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bstract

A series of ecofriendly solid acid catalyst were synthesized by supporting phosphotungstic acid onto hydrous zirconia by an incipient wetness
mpregnation method in order to contribute towards clean technology. The support and resulting catalysts were characterized by various spectral and

hysicochemical techniques. Their catalytic activities were evaluated for oxybromination reaction of phenol by varying different reaction parameters.
he electrophilic substitution of bromine generated in situ from KBr as a bromine source and hydrogen peroxide as an oxidant. The 15 wt.% of
hosphotungstic acid supported on hydrous zirconia shows highest surface area, acid sites and gives about 93% conversion with 81% para-selectivity.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Selective bromination of aromatic compounds is investigated
n view of the importance of the brominated compound in the
ynthesis of natural products and pharmaceutically important
ompounds [1]. Brominated arenes are versatile intermediates
n the synthesis of a wide variety of biologically active com-
ounds. Conventionally, a variety of methods for the bromina-
ion of aromatic have been reported in literature [2–12]. The
raditional methods of aromatic bromination involve the use of
on-selective hazardous acidic reagents such as mineral acids
nd metal halides, which can lead to separation difficulties and
nacceptable levels of toxic and corrosive and waste materials
13–15].

The classical direct bromination of aromatic compounds suf-
ers from being wasteful in the bromine employed; one half
nds up as hydrogen bromide. In large scale operations this is an

nvironmental as well as an economic problem. Oxybromination
sing HBr as a bromine source, H2O2 as an oxidant was thought
o be possible solution to overcome these said difficulties. Since

∗ Corresponding author. Fax: +91674 2581637.
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Br is highly toxic, corrosive and harmful as that of molecu-
ar bromine to the environment, replacement of such reagents
y non-toxic and more selective reagents is very desirable and
epresents a clean synthesis. So we have designed a heteroge-
eous catalytic system to generate electrophilic bromine in situ
rom easily available KBr as bromine source and H2O2 as an
xidant for the oxybromination as a possible alternative to solve
he disadvantage described in the earlier method.

Heteropoly anions (HPA) have recently attracted attention
s catalysts for various industrial processes such as oxidation,
ydration, esterification and etheration [14,16]. These HPA are
tronger acids and they have a significantly higher catalytic
ctivity compared to homogeneous and acid catalysts such as
ulphuric acid, silica-alumina or ion exchange resins. The use
f HPA as catalysts is important in the development of clean
echnologies, since it avoids the drawbacks of environmental
ollution and corrosion of the conventional technologies. Other
dvantage is the ability of recovering and reusing them in liquid
hase reactions compared to the homogeneous catalysts and the
ossibility of their use in continuous processes.
The disadvantage of bulk HPA as catalysts is their relatively
ow stability and also of their low surface area (1–10 m2/g). To

inimize these disadvantages the HPA are usually supported
n a carrier. Heteropoly acids supported on solids with high

mailto:kmparida@yahoo.com
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urface area are also a useful method for improving catalytic
erformance.

The study of hydrous zirconia is of interest due to its special
roperties, which allow their use as catalyst or support. One of
he main reasons that have drawn great attention to the use of
ydrated zirconia as a precursor of a catalyst carrier is the fact
hat its surface hydroxyl groups are able to undergo a chemical
eaction or strong interaction with incorporated components.
xidative bromination of a range of aromatics with HBr in the
resence of oxygen by Gorodetskaya et al. [17] over heteropoly
cid and regioselective oxybromination of phenol with HBr gas
y Neumann and Assael et al. [18] over H5PMo10V2O40 cata-
yst has been reported. The present work deals with the synthesis
f phosphotungstic acid impregnated hydrous zirconia catalyst
nd its catalytic activity behavior towards the liquid phase oxy-
romination of phenol using easily available KBr as bromine
ource and H2O2 as an oxidant.

. Experimental

.1. Preparation of support, hydrous zirconia

Zirconium hydroxide gel was prepared from aqueous solution
f zirconium oxychloride (Fine Chemical) by adding drop wise
mmonium hydroxide solution (25% ammonia) (Merck) up to
H 9.5. The hydrogel was refluxed at room temperature for 24 h,
hen filtered and washed with deionized water and dried in an
ven at 120 ◦C for 24 h (named Z herein after).

.2. Preparation of phosphotungstic acid

Phosphotungstic acid was prepared by following steps. First
a2WO4·2H2O (100 g) and NaHPO4·12H2O (50 g) were added

o 160 ml decationized water and the mixture was refluxed at
0 ◦C with stirring. Then 24% HCl (150 ml) was added to the
olution with stirring. Then the solution was evaporated to dry-
ess at 50 ◦C.

.3. Preparation of catalyst

The catalysts were prepared by wet impregnation method.
series of catalysts having different loading ranging from
to 20 wt.% were synthesized by impregnating 2 g of neat
with an aqueous solution of phosphotungstic acid (PTA)

0.06–0.30 g/10–50 ml of conductivity water) under constant
tirring followed by heating till complete evaporation of water
akes place. Then it was dried in an oven at 120 ◦C for
4 h. The catalysts will be hereinafter referred to as xZPTA
x = 3–20 wt.%). Catalysts with different PTA loading from 3 to
0 wt.% were then activated at various temperature for further
tudy.
.4. Physico-chemical characterization

The surface area measurement was carried out by BET
ethod using Quantasorb instrument (Quantachrome, USA)

p

s
w
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y nitrogen adsorption–desorption measurements. The samples
ere degassed at 120 ◦C.
Surface acidity was determined spectrophotometrically on

he basis of irreversible adsorption of organic bases such as
yridine (PY, pKb = 3.5) and 2,6-dimethyl pyridine (DYPY,
Kb = 8.7) [6]. In this method, adsorption experiment was car-
ied out in a 50 ml stoppered conical flask taking 10 ml of each
reshly prepared adsorbate (Fluka, Switzerland) solution, along
ith 0.05 g of sample preheated at 120 ◦C with constant shak-

ng. The concentration range for each adsorbate was varied from
.005 to 0.01 M in cyclohexane (Merck). After 2 h the con-
ents were filtered and absorbance of the filtrate was measured
t preset wavelengths. For all cases, the sorption experiments
ere carried out in the adsorbate concentration range where
eer–Lambert’s law was valid. The time required to reach equi-

ibrium at room temperature was checked for all of the samples
nd was never more than 1 h. In other ward the time required for
ll the solute to adsorb on the active sites of the catalyst is opti-
um in 1 h. All the absorbance measurements were recorded

n a spectrophotometer (Varian, Cary 1E) using 10 mm matched
uartz cells.

The chemical interaction between the adsorbate and the cata-
yst may be described by the linear transferred Langmuir adsorp-
ion isotherm.

C

X
= 1

b
Xm + C

Xm

here C is the concentration of organic substrate in solution in
quilibrium with the adsorbate substrate, b a constant and X is
he monolayer coverage, which corresponds to the theoretical
mount of solute required to cover all the active sites for base
dsorption.

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 100 software.
he spectra were recorded against the boric acid background.

Micrographs showing X-ray image mapping of different ele-
ents of washed manganese nodule leached residue were taken

sing a Japanese Model (JXA-8100) EPMA.

.5. Catalytic reaction

Catalytic reaction was carried out in a 50 ml two necked round
ottom flask, which charged with 0.2 g of catalyst (Phospho-
ungstic acid impregnated hydrous zirconia), phenol (2 mmol)
n acetic acid (4 ml) and KBr (2.2 mmol). Thirty percent H2O2
2.2 mmol) was then added drop wise to the reaction mixture.
he content in the flask was stirred continuously at room tem-

erature for 5 h (Scheme 1) [19].

After 5 h of the reaction, the catalyst was filtered and the
olid was washed with ether. The combined filtrates were washed
ith saturated sodium bicarbonate solution and then shaken with
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Table 2
Acid sites of various PTA impregnated zirconia samples

Catalysts Acid sites (�mol/g)

PY 2,6 DMPY

Z 156.5 58.20
3 wt.% ZPTA—120 ◦C 210.2 97.5
6 wt.% ZPTA—120 ◦C 235.6 113.2
9 wt.% ZPTA—120 ◦C 251.3 165.6
12 wt.% ZPTA—120 ◦C 265.8 178.1
15 wt.% ZPTA—120 ◦C 310.1 211.9
20 wt.% ZPTA—120 ◦C 276.8 180.3
15 wt.% ZPTA—200 ◦C 300.2 199.3
15 wt.% ZPTA—300 ◦C 285.4 182.6
1
1

i
o
s
t
d
t
t
g

ZPTA sample (dried at 120 ◦C) is similar to that of the support
and shows no crystalline structure. This may be due to a high
dispersion of solute on the support surface.
Sch

ther in a separating funnel. The organic extract was dried over
nhydrous sodium sulfate. The products were analysed by GC
Shimadzu GC-17A) through capillary column at 210, 250 and
50 ◦C column, oven and detector temperature, respectively.

. Results and discussion

.1. Characterization

Table 1 shows the BET surface area of zirconia and different
eight percentage of ZPTA samples in square meters per gram.
he pure hydrous zirconia dried at 120 ◦C showed a surface area
f 412 m2 g−1.

With the increase in PTA content from 0 to 15 wt.%, the sur-
ace area increases from 412 to 523 m2/g. However from 15 wt.%
nwards, the surface area decreases gradually. This implies that
he presence of PTA play a role in making the material porous.
owever, when the PTA content increases beyond 15 wt.%, pore
locking takes place due to the presence of an excess amount
f phosphotungstic acid. With increase in activation tempera-
ure, the surface area decreases gradually. This might be due
o the inter-particle agglomeration or due to collapse of very
ne/narrow pore to form large pores.

Table 2 shows the surface acid sites of zirconia and different
oading of PTA impregnated zirconia samples. Adsorption of
yridine (PY) measures the total acidity where as 2,6-dimethyl
yridine (DMPY) can be adsorbed on the BrØnsted acid sites. It

s observed that by increasing the PTA loading up to 15 wt.% the
cidity gradually increases (from 210 to 310 �mol/g), thereafter
t decreases to 276 �mol/g for 20 wt.% ZPTA. The same trend
lso found for BrØnsted acid sites. The increase in surface acid-

able 1
urface area of various PTA impregnated zirconia samples

atalysts Surface area (m2 g−1)

412.3
wt.% ZPTA—120 ◦C 459.0
wt.% ZPTA—120 ◦C 468.3
wt.% ZPTA—120 ◦C 475.9
2 wt.%ZPTA—120 ◦C 489.9
5 wt.%ZPTA—120 ◦C 523.6
0 wt.% ZPTA—120 ◦C 490.8
5 wt.% ZPTA—200 ◦C 456.9
5 wt.% ZPTA—300 ◦C 401.2
5 wt.% ZPTA—400 ◦C 354.4
5 wt.% ZPTA—500 ◦C 285.8
5 wt.% ZPTA—400 ◦C 280.6 171.1
5 wt.% ZPTA—500 ◦C 275.9 135.9

ty, with an increase in PTA loading may be due to the formation
f monolayer coverage of PTA on zirconia. The decrease in the
urface acidity at high PTA concentration is probably due to
he formation of polylayer coverage of PTA on zirconia, which
ecreases the number of BrØnsted acid sites and consequently
hat of total acid sites. With increase in activation temperature,
he strong acid sites as well as the BrØnsted acid sites decrease
radually.

From Fig. 1, it was observed that the XRD pattern of 15 wt.%
Fig. 1. XRD patterns of (a) Z, (b) 15 wt.% ZPTA (dried at 120 ◦C).
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that the Keggin phase remains unaltered upto 500 ◦C.

Fig. 5 shows the electron micrograph of haphazardly arranged
zirconia crystallites. The electron micrograph of 15 wt.% ZPTA
ig. 2. XRD patterns of (a) Z, (b) 6 wt.% ZPTA, (c) 9 wt.% ZPTA, (d) 12 wt.%
PTA, (e) 15 wt.% ZPTA and (f) 20 wt.% ZPTA (calcined at 500 ◦C).

Fig. 2 recorded after calcining the samples at 500 ◦C, it was
bserved that the pure zirconia contains tetragonal as well as
onoclinic phases with the latter as the major constituents. For

atalyst with low PTA loading, the XRD pattern can be described
s the sum of monoclinic and tetragonal phases of zirconia. As
%) of loading of PTA increases, it shows increase in tetragonal
hase while 15 wt.% ZPTA is showing completely tetragonal
orm of zirconia. This is due to monolayer coverage of PTA over
irconia. But on further increase in PTA loading, i.e. for 20 wt.%
PTA, it shows monoclinic along with tetragonal phase.

Fig. 3 shows the background subtracted UV–vis-DRS spec-

ra of (a) hydrous zirconia, (b) 15 wt.% ZPTA and (c) 15 wt.%
PTA calcined at 500 ◦C samples. The hydrous zirconia (Fig. 3a)
xhibits a strong absorption band at 230 nm, which may be
ttributed to the charge transfer from oxide species to zirco-

ig. 3. DRS spectra of (a) Z, (b) 15 wt.% ZPTA, and (c) 15 wt.% ZPTA calcined
t 500 ◦C.
ig. 4. FTIR spectra of (a) Z, (b) 15 wt.% ZPTA, and (c) 15 wt.% ZPTA calcined
t 500 ◦C.

ium cation (O− → Zr4+). In contrast the spectra of both 15 wt.%
PTA and 15 wt.% ZPTA calcined at 500 ◦C sample, show broad
and at 260 nm, which match well with the reported figure [20],
uggesting thereby the presence of undegraded H3PW12O40
pecies. This indicates that the Keggin phase remains unaltered
p to 500 ◦C.

The FTIR spectra of hydrous zirconia and phosphotungstic
cid impregnated on hydrous zirconia (15 wt.% ZPTA) are pre-
ented in Fig. 4a and b. The FTIR spectrum of Z (Fig. 4a) shows
roadband in the region of 3410 cm−1 due to asymmetric stretch-
ng of OH group and two bands at 1621 and 1386 cm−1 are due to
ending vibration of (H O H) and (O H O) bond. The
and at 600 cm−1 is attributed to the presence of Zr O H bond.
n addition to these bands, the FTIR spectra of 15 wt.% ZPTA
Fig. 4b) show bands at 820, 966 and 1072 cm−1, which can be
ssigned to the symmetric stretching of (W O W), W O, P O,
espectively [20].

The FTIR spectra of 15 wt.% ZPTA sample calcined at 500 ◦C
s shown in Fig. 4c. There is slight shifting of bands, indicating
Fig. 5. Scanning electron micrograph of zirconia.
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Fig. 6. Scanning electron micrograph of 15 wt.% ZPTA sample.

s shown in Fig. 6. The zirconia crystallites having tetragonal
hort columnar structure, is well observed in this figure. The
nlarge view of ZPTA is shown in Fig. 7, where the fine particle
f PTA are found to have adhered in the surface of zirconia.

Fig. 8 illustrates the X-ray image maps of W, P, Zr elements in
selected area (SL) showing their level of concentration through

lustering of pixels. It can be seen from the maps that W is
dsorbed in Zr grain more than that of phosphours. This is obvi-
us since in original PTA, W content is 12 times more than
hosphorus.

v
m

ig. 8. Scanning electron micrograph of zirconia impregnated with 15 wt.% PTA sam
iew of 15 wt.% ZPTA, (C) X-ray image map of W and (D) X-ray image map of P.
ig. 7. Scanning electron micrograph of 15 wt.% ZPTA sample (single particle
agnification at 1400×).

Fig. 9 illustrates the WDX spectra of 15 wt.% ZPTA sample
howing the spectrum of W, P, Zr elements.

.2. Bromination of phenol
Bromination is an acid catalyzed reaction. Various sol-
ents including canbon tetrachloride, hexane, dichloromethane,
ethanol, acetonitrile and acetic acid was used for this reaction.

ple. (A) X-ray image map of Zr, (B) secondary electron image of morphological
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Table 3
Conversion and selectivity of various catalysts towards oxybromination of
phenol

Catalysts T (h) Conversion
(%)

Selectivity (%)

Ortho-
bromo

Para-
bromo

Di-bromo

Z 5 48.84 34.48 65.52 –
3 wt.% ZPTA 5 65.00 41.05 58.94 –
6 wt.% ZPTA 5 72.30 38.85 61.15 –
9 wt.% ZPTA 5 77.34 34.80 65.20 –
12 wt.% ZPTA 5 82.19 29.81 70.17 –
15 wt.% ZPTA 5 93.34 18.54 81.06 0.30
20 wt.% ZPTA 5 83.75 19.66 79.21 1.12
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to the presence of Lewis acid sites. Choudary et al. [24] reported
that Lewis acid sites are mainly responsible for the para-bromo
product.
Fig. 9. WDX spectra of 15 wt.% ZPTA sample.

he best results were obtained when acetic acid was used as a
olvent compared to others. In presence of H2O2, the acetic acid
ives peracetic acid, which is stronger oxidant than H2O2 and
fficiently oxidizes the Br− to Br+, which is not observed in case
f other solvents.

It is assumed that the catalyst ZPTA reacts with hydrogen
eroxide and forms peroxo species in presence of acetic acid
21]. The formed peroxo metal species then enhances the oxi-
ation of Br− (KBr) to Br+ (HOBr), which reacts in presence
f BrØnsted acidic centres of ZPTA with the organic substrate
henol to give, brominated compounds (Scheme 2).

We have investigated the use of various ZPTA as catalyst in
ifferent weight percentage, in the reaction of phenol with KBr
nd hydrogen peroxide at room temperature in acetic acid. The

esults show that all the catalysts were efficient for catalyzing
he reaction. The selectivity of para-bromo, ortho-bromo and
i-bromo phenol obtained is shown in Table 3.

F
Z
a

henol (2 mmol), KBr (2.2 mmol), H2O2 (2.2 mmol), catalyst (200 mg) and
cetic acid (4 ml), time 5 h.

From Table 3, it was found that the conversion was highest
hen 15 wt.% ZPTA was used as catalyst. The reaction over

irconia gives 48% of conversion having 34% ortho, 65% of
ara-selectivity in 5 h, whereas 15 wt.% ZPTA gave 93% con-
ersion having 81% of para-bromo, 18% of ortho-bromo and
.30% of di-bromo product.

From above data, it is assumed that phenol may interact with
he Lewis acid sites of the catalyst as a result, the electron density
t ortho positions of the aromatic ring decreased, which hinders
he attack of incoming electrophile (Br+) at two ortho position
nd preferred to attack on para position [22,23]. The variations
f different reaction parameters were studied on 15 wt.% ZPTA
atalyst.

Fig. 10 shows that with increase in calcinations tempera-
ure the percentage of conversion of phenol decreases but the
electivity towards para-bromo product increases. Narender et
l. [19] reported that the formation of brominated product is
ainly due to BrØnsted acid sites. With increase in the calcina-

ions temperature, due to loss of BrØnsted acid sites (Table 2) the
ercentage of conversion decreases. The increase in selectivity
f para product at higher calcinations temperature may be due
ig. 10. Effect of activation temperature on conversion of phenol using 15 wt.%
PTA as catalyst (0.2 g), phenol (2 mmol), KBr (2.2 mmol), H2O2 (2.2 mmol),
nd acetic acid (4 ml).
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Scheme 2
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ig. 11. Effect of time on conversion of phenol using 15 wt.% ZPTA as catalyst
0.2 g) Phenol (2 mmol), KBr (2.2 mmol), H2O2 (2.2 mmol), and acetic acid
4 ml).

Fig. 11 shows the effect of reaction time on percentage of
onversion of phenol and selectivity ratio (para-bromo/ortho-

romo) using 15 wt.% ZPTA as catalyst (0.2 g) having similar
eaction conditions. It was found that percentage of conversion
f phenol increases from 28 to 93% with increase of reaction

3

e

able 4
iquid phase bromination of phenol over 15 wt.% ZPTA and comparison of the resul

ubstrate Catalyst used Product

henol ZPTA o-BP, p-BP, di-BP
henol Modified zeolite o-BP, p-BP, di-BP
oluene Zeolite o-BP, p-BP, �-BT
henol Hydrotalcite o-BP, p-BP, di-BP

-BP = ortho-bromophenol, p-BP = para-bromophenol, di-BP = di-bromophenol, �-B
.

ime from 1 to 5 h and then remains almost constant with further
ise of reaction time up to 6 h. In case of selectivity (para-
romo/ortho-bromo), it increases from 1.09 to 4.56. In similar
eaction conditions Narender et al. [19] reported the conversion
n the range of 70–89% over modified zeolite as solid acid cat-
lyst and the selectivity ratio (para-bromo/ortho-bromo) in the
ange of 1.29–2.32 (Table 4). Similarly the result reported by
ingh et al. [8] and Parida et al. [25] have been compared with

he present work in Table 4.
Fig. 12 shows the effect of concentration of catalyst on the

ercentage of conversion of phenol and selectivity of para-
romo/ortho-bromo under similar reaction conditions. When
he catalyst amount increased from 0.05 to 0.4 g, the percent-
ge of conversion of phenol and the selectivity ratio (para-
romo/ortho-bromo) increased from 45 to 96% and from 2.96 to
.65, respectively. In case of ortho-bromo and di-bromo phenol
o such trend was found.
.3. Recyclability of the catalyst

The catalyst with 15 wt.% ZPTA was used for recycling
xperiments. In order to regenerate the catalyst after 5 h reaction

t with other reported methods

Conversion (%) Reference

48–93% (p-BP/o-BP = 1.43–4.37) This method
70–89% (p-BP/o-BP = 1.29–2.32) [19]
49–67% [8]
55–82% (p-BP/o-BP = 1.29–1.7) [25]

T = benzyl bromide.
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Fig. 12. Effect of concentration of catalyst amount on conversion of phenol using
15 wt.% ZPTA as catalyst, phenol (2 mmol), KBr (2.2 mmol), H2O2 (2.2 mmol),
c

t
w
t
t
b

4

a
o
k
5
s
1
c
p
o
r
2
I
f

A

R
c
F
a

R

[

[

[
[
[
[

[
[

[
[

[
[
[

atalyst amount (200 mg) and acetic acid (4 ml).

ime, it was separated by filtration, washed with conductivity
ater several times, dried and calcined at 120 ◦C and used in

he oxybromination reaction with a fresh reaction mixture. In
he regenerated sample after two cycles, the yield decreased
y 5%.

. Conclusions

Phosphotungstic acid supported on hydrous zirconia acts as
n efficient and stable solid acid catalyst for oxybromination
f phenol. FTIR spectra confirm that the phosphotungstic acid
eeps its Keggin type structure when supported on zirconia up to
00 ◦C. EPMA studies show the dispersion of PTA anion into the
urface of the support. In the oxybromination of phenol reaction,
5 wt.% of PTA impregnated on hydrous zirconia showed higher
atalytic activity and having 81% para selectivity. The catalytic
roficiency was found to be dependent on PTA concentration
n the support. With increase in the catalyst concentration and

eaction time (h), the para/ortho-selectivity ratio increased from
.96 to 4.65 and from 1.09 to 4.56, respectively, was observed.
n case of ortho-bromo and di-bromo phenol no such trend was
ound.
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