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12-tungstophosphoric and 12-tungstosilicicacid supported onto hydrous
zirconia for liquid phase tert-butylation of m-cresol
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Supported 12-tungstophosphoricacid (12-TPA) and 12-tunstosilicicacid (12-TSA) were used as heterogeneous catalysts for
liquid-phase zert-butylation of m-cresol, an industrial important reaction. Alkylation reactions have been carried out with
supported 12-TPA by varying different parameters such as % loading of 12-tungstophosphoricacid onto support, mole ratio of
alcohol to m-cresol, reaction temperature, amount of the catalyst, reaction time and calcination temperature to optimize the
conditions. To see the effect of the acidity on the reaction, the same reaction was studied over supported 12-TSA. Both the catalysts
give 100% selectivity for o-isomer with different % conversion. The difference in catalyst performance of both the catalyst was
correlated with the value of total acidity as well as Bronsted acidity.
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1. Introduction

In recent years, supported HPAs have been gaining
importance as alkylating and acylating catalyst [1-5] as
they posses a number of advantages such as high cata-
lytic activity and selectivity, possibility of their repeated
use, easy separation from reaction mixture, high surface
area, high thermal stability as well as easy disposal of
used catalyst, make them economically and environ-
mentally attractive.

Tert-butylation, especially of phenol, is an important
industrial reaction as the obtained fert-butylated phe-
nols can be used directly or as intermediates for the
synthesis of antioxidants, antiseptics, agrochemicals,
resins, UV absorbers and stabilizers for the polymers
[6-8]. An extensive research has been carried out on the
tert-butylation of phenols over zeolites [9-12], hydro-
talcites [12,13], clays [13—15], metal substituted meso-
porous silicates [16-19], heteropolyaicds [20-22], the
same is very scanty for the zerz-butylation of m-cresol
[23,24]. Tert-butylation of m-cresol is also a typical
Friedel-Crafts reaction which is end up with different
products such as 2-fert-butyl 5-methyl phenol (o-iso-
mer), 4-tert-butyl 5S-methyl phenol (o-isomer) and ether.
These products are the precursors for a number of
commercially important antioxidants and light protec-
tion agents.

Among supported heteropolyacids, 12-TPA has been
widely studied [15,25-30] as it is most stable and
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strongest acid in the series. Literature survey shows
that not much work has been reported on 12-TSA, the
next acidic [29,31] and stable [31,32] HPA in the keggin
series. Our group is also working on supported het-
eropolyacids since last 8 years. We have carried out
acid catalyzed reactions such as esterification and cy-
clohexylation of phenol using supported 12-TPA [33—
35] and 12-TSA [36-38]. Hence, the obtained results
are very promising, it was thought of interest to carry
out tert-butylation of m-cresol on which not much
study have been carried out using supported HPAs
[23,24].

As % conversion of reactant and % selectivity of
obtained product depends highly on the acidity-basisity
of the employed catalyst in the reaction, it is also
interesting to study the effect of acidity of the catalyst
systems. In the present work, two different HPAs have
been used, 12-TPA and 12-TSA supported onto hydrous
zirconia (Zr0»), to study the effect of the acidity.

In the present contribution we are reporting the
results of TPA and TSA supported onto ZrO, for the
liquid phase tert-butylation of m-cresol. Alkylation of
m-cresol with fert-butyl alcohol was carried out by
varying different parameters such as % loading of
12-TPA onto support, temperature, time, mole ratio of
m-cresol to alcohol and amount of the catalyst to opti-
mize the conditions. Calcined samples ere also evaluated
for the reaction. Tert-butylation of the m-cresol using
12-TSA has been carried out under the optimized con-
ditions. Based on the comparison study, the best catalyst
among two has been proposed.
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2. Experimental
2.1. Materials

All chemicals used were of A.R. grade. H3pW1,04(. n
H,0, H4siWl,045. n H,O (Lobachemie, Mumbai),
ZrOCl,- 8 H,O (SD Fine chemicals, Mumbai) were used
as received. m-Cresol and tert-butyl alcohol, was
obtained from Merck and used as received.

3. Synthesis and characterization of the catalyst
3.1. Synthesis of the support, ZrO,

Hydrous zirconia was prepared by adding an aqueous
ammonia solution to an aqueous solution of ZrOCI, -8
H»O up to pH 8.5. The precipitates were aged at 100 °C
over a water bath for 1 h, filtered, washed with con-
ductivity water until chloride free water was obtained
and dried at 100 °C for 10 h. The obtained material is
designated as ZrO,.

4. Supporting of 12-TPA and 12-TSA onto ZrO,

12-TPA was supported on ZrO, by impregnation
method. One gram of ZrO, was impregnated with an
aqueous solution of 12-TPA (0.2 g/ 20 mL of conduc-
tivity water) at 100 °C with stirring for 10 h. Material
thus obtained was designated as 12-TPA,/ZrO,. Same
process was followed for the synthesis of catalyst having
30 and 40% loading of 12-TPA onto ZrO,. The
obtained material was designated as 12-TPA3/ZrO, and
12-TPA4/ZrO, respectively. The calcination of the best
catalyst, 12-TPA3/ZrO, was carried out at 300, 400 and
500 °C in air for 5 h and designated as 12-TPA53/ZrO,,
12-TPA34/ZrO, and 12-TPA;5/ZrO, respectively.

Catalyst with 30% loading of 12-TSA has been syn-
thesized by following same method. The synthesized
catalyst was designated as 12-TSA;/ZrO,. All the cata-
lysts were well characterized by us earlier [33,35-37].

5. ITon exchange capacity

Ion exchange capacity was determined by column
method using the following formula:

Normality of NaOH x Volume of NaOH
Gram of material

IEC (meq/g) =

6. Surface area measurement

Adsorption—desorption isotherms of samples were
recorded on a Micromeritics ASAP 2010 Surface area
analyser at —196 °C. From the adsorption desorption
isotherms specific surface area was calculated using
BET method. The samples were degassed under vacuum

(5 _ 10-3 mmHg) at 120 °C for 4 h, prior to measure-
ment, to evacuate the physiosorbed moisture.

7. Acidity measurement

The chemisorptions of ammonia gas (pure) on the
surface of the sample was carried out using Micromer-
ities Pulse Chemisorb-2705. The samples, prepared by
heating at predetermined temperature (300 °C) were
kept in a U-shaped quartz tube and the tube was placed
in a split furnace. The sample was first heated in situ at
300 °C in flowing of argon (99.95%) for 2 h to remove
the moisture which might have adsorbed during the
transfer of sample at various stages. The chemisorptions
of pure ammonia on the preheated sample was carried
out at 120 °C by repeatedly injecting the pulse of pure
ammonia gas onto the sample till the saturation was
observed. The amount of ammonia chemisorbed on the
sample in every pulse was shown by thermal conduc-
tivity detector (TCD) in the form of integrated area of
the ammonia peak. From the peak areas, the acidity in
terms of mmoles of ammonia chemisorbed per gram of
sample was calculated. The temperature 120 °C was
selected for adsorption studies to avoid physical
adsorption of ammonia.

8. Catalytic reaction
8.1. Tert- butylation of m-cresol

The alkylation reaction was carried out in a 50 mL
glass batch reactor provided with a double walled air
condenser, magnetic starrier and a guard tube. ferz-butyl
alcohol (#-BA) to m-cresol was taken in 1:10 (0.95 mL:
10.5 mL) ratio and catalyst was added in the required
amount. The resultant mixture was heated at 80 ° C on
magnetic stirrer for 1 h. Same reaction was carried out
by varying temperature, % loading of the 12-TPA onto
Zr0,, t-BA to m-cresol mole ratio, amount of the cat-
alyst and reaction time. Products formed after comple-
tion of reactions were analyzed on Gas Chromatograph
using SE-30 column and product identification was done
by a combined Gas Chromatography—Mass Spectrom-
etry.

9. Results and discussion

The main characterization of the support as well as
catalysts like ion exchange capacity, surface area mea-
surement and total acidity (obtained from temperature
program desorption of NHj3) are presented in table 1.

9.1. Tert-butylation of m-cresol

Alkylation of m-cresol with tert-butyl alcohol is a
typical Friedel-Crafts reaction and results in a mixture
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Table 1
Main characterization of support and catalysts

Catalyst Ton exchange Total surface Total acidity
capacity (meq/g) area (m?/g) (mmol NH3/g)
ZrO, 0.16 170 0.64
12-TPA,/ZrO, 0.22 182 0.70
12-TPA;/ZrO, 0.62 146 0.82
12-TPA4/ZrO, 0.58 123 0.80
12-TSA;/ZrO, 0.45 208 0.72

of three different products: 2-tert-butyl m-cresol (o-iso-
mer), 4- tert-butyl m-cresol (p-isomer) and 2,4-di tert-
butyl m-cresol (o,p di-isomer) as shown in scheme 1.
According to the value of total acidity (0.64), ZrO,
should be active for tert-butylation, but the reaction
carried out over support shows that the support is
inactive for the tert-butylation of m-cresol. This con-
troversy can be explained by considering the fact that
alkylation reaction required strong acidity, while the
acidity of ZrO, must not be strong enough to catalyze
the reaction. In other words the acidity of ZrO, con-
tributes to the weak acidic sites. Thus the active species
which is responsible for the reaction is HPAs only.

9.2. Optimization of parameters

9.2.1. Effect of temperature

Tert-butylation of m-cresol was carried out at mole
ratio of rert-butyl alcohol to m-cresol in 1:10, with 0.5 g
of 12-TPA;/ZrO, for 6 h at two temperature; ambient
temperature and 80 °C. At ambient temperature, the %
conversion is found to be zero where as at 80 °C tem-
perature, the % conversion of tert-butyl alcohol is found
to the 96%.

OH
CHs CHa
CH3—/C—0H CH, CH3;—C—OH
CH3 / \CH3/
CH OH
CHs | ° OH
C
CHy”
CH
CHj; 3\ CH3s
[o-isomer] 023'_'7C70H oH /C\\CH
\ 3 3 CHj 3
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CHs, OH
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CHj3
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CHj
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Scheme 1. Tert-butylation of m-cresol.

9.2.2. Effect of % loading of 12-TPA onto ZrO,

The tert-butylation of m-cresol was carried out over
12-TPA,/ZrO,, 12-TPA3/ZrO, and 12-TPA4/ZrO,. The
conditions were: mole ratio of tert-butyl alcohol to
m-cresol is 1:10, temperature 80 °C and reaction time
6 h, amount of the catalyst is 0.5 g. Results of the
experiment are shown in figure 1.

It is seen from the figure that the % conversion is
increases on increases the % loading of 12-TPA form 20
to 30% on to ZrO,. Even though the surface area of
12-TPA,/ZrO, is greater than 12-TPA,/ZrOs, it gives
less % conversion as compared to that of 12-TPA,/
ZrOj;. This may be explained on the bases of the acid
strength of both the catalysts. As seen from the table 1,
the total acidity as well as Ion exchange capacity
(Measurement of Bronsted acidity) for 12-TPA,/ZrO; is
more than that of 12-TPA,/ZrO,.

Further, on increasing the % loading form 30 to 40,
the % conversion is observed to be increase but not that
much appreciable. From table 1, it is seen that the sur-
face area is decreases form 12-TPA;/ZrO, to 12-TPA,/
ZrO, and hence the catalytic activity should decreases.
But obtained results again show controversy and can be
correlated with the total acidity as well as ion exchange
capacity value. As there is not much difference in the
value of total acidity as well as ion exchange capacity,
not appreciable change in activity is expected. The
obtained results are in good agreement with the same.

As the 30% loading of 12-TPA onto ZrO, shows
better activity, detail study was carried out over
12-TPA;/ZrO,.

9.2.3. Effect of mole ratio of tert-butyl alcohol
to m-cresol

The reaction was carried out by varying mole ratio of
tert butyl alcohol to m-cresol with 0.5 g of the 12-TPA;/
ZrO, for 6 h at 80 °C and the obtained results are
shown in table 2. It is seen from the table that with
increase the concentration of tert-butyl alcohol, there is
drastic change in the % conversion with change in %
selectivity of the products. The decrease in % conversion
may be due to the steric hindrance of fert-butyl alcohol.

110 110

105+ -+ 105

—
o
=]
N
N
N
N
t
-
o
S

% conversion
© ©
S o
; .
} }
© [(e]
o [6)]
% selectivity

)
a
1
t
o]
a

o]
o
o]
o

20 30 40
% Loading

_
o
(o)
o

—e— % conversion —s— % selectivity for o-isomer

Figure 1. Effect of the % loading of 12-TPA onto the ZrO, on %
conversion and % selectivity for tert-butylation of m-cresol.
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Table 2
Effect of mole ratio of rert-butyl alcohol to m-cresol for 12-TPA/ZrO,

Amount of catalyst Mole Ratio % Conversion % Selectivity
o-isomer p-isomer di-isomer

05¢g 1:10 98 100 - -

3:10 79.3 95.8 42 -

6:10 24.0 64.2 21.2 14.6
% Conversion is based on 7-BA, reaction temperature: 80 °C, reaction time: 6 h.
It is known that the alkylating molecules compete with 110+ T 110
the ?eactan.t (m-cresol) to adsorb on the adsqrptior} sites. 100 = - . e 1100
On increasing tert-butyl alcohol in the reaction mixture, ® =

. . . < 90 +90 &
majority of the adsorption sites of the catalyst surface 5 =
are occupied by bulky fert-butyl alcohol molecules. £ 80 180 =
Hence fewer sites remain available for the reactant g 70 4 170 %
(m-cresol). As the alkylating agent and reactant can not ~ © 60, L so @
come closer enough, reaction will not be takes place.
50 ; ; 50

It is seen from the table that, 100% selectivity is
obtained at the 1:10 mole ratio of tert butyl alcohol to
m-cresol. As in case of m-cresol, the 2nd position
(o-isomer) and 4th position (p-isomer) is not favourable
for the substitution because of the bulk of the zerz-butyl
molecule as well as because of the electronic repulsion.
In this case, substitution will take place on 6th position
(o-isomer) only as seen from the scheme 1. Hence the
results obtained for 1:10 mole ratio of alcohol to
m-cresol are as expected.

As with the increases in the mole ratio, other prod-
ucts have also been formed. This is because of the higher
concentration of the alkylating agent in the reaction
medium. Because of the higher concentration of the zert-
butyl alcohol, more fert-butyl alcohol cation is available
for reaction with m-cresol which results in the p-isomer
as well as o,p di-isomer. The maximum % conversion to
tert-butyl m-cresol is 96% and the products selectivity to
o-isomer is 100% was observed at a mole ratio of 1:10
with 0.25 g of the catalyst.

9.24. Effect of amount of the catalyst

To study the effect of amount of the catalyst on %
conversion and % selectivity, reaction was carried out
using different amount of the catalyst with mole ratio of
alcohol to m-cresol, 1:10 for 6 h at 80 °C. The % con-
version and % selectivity of different products is
reported in figure 2.

It is proved that the activity increases with an increase
in the amount of the supported heteropolyaicds. In the
present study, with increases in the amount of the cat-
alyst, there is also increase in the % conversion, with
same % selectivity of the products. The obtained results
are in good agreement with the earlier reported [39,40].
A total of 96% conversion and 100% selectivity for o-
isomer was found at a mole ratio of 1:10 with 0.25 g
catalyst at 80 °C.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Amount of catalyst (g)

’ —e— % conversion —a— % selectivity for o-isomer

Figure 2. Effect of the amount of the 12-TPA/ZrO; on % conversion
and % selectivity of fert-butylation of m-cresol.

9.2.5. Effect of reaction time

Tert-butylation of m-cresol was carried out at dif-
ferent reaction time at a mole ratio of 1:10 using 0.25 g
catalyst. The results are presented in figure 3.

It is seen from the figure that with increase in reaction
time, the % conversion also increases. In beginning, the
conversion of fert-butyl alcohol is fast, but after 6 h, it
become in equilibrium. This is because of the fact that as
tert-butyl alcohol molecules consume in the reaction,
less molecules are left in the reaction medium and more
time is required to get adsorb on to the support surface.
It is also seen from the figure that the catalyst give same
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g 90 190 <
S 80+ 180 =
@ S
o 70 170
O 60 160 &

50 150

40 ‘ ‘ ‘ ‘ ‘ 40

0 2 4 6 8 10 12
Time (h)

—8—% selectivity foro-isomer —e— % conversion ‘

Figure 3. Effect of the reaction time on % conversion and %
selectivity of tert-butylation of m-cresol for 12-TPA/ZrO,.
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% conversion and % selectivity after 10 h also. This
indicates that the catalyst is stable and can be use for
10 h without any loss of activity.

The optimum conditions for maximum conversion of
tert-butyl alcohol and maximum % selectivity towards
2-tert-butyl m-cresol (o-isomer) with 12-TPA3/ZrO, are
as follows.

% loading of the 12-TPA = 30%
Mole ratio of tert-butyl alcohol to m-cresol = 1:10
Amount of the catalyst = 025¢g
Temperature = 80 °C
Reaction time = 6h

9.2.6. Effect of calcinations on catalyst

Tert-butylation of m-cresol has been carried out with
the calcined samples under the optimized conditions and
the results are presented in table 3.

It is seen from the table that on calcination at 300 °C,
catalytic activity of the catalyst is decreases to some
extent than after it remains constant up to 500 °C. On
heating at high temperature, some Bronsted acidity may
be loss in terms of water molecules from the catalyst. As
the catalyst has enough strong acidity, change observed
is not that much appreciable.

9.3. Test for heterogeneity

For the rigorous proof of heterogeneity, a test [41]
was carried out by filtering catalyst from the reaction
mixture at 80 °C after 1 h and allowed the filtrate to
react further up to 6 h, i.e. completion of the reaction.
The reaction mixture of 1 h and filtrate was analysed for
Gas Chromatogram. No change in the % conversion as
well as % selectivity was found indicating the present
catalyst fall into category C. On the basis of these
results, it can be concluded that there is no any leaching
of the 12-TPA from the support and the present cata-
lysts are truly heterogeneous in nature.

9.4. Recycling of the catalyst

The catalyst was recycled in order to test its activity
as well as stability. The recycling was carried out after
separating it from reaction mixture only by filtration,

Table 3
Effect of calcinations on catalyst for terz-butylation of m-cresol

Catalyst % Conversion % Selectivity

o-isomer p-isomer o,p di-isomer
12-TPA;/ZrO, 96 100 - -
12-TPA33/ZrO, 90 100 - -
12-TPA34/ZTOZ 91 100 - -
12-TPA;35/Z1rO, 90 100 - -

% Conversion is based on #-BA, amt. of catalyst: 0.25 g, mole ratio of
t-BA to m-cresol is 1:10, reaction temperature: 80 °C, reaction time:
6 h.

washing with conductivity water, drying at 100 °C and
treating at 300 °C. Reaction carried out with the recy-
cled catalyst did not show any appreciable change in
catalytic activity. A total of 92% conversion with 100%
selectivity for the o-isomer was obtained with the recy-
cled catalyst.

9.5. Tert-butylation with 12-TSA supported onto ZrO,

Tert-butylation of the m-cresol has been carried out
under optimized conditions using 12-TSA supported
onto the ZrO,. Results are shown in table 4. Results of
tert-butylation of m-cresol over 12-TPA3/ZrO, under
optimized conditions are also presented in table 4. It is
seen from the table 4 that 12-TPA3/ZrO, is more active
than 12-TSA3/ZrOs.

It is known that [29,41] that the catalytic activity of
heteropolyacids, both in homogenecous and heteroge-
neous systems, usually parallels to their acid strength i.e.
H3[PW5049] > Hy[SiW5040] > H3[PMo0,040] >
H4[SiMo0,,04]. It is also known that the difference in
the activity is not much appreciable as the acidity is also
depends on the addenda atom. Since in the present case,
the addenda atom is the same, not appreciable difference
in the activity should observed. The obtained results are
in good agreement with the above trend.

It is also seen from table 1 that 12-TSA supported on
to ZrO, poses large surface area as compared to that of
12-TPA3/ZrO,. So 12-TSA3/ZrO, is supposed to be
more active than 12-TPA;/ZrO,. But it is seen from the
table 4 that the activity of 12-TPA3/ZrO, is more than
that of 12-TSA3/ZrO,, in good agreement with the value
of total acidity (0.82 and 0.72 for 12-TPA3/ZrO, and 12-
TSA53/ZrO, respectively) and ion exchange capacity
value (0.62 and 0.45 for 12-TPA;/ZrO, and 12-TSAj/
ZrO, respectively). Thus, increase with increase in the
acidic strength of the catalyst.

Table 5 highlights the unique and best performance
of the present catalysts for tert-butylation of m-cresol in
comparison with other reported catalysts. The superi-
ority of the present catalysts lies in obtaining more than
90% conversion and 100% selectivity for o-isomer.

Alkylation reactions, especially where more than one
product is possible required tedious work up procedure
to separate them. All other work carried out on tert-
butylation of m-cresol, reactions were end up with two
or more than two products but in present work single
product is obtained under optimized conditions. Liter-
ature survey shows that in reported terz-butylation
reactions, o-isomer was obtained as a major product.
The % conversion is 25.6 and 34.8% conversion and %
selectivity for the mentioned product is 96.1 and 91.3%
at 250 °C with 0.5 g of catalyst. Here % selectivity
obtained was good but because of incomplete conver-
sion of m-cresol, it required extra work up process to
separate the reactant form reaction mixture to reuse.
Further, 70% conversion was obtained with HPW/
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Table 4
Tert-butylation of m-cresol with 12-TPA/ZrO, and 12-TSA/ZrO,
Catalyst Mole ratio % Conversion % Selectivity
o-isomer p-isomer di-isomer
12-TPA;/ZrO, 1:10 96 100 - -
3:10 66 84.9 15.0 -
6:10 21.6 66.4 21.9 11.6
12-TSA3/ZrO, 1:10 91 100 - -
3:10 43 85.9 14.1 -
6:10 17 67.6 23.2 9.2

% Conversion is based on #-BA, reaction temperature: 80 °C, reaction time: 6 h. Amount of catalyst is 0.25 g.

Table 5
Comparison of % conversion and % selectivity for terz-butylation of m-cresol of 12-TPA/ZrO, and 12-TSA/ZrO, with other catalysts

Catalyst Alkylating agent Reaction conditions® % Conversion % Selectivity for o-isomer
12-TPA;/ZrO, (This work) -BA 80;10:1;0.25 96 100
12-TSA3/ZrO, (This work) -BA 80;10:1;0.25 91 100
HPW(30)/MCM-41[23] t-BA 140;1:3;0.1 70 34

MgAPO [24] -BA 250;1:3;0.5 25.6 96.1

CoAPO [24] -BA 250;1:3;0.5 34.8 91.3

% Temperature °C, mole ratio of m-cresol to -BA, amount of the catalyst.

MCM-41 catalytic system, but % selectivity for desired
product is very less.

As a view point of green and sustainable chemistry,
catalyst and catalytic process which gives high %
conversion with higher selectivity for desired productisin
demand. In this reported work, reaction was carried out
at 80 °C, with 0.25 g of reusable catalyst which provides
economical advantages over other methods. Further
reaction was carried out without using any solvent, with
96% conversion of one of the reactant and end up with a
single desired product. The catalysts were recyclable
without significant loss of catalytic activity. The catalyst
is not only selective but is a very good option against the
conventional solid and liquid acid catalyst.

10. Conclusion

The present paper reports, non aqueous liquid phase
tert-butylation of m-cresol at low temperature which
provides remarkable economical advantage. The results
are unique in terms of % conversion as well as % selec-
tivity. This method gives 96% conversion and end up
with a single desired product which is also one of the
most important advantages of supported heteropolyacid
catalysts. In addition more expensive cresols can be
separated by simple distillation from the reaction mixture
and can be reused. Moreover, removal of the catalyst as
well as the products consists of the single filtration. The
catalysts can be reused after a simple workup.
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