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Abstract

Alkylation of phenol withtert-butyl alcohol (TBA) was carried out in ionic liquids [bmim]PF6, [omim]BF4, and [hmim]BF4. Comparative
studies on the catalytic properties of ionic liquids, H3PO4 and some solid acidic catalysts, such as HZSM-5, H-�, HPW, and HPW/MCM-41,
were carried out under identical reaction conditions. Solvent effect has been as well studied. The use of ionic liquids was found to enhance
the catalytic properties of the catalysts used.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The alkylation reaction of phenol withtert-butyl alco-
hol (TBA) is of both industrial importance and academic
relevance. The alkylated phenol products are used as raw
materials for the manufacture of a variety of resins, durable
surface coatings, varnishes, wire enamels, printing inks,
surface-active agents, rubber chemicals, antioxidants, fungi-
cides, petroleum additives, ultraviolet absorbers, and heat
stabilizers for polymeric materials[1–5]. Investigation of
both homogeneous and heterogeneous catalysts for this typ-
ical Friedel–Crafts alkylation reaction resulted in different
selectivities and activities based mainly on the acidity of the
catalysts used. Catalysts used for this reaction include Lewis
acids, such as AlCl3 and BF3 [6], Brønsted acids, such as
H3PO4, H2SO4, HF, HClO4 [7], cation-exchange resin[8],
mesoporous materials[1], zeolites[2,3], molecular sieves
[5], and also supercritical and near-supercritical water[4].
Room-temperature ionic liquids[9] are finding growing ap-
plications as alternative reaction media for separations[10]
and organic transformations[11–19]. Recent examples of
such organic transformations include hydrogenations[11],
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Friedel–Crafts reactions[12], Diels–Alder reactions[13],
Heck reactions[14], Bischler–Napieralsky reactions[15],
olefin dimerizations[16], cross-couplings[17], hydroformy-
lations[18], and oxidations[19]. The desirable advantages
of ionic liquids such as lack of vapor pressure, wide liquid
range, and thermal stability have made them exceptional
reaction media. Accordingly, they are emerging as novel
replacements for volatile organic compounds, mainly used
as solvents in organic transformations. Ionic liquids have
already been used as catalysts for Friedel–Crafts alkylation
of benzene with dodecene in order to produce linear alkyl
benzene compounds[20].

Friedel–Crafts alkylation reaction is very valuable for the
synthesis of many compounds especially those important
for industries. This reaction is catalysed by acids. The acid
used for the catalysis has a profound effect on the selectiv-
ity and conversion. It was found the 12-tungstophosphoric
acid H3PW12O40 (HPW) is the most acidic of the Keg-
gin series[21]. When this acid was supported on a car-
rier with large surface area, its catalytic performance
was improved[22,23]. Recently, HPW/MCM-41 systems
were used to catalyze several reactions such as the alky-
lation of isobutene using butene[23] and alkylation of
4-tert-butylphenol using isobutene and styrene[24], the con-
version of 1,3,5-triisopropylbenzene[25], and the gas-phase
synthesis of methyltert-butyl ether (MTBT)[26]. However,
HPW/MCM-41 catalysts have not yet been used for the
alkylation reaction of phenol with TBA.
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Fig. 1. Structure of ionic liquids1–3.

In this paper, we report the alklyation of phenol with
tert-butyl alcohol with an enhanced activity in the presence
of ionic liquids, such as [bmim]PF6 (1), [omim]BF4 (2), and
[hmim]BF4 (3) (Fig. 1). For comparison, some solid acid
catalysts, such as HZSM-5, H-�, HPW, and HPW/MCM-41
were also used to catalyze the occurrence of the reaction.

2. Experimental

2.1. Materials

Ionic liquids1–3 were purchased from solvent-innovation
GmbH and were used as receiver. Prior to use, phenol was
purified by sublimation,tert-butyl alcohol, light petroleum,
dichlormethene, and hexane were redistilled.

The preparation of three HPW (x%)/MCM-41 cata-
lysts (wherex% is the respective HPW content of 15,
30, and 50 wt.%) were reported elsewhere[26]. HZSM-5
(Si/Al = 27.5, 0.5∼1.2�m) and H-� (Si/Al = 30.6,
0.3∼1.0�m) were prepared from NaZSM-5 and Na� by
using ion-exchange procedure.

2.2. Catalytic reaction

The alkylation experiments were carried out in sealed
tubes in 60◦C for 4 h, with a constant initial molar ratio
of 1:2 of phenol:TBA. After the completion of the reac-
tions, the tubes were cooled, the products were extracted
from the reaction mixture by using light petroleum and
quantified (mol%) by a gas chromatograph (GC, HP-6890)
equipped with a flame ionization detector and an HP-5
capillary column containing crossed linked 5%-phenyl and
95%-dimethylsiloxane copolymer.

3. Results and discussion

The alkylation reaction of phenol withtert-butyl alco-
hol is a typical acid-catalyzed reaction. The distribution

Table 1
Alkylation of phenol with TBA in different ionic liquids

Entry Ionic liquid Conversion of
phenol (%)

Selectivity of
o-TBP (%)

Selectivity of
p-TBP (%)

Selectivity of
2,4-DTBP (%)

O-ether (%)

1 [bmim]PF6 90.3 13.8 10.9 75.3 –
2 [omim]BF4 42.3 – – – 99.2
3 [hmim]BF4 43.6 – – – 99.5

∗Conditions: 60◦C, phenol/TBA 1:2 mol/mol, 20 mol% ionic liquid, 4 h.

of products is largely dependent on the acidity and the
temperature of the reaction system as shown inScheme 1.
Weak acid catalysts mainly lead to an etherified prod-
uct (phenyl alkyl ether,t-BPE). The presence of phenolic
(–OH) group kinetically favorso-alkylation (o-isomer, e.g.
o-TBP); however, due to steric hindrance thermodynami-
cally unfavouredo-isomer (o-TBP) is readily isomerized
into less hinderedp-isomer (p-TBP), especially in moder-
ately acidic media. When strongly acidic catalysts are used,
2,4-di-tert-butylpheol (2,4-DTBP) is a dominant product;
o- andp-isomers formed initially are isomerized tom-TBP
at high temperatures or in strongly acid media.

3.1. Effect of different ionic liquids

The acidity and coordination properties of an ionic liq-
uid are essentially determined by the nature of its anion
[9b]. Ionic liquids with BF4

− and PF6− are known to be
neutral. Our previous research has showed that [bmim]PF6
(1) can catalyze the alklyation of phenol with TBA with
high conversion and selectivity towards 2,4-DTBP[27].
It was found that 2,4-DTBP was dominant in the mixture
of ortho-tert-butylphenol (o-TBP), para-tert-butylphenol
(p-TBP), and 2,4-di-tert-butylphenol (2,4-DTBP) produced.
However, when this reaction was carried out in [omim]BF4
(2) and [hmim]BF4 (3), only phenyl ethers (o-ether) were
produced under the similar reaction conditions with a
medium conversion of phenol (seeTable 1andFig. 2). The
acidity of [bmim]PF6 ionic liquid for its pronounced effect
on the selectivity may be attributed to HF produced as a re-
sult of [PF6] decomposition. In this case, issues like safety
and corrosion should be taken into account[27,28]. Also,
additional efforts and costs should be considered to avoid the
liberation of toxic and corrosive HF into the environment.

3.2. Effect of ionic liquids on the catalytic activity of
H3PO4

The alkylation of phenol with TBA can be catalyzed by
H3PO4 [7]. In order to investigate the effect of ionic liquids
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Scheme 1. Effect of acid media on the alkylation of phenol witht-butyl alcohol.

on the catalytic activity of H3PO4 for the alklyation of phe-
nol with TBA, a mixture of ionic liquid/H3PO4 (1:1 v/v)
was prepared and the reaction was carried out in the usual
manner. The results were striking (seeTable 2andFig. 3).
A modest conversion of phenol was obtained (44.5%, entry
4) when H3PO4 was used alone without ionic liquids. The
results (entry 5) showed that when a [bmim]PF6/H3PO4
mixture (1:1 v/v) was used, both the conversion of phenol

Fig. 2. Effect of different ionic liquids.

and the selectivity of 2,4-DTBP decreased in comparison to
those obtained when [bmim]PF6 was used solely (Table 1,
entry 1). This may be due to the dilution of the catalyst con-
centration when 50 vol.% H3PO4 was used in the catalytic
system. However, H3PO4 helped the other two ionic liquids,
[omim]BF4 (Table 2, entry 6) and [hmim]BF4 (entry 7), to
improve their catalytic activity. Not only the conversion of
phenol increased more than 25%, but also the selectivity of
the products shifted fromo-phenol ether too, p-TBP and
2,4-DTBP. It was observed that the conversion of phenol

Fig. 3. Effects of ionic liquids on the catalytic activity of H3PO4.
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Table 2
Alkylation of phenol with TBA by H3PO4 in different ionic liquids

Entry Catalyst Conversion of
phenol (%)

Selectivity of
o-TBP (%)

Selectivity of
p-TBP (%)

Selectivity of
2,4-DTBP (%)

4 H3PO4 44.5 21.0 49.2 29.7
5 [bmim]PF6 + H3PO4 (1:1 v/v) 70.3 19.8 20.9 59.3
6 [omim]BF4 + H3PO4 (1:1 v/v) 77.3 20.1 15.0 64.9
7 [hmim]BF4 + H3PO4 (1:1 v/v) 74.3 21.0 16.4 62.5

∗Conditions: 60◦C, phenol/TBA 1:2 mol/mol, H3PO4/ionic liquid (1:1 v/v); total amount:∼3 wt.% of phenol, 4 h.

in ILs/H3PO4 (1:1 v/v) mixtures was much higher than that
when H3PO4 was used alone as well (Table 2, entry 4).
Another important feature to be noted is that selectivity
to 2,4-DTBP was high when a mixture of IL/H3PO4 was
used compared to that when H3PO4 was used alone. These
results suggested that ionic liquids ameliorate the catalytic
activity of H3PO4. That may be because 2,4-DTBP is more
soluble in ionic liquids than in H3PO4. Therefore, the shift
in Eq. (1) may occur more easily in ionic liquids.

(1)

3.3. Comparative studies with some solid acids

To compare the activity and catalytic properties of the
above ionic liquid based homogenous catalytic systems with
heterogenous catalysts, we synthesized HZSM, zeolite H-�,
HPW, and HPW (x%)/MCM-41 catalysts, wherex% is the
respective HPW content of 15, 30, and 50 wt.%. Their prop-
erties have been listed inTable 3. They were used to study the
alkylation of phenol with TBA under similar reaction con-
ditions (60◦C with phenol:TBA molar ratio of 1:2 for 4 h)
in hexane. The results are shown inTable 4andFig. 4. It is
clear that the performance of the solid catalysts is governed
by the acidity and pore structure of the zeolites. As shown

Table 3
Structural data of HZSM-5, H-�, and HPW/MCM-41 catalysts

Samples BET surface area (m2/g) Pore volume (cm2/g) Pore diameter (Å) HPW phase

HZSM-5 441 0.24 ∼5.4 –
H-� 650 0.35 ∼7.0 –
HPW <10 Crystalline
HPW(15%)/MCM-41 1128 0.98 30.0 Amorphous
HPW(30%)/MCM-41 632 0.53 29.7 Amorphous
HPW(50%)/MCM-41 499 0.40 29.5 Amorphous

in Table 3, The low activity of zeolite HZSM-5 (Table 4,
entry 8) can be easily explained by small channel structures,
which did not allow a proper diffusion of the starting mate-
rial and the products in the pores of HZSM-5. Larger pore
zeolite H-� was beneficial especially for the selectivity of
p-TBP (Table 4, entry 9). The catalytic properties of the
HPW and HPW (x%)/MCM-41 catalysts were almost the
same. An increase in the loading of HPW on the MCM-41
resulted in a higher acidity of the catalysts where both the
conversion of phenol and the selectivity ofp-TBP were not
much affected. This might be because of a partial blockage
of the monodimensional channels of MCM-41 by small ag-
gregates of HPW, thus, decreasing the accessibility of the
acid sites to the reactants, which is in agreement with the
findings of Blasco et al.[23]. The aggregation of HPW may
be also the reason that the surface of HPW/MCM-41 de-
creased with the increase in the HPW loading as we found
before (seeTable 3) [26].

Fig. 4. Comparison studies with solid acids.



H.-Y. Shen et al. / Journal of Molecular Catalysis A: Chemical 212 (2004) 301–308 305

Table 4
Alkylation of phenol with TBA in different solid acid catalysts

Entry Catalyst Conversion of
phenol (%)

Selectivity of
o-TBP (%)

Selectivity of
p-TBP (%)

Selectivity of
2,4-DTBP (%)

8 HZSM-5 12.6 20.5 79.5 –
9 H-� 31.5 0.7 99.3 –

10 HPW(15%)/MCM-41 48.5 40.7 48.9 10.4
11 HPW(30%)/MCM-41 44.8 29.0 49.0 21.2
12 HPW(50%)/MCM-41 45.3 23.3 49.0 27.7
13 HPW 45.8 30.8 50.2 19.0

∗Conditions: 60◦C, phenol/TBA 1:2 mol/mol, catalysts amount:∼3 wt.% of phenol, in hexane, 4 h.

3.4. Solvent effect investigation on some solid acids
catalysts system

In order to investigate solvent effects on the catalytic
properties of some solid catalysts, we chose [hmim]BF4 3
(IL3) as solvent to study this reaction catalyzed by above
solid acids. Results are summarized inTable 5. In the case
of HZSM-5 and H-� zeolites, when the reaction was con-
ducted in IL3, the conversions of phenol have been improved
(shown inTable 5rows (a) and (b)), which is presumably
due to IL3 attached to the surface of the zeolites. When IL3
dispersed to the surface of zeolites, the cation part attacked
the partial negative oxygen atom of –OH group, while the
anion BF4− attacked the partial positive acidic center as a
result of dipolar interaction. The dispersion and electronic
interaction between IL3 and zeolite might increase local
acidity of these solid acids, which consequently improved
the catalytic properties of these two solid acids. However,
the products distribution was not greatly affected (Fig. 5a
and b), which indicated that the structure of the channel
of HZSM-5 and H-� remained during the reaction of phe-
nol with TBA under present reaction conditions while inter-
action occurred between IL3 and the surface of these two
zeolites.

Table 5
Solvent effects on Alkylation of phenol with TBA in different solid acid catalysts

Number Catalyst Conversion of
phenol (%)

Selectivity of
o-TBP (%)

Selectivity of
p-TBP (%)

Selectivity of
2,4-DTBP (%)

(a) HZSM-5/hexane 12.6 20.5 79.5 –
HZSM-5/IL3 15.2 21.2 78.8 –

(b) H-�/hexane 31.5 0.7 99.3 –
H-�/IL3 42.2 0.5 99.5 –

(c) HPW(15%)/MCM-41/hexane 48.5 40.7 48.9 10.4
HPW(15%)/MCM-41/IL3 32.4 32.6 61.2 6.2

(d) HPW(30%)/MCM-41/hexane 44.8 29.0 49.0 21.2
HPW(30%)/MCM-41/IL3 40.3 25.2 54.6 20.2

(e) HPW(50%)/MCM-41/hexane 45.3 23.3 49.0 27.7
HPW(50%)/MCM-41/IL3 60.2 15.2 32.2 52.6

(f) HPW/hexane 45.8 30.8 50.2 19.0
HPW/IL3 50.9 22.3 40.3 37.5

Comparison between hexane and ionic liquid3 [hmim]BF4 (IL3). ∗Conditions: 60◦C, phenol/TBA 1:2 mol/mol, catalysts total amount:∼3 wt.% of
phenol, IL3: 1 ml, 4 h.

The conversion of phenol increased by more than 5%
when the reaction was carried out in IL3 instead of hexane
and catalyzed by HPW (Table 5row (f)). Moreover, the se-
lectivity to 2,4-DTBP has been almost doubled. This indi-
cates that the catalytic activity of HPW has been improved
in IL3. It may be presumably due to the interaction of IL3
with HPW. The presumed process is shown inScheme 2a.
The fast exchange of ions between HPW and IL3 may
give [hmim]3[PW12O40] and small amount of HBF4 in situ,
which improved the Brønsted acidity of the catalytic system
and consequently accelerated the alklyation of phenol with
TBA. As was the case of H3PO4, 2,4-DTBP has higher sol-
ubility in IL3, which resulted in higher conversion of phenol
and better selectivity of 2,4-DTBP.

The reaction was conducted in IL3 using HPW/MCM-41
as catalysts. The results varied with the loading of HPW on
MCM-41 (Table 5rows (c), (d), and (e) andFig. 5c–e). When
the loading of HPW was 15 or 30%, the conversion of phenol
decreased; however, the selectivity top-TBP increased. Es-
pecially when the loading of HPW was 15%, the effect of IL3
was more significant: the conversion of phenol dropped by
more than 16%, while the selectivity to 2,4-DTBP increased
by more than 12%. In contrast, when the loading of HPW
was 50%, the conversion of phenol increased by around 5%;
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Fig. 5. Effects of ionic liquids on the catalytic activity of solid acid catalyst (a) HZSM-5; (b) H-�; (c) HPW(15%)/MCM-41; (d) HPW(30%)/MCM-41;
(e) HPW(50%)/MCM-41; and (f) HPW.

Fig. 6. Performance of HPW/MCM-41 in IL3: the effects of the loading of HPW on MCM-41.
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Scheme 2. Presumed process of the interaction between IL3 and solid acids.

however, the selectivity top-TBP decreased by 10%, and that
to 2,4-DTBP almost doubled. Their different performances
were easily observed fromFig. 6. These results may be
caused by the interaction between IL3 and HPW/MCM-41.
As shown in the presumed process (Scheme 2b), due to the
ionic reactions, the IL3 cation attacked the [PW12O40]3− an-
ion, while the anion BF4− attacked the positive OH group of
HPW/MCM-41. As a result, part of HPW/MCM-41 lost its
acidic activity when the loading of HPW was relatively low.
When the loading of HPW was high, IL3 may react with the
small aggregates of HPW more easily and freely, which may
not only help the HPW distribute on the surface of MCM-41
more homogenously but also improve the catalytic proper-
ties through the reaction between IL3 and the free HPW.

4. Conclusion

The alkylation of phenol withtert-butyl alcohol was car-
ried out in a batch mode with various catalysts. Solvent
effects have been investigated both in liquid (H3PO4) and
solid acids. ILs can help H3PO4 increase its catalytic activ-
ity, resulting in better conversion and selectivity. When re-
action was conducted in hexane, the activity of small pore
zeolite HZSM-5 was low while the activity of large pore
zeolite H-� was high with excellent selectivity top-TBP.
The activities of the HPW and HPW (x%)/MCM-41 cata-
lysts were almost the same. The effects of IL3 on the solid
acids varied with the properties of solid acids. Conversion
of phenol was improved without much effect on products

distribution when HZSM-5 or H-� was used as catalysts.
IL3 improved the catalytic activity of HPW giving higher
conversion and better selectivity to 2,4-DTBP. The perfor-
mance of HPW/MCM-41 varied with the loading of HPW
on MCM-41. The selectivity top-TBP increased at the ex-
pense of conversion of phenol when 15 or 30% of HPW was
loaded on MCM-41, and the selectivity to 2,4-DTBP dou-
bled as well as the conversion of phenol increased when the
loading HPW was 50%. Presumable reasons and interaction
process between IL3 and solid acids have been addressed.
Further investigation is under going.
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