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Vapour phase tertiary butylation of phenol over sulfated zirconia
catalyst
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Vapour phase butylation of phenol was carried out over a sulfated zirconia solid superacid catalyst in the temperature range 448–473 K
usingt-butyl alcohol as the alkylating agent. A good substrate (phenol) conversion and excellent product (para-tertiary BP) selectivity was
obtained. The catalytic activity remains nearly the same on repeated use of the catalyst. Further, the catalyst was not deactivated when the
reaction was carried out for a longer duration, i.e., even after several hours of reaction.
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1. Introduction

Para-tertiary-butylphenol (p-t-BP) is widely used in the
manufacture of phenolic resins as well as antioxidants and
polymerization inhibitors [1,2]. In general, tertiary buty-
lation of phenol is carried out in homogeneous medium
using sulfuric acid, fluoro sulphonic acid, arene sulfonic
acid, phosphoric acid, and aluminium chloride–boric acid
or boron trifluoride etherate as catalysts [1]. However, ow-
ing to environmental problems, such as disposal of liquid
waste, separation of product from the catalyst, consider-
able attention has been focussed towards the development
of solid acid catalysts such as cation-exchange resins, pil-
lared clays, molecular sieves, etc. [3–14]. It is reported
that the molecular sieve based catalysts like SAPO-11 [4],
zeolite [12], AlMCM-41 [13], and FeMCM-41 [14] were
proved to be potential catalysts for the tertiary butylation
of phenol among the various solid acid catalysts. How-
ever, the reaction of tertiary butylation of phenol gives
numerous products depending on the nature of the cata-
lysts as well as on the reaction temperature [1,3–6,11–17].
For example, weak acid catalysts such as zeolite-Y [1,11]
favour oxygen alkylated product viz.,t-butyl phenyl ether
(t-BPE). Strong acid catalysts, for example zeolite [17], lead
to m-t-butylphenol (m-t-BP). On the other hand, moderate
acid catalysts [4–16], like SAPO-11, MCM-41, etc. produce
o-t- andp-t-butylphenol (o-t-BP andp-t-BP). To our knowl-
edge, no report is available in literature on the tertiary buty-
lation of phenol over sulfated zirconia catalysts. Further,
it is interesting to note that this solid superacid based (sul-
fated zirconia) catalyst yields very good selectivity for the
alkylation of phenol using isobutyl alcohol [10] and methyl
tertiary-butyl ether [18]. Therefore, in the present investiga-
tion we have used the sulfated zirconia catalyst for the phe-
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nol tertiary butylation reaction. In this letter, we report the
results of vapour phase butylation of phenol usingt-butyl al-
cohol (t-BA) over sulfated zirconia catalyst.

2. Experimental

Sulfated zirconia catalyst was prepared as per the pro-
cedure described in [19,20]. First, zirconium hydroxide
was freshly prepared by hydrolysis of zirconium oxychlo-
ride (25 g in 200 ml of distilled water) at 371 K with vig-
orous stirring. Liquor ammonia was added dropwise until
the pH becomes 9.3. The precipitated zirconium hydrox-
ide was washed with deionised water until all the chloride
ions were removed. The resulting sample was then dried at
383 K for 24 h. The dried sample was powdered and sub-
sequently sieved through 100 mesh. The homogeneous zir-
conium hydroxide powder (1 g) thus obtained was then sul-
fated using 1 N sulfuric acid (15 ml). The slurry was stirred
for 15–20 min and then it was filtered, dried and calcined
in air at 873 K for 3 h. The calcined sample is designated
as sulfated zirconia catalyst. All the samples were character-
ized by various analytical and spectroscopic techniques, viz.,
powder X-ray diffraction (XRD; Philips PW-1710), surface
area (Sorptometer 201A), Fourier transform-infrared (FT-
IR; Nicolet Impact 400) and thermogravimetry–differential
thermal analysis (TG-DTA; Shimadzu DT-30). The sul-
fur content in the sample was analyzed using a micro-
analyzer (Carlo-Erba Strumentazione, elemental analyzer
1106).

The t-butylation of phenol was carried out using 1 g of
the calcined catalyst in a fixed-bed flow reactor. The catalyst
was activated at 573 K in a flow of air for 8 h followed by
cooling to reaction temperature in nitrogen atmosphere. Af-
ter an hour, the reactant mixture, viz., phenol andt-BA, with
a desired ratio and weight hour space velocity (WHSV) was
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fed into the reactor using a liquid injection pump (Sigmamo-
tor) and nitrogen as the carrier gas. The gaseous products
were cooled, and the condensed liquid products were col-
lected at every 30 min interval. The products, viz.,p-t-BP,
o-t-BP, and 2,4-di-t-BP, were identified by gas chromatogra-
phy (NUCON 5700) with a SE-30 column. Them-t-BP was
identified using an AT-1000 column. Further, the products
were confirmed using a combined gas chromatograph–mass
spectrometer (GC-MS; Hewlett G1800A) with a HP-5 cap-
illary column.

3. Results and discussion

The powder XRD pattern of the calcined sulfated zirco-
nia sample showed the typical characteristics of tetragonal
structure witha = 5.118 Å andc = 5.248 Å [21–23].
The surface area of the catalyst was found to be 122 m2 g−1

and microanalyses result shows 1.88% sulfur contents in
the samples, which are in good agreement with literature
[19,24]. The TG pattern of the catalyst indicates two ma-
jor weight losses, one (∼20 wt%) corresponding to water
loss (323–493 K) and the other (12 wt%) to the decompo-
sition of sulfate ions (>773 K). The latter observation is
in excellent agreement with the microanalysis results. The
two-stage decomposition is well supported by the respec-
tive DTA (endothermic) transitions in the same region. Fur-
ther, the presence of sulfate ions in the catalyst is confirmed
from the FT-IR spectrum, which shows an asymmetric band
around 1400 cm−1 corresponding to the free S=O group of
the sulfate molecule [25,26]. In addition, the bands appear-
ing between 1100 and 800 cm−1 are characteristic of S–O
asymmetric and symmetric vibrations [20,22].

The results oft-butylation of phenol over the sulfated zir-
conia catalyst with various phenol :t-BA ratios are summa-
rized in table 1. It can be seen from the table that the catalyst
shows a very good conversion and excellentpara selectivity
of the products. Further, the phenol conversion increases
with increase int-BA content due to a competitive adsorp-
tion of t-BA over phenol. A similar observation was also
made earlier for this reaction [4,13,16]. Hence, for the fur-
ther study, we have chosen the optimum phenol :t-BA ratio
as 1 : 2. However, thep-t-BP selectivity decreases consid-
erably at lower phenol :t-BA ratios due to the formation of
dialkylated product, 2,4-di-t-BP. Surprisingly, there was no

Table 1
Effect of phenol :t-BA molar ratio on phenolt-butylation reaction over sul-

fate zirconia at 448 K, WHSV= 4.8 h−1 and TOS= 4 h.

Phenol :t-BA (molar ratio)
2 : 1 1 : 1 1 : 2

Conversion (wt%) 29.4 36.8 49.5

Selectivity (%)
o-t-BP 12.6 14.4 11.0
m-t-BP – – –
p-t-BP 83.0 78.5 76.0
2,4-di-t-BP 4.4 7.1 13.0

Figure 1. Effect of time on stream for thet-butylation of phenol with differ-
ent phenol :t-BA ratios at 448 K, with WHSV= 4.8 h−1; filled symbols –
phenol conversion; open symbols –p-t-BP selectivity; phenol :t-BA ratio:

(�, �) 2 : 1, (�, �) 1 : 1, and (◦, •) 1 : 2.

Figure 2. Effect of reaction temperature on phenol conversion andp-t-BP
selectivity with phenol :t-BA ratio 2 : 1, TOS= 4 h and WHSV= 4.8 h−1;

filled symbols – phenol conversion; open symbols –p-t-BP selectivity.

Table 2
Effect of space velocity on phenolt-butylation reaction over sulfated zirco-

nia with phenol :t-BA ratio of 1 : 2; at 448 K and TOS= 4 h.

Space velocity (h−1)
3.0 4.0 4.8 5.2 6.0

Conversion (wt%) 22.4 31.3 49.5 57.8 35.5

Selectivity (%)
o-t-BP 4.5 7.6 11.0 6.8 1.0
m-t-BP – – – – –
p-t-BP 94.6 90.4 76.0 86.5 97.0
2,4-di-t-BP 0.9 2.0 13.0 6.7 2.0
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Table 3
Comparison of phenol conversion andp-t-BP selectivity over sulfated zirconia with other catalysts

under optimum conditions.

Catalyst Sulfated zirconia AlMCM-41 FeMCM-41 SAPO-11 Zeolite
[This work] [13] [14] [4] [17]

Phenol :t-BA 1 : 2 1 : 2 1 : 2 1 : 2 4 : 1
(molar ratio)

WHSV (h−1) 5.2 4.8 4.8 2.0 2.0

Phenol conversion 57.8 35.9 21.1 59.0 25.4
(wt%)

Selectivity (%)
o-t-BP 6.8 8.1 9.5 8.7 3.3
m-t-BP – 4.7 – – 58.1
p-t-BP 86.5 83.4 87.0 76.3 38.2
2,4-di-t-BP 6.7 3.9 3.5 15.0 0.4

meta-product formation which, however, can be explained as
follows: It is known that the alkylation (methylt-butyl ether)
of phenol over sulfated zirconia is a Brønsted acid catalyzed
reaction [18]. Further, it was also demonstrated that the
Brønsted acid sites in sulfated zirconia catalyst are weaker
than in H-ZSM-5 [25,27] and therefore nometa-product is
expected. Figure 1 shows the effect of time-on-stream on
phenol conversion andp-t-BP selectivity. It is clear from
the figure that, unlike the molecular sieves based solid acid
catalysts such as SAPO-11 [4] and AlMCM-41 [13], the cat-
alytic activity of the sulfated zirconia remains constant even
after several hours. This could, however, be due to the for-
mation of water molecules during the reaction, which may
convert some of Lewis acid sites into Brønsted sites [18,28].

Figure 2 shows the effect of reaction temperature (448–
473 K) on the phenol conversion. It can be seen from the
figure that the phenol conversion decreases with increase in
reaction temperature, which could be due to a simultane-
ous dealkylation of the product BP into phenol and other
lower hydrocarbons [4,12,13]. However, at higher temper-
atures, the observed higherp-t-BP selectivity could be due
to the absence of a secondary alkylation reaction [12]. Ta-
ble 2 presents the effect of space velocity at 448 K. It was
observed that increasing space velocity increases the phenol
conversion but after 5.2 h−1 again the phenol conversion de-
creased. The lower conversion at lower space velocity could
be due to dealkylation of the alkylated products as well as
coke formation because of more contact time [4,13] while
at higher space velocity, it could be due to the high diffu-
sion rate of the reaction mixture through the catalyst. How-
ever, at the optimum conditions (phenol :t-BA ratio= 1 : 2,
temperature= 448 K and WHSV= 5.2 h−1), the sulfated
zirconia catalyst gave good conversion andp-t-BP selectiv-
ity compared to the other catalysts reported for this reac-
tion, see table 3 [4,13,14,17]. Recently, Zhang et al. [12] re-
ported very highp-t-BP selectivity using zeolite-β catalyst,
which is in contrast to the results of Mitra [17], where the
m-isomer was obtained as the major product. This discrep-
ancy can be explained based on the fact that the latter has
used both a SE-30 and an AT-1000 column for the product

analysis while the former have employed a SE-30 column,
which, however, cannot separatep- andm-isomers. Further,
the reaction did not show any conversion without catalyst
and the turnover frequency at optimum reaction conditions
was found to be 5.88× 10−3 s−1, thus indicating that reac-
tion was catalytic.

4. Conclusion

The present study demonstrates that the sulfated zirconia
catalyst is promising for the vapour phase butylation of phe-
nol. A good substrate (phenol) and excellent (p-t-BP) selec-
tivity of the products were obtained. Further, it is interesting
to note that the catalytic activity remained the same even af-
ter several hours or even on repeated use of the catalyst.
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