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Abstract

The alkylation of phenol witlert-butanol was investigated using zirconia modified with silicotungstic acid (STA) as catalysts. The catalysts
with different STA loading (5—25 wt.% calcined at 780) and calcination temperature (15 wt.% calcined from 350 to°89Qvere prepared
and characterized by X-ray diffraction and BIPD measurements. The XRD results indicate that STA stabilizes the tetragonal phase of
zirconia. The catalyst with 15% STA on Zs@alcined at 750C shows the highest acidity and hence highest activity. Under the reaction
conditions of 140C, tert-butanol/phenol molar ratio of 2 and LHSV of 4% phenol conversion was 95.4% with selectivity toe2t-butyl
phenol 4.3%, 4ert-butyl phenol 59.2% and 2,4-dért-butyl phenol 35.8%. The reaction was studied as a function of time for 50 h without
appreciable change in phenol conversion and product selectivity. The deactivated catalyst could be regenerated by calcination with out
appreciable lose in catalytic activity and product selectivity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction velopment of suitable heterogeneous catalysts. The various
catalysts reported for this reaction include metal oxi@s
The alkylation of phenol with different alcohols is indus-  zeolites[3], various microporous and mesoporous materials
trially important as it is used for the production of a variety [4], clays and clay-based materig§. Both the formation
of productq1]. Among them, alkylation of phenol witlert- of C- and O-alkylated products are possible depending on
butanol used for the productiontgft-butylated phenols. For  reaction conditions such as reaction temperature and type
instance, Zert-butyl phenol (2-TBP) is a starting material of catalyst. The catalyst with strong acidic sites or at high
for the synthesis of antioxidants and agrochemicals, whereasreaction temperature, the reaction results in the formation
4-tert-butyl phenol (4-TBP) is used to make fragrances and of C-alkylated products, while catalysts with weak acidic
phosphate esters, 2,4-@ir-butyl phenol (2,4-DTBP) is  sites or at low reaction temperature leads to the formation of
used in the synthesis of substituted triaryl phophites. Com- O-alkylated producf6,7]. Even though many of the catalyst
mercially tert-butyl phenols are produced by the reaction systems reported for this reactions show good activity, they
of phenol with isobutene in presence of homogeneous cata-do not provide sustainable catalytic activities and hence
lysts. The use of these catalysts gives rise to many problemdimits their successful application in large-scale production.
concerning handling, safety, corrosion, and waste disposal. Zirconia based solid acids are attracting much attention
There fore, considerable efforts have been made for the de-in recent years. Sulfated zirconia is proved to be a highly
active solid acid catalygB]. Their poor stability, and ten-
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by isopolytungstate, tungsten oxide—zirconia (\WarOy) is The acidity of the catalysts were measured by tempera-
shown to be an alternative and extensive studies were carriedure programmed desorption of NINH3-TPD) using mi-
out on this catalyst systefd0]. But, relatively few works cromeritics AutoChem-2910 instrument. It was carried out
are available on zirconia modified by heteropolytungstates after~0.5 g of the catalyst sample was dehydrated at’€)0
[11]. Recently we had shown that zirconia-supported phos- in He (30 cnf min—1) for 1 h. The temperature was decreased
photungstic acid acts as an efficient catalyst for alkylation to 100°C and NH; was adsorbed by exposing samples treated
and acylation of aromatid42]. in this manner to a stream containing 10% NHHe for 1 h
The present work deals with alkylation of phenol with at 100°C. It was then flushed with He for another 1 h to re-
tert-butanol using zirconia modified with silicotungstic acid move physorbed Nkl The desorption of Nglwas carried
as the catalysts. The reaction was carried out with an aimout in He flow (30 crd min—1) by increasing the temperature
to maximize phenol conversion together with the selectivity to 600°C at 10°C min~! measuring NH desorption using
to 4+tert-butyl phenol and 2,4-diert-butyl phenol. The in- TCD detector.
fluence STA loading and catalyst calcination temperature on
phenol conversion and product selectivity was studied. The 2.4. Catalytic measurements
catalyst with highest activity was used to study various reac-
tion parameters such as temperature, molar ratio and space The alkylation of phenol withtert-butanol was carried
velocity. The catalyst regeneration and life studies were also out under atmospheric pressure using a fixed-bed down flow
examined in the above reaction. glassreactor (30 cmlengthand 1.3cmo.d.). The catalyst (2 g,
30-40 mesh size) was loaded at the center of the reactor in
) such a way that the catalyst bed was sandwiched between
2. Experimental inert porcelain beads. The reactor was placed in a double-
zone furnace equipped with a thermocouple for sensing the
reaction temperature. The catalyst was activated af600
for 5hin a flow of dry air and cooled to the reaction temper-
ature in presence of dry nitrogen before the reactions were
conducted. The feed containing a mixture of phenoltani
butanol of desired molar ratio was introduced into the reactor
with a fixed space velocity using a syringe pump (Sage Instru-
awents, Model 352, USA). Nitrogen was used as a carrier gas
with a flow rate of 35 ml/min. Although fresh catalysts were
used every time for different measurements, the reusability
of the catalyst was also studied, by regenerating the catalyst
by thermal treatment in presence of air at 3G0and reusing

The catalysts were prepared by impregnation method us-it. The products were collected in a cold trap and analyzed
ing zirconium oxyhydroxide as the support according to our Y Shimadzu 14B gas chromatograph, equipped with a flame
previous procedur§l2]. The support was prepared by the ionization detector using SE-52 packed column. The products
hydrolysis of an aqueous solution of zirconium oxychloride Were identified by GC-MS and by comparing with authentic
with aqueous NH. The precipitate obtained was washed till S@mples. Conversion was defined as the percentage of phenol
free from chloride and dried at 12C. To a methanolic solu- ~ converted into products.
tion of silicotungstic acid, zirconium oxyhydroxide powder
was added and the mixture was stirred for 8—=10h. The ex-
cess of methanol was evaporated to dryness and the obtained- Results and discussion
product was dried at 12 and calcined in air at different
temperatures. 3.1. Characterization

A series of catalyst with different STA loading (5—-25%)
on zirconia was prepared and calcined at 750In order to ~ 3.1.1. X-ray diffraction
study influence of calcination temperature on activity, cat-  1he XRD pattern of the catalysts with different STA
alyst with 15% STA on zirconia was calcined from 350 to loading calcined at 750C (Fig. 1A) shows that, the pres-

2.1. Materials

Zirconium oxychloride (ZrOGl-8H,0) and ammonia
(25%) were procured from S.D. Fine Chemicals Ltd.,
Mumbai. Phenoltert-butanol and methanol were obtained
from Merck (India) Ltd., Mumbai. Silicotungstic acid
(H4SiW12040-xH20) was purchased from Aldrich. All the
chemicals were research grade and were used as receive
without further purification.

2.2. Catalyst preparation

850°C. ence of STA strongly influences the crystallization of zir-
conium oxyhydroxide into zirconia. Pure zirconia calcined
2. 3. Characterization at 750°C is mainly monoclinic with only a small amount

of the tetragonal phase. For catalysts with low STA load-
X-ray diffraction (XRD) measurements of the cata- ing calcined at 750C, the XRD pattern can be described as
lyst powder were recorded using a Rigaku Geigerflex the sum of the monoclinic and tetragonal phases of zirconia,
diffractometer equipped with Ni filtered CucdKradiation this latter phase becoming dominant for catalyst with 15%
(»=1.5418A). STA.
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Table 1

Effect of calcination temperature on acidity

Calcination temperaturéC) Acidity (NHz nm—2)
650 1.93

750 281

800 2.61

Intensity (a.u)

desorbed ammonia shows its maximum at 76({Table J).

The pre-activation temperature used for TPD analysis limits
acidity measurement of the catalysts, which were calcined at
lower temperatures.

20 ‘ 25 ‘ 30 I 35 ‘ 40 20 I 25 I 30 I 35 I 40 3.2 Catalytic activity
(A) 2 Theta (*) (B) 2 Theta (°)

Fig. 1. XRD patterns of (A) (a) Zr@ (b) 5%. (c) 10%, (d) 15%, (¢) 20%. The main products of theert-butylation of phenol
and (f) 25% catalysts calcined at 780 and (B) 15% catalyst calcined at were 2tert-butyl phenol (2-TBP), 4ert-butyl phenol (4-

(a) 350°C, (b) 450°C, (c) 550°C, (d) 650°C, (e) 750°C, (f) 800°C, and TBP), 2,4-ditert-butyl phenol (2,4-DTBP) andert-butyl

(9) 850°C. phenyl ether (TBPE). The products like 2,6tdit-butyl phe-

nol and 2,4,6-tritert-butyl phenol were detected in trace
amounts in some runs.gCand G2 olefins, formed by
the olegomerization of isobutene, were also observed in
the reaction, where isobutene is formed by the acid cat-
glyzed dehydration ofert-butanol. Scheme 1represents
the formation of different products duririgrt-butylation of
phenol.

As shown inFig. 1B, 15% catalyst was amorphous when
it was calcined below 450C and as the calcination tempera-
ture increases, zirconia crystallizes progressively to tetrago-
nal phase. Thus, the added STA stabilizes the tetragonal phas
of zirconia and such stabilization of tetragonal Z1i@ pres-
ence of other heteropoly acid is reported eaflid]. When
the STA loading is higher than 15%, or when the calcina-
tion temperature exceeds 78D for 15% loading, new peaks
appear in the region of 23—-25characteristic of crystalline
WOs.

3.2.1. Effect of STA loading

In order to investigate the effect of STA loading, catalysts
with 5-25% STA on zirconia calcined at 790 were used in
alkylation of phenol withtert-butanol at 120C with a space

. l . .
3.1.2. Acidity measurement (NFTPD) velocity of 6.7+ (Fig. 3. Pure ZrQ calcined at 750C

This adsorption—desorption technique enables the deter_shows only negligible activity. Out of the catalysts with dif-
L . - ferent STA content, the 5% STA catalyst showed the lowest
mination of the total acidity of the catalysts. The acidity of

the catalysts with different STA loading is given Fig. 2 phenol conversion (29.1%), while the catalyst with 15% STA
and it is evident from the figure that, the acidity of thé cata- 93¢ the highest conversion (59.2%). Further increase in STA

lysts increased up to 15% STA loading and then decreased at
higher loadings. For a catalyst with 15% loading, calcined at
different temperatures (650, 750 and 8@) the amount of

o
2.85+ / (A)

2.80 %‘OH
NA
E,., 2,75 Phenol
% Isomerizatio
< %*OH
.‘? 2.704 > OH
o
z

2.654

2.60 T T T T T T T T T 1 %‘OH

5 10 15 20 25 (D)

STA loading (wt. %)
Scheme 1. (AYert-butyl phenyl ether, (B) 2ert-butyl phenol, (C) 4tert-
Fig. 2. Effect of STA loading on acidity. butyl phenol and (D) 2,4-diert-butyl phenol.
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Fig. 3. Effect of STA loading on phenol conversion and product selectiv- Fig. 4.‘ Effect of gglcination temperatL_Jre on phenol conversion and product
ity. Conditions: temperature = 12@: tertbutanol/phenol molar ratio=1;  Selectivity. Conditions: same as thatfifg. 2
LHSV=6.71%; time=2h.

loading results in a decrease of phenol conversion as for 25%alysts with different STA loading. As the conversion in-
catalyst it was 49.9%. creased from 12.9% for the catalyst calcined at 3500

The selectivity to different alkylated products also de- 49.1% for the one calcined at 650, the selectivity to TBPE
pends on the loading of STA. The catalyst with 5% STA decreased from 88.8 to 7.5%. A decrease in TBPE selec-
shows the highest selectivity to TBPE. As the phenol con- tivity results in an increase in 2-TBP selectivity from 6 to
version increased from 29.1% for 5% catalyst to 59.2% 22.9%. Further increase in calcination temperature to°T50
for 15% catalyst, the selectivity to TBPE decreased from resulted in the decrease of TBPE selectivity to 1.1%. On
31.7 to 1.1%. The 5% catalyst shows 2-TBP selectivity of the other hand, the selectivity to 4-TBP increased continu-
26.4% and 4-TBP selectivity of 27.6%. When STA con- ously up to 750C. Further increase in calcination temper-
tent was increased to 10%, the selectivity to 2-TBP was ature not changes its selectivity appreciably. The selectivity
similar to that of 5% STA catalyst (27.8%), while selectiv- to 2,4-DTBP was increased up to 68D (43.5%) and fur-
ity to 4-TBP was increased to 30.7%. The 15% STA cat- ther increase in calcination temperature does not change its
alyst shows the lowest 2-TBP selectivity (22.6%), and the selectivity.
highest 4-TBP selectivity (32.5%). The catalysts with still The variation of phenol conversion and product selectiv-
higher STA content again gave products with similar selec- ity with STA loading and calcination temperature follows
tivity to 2-TBP and 4-TBP. The selectivity to 2,4-DTBP in- the acidity of the catalysts. The acidity measurement by
creased up to 15% STA loading (42.5%). Further increase in NH3-TPD shows that the catalyst 15% STA/Zr@alcined
STA content does not result in an appreciable change in itsat 750°C has the high acidity and hence this catalyst shows

selectivity. highest activity.
Subramanian et al. have shown that 2-TBP can undergo
isomerization to 4-TBP and alkylation to 2,4-DTHR]. 3.2.3. Effect of reaction temperature
Thus, the lower 2-TBP selectivity shown by 15% STA- The reaction was studied at various temperatures from 80

750 catalyst might be due to the isomerization of 2-TBP to 180°C using 15% STA on Zr@calcined at 750C as the
to 4-TBP and/or the successive alkylation of 2-TBP to catalyst. The variation of phenol conversion and selectivity

2,4-DTBP. to different products with temperature are showhiip 5. At
80°C, phenol conversion was only 15.6% and it increased to
3.2.2. Effect of calcination temperature 69.3% at 140C. An increase of reaction temperature above

The catalyst with 15% STA calcined from 350 to 88D this results in decrease in phenol conversion. The decrease
were used to study the change in catalytic activity with cal- in conversion may be due to the dealkylationteft-butyl
cination temperature{g. 4). From the figure it is clear that  phenolto phenol at high temperature and also the diminishing
calcination temperature has a profound effect on catalytic ac-availability of tert-butanol as it undergoes olegomerization
tivity. The catalyst calcined at 35, shows 12.9% phenol rather than alkylatiofd].
conversion and itincreased to 59.2% at a calcination temper-  At80°C TBPE obtained as the major product (86.1%) and
ature of 750C. Further increase in calcination temperature as phenol conversion increases TBPE selectivity decreases
results in the decrease of phenol conversion. and itwas completely absent at 140. The decrease in TBPE

The selectivity to different alkylated products varies with = selectivity with temperature may be due to its rearrangement
calcination temperature as that observed in the case of catto C-alkylated product. Indeed, ithas been shownthat suchre-
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Fig. 5. Effect of reaction temperature on phenol conversion and product ] ] .
selectivity. Conditionstert-butanol/phenol molar ratio= 1; LHSV =6.7k; Fig. 7. Effect of space velocity on phenol conversion. Conditions: tempera-
time=2h. ture = 140°C; tert-butanol/phenol molar ratio = 2; tie= 2 h.

increase of mole ratio from 2 to 3 added an additional 5.4%

conversion. A further increase in mole ratio had no effect

on phenol conversion. It was shown that the polar molecule,

such as methanol and higher alcohols compete with phenol
for adsorption sites and an increase in the molar excess of
alkylating agent results in an increase in phenol conversion
as observed in the present styay.

arrangements occurred on heating or by contact with an acid
catalyst{12]. The highest selectivity to 2-TBP was found to
be at 100C (26.3%), while, selectivity to 2,4-DTBP (42.5%)
was highest at 120C. The higher selectivity of 2,4-DTBP at
this temperature may be due to the higher stability and the
availability of tert-butyl cation at lower reaction tempera-

gjsr?t' I-g rliéotrr:g?::]%réor:g;ﬁszl'sz?;/;r:dr?)t drﬂgth;ﬁ;nﬁ;itgraen The formation of TBPE was not observed under these con-
y y P ditions. The selectivity to 2-TBP was low and it decreased

;E;i?;iym temperature always results in an increase of Its’from 6.9 to 3.4% when the molar ratio increased from 0.5 to

4. With an increase in molar ratio from 0.5 to 4 the selectiv-
ity to 4-TBP decreased from 83.8 to 41%, while 2,4-DTBP
selectivity increased from 9.3 to 51.6%. This could be due
to the higher availability ofert-butanol, which leads to the
formation of the dialkylated product.

3.2.4. Effect of molar ratio

The effect of molar ratio on phenol conversion and prod-
uct selectivity was studied at 14Q with tert-butanol/phenol
molar ratio of 0.5-4Fig. 6). Generally, the phenol conversion
was increased with an increase in the amoumtefbutanol.
At a molar ratio of 0.5, phenol conversion was found to be
52.3% and it is increased to 89.3% at a molar ratio of 2. An

3.2.5. Effect of space velocity

The effect of space velocity was studied at 1@0us-
ing tert-butanol/phenol molar ratio of 2 from LHSV of 4 to
13.3 1 and the results are shownfig. 7. With an increase
of space velocity from 4 to 13.3}, phenol conversion was
—=— TBPE changed from 95.4 to 67.8%. The decrease in conversion with
I anincrease in space velocity is due to the lower time available
—%—2,4-DTBP for the reactants to be in contact with the active sites of the
catalyst.

100 100+

804

80 60
3.2.6. Effect of time on stream

In order to study the deactivation behavior of the catalyst,
the reaction was studied at 140 with LHSV of 4 b~ us-
ing tert-butanol/phenol molar ratio of 2, for 50 Ifrify. 8a).
The phenol conversion was found to be 95.4% at 2nd h with
selectivity to 4-TBP 59.2%, 2,4-DTBP 35.8% and 2-TBP
—— 04— 93— 4.3%. Thus, the activity of this catalyst is found to be similar
o1 iMoiar i (tert_bu‘t’amv;henjn 34 to that of large pore ;eollte[§] and much higher than that

of mesoporous materigld]. There was no change in phenol

Fig. 6. Effect of molar ratio on phenol conversion and product selectivit. CONversion and selectivity to different products was observed
Conditions: temperature = 14C; LHSV =6.7 'L; time =2 h. after 50 h of reaction.
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40+
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Fig. 8. Effect of time on phenol conversion and product selectivity. Con-
ditions: temperature = 14@; LHSV =4 hr1; tert-butanol/phenol molar ra-
tio=2.

The regenerability of the catalyst was also tested. Since

there was no appreciable change in conversion after 50 h of
reaction, the catalyst was subjected to accelerated deactiva-

tion by performing the reaction at higher temperature. After
6 h of reaction at 250C, the phenol conversion was dropped
to 20%. At this point, the reaction was stopped and reactor
was flushed with N and the catalyst was regenerated with
air at 500°C for 6 h. The reaction was again studied with the
regenerated catalyst for another 254ig( 8) and the cata-
lyst shows similar performance as that of the fresh catalyst
and no appreciable change in phenol conversion and produc
selectivity was observed during the reaction time.

4. Conclusions

The alkylation of phenol withtert-butanol was studied
using silicotungstate-modified zirconia as catalysts in a
continuous fixed-bed down flow reactor. The activity of
the catalyst depends on both STA loading and calcination
temperature and catalyst with 15% STA on Zr€alcined
at 750°C was found to be the most active catalyst. Under
the reaction conditions of 14, tert-butanol/phenol molar
ratio of 2 and LHSV of 4 hl, phenol conversion with this
catalyst was 95.2% with selectivity to t2rt-butyl phenol
4.3%, 4tert-butyl phenol 59.2% and 2,4-dért-butyl phenol
35.8%. The catalyst shows stable long-term activity and it
can be regenerated by calcination with out appreciable lose
in catalytic activity and product selectivity.
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