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Abstract

Vapour phase alkylation of phenol with t-butyl alcohol (2-methyl-2-propanol) was carried out over mesoporous H-

AlMCM-41 in the temperature range 448)498 K. In this reaction, p-t-butyl phenol was obtained as a major product

with high selectivity. While the phenol conversion increases with a decrease in phenol-to-t-butyl alcohol ratio, the

catalytic activity decreases with time-on-stream due to deactivation of the catalyst. At higher temperatures, both the

ortho- and para-isomers, viz., o-t-butyl phenol and p-t-butyl phenol, undergoes isomerization leading to m-t-butyl

phenol. Ó 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

para tertiary Butyl phenol (p-t-BP) ®nds an in-
creasing use in the manufacture of phenolic resins,
antioxidants, polymerization inhibitors, lube ad-
ditives as well as in the production of substituted
triaryl phosphates [1]. Numerous studies have been
reported on the t-butylation of phenol, both in
homogeneous and heterogeneous using several
acid catalysts, viz., sulfuric acid, phosphoric acid,
arene sulfonic acid, alumina silca supported, clay,
cation exchange resins, microporous molecular
sieves, etc. [2±26]. However, the homogeneous
catalysts have di�culties such as hazardous nature
and tedious work-up for the separation of catalyst.
On the other hand, the cationic exchange resins

cannot be used at higher temperatures. Therefore,
in recent years considerable attention has been
made using heterogeneous catalysts [16,20,25,26].

The presence of phenolic (±OH) group kineti-
cally favours o-alkylation [2,3]. However, due to
steric hindrance, thermodynamically unfavoured
o-isomer, viz., ortho tertiary butyl phenol (o-t-BP)
readily isomerizes into less hindered, partially ki-
netically favourable p-isomer [2±6]. Further, in this
reaction, the selectivity of the product depends on
the nature of the acidic sites present in the catalysts
as well as the reaction temperature [16,20,25±30].
A schematic representation of the reaction is given
in Fig. 1. As can be seen from Fig. 1, the weak
acidic catalyst, e.g., Na� and K� ion-exchanged
zeolite-Y leads to oxygen alkylated product (phe-
nyl alkyl ether, t-BPE) as a major product [5,16].
The strong acidic catalyst-like zeolite-b [31], or at
high temperatures the reaction produces carbon
alkylated product, viz., m-t-butyl phenol (m-t-BP).
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This is formed by the secondary isomerization of
initially formed o- and p-isomers [27±31]. On the
other hand, the moderate acidic catalysts, such as
ZSM-12 [20], SAPO-11 [25] and zeolite-Y [16,30],
are suitable for the formation of p-isomer. In this
regard, it is interesting to note that the aluminium
analogue of the recently discovered mesoporous
(silicate) MCM-41, i.e. AlMCM-41, [32±34] has
moderate acidity in addition to its high surface
area and (meso) pore size, which may be advan-
tageous for the chosen reaction. Therefore, in the
present study, we have used the protonated Al-
MCM-41 catalyst, viz., H-AlMCM-41, for the
vapour phase t-butylation of phenol.

2. Experimental

2.1. Synthesis

Aluminium sulphate (SDs: 98%), fumed silica
(Aldrich: 99.8%) and cetyltrimethylammonium
bromide (CTAB, Aldrich: 99%) were used as
sources for aluminium, silicon and template,

respectively. Tetramethylammonium hydroxide
(TMAOH, Aldrich: 25 wt.%) and sodium hy-
droxide (Loba: 98%) were used as organic base
and alkali sources. The Na� form of AlMCM-41
was prepared, according to a similar procedure
described in the literature [35], with synthe-
sis gel having a chemical (molar) composition
of 2SiO2:0.27(CTA)2O:0.26Na2O:0.26(TMA)2O:
0.017Al2O3:120H2O. The typical synthesis pro-
cedure is as follows: ®rst TMAOH was dissolved in
water and stirred for 5 min. To this, fumed silica
was added slowly and the resulting solution is
designated as A. Another solution, B, was prepared
by mixing CTAB and NaOH in distilled water and
stirred for about 30 min. Both these solutions, viz.,
A and B, were mixed together and a gel was
formed. Then, the aluminium sulphate in water was
added slowly to the above gel and was stirred for an
hour for homogenization. The ®nal gel pH was
adjusted to 11.5 and was transferred into te¯on-
lined stainless steel autoclaves. The reaction vessel
was kept in an air oven for crystallization at 373 K
for 24 h. The solid product obtained was washed,
®ltered and dried overnight at 373 K. The resulting
(as-synthesized) AlMCM-41 sample was then
calcined at 823 K in nitrogen for 3 h followed by in
air for 9 h at a heating rate of 2 K minÿ1. This
sample is denoted as-calcined (Na� form) Al-
MCM-41.

2.2. Preparation of acid catalyst

The acid form of AlMCM-41 was prepared
from the Na� form of AlMCM-41 as per the
procedure described elsewhere [31]. First, NH�4
form of AlMCM-41 was obtained by repeated
exchange of Na� form of AlMCM-41 with 1 M
NH4NO3 at 353 K for 6 h. The protonated form of
the catalyst, i.e. H-AlMCM-41, was obtained by
deammoniation of NH�4 form of the catalyst at
773 K for 6 h.

2.3. Characterization

All the samples, viz., as-synthesized, calcined,
ammonium ion exchanged and protonated Al-
MCM-41, were characterized systematically by
powder X-ray di�raction (XRD: Rigaku), simul-

Fig. 1. E�ect of acid sites on the alkylation of phenol with t-

butyl alcohol.
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taneous thermogravimetry-di�erential thermal
analysis (TG-DTA: DuPont), BET surface area
(Smartsorb 90), elemental analysis by inductively
coupled plasma-atomic-emission spectroscopy
(ICP-AES, Labtam Plasma 8440) and 27Al magic
angle spinning nuclear magnetic resonance (MAS-
NMR, Varian) spectroscopy.

2.4. Temperature programmed desorption of ammo-
nia

The acidic behaviour of H-AlMCM-41 was
followed by the temperature programmed de-
sorption of ammonia (TPDA) as per the procedure
described elsewhere [31]. About 200 mg of the
protonated sample was placed in quartz reactor
and was activated at 773 K in air for 6 h followed
by 2 h in helium (with a ¯ow rate of 50 ml minÿ1).
Then the reactor was cooled to 373 K and main-
tained for another hour under the same condition.
Ammonia adsorption was carried out by passing
the gas through the sample for 15±20 min at this
temperature. Subsequently, it was purged with
helium for an hour to remove the physisorbed
ammonia. The desorption of ammonia was carried
out by heating the reactor up to 873 K at the rate
of 10 K minÿ1 using a temperature programmer
(Eurotherm). The amount of ammonia desorbed
was estimated with the aid of thermal conducting
detector (TCD) response factor for ammonia.

2.5. Reaction

The t-butylation of phenol was carried out us-
ing 750 mg of H-AlMCM-41 catalyst in a ®xed-
bed ¯ow reactor. The catalyst was activated at 773
K in a ¯ow of air for 8 h followed by cooling to
reaction temperature (448±498 K) in nitrogen at-
mosphere. After an hour, the reactant mixture,
viz., phenol and t-butyl alcohol, with a desired
ratio and weight hour space velocity (WHSV) was
fed into the reactor using a liquid injection pump
(Sigmamotor) and nitrogen as the carrier gas. The
gaseous products were cooled and the condensed
liquid products were collected at every 30 min in-
terval. The products, viz., p-t-BP, o-t-BP and 2,4-
di-t-butyl phenol (2,4-Di-t-BP), were identi®ed by
gas chromatography (NUCON 5700) with SE-30

column while m-t-BP was identi®ed by employ-
ing AT1000 column. Further, the products were
con®rmed using a combined gas chromato-
graphy±mass spectrometry (GC±MS; HEWLETT
G1800A) with HP-5 capillary column.

3. Results and discussion

Shown in Fig. 2 are the powder XRD patterns
of both as-synthesized and calcined AlMCM-41
catalyst. The di�raction patterns are characteris-
tics of typical mesoporous MCM-41 structure
[37,38]. As can be seen from the ®gure that the
(1 0 0) re¯ection of AlMCM-41 is shifted to higher
values (d1 0 0 � 41:64 �A) compared to its siliceous
analogue, MCM-41 (d1 0 0 � 38:78 �A) which is in
agreement with Borade and Clear®eld [35]. Thus,
suggesting the framework substitution of alumin-
ium in MCM-41 structure as the crystal radius of
trivalent aluminium (0.53 �A) is much larger than
tetravalent silicon (0.40 �A) in tetrahedral coordi-
nation [39]. However, upon calcination the re¯ec-
tions, in general, are shifted towards the lower d
values to a smaller extent (or higher 2h values)
implying a shrinkage in the unit cell as a result of
the removal of (template) surfactant molecules.
Further, the XRD patterns of ammonium ion

Fig. 2. XRD patterns of (a) as-synthesized and (b) calcined

AlMCM-41.
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exchange and protonated forms of AlMCM-41
also showed clear re¯ections (not reproduced here)
indicating the stability of the materials even after
the various treatments. The observed weight loss
of �51% TG for the as-synthesized sample and the
BET surface area of �775 m2 gÿ1 for the calcined
sample further suggest the mesoporous nature of
the catalyst [40]. The ICP-AES analysis of calcined
AlMCM-41 shows that the Si=Al ratio of the
sample is 56, which is close to the initial ratio (Si=
Al � 60) in the gel. The 27Al MAS-NMR spectrum
(Fig. 3) of the calcined sample exhibit a peak at 52
ppm characteristic of trivalent aluminium in the
tetrahedral framework [41]. A weak signal at ÿ0:9
ppm, however, appears due to octahedral alu-
minium, which may probably be generated during
calcination. However, the MAS-NMR results of
ammonium ion exchanged and protonated Al-
MCM-41 (not reproduced here) indicated no fur-
ther dealumination from the samples.

Fig. 4 depicts the acid sites distribution in H-
AlMCM-41 determined by TPDA measurement.
It is to be noted here that the desorption of
ammonia (a broad peak with a long tail) from
di�erent acid sites depends on desorption temper-
atures [32,33]. Since the AlMCM-41 posses dif-
ferent acid sites, and the desorption temperature
are very closely spaced, the peak was not very well
separated. However, by changing the experimental
conditions, e.g., lowering the heating rate of the
desorption process, this may be resolved. Thus, the

TPDA peak was deconvulated by using Gaussian
function [42] by varying the temperature. This re-
sults in four peaks with maxima (Tmax) at 433, 481,
543 and 609 K. The ®rst three peaks are, respec-
tively, assigned to weak, moderate and strong acid
sites [32,33,36,40,43]. The weak acid sites at 433 K
are attributed to surface hydroxyl groups, whereas
two other peaks at 481 and 543 K originate from
moderate and strong structural (Brùnsted) acid
sites owing to the presence of trivalent aluminium
in the framework positions. The broad peak at
Tmax � 609 K may arise from (weak) Lewis acid
sites. In addition, appearance of a peak at 754 K
(not reproduced here) could be due to tricoordi-
nated trivalent aluminium (strong Lewis) sites,
which are generated during calcination. It is,
however, clear from the ®gure that the area under
pro®le corresponding to the moderate and strong
Brùnsted acid sites is much larger which may be
useful for the chosen reaction. This is in good
agreement with Pu et al. [34].

Table 1 summarizes the results of butylation
reaction carried out with various phenol-to-t-butyl
alcohol ratios. In all the cases, p-t-BP was obtained
as the major product along with small amounts of
o- and m-alkylated products. In addition, trace
amount of 2,4-di-t-BP was also observed. Unlike
zeolite-b [26], the decrease in t-butyl alcohol con-
tent in the reaction mixture leads to a very small
amount of 2,4-di-t-BP due to a relatively small
amount of strong structural acid sites in H-Al-
MCM-41. Further, it is also clear from Table 1
that a decrease in phenol-to-t-butyl alcohol ratio
increases the phenol conversion. It was demon-
strated earlier [25,27] that the polar molecule, such
as methanol and higher alcohols compete with

Fig. 3. 27Al MAS-NMR spectrum of calcined AlMCM-41.

Fig. 4. TPDA pro®le over H-AlMCM-41.
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phenol for the adsorption sites, and with increas-
ing molar excess of the alkylating agent, the phe-
nol conversion increases as also observed in the
present study. However, the selectivity to p-t-BP
decreased and that to 2,4-di-t-BP increased.
Hence, for further studies, viz., e�ect of tempera-
ture and WHSV, an optimum molar fed mixture
(phenol: t-butyl alcohol) of 2:1 molar ratio was
chosen. Fig. 5 shows the e�ect of time-on-stream
on phenol conversion. As can be seen from the
®gure that up to 90 min, there is an appreciable

decrease in phenol conversion which may be pos-
sibly due to deactivation of the catalyst.

The in¯uence of temperature on the t-butyla-
tion reaction at WHSV � 4:8 hÿ1 is shown in Fig.
6. It is evident from the ®gure that the reaction
gives p-selective product with good yield at 448 K.
But at higher temperatures, a possible isomeriza-
tion of o- and p-products leads to thermodynam-
ically favourable m-isomer. A similar observation
was made by Namba et al. [30] for zeolite-Y.
Moreover, the phenol conversion was decreased

Fig. 5. E�ect of time-on-stream on the conversion of phenol

over H-AlMCM-41.

Fig. 6. E�ect of temperature on t-butylation of phenol over H-

AlMCM-41.

Table 1

Tertiary butylation of phenol over H-AlMCM-41 catalysta

Phenol:t-butyl alcohol 4:1 2:1 1:1 1:2 1:3 1:4

Product distribution (wt.%)

Phenol 82.5 69.0 68.4 64.1 58.5 52.5

o-t-BP 1.2 2.5 2.6 2.9 3.7 6.0

m-t-BP 1.5 2.0 1.4 1.7 1.7 1.7

p-t-BP 14.8 26.1 26.6 29.9 34.6 38.0

2,4-Di-t-BP ± 0.43 0.95 1.4 1.5 1.8

Phenol conversion (wt.%) 17.5 31.0 31.6 35.9 41.5 47.5

Selectivity (%)

o-t-BP 6.8 8.1 8.3 8.1 8.9 12.6

m-t-BP 8.6 6.4 4.4 4.7 4.1 3.6

p-t-BP 84.6 84.2 84.5 83.4 83.3 80.0

2,4-Di-t-BP ± 1.3 3.1 3.9 3.6 3.7

a Reaction conditions: temperature 448 K, WHSV � 4:8 hÿ1, TOS � 60±90 min.
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with increase in temperature, which was due to the
side reaction (oligomerization) of t-butyl alcohol.
The results are in agreement with Liu et al. [44] for
the t-butylation of naphthalene reactions. The re-
action was also carried out at di�erent space ve-
locities at 448 K and the results are presented in
Fig. 7. It can be seen from the ®gure that the se-
lectivity of p-t-BP was higher at 7.5 hÿ1 but with a
lower conversion. The reduction in the conversion
may simply be due to high di�usion of the reactant
molecules at higher space velocity. On the other
hand, the low conversion at lower space velocity
could be attributed to the dealkylation of BP-to-
phenol and coke formation due to longer contact
time of the catalyst. The dealkylation of BP-to-
phenol was reported earlier at higher temperature
[25]. However, GC±MS results showed small
amount of dimeric product of butene indicating
that the excess t-butyl alcohol was converted into
butene and its dimeric products.

4. Conclusions

The t-butylation reaction of phenol over meso-
porous H-AlMCM-41 catalyst indicates that under
optimum conditions (phenol:t-butyl alcohol � 2:1,
T � 448 K, WHSV � 4:8 hÿ1) higher substrate
conversion and para selectivity can be obtained
compared to the microporous catalysts, e.g.,

SAPO-11, ZSM-12, zeolite-b and zeolite-Y. Mod-
erate-to-strong acidity, large surface area and
mesoporous nature of the H-AlMCM-41 may be
responsible for the observed results.
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