts can be stud-
ed by temperature programmed desorption of NH3 and IR of
dsorbed pyridine. NH3-TPD profiles of bulk PWA (inset), hydrous
irconia and hydrous zirconia supported PWA are shown in Fig. 6.
wo broad desorption peaks appeared at 170 ◦C and 380 ◦C in
he spectrum of uucalcined porous hydrous zirconia. In addition
o these two desorption peaks, two new peaks have appeared
t 533 ◦C and 686 ◦C from PWA loaded hydrous zirconia sam-
les. The bridging and non-bridging hydroxyl groups present in
ydrous zirconia can act as either basic sites or as acidic sites.
herefore, the two peaks at 170 ◦C and 380 ◦C are attributed to des-
rption of weakly adsorbed basic molecule from Brønsted acidic
ites essentially arising from non-bridging and bridging hrdroxo

roups, respectively, of hydrous zirconia. These acidic sites con-
inue to exit even after PWA loadings but the total number appeared
o have decreased above 15 wt% loading. The strong desorption
eak appeared at 533 ◦C, which has grown out of two smaller split
eaks as a function of PWA loading, could be ascribed to desorp-



6 T. Rajkumar, G. Ranga Rao / Journal of Molecular Catalysis A: Chemical 295 (2008) 1–9

F TEM i
t

t
d
N
s
r
a
c
W
l
o
d

3

m
u
m
i
s
p
4
w
t
c
r

5
o
p
h
t
o
t
d
m
a
d
a
r

3

h
h
i
z
h

ig. 8. SEM images of (a) HZ (10 �m) and (b) 35 wt% PWA dispersed on HZ (5 �m);
he PWA crystallites on HZ support.

ion of the chemisorbed NH3 and N2 from PWA accompanied by its
ecomposition above 500 ◦C [13,38]. Koyano et al. [39] reported
H3-TPD spectrum of PWA with desorption peak at 577 ◦C and

howed that it is accompanied by the formation of N2 as per the
eaction, 2NH3 + 3O(polyanion) → N2 + 3H2O. The remaining peak
t 686 ◦C, which becomes prominent as function of PWA loading,
an be attributed to base desorption from the decomposed product
O3 [13]. In summary the PWA loaded hydrous zirconia contains at

east three different acidic sites originated from (i) hydroxyl groups
f hydrous zirconia and (ii) strong and uniform acidic sites from
ispersed PWA (Table 3).

.6. H2-TPR analysis

It is known that the H2-TPR technique provides valuable infor-
ation about the reducibility of individual species, making it a

seful tool to study heteropoly acid catalytic materials. The ther-
al reduction behaviour of PWA loaded hydrous zirconia catalysts

s displayed in Fig. 7. The TPR of porous hydrous zirconia does not
how significant H2 consumption (Fig. 7a). The dispersed PWA on
orous hydrous zirconia shows distinct reduction behaviour above

00 ◦C which gradually changes to bulk type reduction behaviour
ith increased PWA loading. There is a broad weak TPR peak in

he region 400–550 ◦C due to the deprotonation of acid with con-
urrent non-reductive loss of lattice oxygen [13,40]. The major
eduction occurred at 550–775 ◦C, and the reduction maximum at

A
n
s
o
h

mages of (c) HZ (50 nm) and (d) 35 wt% PWA dispersed on HZ (5 nm). Arrows show

95 ◦C for 10 wt% lading shifts to 707 ◦C for 40 wt% loading of PWA
n hydrous zirconia. This strong reduction peak appears at a tem-
erature higher than PWA decomposition temperature. The PWA
ydrate begins to decompose at 470 ◦C by loosing 1.5 H2O and its
hermal decomposition is complete above 610 ◦C [13,41]. The shift
f the peak maximum to higher temperatures in Fig. 7 suggests
hat the dispersed PWA decomposition on hrdrous zirconia support
epends on the amount loaded and crystallite size. The reduction
aximum gradually shifts toward the bulk reduction temperature

bove 700 ◦C (Table 3). Therefore the reduction region 550–775 ◦C is
ue to the decomposition and extensive reduction of Keggin units
nd constituent oxides. The reduction above 750 ◦C is due to the
eduction of decomposition product WO3.

.7. SEM and TEM analyses

Powder XRD has shown the growth of crystallites of PWA at
igher loadings on hydrous zirconia. In order to check this point we
ave carried out microscopy study. Fig. 8 displays the SEM and TEM

mages of hydrous zirconia and 35 wt% PWA dispersed on hydrous
irconia catalysts. The SEM (Fig. 8a) and TEM images (Fig. 8c) of
ydrous zirconia exhibit clearly its amorphous and hydrous nature.

fter loading 35 wt% PWA and calcining at 300 ◦C, the amorphous
ature of the support is retained and dispersed PWA crystallites of
ize ∼7 nm can be seen in Fig. 8d. It is therefore evident that growth
f small crystallites occurs at higher loadings of PWA on amorphous
ydrous zirconia support.
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ig. 9. Effect of PWA loading on the esterification of 2-ethyl-1-hexanol with acetic
cid at 100 ◦C in 4 h (molar ratio of alcohol/acid = 1:2, catalyst 0.1 g).

.8. Esterification reaction

Esterification reactions using heteropoly acids dispersed
n various supports have been investigated extensively
5–7,11,12,19,21,42,43]. However, esterification of acetic acid
ith 2-ethyl-1-hexanol has commercial application to extract
ilute acetic acid as ester in excess water, and the reaction has
een studied in the presence of sulphated zirconia [42], MCM-41
43], and acidic cation exchanger (Amberlyst 15) [44]. In the
resent study, the reaction is carried out in liquid-phase on
ydrous zirconia supported PWA catalysts by using excess acetic
cid as a reactant. This is one of the commonest approaches to
hift the chemical equilibrium towards product side [5,7,43], the
ther being continuous removal of the water formed [19].

.8.1. Influence of PWA loading
The influence of PWA loading on the conversion of 2-ethyl-

-hexanol has been studied in autogenous pressure using 0.10 g
f catalyst and reactant ratio of 1:2 (alcohol/acid) for a period of
h at 100 ◦C. The results are shown in Fig. 9. The esterification

eaction shows about 49% conversion without any catalyst and
o significant change in conversion has occurred in the presence
f hydrous zirconia catalyst. However, the reaction proceeds effi-
iently over PWA loaded hydrous zirconia catalysts and conversion
eaches 89% at 35 wt% PWA loading. The increase in conversion with
WA loading is generally attributed to the availability of catalyti-
ally active Brønsted acid sites from PWA crystallites of optimum

ize ∼8 nm (TEM picture in Fig. 8d). There is a possibility for the
ynergetic participation of Brønsted acid sites of hydrous zirconia
nd PWA in esterification reaction. The selectivity is 100% towards
-ethyl-1-hexyl acetate irrespective of PWA loading. The reaction
as been further studied to optimize reaction time, catalyst concen-

3

fi
o
T

ig. 10. wt% conversion of 2-ethyl-1-hexanol with different reaction times on 35
t% PWA/HZ catalyst at 100 ◦C (molar ratio of alcohol/acid = 1:2, catalyst 0.1 g).

ration, reaction temperature, mole ratio of the reactants on 35 wt%
WA/HZ catalyst.

.8.2. Influence of reaction time
The effect of reaction time on the conversion of 2-ethyl-1-

exanol over 35 wt% PWA/HZ is shown in Fig. 10. The reaction has
een carried out on 0.10 g catalyst using alcohol/acid ratio 1:2 at
00 ◦C. The initial conversion of 2-ethyl-1-hexanol during 1 h reac-
ion time is 54% and it has increased to a maximum of 90.1% in 5 h
f reaction. The selectivity towards 2-ethyl-1-hexyl acetate is 100%
n all cases.

.8.3. Effect of catalyst weight
The reaction has been carried out by varying the amount of

5 wt% PWA/HZ catalysts between 0.05 g and 0.25 g keeping alco-
ol/acid ratio fixed at 1:2 for 5 h at 100 ◦C before product analysis.
he effect of the amount of catalyst on the 2-ethyl-1-hexanol con-
ersion is shown in Fig. 11. The increase in catalyst weight from
.05 g to 0.10 g increases the conversion of 2-ethyl-1-hexanol from
0.3% to 90.1%. Further increase in catalyst weight has no effect
n conversion levels. This reaction behaviour of increased conver-
ion with increased catalyst weight can be attributed to an increase
n the availability and number of catalytically active sites to the
eactant molecules. Esterification reaction can be initiated on the
atalyst by a proton donation to adsorbed acetic acid molecule and
he protonated acid molecule is accessible for a nucleophilic attack
y the hydroxyl group of 2-ethyl-1-hexanol. The reaction can take
lace on the catalyst surface continuously with water elimination.
.8.4. Influence of temperature
In order to determine the effect of reaction temperature, esteri-

cation reaction is performed at 60 ◦C, 80 ◦C and 100 ◦C using 0.10 g
f 35 wt% PWA/HZ catalyst and alcohol/acid ratio of 1:2 for 5 h.
he conversion of 2-ethyl-1-hexanol as a function of temperature
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Fig. 11. Effect of catalyst weight on the esterification of 2-ethyl-1-hexanol with
acetic acid in the presence of 35 wt% PWA/HZ catalyst in 5 h (molar ratio of alco-
hol/acid = 1:2, temperature 100 ◦C).

Fig. 12. wt% conversion of 2-ethyl-1-hexanol at different temperatures in the pres-
ence of 35 wt% PWA/HZ catalyst in 5 h (mole ratio of alcohol/acid = 1:2, catalyst
0.1 g).
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ig. 13. wt% conversion of 2-ethyl-1-hexanol with different molar ratios of alcohol
o acetic acid at 100 ◦C in the presence of 35 wt% PWA/HZ catalyst in 5 h (catalyst
.1 g).

s shown in Fig. 12. The results show that increasing temperature
ccelerates the forward reaction favouring the ester formation. The
onversion of alcohol is ∼17% higher for the experiment at 100 ◦C
ompared to the experiment at 60 ◦C.

.8.5. Influence of molar ratio of the reactants
The molar ratio of alcohol to acid is an important factor which

ffects the yield of 2-ethyl-1-hexyl acetate ester. The effect of molar
atio of the reactants on the conversion of 2-ethyl-1-hexanol is
hown in Fig. 13. Esterification of acetic acid with 2-ethyl-1-hexanol
s an equilibrium-limited chemical reaction, and the use of excess 2-
thyl-1-hexanol increases the utilization of acetic acid. However, in
he present study the less expensive acetic acid is taken in excess
nd esterification reactions have been carried out by varying the
olar ratio of the reactants (alcohol to acid) between 1:2 and 1:5

sing 35 wt% PWA/HZ catalyst. The reaction time is 5 h at 100 ◦C
ith catalyst weight kept constant at 0.10 g. The conversion of 2-

thyl-1-hexanol is found to increase rapidly from 64% with varying
olar ratio of alcohol/acid from 1:1 to 1:5 reaching 100% at 1:4

atio. So higher amounts of acid in the reaction mixture is suitable
or obtaining high yield of ester on 35 wt% PWA/HZ catalyst at an
ptimum temperature of 100 ◦C in 5 h reaction time.

. Conclusions

Unlike ZrO2 and CexZr1−xO2 supports, amorphous porous
ydrous zirconia allows the growth of PWA crystallites. The PWA
rystallites on hrdrous zirconia show characteristic IR bands while

ispersed PWA on ZrO2 and CexZr1−xO2 supports show additional

R bands at 960 cm−1 and 1056 cm−1 [13,45]. The interaction of
WA with hydrous zirconia appears to be mainly through Zr–OH
roups while on CexZr1−xO2 the Keggin molecular ions are fixed
o M+ ions directly. PWA/HZ catalysts contain different acidic sites
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