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bstract

Molybdovanadophosphoric acid (MVPA) supported zirconia was synthesized by an incipient wetness impregnation method taking zir-
onium hydroxide and MVPA as the precursors. The neat and supported catalysts were calcined at 500 ◦C and characterized by nitrogen
dsorption–desorption, X-ray powder diffraction, FTIR, UV–vis DRS, temperature programmed reduction (TPR) and Raman spectroscopy tech-
iques. The 15 wt.% MVPA stabilizes the tetragonal phase of zirconia, which leads to an increase in surface area. The Keggin structure of MVPA

emains unaltered up to 500 ◦C. The catalytic activities were evaluated for hydroxylation of phenol using H2O2 as the oxidant. Among all the
romoted catalysts, 15 wt.% molybdovanadophosphoric acid supported zirconia exhibits highest catalytic activity in phenol hydroxylation, giving
9% conversion having 61% para selectivity.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Oxidation of phenol to hydroquinone (HQ) and catechol
CL) is an industrially interesting reaction, as the products have
everal important large-scale uses such as photographic film
eveloper, antioxidant, polymerization inhibitor, medicines and
rganic synthesis, perfumes, etc. [1,2]. In addition, the quinone
erivatives play an important role in bio-systems and find many
iscellaneous industrial applications. Several soluble oxidizing

gents either in stoichiometric quantity or catalytic amount have
een used for the conversion of phenol into hydroquinone (para-
ihydroxybenzene) and catechol (ortho-dihydroxybenzene) [3].
ut the disadvantage found in most cases is the evolution of
ndesired toxic gases as well as liquid and solid wastes besides
he process being highly expensive. Also in case of homoge-
eous catalytic process, hydroxylation of phenol gives very low

ara to ortho ratio. But the use of heterogeneous catalyst is a
romising alternative to over come this problem. The different
olid acid tested so far include TiHMS [4,5], TiMCM-41 [4–6],
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iMMS [5], TS-1 [7], TiMMM [8], metal complexes [9] and
olyoxometalates (POMs) [10–12]. Takehire and co-workers
11,12] reported the hydroxylation of phenols with 30% aqueous

2O2 to produce hydroquinone and catechol using vanadium-
ontaining POMs with Keggin structure.

The acid–base, redox behavior and well-known Keggin
tructure of POMs play an important role in synthesis and
pplications, especially homogeneous and heterogeneous
atalysis. Their properties are dependent on the nature and
he relative position of the metals in the framework because
he acid and redox properties of POMs are controlled at the
tomic and molecular levels by changing the constituent
lements. Molybdenum and tungsten are the main con-
titutive metals in POMs. The general trends for the acid
trengths of these Keggin acids are W > Mo (for polyatom) and
5+ > Si4+ (for the heteroatom) [13]. The oxidation potential
or oxidizing ability) has been reported to be in the order:
PMo12O40]3− > [SiMo12O40]4− > [PW12O40]3− > [SiW12O40]
14]. In addition, the introduction of vanadium (V) into the

eggin framework [PMo12O40]3− is beneficial for redox

atalysis [15], shifting its reactivity from acid dominated to
edox dominated, as demonstrated by the selective oxidation
f methanol to either dimethyl ether or formaldehyde [16] and
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the catalyst was added to it. To this mixture, 5 mmol of aqueous
H2O2 (30%) was added drop wise. The reaction mixture was
stirred for 2 h at 60 ◦C (Scheme 1). The reaction products were
analyzed off-line by gas chromatography (Shimadzu GC-17A)
K.M. Parida, S. Mallick / Journal of Molecu

y other selective oxidation of alkanes and aldehydes [17–20].
owever, the disadvantage of POMs as catalysts is their low

urface area and low thermal stability. To minimize these
isadvantages, the POMs were supported on different carriers
nd also, impregnating solutions in different solvents were
mployed [21].

It should be noted that in the literature, practically there are
any papers on heteropoly acid as catalyst for hydroxylation

f phenol but no data is available on molybdovanadophospho-
ic acid supported on zirconia. Our paper is the first attempt to
valuate the catalytic activity of molybdovanadophosphoric acid
upported on zirconia for hydroxylation of phenol.

. Experimental

.1. Preparation of zirconia

Zirconium hydroxide gel was prepared from zirconium oxy-
hloride aqueous solution (S. D. Fine Chemicals Ltd.) by drop
ise addition of ammonium hydroxide solution (25% ammonia)

Merck Specialities Private Limited) up to pH 9.5. The hydrogel
as refluxed for 24 h, then filtered and washed with deionized
ater and dried in an oven at 120 ◦C for 24 h and crushed to fine
owders. Then it was calcined at 500 ◦C for 5 h (named Z herein
fter) and kept in desiccator for further use.

.2. Preparation of phosphomolybdic acid and
olybdovanadophosphoric acid

.2.1. Preparation of phosphomolybdic acid
Ammonium heptamolybdate (20 g) (Merck Specialities Pri-

ate Limited) was dissolved in dilute H3PO4. Then it was
cidified with concentrated HCl till complete formation of yel-
ow precipitation. It was then filtered and washed with distilled
ater and dried in an oven at 70 ◦C.

.2.2. Preparation of molybdovanadophosphoric acid
First 22.3 g of MoO3 (Aldrich, 99.5% pure) and 1.3 g V2O5

Aldrich 99.6% pure) were added to 350 ml of distilled water.
he mixture was refluxed for 1 h. Then 1.7 g of 85% phosphoric
cid (Aldrich) was added in three equal aliquots, approximately
0 min apart. After addition of phosphoric acid, another 150 ml
f distilled water was added to the flask. The mixture was
llowed to reflux for 16 h with vigorous stirring and a bright
range solution was formed. The liquid in the flask was evapo-
ated and a bright orange solid was obtained.

X-ray fluorescence analysis showed that Mo to V ratio in
olybdovanado phosphoric acid sample is 11:1.

.3. Preparation of molybdovanadophosphoric acid and
hosphomolybdic acid supported zirconia
A series of catalysts having different loading from 3 to
0 wt.% were synthesized by impregnating 2 g of Z with an
queous solution of molybdovanadophosphoric acid (MVPA)
0.06–0.30 g/10–50 ml of conductivity water) under constant
atalysis A: Chemical 279 (2008) 104–111 105

tirring followed by heating at 100 ◦C till complete evapora-
ion (4 h). Then it was dried in oven at 110 ◦C for 24 h. Catalysts
ith different MVPA loading from 3 to 20 wt.% were then cal-

ined at 500 ◦C. The catalysts will be herein after referred to
ZMVPA (x = 3–20 wt.%). Similarly, 15 wt.% PMA supported
irconia was also prepared for comparison purpose with 15 wt.%
MVPA.

.4. Physico-chemical characterization

The BET surface area and pore size distribution were deter-
ined by multipoint N2 adsorption–desorption method at liquid
2 temperature (−196 ◦C) by a Sorptomatic 1990 (Thermo-
uest, Italy). Prior to analyses, all the samples were subjected

o vacuum at 200 ◦C to ensure a clean surface.
The X-ray powdered diffraction pattern was recorded on a

hilips PW 1710 diffractometer with automatic control. The
atterns were run with a monochromatic Cu K� radiation with
scan rate of 2◦ min−1.

The FTIR spectra were taken using Jasco FTIR 5300 in KBr
atrix in the range of 400–4000 cm−1.
The UV–vis spectra of the samples were recorded in a Varian

V–vis DRS spectrophotometer fitted with Carry 1E software.
he spectra were recorded against the boric acid as reference.

The H2-TPR of all the samples was carried out in a
HEMBET-3000 (Quantachrome, USA) instrument. About
.1 g sample was taken inside quartz ‘U’ tube and degassed at
50 ◦C for 1 h with helium gas flow. The sample was then cooled
o 30 ◦C and at this temperature the gas flow was changed to 5%

2 in nitrogen. It was then heated at a heating rate of 10 ◦C/min
p to 800 ◦C and the spectra were recorded.

Raman spectra were obtained on inVia Raman microscope
Renishaw, UK) equipped with a counter current detector
CCD). The spectra were recorded using 514.5 nm excitation
ines from an argon ion laser with a spectral resolution of 1 cm−1.

.5. Catalytic activity

The oxidation of phenol was carried out in a round bottom
ask equipped with a reflux condenser. About 5 mmol of the
ubstrate was dissolved in 15 ml of deionized water and 0.05 g of
Scheme 1.
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hrough capillary column (ZB-1, 30 m length, 0.53 mm I.D. and
.0 �m film thickness) using Flame ionization Detector (FID).

. Results and discussion

.1. Characterization

Table 1 shows the BET surface area of neat and different
eight percentage of ZMVPA samples. Zirconium oxyhydrox-

de dried at 120 ◦C showed a surface area 412 m2/g. After
alcinations at 500 ◦C, the surface area drastically decreased
o 142 m2/g. Addition of MVPA on zirconia results in an
ncrease of the surface area. The 15 wt.% MVPA loaded zirco-
ia show maximum surface area 229 m2/g. However, on further
oading, the surface area decreases. This implies that the pres-
nce of MVPA plays a prominent role in making the material
orous. The added MVPA strongly interact with zirconia reduc-
ng surface diffusion of zirconia and so inhibits sintering. It
tabilized the tetragonal phase of zirconia, which leads to an
ncrease in surface area. However, when the MVPA content
ncreases beyond 15 wt.%, pore blocking takes place due to
he presence of an excess amount of molybdovanadophosphoric
cid.

The nitrogen adsorption–desorption isotherms of parent zir-
onia and 15 wt.% ZMVPA were shown in Fig. 1a and b,
espectively. The isotherms are very much similar to the type
V isotherm according to the IUPAC classification of adsorption
sotherms [22], which is a typical characteristic of mesoporous
olids. Inflections at P/P0 0.4–0.6 for 15 wt.% ZMVPA and at
.45–0.65 for parent zirconia were seen in the figure, which
re due to the spontaneous filling of mesopores due to capillary
ondensation.

Fig. 2 shows the BJH pore size distribution of zirconia and
5 wt.% ZMVPA. From the figure one can see that there is no
ppreciable change in pore diameter by incorporation of 15 wt.%
MVPA on zirconia.

The XRD patterns of zirconia and ZMVPA samples are pre-

ented in Fig. 3. It was observed that pure zirconia contains
ixture of tetragonal and monoclinic phases with the latter as

he major constituents. However, XRD of low MVPA loading
amples is similar to that of the support. As percentage loading

able 1
urface area, conversion and selectivity of various catalysts towards hydroxyla-

ion of phenol

atalysts Surface area (m2/g) Conversion (%) Selectivity (%)

HQ CL

142 5 45.3 54.6
wt.% ZMVPA 154 12 49.5 50.3
wt.% ZMVPA 165 22 50.2 49.6
wt.% ZMVPA 190 35 52.9 46.5
2 wt.% ZMVPA 199 41 56.3 43.1
5 wt.% ZMVPA 229 49 60.6 39.3
0 wt.% ZMVPA 213 46 62.8 37.1
5 wt.% ZPMA 211 5 24 75

henol (5 mmol), H2O2 (5 mmol), catalyst (0.05 g) and water (15 ml), time 2 h,
Q: hydroquinone and CL: catechol.
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ig. 1. (a) N2 adsorption (�) and desorption (�) isotherms of zirconia. (b) N2

dsorption (�) and desorption (�) isotherms of 15 wt.% ZMVPA.

f MVPA increases, it shows increase in tetragonal phase while
5 wt.% ZMVPA is fully tetragonal. But on further increase in
VPA loading, it shows monoclinic along with tetragonal.
Fig. 4 shows the UV–vis DRS spectra of (a) zirconia, (b)

5 wt.% ZPMA and (c) 15 wt.% ZMVPA samples calcined at
00 ◦C. The zirconia (Fig. 4a) exhibits a strong absorption band
t 230 nm, which may be attributed to the charge transfer from
xide species to zirconium cation (O− → Zr4+). In contrast, the
pectra of both 15 wt.% ZPMA and 15 wt.% ZMVPA show broad
and at 250 nm which match well with the literature values [23],
uggesting thereby the presence of undegraded H3PM12O40

pecies. An additional band is found at 308 nm in compared
ith ZPMA, indicating the incorporation of vanadium into the
eggin ion [24].
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ig. 2. Distribution of pore size as a function of pore radius of (a) zirconia and
b) 15 wt.% of ZMVPA.
The FTIR spectra of zirconia, 15 wt.% ZPMA and 15 wt.%
MVPA calcined at 500 ◦C are presented in Fig. 5. The FTIR
pectrum of Z shows broad band in the region of 3410 cm−1

ue to asymmetric stretching of OH group and two bands at

ig. 3. XRD patterns of (a) Z, (b) 6 wt.% ZMVPA, (c) 9 wt.% ZMVPA, (d)
2 wt.% ZMVPA, (e) 15 wt.% ZMVPA and (f) 20 wt.% ZMVPA (calcined at
00 ◦C).
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ig. 4. UV–vis spectra of (a) Z, (b) 15 wt.% ZPMA, and (c) 15 wt.% ZMVPA.

621 and 1386 cm−1 which are due to bending vibration of
(H–O–H)– and –(O–H–O)– bond. The band at 600 cm−1 is
ttributed to the presence of Zr–O–H bond (Fig. 5a). In addition
o these bands, the FTIR spectra of 15 wt.% ZPMA (Fig. 5b)
how bands 1059, 888, 789 cm−1 assigned to the symmetric
tretching of P–O, Mo–Oc–Mo, Mo–Oe–Mo respectively and a
eak shoulder at 954 cm−1 due to Mo–Ot, confirmed the pres-

nce of the undegraded phosphomolybdic acid. Here, ‘t’ tends
or the terminal oxygen bonding to one Mo atom, ‘c’ for the
orner sharing oxygen atom connecting Mo3O13 units and ‘e’
or the edge sharing oxygen-connecting Mo [25]. There is slight
hifting of bands in FTIR spectra of 15 wt.% ZMVPA sample
Fig. 5c) which indicates that the Keggin phase remains unal-
ered after the incorporation of vanadium into the Keggin ion
26].
Fig. 6 gives the H2-TPR profiles obtained from the various
atalysts. It was observed that no H2 consumption was recorded
or the zirconia support. The support reducibility seems to have

ig. 5. FTIR spectra of (a) Z, (b) 15 wt.% ZPMA, and (c) 15 wt.% ZMVPA.
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ig. 6. TPR spectra of (a) zirconia, (b) 15 wt.%ZPMA and (c) 15 wt.%ZMVPA.

een modified in the presence of PMA and MVPA on zirconia.
PR pattern of ZPMA and ZMVPA catalysts are similar, since

hey consist of two main reduction peaks observed at tempera-
ure around 450 and 695 ◦C. Introduction of a vanadium atom
n anion or in countercation position of heteropoly molybdates

akes reduction of molybdenum species easier. The reduction
p to 450 ◦C could also include reduction of vanadium contain-
ng species. The second main peak (at about 695 ◦C) is probably
onnected with a deeper reduction of Mo species (HPMo12)
nd/or with reduction of a new phase containing V and P.

Raman spectra of zirconia and 15 wt.% ZMVPA promoted
irconia samples are shown in Fig. 7. Normally, crystalline zir-

−1
onia exhibits characteristic Raman bands in the 500–700 cm
egion. From Fig. 7, the spectra of zirconia reveal the Raman
ands pertaining to a mixture of monoclinic (221, 331, 380, 478
nd 639 cm−1) and tetragonal (290, 312, 455, 645 cm−1) phases.

ig. 7. Raman spectra of the catalyst (a) zirconia and (b) 15 wt.% ZMVPA.
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he spectra of MVPA supported zirconia sample reveals rela-
ively intense Raman bands pertaining to the tetragonal phase.
urther, a broad band observed at 1059 cm−1 could be attributed

o the anti-symmetric PO4 stretching mode. In addition, the
aman bands due to the Mo–Oxygen stretching vibration can
e seen at 987, 970 and 830 cm−1. The band at 250 cm−1 is
ssigned to the Mo–O–Mo bending modes of the intact Keggin
tructure.

.2. Hydroxylation of phenol

The conversion of phenol and selectivity to hydroquinone
nd catechol over modified zirconia systems at 60 ◦C in pres-
nce of hydrogen peroxide in water medium is shown in
able 1. Vanadium free phosphomolybdic acid supported on
irconia (15 wt.% ZPMA) showed very low activity (5%) com-
ared to vanadium-containing phosphomolybdic acid (15 wt.%
MVPA), however, the former show remarkably high ortho
electivity. This indicates that vanadium atom located in the Keg-
in structure enhanced the oxidative activity. It is observed that
mong different loading of molybdovanadophosphoric acid on
irconia, the 3 wt.% ZMVPA showed 12% conversion having
9% para, 50% ortho selectivity. The conversion increased to
maximum of 49% conversion having 61% para, 39% ortho

electivity at 15 wt.% loading. On further increasing the weight
ercentage to 20 wt.%, the conversion decreases to 46%. For
5 wt.% loading there is monolayer coverage of MVPA on the
upport. But above 15 wt.% there is over loading of MVPA and
ome pores of zirconia are blocked.

The reaction mechanism for the oxidation of aromatic com-
ounds employing transition metals has been studied by others
21,27]. The reaction path for the present study involves the inter-
ction of ZMVPA catalysts with H2O2 yields OH• and HO2

•
pecies via a redox mechanism. Then the OH• radical attacks
he phenol ring and yields hydroquinone and catechol as the

ajor product. Oxygen and water are formed as the side prod-
cts by the decomposition of the hydrogenperoxi radical and
2O2, respectively. So the reaction mainly follows free radical
echanism (Scheme 2).
Generally, the catalytic activity and product selectivity in phe-

ol hydroxylation by hydrogen peroxide are strongly influenced
y surface area of the catalyst, solvents, reaction time, reac-
ion temperature, molar ratio of phenol to hydrogen peroxide,
nd catalyst amount, which are investigated systematically as
ollows on 15 wt.% ZMVPA.

.2.1. Influence of the solvents
The solvents used in the catalytic reaction are known to have a

rofound influence on phenol conversion and the ratio of hydro-
uinone to catechol over titanium silicates [28,29] and vanadium
ilicates-2 [30]. The influence of solvents on conversion and
electivity of the reaction over 15 wt.% ZMVPA is illustrated
n Table 2. When 1,2-dichloroethane is used as a solvent, the

atalytic reaction does not take place. In case of acetone or in
thanol low conversion is observed, while in case of acetoni-
rile the conversion was found to be 22%. In water, both phenol
nd H2O2 dissolved easily and active hydroxyl radicals can be
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Scheme 2

Table 2
Influence of solvent on hydroxylation of phenol reaction

Solvent Conversion (%) Selectivity (%)

Hydroquinone Catechol

1,2-Dichloroethane 2 20.3 78.9
Acetonitrile 22 48.2 50.6
Acetone 8 60.4 39.3
Ethanol 6 49.2 50.0
W
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i
t
perature. This indicates that higher temperature up to 80 C is
ater 49 60.6 39.4

henol (5 mmol), H2O2 (5 mmol), catalyst (0.05 g) and water (15 ml), time 2 h.

ormed. This effect of the solvents strongly supports that radi-
al reaction mechanism is in operation in phenol hydroxylation.
adicals generated are more stable in polar solvents. As ethanol

s a well-known scavenger of hydroxyl radical, negligible reac-
ion conversion took place.
.2.2. Influence of reaction time
The dependence of catalytic activity on reaction time was

hown in Fig. 8. It was found that the percentage of conver-

ig. 8. Effect of time on conversion of phenol using 15 wt.% ZMVPA as catalyst
0.05 g) phenol (5 mmol), H2O2 (5 mmol), and acetic acid (5 ml).

b
t
d

F
a

.

ion increases from 12 to 49% with increase in reaction time
rom 0.5 to 2 h and then remains almost constant with further
ise of reaction time up to 3 h. This indicated that the optimized
eaction conditions are more favorable than the reported ones
s much longer reaction time was employed while less hydro-
uinone and catechol yield were obtained. In case of selectivity
atio (HQ/CL), it increases from 1.27 to 1.98.

.2.3. Influence of reaction temperature
The influence of reaction temperature on the hydroxylation

f phenol is shown in Fig. 9. The reaction was carried out
n the temperature region 40–90 ◦C over 15 wt.% ZMVPA as
atalyst while keeping the other parameters fixed. The percent-
ge of conversion of phenol increased from 38 to 51 with the
ncrease in temperature from 40 to 80 ◦C. This is due to the fact
hat H2O2 decomposition increases with the increase in tem-

◦

eneficial for the hydroxylation of phenol. But above 80 ◦C,
he conversion of phenol is decreased due to enhanced H2O2
ecomposition. The same trend was also reported by Jang and

ig. 9. Effect of temperature on conversion of phenol using 15 wt.% ZMVPA
s catalyst (0.05 g), phenol (5 mmol), H2O2 (5 mmol), and acetic acid (5 ml).
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Table 3
Hydroxylation of phenol over 15 wt.% ZMVPA and comparison of the result with other reported methods

Catalyst used Time (min) Conversion (%) Selectivity (%) Reference

HQ CL

ZMVPA 120 49 60 39 [This method]
F 32 68 [31]
T 50 50 [33]
M 12 88 [34]

c
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e
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4

e-MCM-41 10 60
S-1 720 27
odified zeolite 360 43

o-workers [31] over Fe-MCM-41 as catalyst. Table 3 repre-
ents comparative feature between the performance of ZMVPA
nd other reported catalysts for hydroxylation of phenol. Cat-
lytic activity of our catalyst is comparable to other reported
atalysts in terms of conversion and hydroquinone, catechol
electivity.

.2.4. Influence of molar ratio of phenol/H2O2

The activity of hydroxylation of phenol in different
henol/H2O2 molar ratio is shown in Fig. 10. It is observed
rom the figure that the conversion of phenol is higher at lower
henol/H2O2 ratio. On the other hand increase in selectivity of
atechol and decrease in phenol conversion is observed with
he increase in phenol/H2O2 molar ratio. Similar results also
eported by Neuman et al. [32]. The coordination of H2O2 on
he metal, and its subsequent decomposition to OH• radical were
he necessary steps in this reaction as described above. At the

olar ratio of 1, H2O2 could freely coordinate to metal and
ecompose to form OH• radical. Hence, high phenol conver-
ion was attained. At the molar ratio of 2, low amount of H2O2
ust compete with excess phenol for coordination, and hence

ormation of OH• radicals might be significantly reduced. Thus,
he conversion decreased.

.2.5. Influence of catalyst amount
The variation of the catalytic activity with the amount of

atalyst is shown in Fig. 11. It is observed that with increasing

he amount of catalyst from 0.025 to 0.05 g the phenol conversion
nhanced from 32 to 49%. Further increment of catalyst amount
o 0.1 g resulted in only a marginal increase in phenol conversion
51%).

ig. 10. Effect of molar ratio of phenol/H2O2 on conversion of phenol using
5 wt.% ZMVPA as catalyst (0.05 g), and acetic acid (5 ml).

o
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d
s
t
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ig. 11. Effect of catalyst amount on conversion of phenol using 15 wt.%
MVPA as catalyst (0.05 g) phenol (5 mmol), H2O2 (5 mmol), and acetic acid

5 ml).

.3. Recyclability of the catalyst

The catalyst with 15 wt.% loading was used for recycling
xperiments. In order to regenerate the catalyst after 2 h of reac-
ion, it was separated by filtration, washed with conductivity
ater several times, dried at 110 ◦C and calcined at 500 ◦C and
sed in the hydroxylation of phenol with a fresh reaction mixture.
n the regenerated sample after two cycles, the yield decreases
y 4%.

. Conclusions

XRD and Raman spectra results indicated that the presence
f MVPA retarded the crystallization of zirconia and stabi-
ized ZrO2 in tetragonal phase. Nitrogen adsorption–desorption
tudies revealed that the modified MVPA samples retain the
esoporosity, where as there is no appreciable change in

ore diameter after impregnation of MVPA on zirconia. It
s confirmed from FTIR and Raman spectra that the molyb-
ovanadophosphoric acid keeps its Keggin type structure when
upported on zirconia. TPR spectra revealed that the introduc-
ion of a vanadium atom in anion or in countercation position
f heteropoly molybdates makes reduction of molybdenum
pecies easier. Vanadium atom located in the Keggin structure
nhanced the catalysts oxidative activity towards hydroxylation

f phenol. Among all the promoted catalyst, 15 wt.% of molyb-
ovanadophosphoric acid impregnated on zirconia showed
igher catalytic activity and having 61% para selectivity. Molyb-
ovanadophosphoric acid supported on zirconia acts as an effi-
ient and stable solid acid catalyst for hydroxylation of phenol.
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