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bstract

To study the effect of W concentration and activation temperature of the catalysts a series of WOx/ZrO2 samples with varying concentration
f W (10–25 wt.%) were prepared and activated at 650/750 ◦C. XRD of sample shows 15 wt.% W stabilizes the tetragonal phase of zirconia up
o 750 ◦C. Above and less than 15 wt.% shows peaks corresponding to monoclinic WO3 and monoclinic ZrO2, respectively. Further, the tungsten

odification stabilizes the specific surface area of ZrO2. There is an increase in the surface area observed up to 15 wt.% W, which declines on
urther increase in the concentration. The NH3 TPD confirms the presence of acid sites with varying strength from the broad desorption profile.
he 15 wt.% W and activated at 750 ◦C shows maximum acidity. The results of the nitration reaction of chlorobezene imply the 15 wt.% W and

ctivation at 750 ◦C shows maximum activity. Not only yield, a better para-selectivity is also achieved with WOx/ZrO2 samples. Effect of activation
emperature, W concentration and reaction parameters such as reaction temperature, reaction time, the presence of solvent and solvent free medium
n activity and selectivity are studied in details.

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

Nitration of aromatic compounds is a ubiquitous reaction
o realise organic intermediates required in large tonnages for
he fine chemical industry. Mononitrohalobenzene, especially
ara-nitrochlorobenzene, are versatile intermediates for dyes,
harmaceuticals and perfumes [1]. The conventional nitration
rocess [2,3], employing a nitrating mixture of nitric and sulfu-
ic acid, for the last 150 years has remained unchallenged in the
ommercial arena owing to uneconomical alternative options.
y classical method with a mixture of nitric and sulphuric acids,
redominantly ortho- and para-products close to the ratio of 1:2

re resulted [2,3]. Due to the commercial importance of para-
hloronitro benzene, a lot of studies were carried out to increase
he para-selectivity. A mixture of acetic anhydride and nitric acid
n the presence of sulphuric acid was used by Menke [4] and Paul
5] and afforded high para-selectivity at low temperature.
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ax: +91 674 2581 637.
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Although the conventional method of using concentrated
2SO4 provides better yield and selectivity too, the main dis-

dvantage of this process is handling of the corrosive acid and
lso the waste acid disposal causes serious environment threats.
n addition, the separation of products is another difficult step
n this process. As in the recent time more emphasis has been
iven to develop clean process, it is essential to find a suitable
lternate catalyst to meet the requirements. Use of solid acid
atalyst seems to be the right solution.

In this contest, it was reported that claycop can produce 98%
ield having ortho to para ratio of 13:85 when fuming nitric acid
s used as the nitrating agent [6]. Choudhary et al. [7] claimed
o increase the ortho to para ratio to 8:92 using Fe3+ exchanged
ontomorillonite-K10 catalyst in presence of nitric acid and

cetic anhydride. Also, pillared clay was studied for this reac-
ion as a solid acid catalyst [8]. Even beta-zeolite was used as
atalyst for the same reaction [9] and reported to be efficient.
imilarly several other reports are also available in the recent

ast in studying the nitration reaction of aromatics using solid
cid catalysts [10–15].

The application of SO4
2−/ZrO2 catalyst in the nitration reac-

ion of halobenzenes is reported first time by us [16]. It has

mailto:kmparida@yahoo.com
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dx.doi.org/10.1016/j.molcata.2006.06.046
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een found that SO4
2−/ZrO2 gives better yield and also provide

igh para-selective in nature. Like sulphate modified zirconia,
ungstate modified zirconia has been seen to be the key attrac-
ion of several researchers. Since it was first reported by Hino
nd Arata [17], it has been seen to be used in many catalytic
eactions particularly for isomerisation of C4–C8 alkanes and
lkylation of hydrocarbons [17–21]. Although WZ is much less
ctive than sulphated zirconia it offers an important advantage as
he WOx in WZ are much more stable than the sulphate groups
n sulphated zirconia at high temperatures [22] and in reduc-
ive atmospheres [23]. Besides these isomerisation reactions,

Ox/ZrO2 catalysts also, find applications for acetylation of
lcohols and phenols [24,25], liquid-phase alkylation of phenol
ith long-chain olefins [26], oxidation of ethylene to acetic acid

27].
Recently it has been attempted to use the WOx/ZrO2 cata-

yst for the nitration reaction. Brei et al. [28] has reported the
apour phase nitration of benzene using this catalyst. However,
here are many issues like the catalyst preparation, activation
nd the reaction conditions such as effect of temperature, with
nd without solvent, reaction time, etc. are need to be addressed
n details.

Santiesteban et al. [20] has shown that co-precipitation
ethod involving the simultaneous precipitation of tungsten
ith the formation of the hydrous zirconia yielded a catalyst
ith higher strong acid sites compared to impregnation method.
herefore, in the present study, we have carried out the reaction
sing WOx/ZrO2 catalysts prepared by co-precipitation method
ith varying concentration of W and activated at different tem-
eratures. Further, the effect of various reaction parameters on
ctivity and selectivity of the catalysts are also studied.

. Experimental

.1. Sample preparation

A series of WOx/ZrO2 samples with varying concentration
f tungstate was prepared following the co-precipitation method
20] and for comparison a sample without tungstate was also
repared.

The activation of the catalysts were done in an air Muffle
urnace maintained at desired temperature of 650 and 750 ◦C
ith a heating rate of 3 ◦C/min and the catalysts were calcined

or 3 h continuously and then allowed to cool naturally up to
10 ◦C. The catalysts were then cooled further to room temper-
ture under desiccation for further studies.

.2. Chemical analysis

The tungsten content was determined spectrophotometrically
y the thiocyanate method at λ = 400 nm [29,30]. A weighed
mount of sample was fused with KHSO4 and then dissolved

n water to 50 ml. About 15 ml concentrated HCl, 5 ml of SnCl2
45 g of SnCl2 dissolved in 50 ml of concentrated HCl + 50 ml
ater), 2 ml of TiCl3 freshly prepared (5 ml of TiCl3 15% diluted

o 50 ml) and 10 ml aliquot of NH4CNS solution (3 M) were then

A
e
e
q
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dded to a 10 ml aliquot of the tungsten-containing solution in
50 ml volumetric flask. The solution was diluted to a mark

nd set aside for 30 min to ensure that the reaction of reduced
ungsten (by SnCl2 + TiCl3) with thiocyanate ions induced full
olour development. The absorbance of the test samples were
ecorded using a UV–vis spectrophotometer (Varian, Cary-1E,
ustralia) at preset wavelength of 400 nm. The standard solu-

ion was prepared by dissolving ammonium meta tungstate. The
alibration curve, in the range 2–12 ppm, was obtained from
tandard solution of W(VI).

.3. Characterisation

The powder X-ray diffraction of the WOx/ZrO2 samples was
ecorded with the help of a Philips (Model 1710) semi auto-
atic X-ray diffractometer. It has auto divergent slit and graphite
onochromator. The Cu K� radiation was used with a scanning

peed of 2◦/min.
Surface area (BET), pore volume, average pore radius and

ore size distribution of the WOx/ZrO2 samples were determined
y nitrogen adsorption–desorption method at liquid nitrogen
emperature (77 K) using a Quantasorb, supplied by Quanta
hrome, USA.

The temperature programmed desorption (TPD) of
Ox/ZrO2 samples were carried out on a TPD/TPR/TPO

SIGMA, India) micro pulse reactor. For these experiments
.2 g of the catalysts was accurately weighed and plugged at
he center of a stainless steel micro reactor by the help of glass
ool. The catalysts were pre-heated in oxygen flow at 550 ◦C

or 3 h followed by nitrogen for a period of 1 h. The ammonia
as then adsorbed on to the catalyst surface by carrying it
y adapting a suitable technique-bubbling nitrogen in 25%
mmonia solution and then through a cold trap to arrest the
oisture if any carried along with ammonia. The ammonia

dsorption continued at 100 ◦C till it is completely saturated
nd then desorbed for few more time at this temperature in order
o remove physisorbed ammonia. Then after, the NH3 desorbed
tarting from 100 to 600 ◦C in continuous flow of nitrogen
30 ml min−1) at a heating rate of 10 ◦C/min is monitored. The
mount of ammonia desorbed was monitored with the help
f an on-line gas chromatography equipped with a thermal
onductivity detector (TCD) and porapak-‘N’ packed column.

.4. Catalytic activity

The nitration of chlorobenzene (CDH, AR) was carried out in
flask having provision of water circulation in order to maintain

he reaction temperature. A magnetic stirrer was employed for
onstant stirring of the reaction mixture.

For each set of reaction, 10 mmol chlorobenzene and an
quivalent quantity of nitric acid and acetic anhydride were used.
he amount of acetic anhydride was chosen such as to be mini-
um that would allow quantitative conversion to acetyl nitrate.

ccurately weighed 0.5 g of the catalyst was used in each case

xcept for the blank experiment. For reaction carried out in pres-
nce of solvent, 10 ml of CCl4 was used in each case. These
uantities are kept constant irrespective of reaction tempera-
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corresponding to tetragonal phase along with a minor amount
of monoclinic zirconia. But if we see the pattern of 15 wt.% W
sample it is interesting to note that peaks corresponding to mon-
K.M. Parida et al. / Journal of Molecul

ures, reaction time (duration) and whether in solvent or solvent
ree medium. In the study of sequential addition of reagents, the
eagents were added in various ways. However, the results pre-
ented in this work correspond to the optimum condition that is
here the catalyst was being added after the addition of acetic

nhydride and nitric acid.
The addition of nitric acid followed by acetic anhydride is

lways carried out very slowly keeping the reaction flask over a
rushed ice bath in order to absorb the heat produced because of
ndothermic nature of the reaction (formation of acetyl nitrate).

After addition of all the ingredients, the whole reaction mix-
ure was stirred with the help of a magnetic stirrer and the flask
tted with a condenser. The reaction temperature was maintained
t RT (28 ◦C)/50 ◦C/70 ◦C by circulating heated water around the
ask. After the end for every set of reaction, the reaction mixture
as allowed to cool down to room temperature. The content was
ltered using a Whattman filter paper no. 40. Acetic acid which

s the only by-product and CCl4 were separated by distillation.
he percentage of ortho- and para-isomer of the nitrated prod-
ct were analysed by gas chromatography (GC 17A Shimazdu,
apan) using 15% FFAP on 80/100 mesh W (HP) packed col-
mn and a flame ionization detector. In order to calculate the
ercentage ortho- and para-isomer, standard compound of nitro
hlorobenzene was used.

. Results and discussions

.1. Chemical analysis

The weight percentage of W in different samples is shown
n Table 1. The table shows the W wt.% as calculated during
reparation and it also include the value measure by spectropho-
ometrically at λ = 400 nm (by the thiocyanate method) after it is
eing synthesized. It can be seen from table that the difference
etween the calculated and chemical analysis result of W con-
entration in different samples are very negligible. This indicates
he complete co-precipitation and also proper dispersion of W in
amples. For indicating a sample with a certain W concentration
s however followed as was synthesized.

.2. Charaterisation
Figs. 1 and 2 represent the XRD patterns of WOx/ZrO2 sam-
les activated at 650 and 750 ◦C, respectively. It can be seen that
he unpromoted zirconia activated at 650 ◦C shows peaks corre-
ponding to monoclinic phase of zirconia with a minor amount

able 1
lemental analysis of WOx/ZrO2 samples

ample details ‘W’ as calculated during
synthesis (wt.%)

‘W’ as calculated by
chemical analysis (wt.%)a

0WZR 10.0 9.89
5WZR 15.0 14.94
0WZR 20.0 19.88
5WZR 25.0 24.97

a 110 ◦C heated samples.
F
T

ig. 1. XRD of WOx/ZrO2 samples activated at 650 ◦C. M, monoclinic-ZrO2;
, tetragonal-ZrO2; m, monoclinic-WO3.

f tetragonal zirconia. However, from the XRD patterns of the
Ox/ZrO2 samples it is noticed that the tungsten modification

n zirconia influenced its crystallization. From the peak intensi-
ies it is observed that WOx modification stabilizes the tetragonal
hase. It can be seen that the WOx/ZrO2 sample with W con-
entration of 10 wt.% and activated at 650 ◦C contains peaks
ig. 2. XRD of WOx/ZrO2 samples activated at 750 ◦C. M, monoclinic-ZrO2;
, tetragonal-ZrO2; m, monoclinic-WO3.
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clinic phase has totally eliminated and peaks corresponding to
etragonal phase are only found. This indicates the tetragonal
hase stabilization effect of tungsten modification on zirconia.
lthough, 1% crystalline WO3 can be detected by XRD, in the
resent case up to 15 wt.% W no peak corresponding to crys-
alline WO3 is observed. This observation indicates the thorough
ispersion of tungsten species throughout zirconia by the method
f synthesis adapted (co-precipitation) and therefore presumably
t could not crystallize separately. However, the sample contain-
ng 20 wt.% W shows the very minor presence of monoclinic

O3 indicated from its characteristic peaks. When the concen-
ration further increased to 25 wt.% W the peaks corresponding
o monoclinic WO3 are more prominently visible.

The 20 wt.% W sample which had shown only a minor pres-
nce of monoclinic WO3 when activated at 650 ◦C shows more
rominent and intense peaks corresponding to the presence of
onoclinic WO3 when calcined at 750 ◦C. In case of 25 wt.%
loaded sample it has also found to crystallize the monoclinic
O3. However, it can be seen that XRD pattern of 15 wt.%
loaded sample did not show any peaks corresponding to the

resence of monoclinic WO3 even at activation temperature of
50 ◦C.

The above results suggest that the WOx/ZrO2 samples pre-
ared by co-precipitation method followed by digestion are
nfluenced by the presence of tungsten species in stabilizing the
etragonal phase. The 15 wt.% W is found to be 100% tetragonal
hase zirconia up to activation at 750 ◦C. Whereas concentra-
ion above 15 wt.% W shows the presence of monoclinic WO3
nd below it shows the presence of monoclinic zirconia. Our
esults are similar to the inference noticed on other reports. From
he literature it has been seen that the preparation procedure,
oncentration of W and activation temperature does affect the
rystallization of zirconia and WO3 separately [31–33].

Table 2 collects the BET surface area and average pore diam-
ter of WOx/ZrO2 samples. It can be seen that zirconia sample
repared by similar method except modification by tungsten
hows a specific surface area of 71 m2/g when activated to 650 ◦C
nd which further decreases with increase in the activation tem-
erature to 750 ◦C. We can see from the table that there is no

uch difference in surface area of different WOx/ZrO2 samples

alcined at 110 ◦C rather it can be said that with increase in the W
t.% in samples there is decrease in the surface area. However, it

s very interesting to note that on activation of the samples at 650

s
c
a
p

able 2
pecific surface area, average pore diameter (BJH) of WOx/ZrO2 samples

ample Surface area
(m2/g)a

Average pore
diameter (Å)

Surface area
(m2/g)b

0WZR 382 35.7 112
5WZR 378 36.4 138
0WZR 364 37.8 136
5WZR 358 40.7 114
R 381 58.9 71

a Samples calcined at 110 ◦C.
b Samples activated at 650 ◦C.
c Samples activated at 750 ◦C.
talysis A: Chemical 260 (2006) 35–42

nd 750 ◦C the tungsten modified samples retains higher surface
rea compared to the unpromoted zirconia sample. This con-
rms the surface area stabilizing effect of tungsten modification
n zirconia. It is further noticed that with increase in the con-
entration of W in the samples up to 15 wt.% an increase in the
pecific surface area is observed which start decrease on further
ncrease in the W loading. The decrease in the surface area with
ncrease in W concentration beyond 15 wt.% can be correlated
ith the XRD results. The presence of monoclinic WO3 as indi-

ated from the XRD pattern could be the reason for the decrease
n the surface area at higher concentration. The crystallization
f WO3 must have resulted in sintering of particles and hence
ecrease in the surface area. This particular argument is based on
arlier results [34], which has predicted the strong interaction of
Ox species with ZrO2 crystallites helps in inhibiting sintering.
lso, Sarish et al. [26] has recently reported similar observation
f the role of W as an effective inhibitor for sintering.

The decrease in surface area with increasing in activation
emperature is as expected but it has been seen that tungsten

odification stabilizes the surface area to a great extent. While
he sample not promoted with tungsten shows a surface area of
2 m2/g at 750 ◦C the sample promoted with tungsten (15 wt.%)
s seen to retain surface area of 133 m2/g for activation at same
emperature.

The BJH mean pore diameters of WOx/ZrO2 samples are
ncluded in Table 2. It can be seen that as the calcination tem-
erature of the samples increase there is a steady increase in the
verage pore diameter. In case of unpromoted zirconia it is lit-
le wider compared to the W promoted samples. Unlike surface
rea, the average pore diameter of the samples do not vary much
ith varying in the tungsten loading of the samples.
The surface acid sites measurements of the WOx/ZrO2 sam-

les carried out by ammonia TPD are presented in Fig. 3. It
an be seen that the TPD profile of ammonia shows a broad
and (ammonia desorption) starting from 200 to 600 ◦C. The
rea under the curve represents the total acid site distribution.

hile the peaks on the ammonia desorption profile indicates the
trength of acid sites. From the desorption profiles of various
amples it can be easily said that sample with 15 wt.% W pos-

esses comparably higher acidity than other samples. Similarly
omparing the curves, it can also be pointed out that samples
ctivated at 750 ◦C are more acidic compared to the same sam-
les activated at 650 ◦C. However, this particular observation

Average pore
diameter (Å)

Surface area
(m2/g)c

Average pore
diameter (Å)

43.1 103 63.5
48.5 133 62.1
50.2 129 65.4
46.8 104 70.1
70.2 32 80.4
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ig. 3. NH3 TPD of WOx/ZrO2 samples. [Profile: (1) 15WZR750; (2)
0WZR750; (3) 15WZR650; (4) 10WZR650; (5) ZR650; (6) blank run.]

s noticed for samples only up to 20 wt.% W and beyond this
oncentration, with increase in the activation temperature from
50 to 750 ◦C the TPD profile indicates a decrease in the num-
er acid sites and as well as in their strength. The above results
f ammonia TPD can be correlated with the XRD and surface
rea results. The appearance of peaks corresponding to mon-
clinic WO3 for WOx/ZrO2 samples with concentration more
han 20 wt.% W and activation at 750 ◦C which further promi-
ent the presence of WO3 could be the reason for less surface
cid sites. The surface areas of the samples are also noticed to
ollow similar trend.

.3. Catalytic activity
Table 3 collects the reaction and product details of the monon-
tration of chlorobenzene using WOx/ZrO2 catalysts. It can be
een that with increase in the tungsten (W) loading of the 750 ◦C
alcined samples from 10 to 15 wt.%, there is an increase in the

able 3
Ox/ZrO2 catalysed nitration reaction of chlorobenzene in solvent free medium

atalyst Reaction
temperature

Reaction
time

% Yield para: ortho

0WZR650 RT 60 28 86:14
5WZR650 RT 60 59 83:17
0WZR650 RT 60 66 81:13
5WZR650 RT 60 51 85:15

0WZR750 RT 60 37 88:12
5WZR750 RT 60 78 86:14
0WZR750 RT 60 77 82:18
5WZR750 RT 60 63 84:16

5WZR750 (reused) RT 60 75 85:15
0WZR750 (reused) RT 60 73 83:17
lank RT 60 3 70:30

eaction conditions: 10 mmol chlorobenzene and equivalent quantities of acetic
nhydride and nitric acid, catalyst: 0.5 g.

t
f
6
t
f
v
t
6
l
W
a
a

s
o
(
a
i
b
l
c

0 mmol chlorobenzene and equivalent quantities of acetic anhydride and nitric
cid; time: 60 min and at room temperature.

atalytic activity and with further increase up to 20 wt.% of W,
he activity remains almost constant. From the plot of W loading
oncentration versus percentage yield (Fig. 4) a plateau is clearly
een for W concentration in the range between 15 and 20 wt.%.
oncentration above 20 wt.% in the sample results in decline of

ts catalytic activity. However, with varying in the concentration
f W loading of the samples, it hardly affects the selectivity to
he different isomeric products i.e., para and ortho. This clearly
ndicates that with increase in the W loading of the sample up to
5–20 wt.% W generates maximum number of Brønsted acidic
ite capable of nitration reaction and has also, Lewis acidic sites
ontributing towards para-selectivity of the catalysts.

.3.1. Effect of catalyst activation temperature
It can be seen from Table 3 that all the WOx/ZrO2 samples in

he concentration range of 10–25 wt.%, activated at 750 ◦C are
ound to be more active compared to the samples activated at
50 ◦C. It can be clearly observed from the plot of W concen-
ration versus activity of samples (Fig. 4) that the activity curve
or 750 ◦C is always above the curve obtained for 650 ◦C acti-
ated samples. Again, it can be seen that the catalytic activity
rend of 750 ◦C activated samples follows the same as that of
50 ◦C activated samples (with varying the concentration of W
oading). However, it is observed that among the 15 and 20 wt.%

loaded samples, activation at 650 ◦C results in a wide vari-
tion in their activities for the nitration reaction while samples
ctivated at 750 ◦C are found very close in their activities.

This implies, activation at 750 ◦C creates more numbers of
trong acid sites capable of nitration reaction and 15–20 wt.%
f W must be optimum to give a mono layer coverage of the W
WOx) species resulting in creation of more number of Brønsted
cid sites. From the above results, it can be said that 15 wt.% W

s just enough to produce mono layer coverage and 20 wt.% is
it higher than required and probably that could be the reason of
ess activity of the sample when calcined at 650 ◦C. However,
alcinations at higher temperature, i.e., 750 ◦C made the catalyst
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Table 4
Effect of reaction temperature on yield and selectivity (with and without solvent)

Reaction
temperature
(◦C)

Reaction without solvent Reaction with CCl4 as solvent

Yield (%) para: ortho (%) Yield (%) para: ortho (%)

∼0 21 82:18 – –
28 78 86:14 68 86:14
50 83 86:14 81 87:13
70 72 85:15 77 83:17

R
a
1

t
m
i
n
H
i
f

3

o
w
a
o
f
r
u
i
b
a
F
a
ceeds slowly and the yield obtained for a same interval of time
is less compared to reaction without any solvent. One of the sus-
pected reason for the saturation in activity of the catalysts could
be presumably due to the decomposition of the acetyl nitrate
0 K.M. Parida et al. / Journal of Molecul

ore active though the formation of WO3 species is observed
rom XRD peaks.

The decline in activity with further increase in concentration
eyond 20 wt.% W could be presumably due to the formation
f relatively higher amount of tungsten oxide species resulting
verall decrease in the acidic sites of the catalyst. The WO3 is
on-acidic in nature and hence not capable of nitration reaction.
n addition, it has been explained that the formation of WOx

lso blocks the pores and therefore hinders the approach of the
eacting molecules to the active sites. The above justification is
ell supported with the XRD pattern of the samples, the peaks

ndicates the presence of WOx species in samples with W loading
f 20 wt.% and more. Though the appearance of the m-WOx are
ot very prominent for sample with 20 wt.% it is quite clear
or the sample with 25 wt.% W. Like the decline in activity of
he catalysts with variation in the W concentration, there is no
ffect on selectivity of the products. This indicates activation
f WOx/ZrO2 at 750 ◦C creates more numbers of strong acidic
ites capable of nitration reaction.

The mechanism/scheme we have proposed for the nitration of
alobenzenes using SO4

2−/ZrO2 as catalyst [16] explains how
he presence of Brønsted and Lewis acid sites over SO4

2−/ZrO2
ontrols the activity and selectivity as well. The Brønsted acid
ites facilitate the formation of NO2

+ and hence the nitration
hile the Lewis acidic sites facilitate the attack of NO2

+ ion at
ara-position and therefore results improved para-selectivity of
he catalyst.

Hence, activity more than 78% and selectivity about 85%
chieved using WOx/ZrO2 as catalyst in the nitration reaction
f chlorobenzene at room temperature confirms the presence of
trong Brønsted and Lewis acid sites over surface of the catalyst.
he catalysts on reuse are found to be active with a very little
ecrease in their activity. The values are presented in Table 3.

When a blank experiment was carried out without using any
atalyst but keeping all other reaction conditions similar, a very
ow yield was obtained that is 3%. The yield without any cat-
lyst could be due to the excess protons of the nitric acid on
eacting with acetyl nitrate helps in production of NO2

+ ions
nd hence the nitration reaction. However, the selectivity in this
ase obtained is only 70:30 (para: ortho).

.3.2. Effect of reaction temperature on activity and
electivity of WOx/ZrO2 (with and without solvent)

Experiments have shown that the reaction without any solvent
xhibits more yield compared to that of reaction conducted using
Cl4 as solvent. The reaction temperature has also seen to affect

he final yield. In the present study, reactions conducted between
oom temperature (RT) to 70 ◦C are presented in Table 4. It
an be seen that reaction conducted at 50 ◦C yields maximum,
owever, reaction at RT (28 ◦C) also fetches a fairly good yield
hat is only slightly less than the yield obtained when the reaction
as carried out at 50 ◦C. The yield (78%) obtained at 70 ◦C
ithout solvent is less than the yield (72%) in the presence of
olvent. At higher reaction temperature the acetyl nitrate, which
s responsible to bring the nitration of the chlorobenzene, must
e undergoing decomposition and is not available for reaction.
owever, when the reaction was carried out at same reaction

F
1
1
a

eaction conditions: 10 mmol chlorobenzene and equivalent quantities of acetic
nhydride and nitric acid; catalyst (15WZR750): 0.5 g; reaction time: 60 min,
0 ml CCl4.

emperature (70 ◦C) but in the presence of CCl4 as solvent yields
ore compared to reaction at RT and without any solvent. This

ndicates that in presence of solvent the decomposition of acetyl
itrate is presumed to be less and hence result in more yields.
owever, from the tables, it can be seen that when the reaction

s carried out at 50 ◦C it yields maximum irrespective of solvent
ree or in presence of solvent.

.3.3. Effect of reaction time on nitration of chlorobenzene
Fig. 5 shows the effect of reaction time on the yield (%)

f nitrated products catalysed by 15WZR750 sample with and
ithout any solvent. It can be seen from the plot that a plateau is

ttained in a very short time of reaction (15 min) when carried
ut without any solvent. The yield does not increase much with
urther increase in the reaction time even up to 1 h. However, for
eaction in the presence CCl4 it is observed that there is a grad-
al increase in the yield up to 30 min and there after no much
ncrease in the yield is noticed. In addition, from the plot it can
e seen that the activity curve obtained without any solvent is
lways above the curve obtained in presence of solvent (CCl4).
rom the above observation, it is understood that the reaction
t room temperature and in the presence of solvent (CCl4) pro-
ig. 5. Effect of reaction time on percentage yield of nitrated product. (–�–)
5WXR750 without solvent; (–�–) 15WZR750 with CCl4. Catalyst: 0.5 g,
0 mmol chlorobenzene and equivalent quantities of acetic anhydride and nitric
cid, 10 ml of CCl4 at room temperature.
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ust be taking place with time and is not available for nitration
eaction.

.3.4. Effect of sequential addition of reagents
The sequence of addition of various reagents in the reaction

as found to affect the yield. The isolated yield increases by
0–12% in the case where the catalyst (WOx/ZrO2) was added
fter the addition of nitric acid and acetic anhydride. However,
or all the reaction set up the addition of nitric acid followed
y acetic anhydride is always carried out keeping the reaction
ask in crushed ice bath to absorb the heat produced due to the
xothermic nature of the reaction. The addition of chlorobenzene
owever, does not affect much irrespective of when it was being
dded to the reaction mixture.

Our observation as above is contrary to the observation of
mith et al. [9]. In their report they have shown that in the nitra-

ion of simple aromatic compounds, the sequence of addition of
arious reagents does not affect the percentage yield, whereas it
ffects the selectivity towards different isomeric products, viz.
rtho-, para- and meta-substitutions. The catalyst used in this
aid work was beta zeolite.

In the present study with WOx/ZrO2 as catalyst, the higher
ield obtained in case where the catalyst was added after the
ddition of acetic anhydride and nitric acid is not understood
ery clearly. However, it could be due to the fouling effect of
ater, available from nitric acid (70%), which might have affect

he active sites present on the catalyst surface causing lower
ield. The addition of catalyst after the addition of acetic anhy-
ride and nitric acid does not affected by water because the
vailable water consumed by reacting with the excess available
cetic anhydride and forms acetic acid.

. Conclusions

. The WOx/ZrO2 sample prepared by co-precipitation method
followed by digestion are influenced by the presence of tung-
sten species in stabilizing the tetragonal phase.

. The 15 wt.% W/ZrO2 is found to be 100% tetragonal phase
zirconia up to activation at 750 ◦C, whereas concentra-
tion higher than 15 wt.% W shows the presence of mono-
clinic WO3 and below it shows the presence of monoclinic
zirconia.

. The tungsten modification on zirconia not only stabilizes the
tetragonal phase but also stabilises its specific surface area.
Up to 15 wt.% W there is an increase in surface area, which
decreases on further increase in concentration. The possible
formation of WO3, as indicated from XRD pattern may be
the reason for the decrease in surface area.

. The surface acidity of the WOx/ZrO2 samples shows similar
trend as that of surface area and the reason also probably the
same. The NH3 TPD confirms the presence of acid sites with
varying strength from the broad desorption profile. Further it
has been found out that 15 wt.% W and activated at 750 ◦C

results maximum acidity of the sample.

. As like SO4
2−/ZrO2 the WOx/ZrO2 samples are also found

to be efficient for the mononitration of chlorobenzene.
Though the activities of WOx/ZrO2 are less compared to

[

talysis A: Chemical 260 (2006) 35–42 41

SO4
2−/ZrO2, the selectivity to para-isomer found similar.

This indicates the presence of sufficient number of Lewis
acid sites along with Brønsted acid sites over WOx/ZrO2.

. The 15 wt.% W loaded sample is found to show highest
activity compared to samples having higher or lower con-
centration. Also, activation of the samples at 750 ◦C yields
more than that of 650 ◦C activated samples.

. The detail study of the reaction reveals the effect of various
parameters on catalytic activities. It is observed that reaction
in solvent free medium yields more compared to in the pres-
ence of solvent (CCl4). Among RT (28 ◦C), 50 and 70 ◦C,
reaction at 50 ◦C yields the highest.

. Reaction carried out for a longer duration does not yield more.
Within 30 min of reaction it approaches saturation yield. The
reason could be the decomposition of acetyl nitrate with
time.
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