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bstract

Benzene alkylation with ethane into ethylbenzene (EB) was studied at 370 ◦C over two Pt-containing MFI catalysts with the Si/Al ratios of 36
nd 140, and the reaction temperature and catalysts were selected based on the analysis of the thermodynamic and kinetic limitations associated
ith this reaction. The experimental results suggest that EB formation proceeds via ethane dehydrogenation into ethene over Pt sites and subsequent
enzene alkylation with ethene over acid sites. Under selected reaction conditions the whole process of EB formation is driven by the alkylation
eaction and many side reactions (including coke formation) are suppressed due to the inherently low ethene concentration at 370 ◦C. Also, the low
nd moderate acidity of the catalysts allows decoupling of EB formation steps and the steps of its subsequent transformation into side products.

s a consequence, both catalysts demonstrate a remarkably stable performance (during 45–49 h on stream) with EB selectivity in the aromatic
roducts in the range between 92.6 and 95.3 mol%, with the highest (benzene-based) EB yield of 10.7%. These observed EB selectivities and yield
re essentially higher than those reported previously both for the zeolite and superacidic catalytic systems.

2007 Elsevier B.V. All rights reserved.
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. Introduction

High thermodynamic stability and very low reactivity of
thane make its activation and selective transformation into more
aluable (and reactive) chemicals extremely difficult. Therefore,
n spite of a significant research effort [1], the problem of ethane
elective transformation has not been resolved and represents an
xciting and important challenge in the catalysis research (both
rom the theoretical and practical viewpoints). One of the pos-
ible ways to tackle this problem is to involve ethane in reaction
ith benzene aiming at the selective synthesis of ethylbenzene

EB), which is a key intermediate in production of polystyrene
nd is annually produced (via benzene alkylation with ethene)

n the amount of 23 million metric tons [2]. Quite obviously,
he replacement of ethene with ethane, as the alkylating agent,
ould lead to the commercial and environmental benefits in the
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B production due to the higher availability of ethane and the
nergy demanding processes of ethene production [3].

The possibility of the catalytic synthesis of EB via direct
lkylation of benzene with ethane was first demonstrated by
lah et al. [4] who used fluoroantimonic acid (HF–SbF5) as a

atalyst. The EB yield was low (1 mol%), but the selectivity to
B in the aromatic products was quite high (76 mol%). Later
n, benzene alkylation with ethane and propane was reported
or Pt- and Ga-containing zeolite catalysts [5–8], which are
ree from the environmental and corrosion problems associated
ith the superacidic catalysts. These studies revealed the com-
lexity of the reaction pathways over zeolite-based catalysts,
hich showed very low selectivity to the products of direct

lkylation, i.e. EB and propylbenzenes (PB). Kato et al. [9]
nvestigated the effect of temperature (450–550 ◦C) and space
elocity on the yield of EB in benzene alkylation with ethane
ver Pt-loaded zeolite catalysts and suggested that EB was pro-

uced over acid sites via benzene alkylation with ethene, which
as formed initially from ethane over Pt sites. The highest
B yield (benzene-based) of 7.3% was reported for 500 ◦C,
ut no data on benzene and ethane conversions as well as
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n the product selectivities were discussed [9], thus, making
t difficult to analyze the reaction chemistry. Smirnov et al.
10,11] considered in more detail benzene alkylation with ethane
nd propane over Pt-containing MFI catalysts at relatively low
emperatures and proposed the reaction network, which was
esponsible for the observed low selectivities to the target prod-
cts, EB and PB. Indeed, the highest selectivities to EB in all
roducts and in the aromatic products only were around 27
nd 43 mol%, respectively, at 450 ◦C and ethane conversion of
16% [11].
Analysis of the reaction network proposed by Smirnov et

l. [10,11] together with the study of EB transformation over
t/Al2O3-NaHMOR bifunctional catalysts [12] and the reaction
chemes of the acid catalyzed benzene alkylation with ethene
nto EB [2,13] allowed us to conclude that quite low EB selec-
ivities reported up to day for benzene alkylation with ethane
ere probably associated with the following three groups of

ide reactions:

(i) Hydrogenolysis (hydrocracking) of ethane in two methane
molecules;

(ii) Alkene oligomerization and cracking reactions which pro-
duce other alkenes with their subsequent involvement in
benzene alkylation into various alkylbenzenes and, possi-
bly, in aromatization reactions and coking;

iii) Transformation of EB via a number of reactions (e.g.,
hydrogenolysis, further alkylation with alkenes, dealkyla-
tion, isomerization, etc.).

Thus, the aim of this study was to identify the reaction
onditions and catalysts that would decrease the rates of the
ide reactions shown above and, as a consequence, would lead
o the highly selective benzene alkylation with ethane into
thylbenzene.

. Experimental

.1. Catalyst preparation

Two H-MFI (ZSM-5) zeolites with the Si/Al ratios of 36 and
40, which were used in this study, were obtained from Keele
niversity and Johnson Matthey, respectively. High crystallinity
f the zeolites and the absence of other phases were confirmed
y X-ray diffraction (XRD) analysis. Two Pt-containing zeolite
atalysts, (1 wt.% Pt), defined as PtH-MFI-36 and PtH-MFI-
40, were prepared by incipient wetness impregnation of the
arent H-MFI zeolites, using aqueous solution of tetraammine-
latinum(II) nitrate, Pt(NH3)4(NO3)2. After impregnation the
atalysts were dried slowly at room temperature (∼48 h), and
hen calcined (in a thin layer) in a muffle furnace at 530 ◦C for
h (heating rate was 1 ◦C/min). For kinetic studies, the catalyst

amples were pressed into disks, crashed, and sieved to obtain
article sizes in the range of 250–500 �m.
.2. Kinetic studies

Benzene alkylation with ethane was studied at atmospheric
ressure in a continuous flow reactor at 370 ◦C. Ethane to ben-
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r
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ene molar ratio in the feed was 9:1, and the total weight hour
pace velocity (WHSV) of ethane and benzene was 3.1 h−1.
he reaction mixture was analyzed by on-line GC as described
lsewhere [14], and the duration of the time on stream (TOS)
xperiments was 45 and 49 h for the PtH-MFI-36 and PtH-MFI-
40 catalysts, respectively. Prior to the kinetic experiments, the
atalyst samples were heated (1 ◦C/min) in the reactor under
owing air (30 ml/min) to 530 ◦C and kept at this temperature
or 4 h. Then the temperature was reduced to 200 ◦C and the
atalyst sample was purged with N2 (50 ml/min) for 1 h before
witching to the flowing H2 (60 ml/min). The catalyst sample
as then heated (5 ◦C/min) to 500 ◦C and kept at this tempera-

ure for 1 h before cooling the sample to the reaction temperature
370 ◦C).

. Results and discussion

.1. Approach to selection of reaction conditions and
atalysts

The underlying idea of this study was to couple ethane dehy-
rogenation into ethene over metal sites

2H6 � C2H4 + H2 (1)

ith benzene alkylation by ethene over Brønsted acid sites
BAS)

(2)

sing bifunctional zeolite catalysts at such low temperatures
hen the equilibrium ethane dehydrogenation conversions into

thene (Eq. (1)) are below 1%. Our idea is based on the
nderstanding that thermodynamic equilibrium is a dynamic
henomenon and, therefore, we expected to by-pass the thermo-
ynamic limitations for ethane dehydrogenation reaction (Eq.
1)) by trapping ethene molecules with benzene via alkylation
eaction into EB (Eq. (2)). In this case, the efficiency of the
hole process of EB formation

(3)

ver a bifunctional zeolite catalyst should depend on the rates
f the dehydrogenation and alkylation reactions (Eqs. (1) and
2)), and the latter could be adjusted, in our view, by the nature
nd number of metal sites and by the number of Brønsted acid
ites in the catalyst. The reaction temperature chosen in this work
as 370 ◦C. At this temperature the equilibrium ethane dehydro-
enation conversion into ethene (for pure ethane as feed) was
alculated to be around 0.55%, based on the thermodynamic
ata in Ref. [15]. Such low ethane conversion would ensure the
nherently low ethene concentration at any point in the reactor

nd, as a consequence, the low rate of the bimolecular ethene
imerization steps, which, in our case, are the initial reaction
teps in the sequence of alkene oligomerization and cracking
eactions [16]. This would lead to the low concentrations of
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Fig. 1. Effect of time on stream on (A) benzene and (B) ethane conversions
over PtH-MFI-36 (�) and PtH-MFI-140 (�) catalysts at 370 ◦C and WHSV of
3.1 h−1. Ethane to benzene molar ratio in the feed was 9:1, and the equilibrium
b
b

i
v
stable catalyst performance during 5 h on stream was achieved
only with the feed containing H2 (∼35 mol%).

Table 1
Selectivities to all carbon containing products of benzene alkylation with ethane
over PtH-MFI-140 and PtH-MFI-36 catalysts

Catalyst PtH-MFI-140 PtH-MFI-36

Ethane conversion (%) 0.85 1.7
Benzene conversion (%) 4.6 11.6

Selectivity (mol%)
Methane 0.11 0.94
Ethene 39.3 10.1
Propane 0.19 1.83
Propene 0.11 0.07
Butanes 0.04 0.16
Butenes Traces Traces
Toluene 0.11 0.86
Ethylbenzene 57.4 80.5
Xylenes 0 0.11
Isopropylbenzene 1.75 1.79
30 D.B. Lukyanov, T. Vazhnova / Journal of Mole

lkenes and to suppression of a number of side reactions iden-
ified as the reaction group (ii) above. Also, we expected that
he low concentrations of alkenes in the reaction mixture would
esult in an enhancement of the catalyst stability, since alkenes
re known as important contributors to the coke formation over
eolite catalysts [17–19].

In this study we decided to test Pt-containing MFI zeolite cat-
lysts, since Pt is known as a very good dehydrogenation catalyst
ith relatively low hydrogenolysis activity [20] and the MFI zeo-

ites are used in the commercial processes of benzene alkylation
ith ethene into EB [2,13]. Also, it was of interest to compare the
erformance of our catalysts with the similar catalysts that were
lready used in benzene alkylation with ethane [9,11]. Based on
he analysis of the possible side reactions, we decided to use two

FI zeolites with low (Si/Al = 140) and moderate (Si/Al = 36)
cidity with the idea to avoid overlapping of EB formation steps
nd the steps of its subsequent transformation (see the reaction
roup (iii) above). In our view, the decoupling of these steps is
rucial for the selective EB formation and can be achieved only
t benzene conversions that are lower than the maximum ther-
odynamically possible benzene conversion into EB according

o Eq. (3) (for our conditions, the latter was calculated to be
round 13.5%).

.2. Time on stream performance of the catalysts

Figs. 1 and 2 demonstrate very stable performance of the two
t-containing catalysts used in this work in benzene alkylation
ith ethane into ethylbenzene. Indeed, practically no changes

re observed in benzene and ethane conversions during nearly
0 h on stream (Fig. 1). Also, there are no changes in the selec-
ivity to EB during this time with the PtH-MFI-140 catalyst,
nd only small changes are observed in EB selectivity with the
tH-MFI-36 catalyst (Fig. 2). In the latter case, EB selectivity

s slightly increasing with TOS and this increase is associated
ainly with a decrease in the selectivities to methane and toluene

e.g., at TOS of 4, 21 and 45 h, methane selectivity was around
.2, 0.94 and 0.78 mol%, respectively). The changes in the prod-
ct selectivities observed with the PtH-MFI-36 catalyst are likely
o be associated with very slow coke formation that, according
o Fig. 1, does not affect ethane dehydrogenation and benzene
lkylation reactions but leads to the preferential deactivation of
he Pt sites responsible for the hydrogenolysis reactions, which
re probably involved in the formation of methane from ethane
nd EB and toluene from EB [11,12]. As it follows from Fig. 2,
he changes in EB selectivity become insignificant after about
0 h of the reaction over PtH-MFI-36 catalyst indicating a decel-
ration in the coke formation at longer TOS. Thus, to show
he stabilized product distributions (see Tables 1 and 2) we are
sing the experimental data obtained at TOS of 21 h (it should
e noted that hydrogen, which is not shown in Table 1, was pro-
uced in the stoichiometric amounts corresponding to Eqs. (1)
nd (2)).
To conclude this section, we would like to emphasize that the
table performance of the PtH-MFI-36 catalyst during 45 h on
tream was achieved at benzene conversion of 11.6%, which is
uite close to the maximum equilibrium conversion of benzene T
enzene conversion into EB under these reaction conditions was calculated to
e 13.5%.

nto EB of 13.5%. Such stable catalyst operation appears to be
ery significant in view of the work by Kato et al. [9] where
Ethyltoluenes 0.07 0.42
Diethylbenzenes 0.92 1.98
Triethylbenzenes 0 1.24

emperature = 370 ◦C, WHSV = 3.1 h−1, TOS = 21 h.
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Fig. 2. Effect of time on stream on the ethylbenzene selectivities in (A) all carbon
containing products and (B) in aromatic products only. Benzene alkylation with
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thane was carried out over PtH-MFI-36 (�) and PtH-MFI-140 (�) catalysts at
70 ◦C and WHSV of 3.1 h−1. Ethane to benzene molar ratio in the feed was
:1.

.3. Product distribution and reaction pathways

Fig. 1B shows that during benzene alkylation reaction over
oth catalysts used in this study the conversion of ethane is
igher than the equilibrium ethane dehydrogenation conversion
∼0.55%). With the lower acidity catalyst, PtH-MFI-140, ethane
onversion is around 0.85% and, as it follows from Table 1,
thane is selectively converted into ethene (39.3%) and EB
57.4%), the total selectivity to these two products being 96.7%.

nder these conditions, conversion of benzene is 4.6% and the

electivity of benzene transformation into EB is 95.3% (Table 2).
n increase in the number of BAS (about 4 times) in the MFI

atalysts (PtH-MFI-36 versus PtH-MFI-140) results in a sig-

able 2
electivities to aromatic products in aromatics produced during benzene alky-

ation with ethane over PtH-MFI-140 and PtH-MFI-36 catalysts

atalyst PtH-MFI-140 PtH-MFI-36

enzene conversion (%) 4.6 11.6

romatics selectivity (mol%)
Toluene 0.18 0.99
Ethylbenzene 95.3 92.6
Xylenes 0 0.13
Isopropylbenzene 2.9 2.1
Ethyltoluenes 0.12 0.48
Diethylbenzenes 1.5 2.3
Triethylbenzenes 0 1.4

emperature = 370 ◦C, WHSV = 3.1 h−1, TOS = 21 h.
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ificant increase in both the benzene and ethane conversions
hich become 1.7 and 11.6%, respectively, when reaction is car-

ied out over PtH-MFI-36 catalyst (Fig. 1 and Table 1). These
esults together with the data on EB selectivity (Tables 1 and 2)
ndicate strongly that the acid catalyzed alkylation of benzene
ith ethene (Eq. (2)) drives the whole process of EB formation

rom benzene and ethane (Eq. (3)) under reaction conditions
sed in this study. Indeed, the higher acidity of the PtH-MFI-
6 catalyst enhances significantly the rate of benzene alkylation
ith ethene into EB, thus withdrawing ethene from the reaction
ixture at a higher rate and pushing ethane dehydrogenation for-
ard. Apparently, the higher acidity of the PtH-MFI-36 catalyst

s responsible for the lower ethene and higher EB selectivities
bserved with this catalyst (Table 1) when compared with the
orresponding selectivities observed with the PtH-MFI-140 cat-
lyst. It is worth noting that the benzene-based yield of EB over
he PtH-MFI-36 catalyst is ∼10.7% that is about 1.5 times higher
han the maximum EB yield reported by Kato et al. [9].

Tables 1 and 2 validate our approach to the selection of
he reaction conditions and catalysts for the direct and highly
elective alkylation of benzene with ethane into EB. The prod-
ct distributions obtained over two Pt-containing MFI catalysts
ndicate that ethane dehydrogenation into ethene catalyzed by
t sites (Eq. (1)) and benzene alkylation with ethene into EB
atalyzed by BAS (Eq. (2)) are the dominant reactions under
eaction conditions used in this study. The alkene oligomer-
zation and cracking reactions are suppressed essentially but
ot entirely and, therefore, are still responsible for formation
f propene and butenes (in very small amounts) that are fur-
her hydrogenated into corresponding alkanes (Table 1). Also,
ropene is involved in the acid catalyzed benzene alkylation
nto isopropylbenzene that is the major aromatic side product
t benzene conversion of 4.6% observed over the PtH-MFI-140
atalyst (Table 2). At this conversion, the other aromatic side
roducts include toluene, ethyltoluenes and diethylbenzenes.
s reaction progresses to higher benzene conversion (11.6%
ith the PtH-MFI-36 catalyst), the selectivities to these products

ncrease (mainly at the expense of EB selectivity), thus indicat-
ng that they could be formed via reactions involving EB. Based
n the data in Tables 1 and 2, we suggest that toluene is formed
together with methane) via EB hydrogenolysis, while ethyl-
oluene could be a product of toluene alkylation with ethene.
uite obviously, the formation of diethylbenzenes (and triethyl-
enzenes in the case of the PtH-MFI-36 catalyst) proceeds via
urther alkylation of EB with ethene. Finally, the formation of
ylenes observed over the PtH-MFI-36 catalyst can be explained
y EB hydroisomerization reaction that was studied previously
y Moreau et al. [12].

. Conclusions

In this paper we established the principle of the highly selec-
ive and stable alkylation of benzene with ethane into EB over

ifunctional zeolite catalysts. Our approach was based on the
nalysis of the thermodynamic and kinetic limitations associ-
ted with this reaction. As a result, we selected the reaction
emperature (370 ◦C) and two Pt-containing MFI catalysts of
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V.V. Vinogradov, Kinet. Catal. 27 (1986) 1064–1070 (English translation).
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ow and moderate acidity for the kinetic experiments. It is worth
oting that no attempt was made to optimize further the reaction
emperature and catalyst compositions.

Our experimental results strongly suggest that EB formation
roceeds via two consecutive reactions: (i) ethane dehydrogena-
ion into ethene over Pt sites and (ii) benzene alkylation with
thene over acid sites. It is shown that these two reactions are
ominant under reaction conditions selected in this work and
hat the whole process of EB formation is driven by the alkyla-
ion reaction. The inherently low concentration of alkenes in the
eactor at 370 ◦C leads to suppression of many side reactions,
ncluding coke formation, and the low and moderate acidity
f the catalysts allows decoupling of EB formation steps and
he steps of its further transformation into side products up to
enzene conversion of 11.6% that is quite close to the equi-
ibrium benzene conversion of 13.5%. As a consequence, both
atalysts demonstrate a remarkably stable performance (during
5–49 h on stream) with EB selectivity in the aromatic prod-
cts in the range between 92.6 and 95.3%, with the highest EB
ield (benzene-based) of 10.7% that was obtained with the PtH-
FI-36 catalyst. The observed EB yield and selectivities are

ssentially higher than those reported previously both for the
eolite [9,11] and superacidic catalytic systems [4].

Thus, this study demonstrates for the first time the feasibility
f the selective and stable alkylation of benzene with ethane into
B and indicates the reaction conditions and catalysts for further

esearch into this complex and interesting reaction.
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