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Abstract

The catalytic performance of trifluoromethanesulphonic acid (triflic acid) has been investigated for synthesis of ethylbenzene (EB) by
transalkylation ofo-diethylbenzene (DEB) with benzene (B). Different mole ratios of benzene to the isomer (1:1, 3:1 and 6:1) were used
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t atmospheric pressure and low temperatures (15–35◦C). Ethylbenzene was the main product of the transalkylation. From isomeri
eactions, the products wereo-diethylbenzene isomers (meta- andpara-), and from disproportionation reactions, 1,3,5-triethylbenzene
lso obtained. In the case of 1:1 mole ratio of benzene to the isomer, yield of ethylbenzene of 49 mol% was obtained after 6 h of
5◦C. This decreased, at the same temperature, to 25 and 8 mol% for 3:1 and 6:1 mole ratios, respectively. A decrease in the

o 25 and 15◦C (with 1:1 mole ratio), caused the yield of ethylbenzene to decrease to 43 and 32 mol%, respectively. Similar tre
bserved with 3:1 and 6:1 ratios. The conversion ofo-diethylbenzene to ethylbenzene and ethylated benzenes appeared to depend st
ole ratio of benzene/diethylbenzene at a given temperature. The study has shown that the triflic acid is active as a catalyst for t

t exhibited high yield of ethylbenzene fromo-diethylbenzene at low temperatures and atmospheric pressure.
2004 Published by Elsevier B.V.
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. Introduction

Ethylbenzene is an important chemical intermediate that is
lmost exclusively used in manufacture of styrene. Recently,

here has been increase in research interest towards improv-
ng its production processes and especially designing new
atalysts for the reaction[1]. In most of the liquid and gas
hase processes for the production of ethylbenzene, several
ompeting side reactions take place, causing the formation
f polyalkylates, depending on conditions of the alkylation
nd the difficulty for the transalkylation of higher substituted
thylbenzenes such as diethylbenzene (DEB) isomers (ortho-
meta- andpara-), triethylbenzene (TEB) and tetraethylben-
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zene (TetEB) isomers. During the alkylation, about 5–1
polyalkylated benzenes are formed which mainly con
DEB isomers (total 50–60%). The amounts of these byp
ucts have increased due to increase in the production of e
benzene. Its overall world demand increased at an av
annual rate of 4.3% from 1998 to 2003, to about 25 mil
metric tons. To increase the overall efficiency of the et
benzene (EB) process, some plants have a separate r
facility to transalkylate DEB isomers with benzene (B)
EB. These processes have some technological problem
to difficulty of recycling with associated economic and e
ronmental challenges.

Transalkylation ofo-DEB isomer with B is an effectiv
way for utilizing the byproducts and increasing the EB yie
This approach has been extensively studied and sever
olitic and non-zeolitic catalysts have been proposed[2–5].
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Zeolitic material is especially suitable for controlling the
product distribution due to the bulky bimolecular interme-
diate species involved in the reaction[6,7]. Recently, an ef-
fective �-zeolite-based catalyst for liquid phase alkylation
has been proposed. The catalyst has been shown to possess
high yield, low rate of deactivation and absence of corro-
sive side products[8]. In another report, the reaction was
studied over faujasite Y catalysts and the relevance of the
B to DEB ratio was emphasized. Increase in the ratio from
1:1 to 5:1 increased the selectivity to DEB to more than
90%[9]. While non-zeolitic catalysts such as aluminum cat-
alyst enables the reaction to be carried out at temperatures
of 80–100◦C, there are inherent problems such as complex
formation with polyethylated benzenes, short catalyst life,
requirement of large amount of catalyst and threat to envi-
ronment due to difficulty in disposing the waste catalyst com-
plex. There are also inherent problems, using solid catalysts,
such as rapid catalyst deactivation and poor transalkylation
capabilities.

Liquid phase reaction with trifluoromethanesulphonic
acid (triflic acid) as a catalyst offers possibility of high yield
at lower temperatures. Roberts and Roengsumran[10] and
Olah et al.[11] have reported earlier works on this class of
catalysts. Recently, our group has demonstrated the poten-
tial of the use of triflic acid as catalyst for isomerization and
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15–35◦C. The reactor was equipped with a PID temperature
controller.

Gas–liquid chromatography analysis of the product mix-
tures obtained from transalkylation reactions were performed
quantitatively on a Varian 3400 chromatograph fitted with a
flame ionization detector (FID) and a 60 m long× 0.32 mm
internal diameter capillary column (phase DBI, film thickness
of 1�m). The instrument was calibrated by External Stan-
dardization method using standard mixtures of B, EB,o-, p-
andm-DEB; 1,3,5-TEB and 1,2,4,5-TetEB. The progress of
the transalkylation reactions using this system was monitored
by GLC analysis. Aliquots were withdrawn every 30 min over
the time of reaction, quenched in water and extracted with
hexane.

3. Results and discussion

The ethylation of benzene to ethylbenzene using
Friedel–Crafts or solid acid catalysts leads to mixture of
polyethylated products especially diethylbenzene isomers
(ortho-, meta- and para-), but also exhibiting tri-, tetra-,
penta- and hexaethylbenzene. The DEB isomers could be
used for production of EB by transalkylation with benzene.
This reaction is industrially of interest as some of the low
v their
m . The
g mers
w
B rafts
t st is
g f-
t er to
t pro-
p

i ures
o as
w x-
t
b ties
f res
a d-
u l
r after
1 en
c

isproportionation of DEB isomers[12–14]. However, apar
rom these, no report is available in the literature on the u
riflic acid as a catalyst for the transalkylation ofo-DEB with
. The use of triflic acid as a catalyst has shown some pro

n the alkylation of benzene with ethylene and with propy
o produce ethylbenzene and isopropylbenzene, respec
15]. It was also tested in isomerization, disproportiona
nd transalkylation of alkylated benzenes at room tem

ure and atmospheric pressure[16]. In this paper, we repo
he performance of trific acid as a catalyst for transalk
ion of o-DEB with benzene at low temperatures (15–35◦C)
nd mole ratios of B too-DEB to catalyst of 1:1:1, 3:1:1 an
:1:1 for transalkylation ofo-diethylbenzene and benzene
thylbenzene. It has been found that the catalyst perfo
etter than some catalysts in the literature.

. Experimental

Benzene was purified according to a method reporte
he literature[17] and dried prior to use. Trifluormethan
ulphonic acid catalyst was a commercial sample (Ald
o. Ltd.;d= 1.696), which was purified by double distil

ion (b.p. 68–70◦C, 20 mm Hg) under dry nitrogen at reduc
ressure.o-DEB was obtained from Fluka with a purity
7% and was used directly without further purification. H
rade and spectroscopically pure hexane was used as
ent for gas–liquid chromatography (GLC). The transa
ation reactions were performed in a close liquid-ba
eactor. The reactor was continuously stirred under dr
rogen at atmospheric pressure over the temperature ra
-

f

alued products like DEB isomers can be converted to
onosubstituted homologues, which are of higher value
eneralized transalkylation reaction scheme for DEB iso
ith benzene can be represented byScheme 1. This is by both
ronsted and Lewis acid catalysts. The classic Friedel–C

ransalkylation mechanism over a Bronsted acid cataly
iven in Scheme 2. The transalkylation reaction is very o

en accompanied by isomerization of starting DEB isom
hermodynamically more stable isomers, and also by dis
ortionation to EB and TEB isomers.

Mixing anhydrous triflic acid catalyst with B ando-DEB
n the mole ratios: 1:1, 3:1 and 6:1 at different temperat
f 15, 25 and 35◦C exhibits mainly transalkylation to EB
ell as isomerization top- andm-DEB and to a lesser e

ent disproportionation to EB and 1,3,5-TEB.Table 1shows
enzene ando-DEB conversions and products selectivi

or differento-DEB/benzene ratios, at different temperatu
fter 2 h of reaction.Fig. 1 displays a sample of the pro
ct distribution with 3:1 mole ratio at 35◦C. Analysis of al
eaction mixtures (reactants and products) showed that
5 min about 8.5 mol% ofo-DEB and 1.3 mol% of B has be
onverted into EB (5.6 mol%),m-DEB (3.7 mol%),p-DEB

Scheme 1.
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Table 1
Benzene conversions and products selectivities at differento-diethylbenzene/benzene/catalyst ratios and different temperatures

Ratios

1:1:1 3:1:1 6:1:1

15◦C 25◦C 35◦C 15◦C 25◦C 35◦C 15◦C 25◦C 35◦C

Conversion (%)
Benzene 9.9 14.7 18.8 4.0 5.6 9.6 1.9 3.1 1.6
o-DEB 46.8 48.2 49.4 14.9 19.6 22.9 4.6 7.0 10.1

Selectivity (%)
EB 53.3 50.7 70.2 59.8 61.9 69.2 49.2 53.6 58.8
p-DEB 11.6 9.9 8.8 5.8 5.6 5.5 1.5 2.1 2.6
m-DEB 30.0 35.3 19.1 30.7 27.4 22.2 46.2 43.3 37.7
TEB 5.1 4.2 1.9 3.7 5.2 3.1 3.1 1.0 0.9

Scheme 2.

(0.3 mol%) and 1,3,5-DEB isomer (0.2 mol%). The conver-
sion ofo-DEB gradually increased until approximately 6 h,
with corresponding increase of selectivity to EB. The selec-
tivity to m-DEB decreased from 38% at 25 min to 20% at
6 h. Selectivity top-DEB and 1,3,5-TEB exhibited different

Fig. 1. Benzene ando-diethylbenzene conversions and products selectivities
profile at 35◦C and B:o-DEB ratio of 3:1.

degrees of variations. Similar trends were obtained with 1:1
and 6:1 at different temperatures. The results indicate that the
formation of EB resulted from transalkylation ofo-DEB with
benzene either by disproportionation or by dealkylation ofo-
DEB. During the disproportionation reaction, two moles of
o-DEB react to form 1 mole of EB and 1 mole of 1,3,5-TEB
isomer as shown in reaction (1), while during dealkylation
reaction, 1 mole ofo-DEB produces 1 mole of EB and 1
mole of ethyltriflate as shown in reaction (2). However, the
presence of the catalyst could change the significance of one
reaction compared with others thereby modifying the prod-
ucts distributions.

Fig. 2 shows the effect of variation of mole ratio of B to
o-DEB and temperature on the conversion ofo-DEB. There
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s increase in the conversion ofo-DEB with a decrease
he mole ratio of B too-DEB and with an increase in tem
erature. At lower ratio (1:1), the effect of temperature

he conversion was not strong. The use of benzene in e
gainst theo-DEB lowered the conversion ofo-DEB and de
reased the yield of EB.Fig. 3depicts the effects of the mo
atios on the performance of the catalyst for the temp
ure of 15, 25 and 35◦C. The yield of EB after 5 h reach

maximum of 49 mol% with 1:1 mole ratio at 35◦C. This
radually decreased to 7 mol% with increase of mole

o 6:1. Similar trends were obtained at temperatures 15
5◦C. At 15◦C with B too-DEB mole ratio of 1:1, the yiel
f EB was 30 mol% after 5 h and this decreased to 3 m
hen the ratio increased to 6:1. While at 25◦C with mole

atio 1:1, the yield of EB obtained was 41 mol% but at m
atio of 6:1 it decreased to 5 mol%. Similar relationship



844 M.C. Al-Kinany et al. / Chemical Engineering and Processing 44 (2005) 841–846

Fig. 2. Effect of B:o-DEB mole ratio ono-DEB conversions at different
temperatures after 5 h.

observed when the same reaction was conducted on�-zeolite
catalyst tested at 270◦C [8]. The increase in concentration of
benzene in the feed makes it to be in excess. This makes the
benzene to have weak effect on the conversions ofo-DEB
especially at high temperatures. The increase in the amount
of B has stronger effect on the yield of EB than on conver-
sions in the concentration range explored. The EB appeared
to be a primary product, exhibiting high selectivity even at
low benzene conversions. The selectivity may decrease if EB
is disproportionated to DEBs and B.

Alternatively,Figs. 2 and 3may elucidate the influence of
temperature on the reaction for different ratios. The differ-
ences in the total conversions among the three temperatures
are markedly large. FromFig. 2, the effect of temperature
could be observed. As the temperature increased from 15 to
35◦C the conversion ofo-DEB increased markedly from 35.0
to 71.8 mol% after 5 h of reaction for ratio of 3:1. The max-
imum conversion of 98.8 mol% was obtained at a 1:1 mole

F ra-
t

Fig. 4. Normalized diethylbenzene isomers distributions for different B:o-
DEB mole ratios and reaction temperatures (a)−15◦C, (b)−25◦C and (c)
−35◦C after 5 h.

ratio after 2 h of reaction, whereas the value was 72.0 mol%
with 6:1 mole ratio. Typical results of the yield of EB after
5 h of the reaction time are shown inFig. 3. A yield of EB
(30 mol%) with 1:1 mole ratio of B too-DEB was 10 times
of that with 6:1 mole ratio at the same temperature (15◦C).
Similar trend was observed when the temperature raised to
35◦C. The yield of EB (30 mol%) with 1:1 mole ratio in-
creased to 49 mol% as the temperature increased from 15 to
35◦C, whereas with 6:1 mol ratio the increase was from 3 to
7 mol%. This shows that the effect of increase in tempera-
ture on EB yield is limited by excess amount of B thereby
exhibiting insignificant change at the highest ratio.

When the mole percentage values of DEB isomers were
normalized, theo-DEB under different conditions gave pre-
dominantlym-isomer as expected of 1,2-shift mechanism as
shown inFig. 4. The normalized mole percent values for
o-, p- andm-DEB shows that isomerization ofo-DEB com-
petes with disproportionation and thermodynamically more
stablem-isomer increases with corresponding increase in the
amount ofo-DEB isomers. For instance, the composition
of DEB isomers with a mole ratio 1:1 at 35◦C is 3 mol%
(ortho-), 66.5 mol% (meta-) and 30.5 mol% (para-) after 5 h
of the reaction time. The figure shows relative distribution of
the DEB isomers. The amount ofm-DEB dominates at low
B:o-DEB ratio irrespective of reaction temperature. As the
r nt
o in
D hown
i of
m
a n re-
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t n
o d
m -
t The
e the
ig. 3. Effect of B:o-DEB mole ratio on the EB yields at different tempe
ures after 5 h.
atio increased,m- andp-DEB decreased while the amou
f o-DEB increased at all temperatures. The increaseo-
EB corresponds with the decrease in conversion as s

n Fig. 2. At 35◦C and ratio of 6:1, about equal amounts
- ando-DEB were observed. The dominance ofm-DEB
t lower ratio suggests the prevalence of isomerizatio
ction in addition to other reactions. In various results

ained by Bolton et al.[16] on the study of the isomerizatio
f o-DEB using zeolitic catalyst at 170◦C, the normalize
ol% values ofo-, m- and p-DEB after 7 h of the reac

ion time were 78.4, 18.7 and 2.9 mol%, respectively.
quilibrium composition in solution of isomers under
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Table 2
Equilibrium mixtures of DEB isomers with some acidic catalysts

Catalyst Temperature
(◦C)

Normalized DEB isomers
distribution (%)

ortho meta para

AlCl3–HCl [11] 25 4.0 79.0 17.0
Zeolite-Y [16] 170 6.0 63.0 31.0
Triflic acida 15 11.9 63.4 24.7
Triflic acida 25 5.7 73.7 20.6
Triflic acida 35 3.2 66. 5 30.47

a This work.

same condition after 100 h was 6.0, 63.4 and 30.5 mol%,
respectively. The normalized equilibrium mixture of DEB
isomers using different catalysts and variable temperatures
are compared inTable 2. The normalized DEB isomer dis-
tribution obtained from this work falls in the ranges of
those obtained with different classes of catalysts at higher
temperatures.

The yield of EB change with reaction time was plotted
using the data obtained in individual runs with different re-
action times at temperatures 15, 25 and 35◦C with 1:1, 3:1
and 6:1 mole ratio of B too-DEB as shown inFig. 5. When
the reaction time increased with increasing temperature and
decreasing mole ratio of B too-EB, the onset of transalkyla-
tion occurred almost immediately and after about 15 min, the
yield of EB was already greater than 16 mol% with the three
mole ratios and temperatures. It exhibited yield higher than
22 mol% after 1 h. When the product distribution became al-
most constant, the highest yield of EB obtained (49 mol%)
with 1:1 mole ratio at 35◦C after 6 h is shown in the figure.
With 6:1 mole ratio the initial rate of formation of EB was
much slower than that of 1:1. The figure also shows that up
to about 1 h, the yield of EB was greater than 1.2 mol%. The
yield increased at slow rate to reach a maximum value of
8 mol% with 6:1 mole ratio at 35◦C.

F d
r

4. Conclusions

It has been shown that trific acid is active in transalky-
lation of diethylbenzene and benzene to ethylbenzene. The
reaction ofo-DEB with B gave EB yield as high as 49 mol%
with 1:1 mole ratio at 35◦C. When the mole ratio ofo-DEB
to B was decreased, while the reaction time and the tem-
perature increased, the degree of conversion ofo-DEB and
the yield of EB increased. The results obtained have shown
that the triflic acid is active catalyst for the transalkylation
of o-DEB with benzene to produce high yield of EB at room
temperature and atmospheric pressure. The activity is com-
parable with or better than other solid acid catalysts in the
literature.
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