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Abstract

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
and 140, and the reaction temperature and catalysts were selected based on the analysis of the thermodynamic and kinetic limitations associated
with this reaction. The experimental results suggest that EB formation proceeds via ethane dehydrogenation into ethene over Pt sites and subsequent
benzene alkylation with ethene over acid sites. Under selected reaction conditions the whole process of EB formation is driven by the alkylation
reaction and many side reactions (including coke formation) are suppressed due to the inherently low ethene concentration at 370 °C. Also, the low
and moderate acidity of the catalysts allows decoupling of EB formation steps and the steps of its subsequent transformation into side products.
As a consequence, both catalysts demonstrate a remarkably stable performance (during 45-49h on stream) with EB selectivity in the aromatic
products 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

are 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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1. Introduction

High thermodynamic stability and very low reactivity of
ethane make its activation and selective transformation into more
valuable (and reactive) chemicals extremely difficult. Therefore,
in spite of a significant research effort [1], the problem of ethane
selective transformation has not been resolved and represents an
exciting and important challenge in the catalysis research (both
from the theoretical and practical viewpoints). One of the pos-
sible ways to tackle this problem is to involve ethane in reaction
with benzene aiming at the selective synthesis of ethylbenzene
(EB), which is a key intermediate in production of polystyrene
and is annually produced (via benzene alkylation with ethene)
in the amount of 23 million metric tons [2]. Quite obviously,
the replacement of ethene with ethane, as the alkylating agent,
would lead to the commercial and environmental benefits in the
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EB production due to the higher availability of ethane and the
energy demanding processes of ethene production [3].

The possibility of the catalytic synthesis of EB via direct
alkylation of benzene with ethane was first demonstrated by
Olah et al. [4] who used fluoroantimonic acid (HF-SbF5) as a
catalyst. The EB yield was low (1 mol%), but the selectivity to
EB in the aromatic products was quite high (76 mol%). Later
on, benzene alkylation with ethane and propane was reported
for Pt- and Ga-containing zeolite catalysts [5—8], which are
free from the environmental and corrosion problems associated
with the superacidic catalysts. These studies revealed the com-
plexity of the reaction pathways over zeolite-based catalysts,
which showed very low selectivity to the products of direct
alkylation, i.e. EB and propylbenzenes (PB). Kato et al. [9]
investigated the effect of temperature (450-550 °C) and space
velocity on the yield of EB in benzene alkylation with ethane
over Pt-loaded zeolite catalysts and suggested that EB was pro-
duced over acid sites via benzene alkylation with ethene, which
was formed initially from ethane over Pt sites. The highest
EB yield (benzene-based) of 7.3% was reported for 500 °C,
but no data on benzene and ethane conversions as well as
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on the product selectivities were discussed [9], thus, making
it difficult to analyze the reaction chemistry. Smirnov et al.
[10,11] considered in more detail benzene alkylation with ethane
and propane over Pt-containing MFI catalysts at relatively low
temperatures and proposed the reaction network, which was
responsible for the observed low selectivities to the target prod-
ucts, EB and PB. Indeed, the highest selectivities to EB in all
products and in the aromatic products only were around 27
and 43 mol%, respectively, at 450 °C and ethane conversion of
~16% [11].

Analysis of the reaction network proposed by Smirnov et
al. [10,11] together with the study of EB transformation over
Pt/Al,O3-NaHMOR bifunctional catalysts [12] and the reaction
schemes of the acid catalyzed benzene alkylation with ethene
into EB [2,13] allowed us to conclude that quite low EB selec-
tivities reported up to day for benzene alkylation with ethane
were probably associated with the following three groups of
side reactions:

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

(i) 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
conditions and catalysts that would decrease the rates of the
side reactions shown above and, as a consequence, would lead
to the highly selective benzene alkylation with ethane into
ethylbenzene.

2. Experimental
2.1. Catalyst preparation

Two H-MFI (ZSM-5) zeolites with the Si/Al ratios of 36 and
140, which were used in this study, were obtained from Keele
University and Johnson Matthey, respectively. High crystallinity
of the zeolites and the absence of other phases were confirmed
by X-ray diffraction (XRD) analysis. Two Pt-containing zeolite
catalysts, (1 wt.% Pt), defined as PtH-MFI-36 and PtH-MFI-
140, were prepared by incipient wetness impregnation of the
parent H-MFI zeolites, using aqueous solution of tetraammine-
platinum(Il) nitrate, Pt(NH3)4(NO3),. After impregnation the
catalysts were dried slowly at room temperature (~48h), and
then calcined (in a thin layer) in a muffle furnace at 530 °C for
4 h (heating rate was 1 °C/min). For kinetic studies, the catalyst
samples were pressed into disks, crashed, and sieved to obtain
particle sizes in the range of 250-500 pm.

2.2. Kinetic studies

Benzene alkylation with ethane was studied at atmospheric
pressure in a continuous flow reactor at 370 °C. Ethane to ben-

zene molar ratio in the feed was 9:1, and the total weight hour
space velocity (WHSV) of ethane and benzene was 3.1h™!.
The reaction mixture was analyzed by on-line GC as described
elsewhere [14], and the duration of the time on stream (TOS)
experiments was 45 and 49 h for the PtH-MFI-36 and PtH-MFI-
140 catalysts, respectively. Prior to the kinetic experiments, the
catalyst samples were heated (1 °C/min) in the reactor under
flowing air (30 ml/min) to 530 °C and kept at this temperature
for 4h. Then the temperature was reduced to 200 °C and the
catalyst sample was purged with N, (50 ml/min) for 1 h before
switching to the flowing H; (60 ml/min). The catalyst sample
was then heated (5 °C/min) to 500 °C and kept at this tempera-
ture for 1 h before cooling the sample to the reaction temperature
(370°C).

3. Results and discussion

3.1. Approach to selection of reaction conditions and
catalysts

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

CyHg = CoH4 +H> (D)

with benzene alkylation by ethene over Brgnsted acid sites
(BAS)

C,H;
+CH, ==
2

using bifunctional zeolite catalysts at such low temperatures
when the equilibrium ethane dehydrogenation conversions into
ethene (Eq. (1)) are below 1%. Our idea is based on the
understanding that thermodynamic equilibrium is a dynamic
phenomenon and, therefore, we expected to by-pass the thermo-
dynamic limitations for ethane dehydrogenation reaction (Eq.
(1)) by trapping ethene molecules with benzene via alkylation
reaction into EB (Eq. (2)). In this case, the efficiency of the
whole process of EB formation

CZHS
© + C,H, -_— + H,
3)

over a bifunctional zeolite catalyst should depend on the rates
of the dehydrogenation and alkylation reactions (Egs. (1) and
(2)), and the latter could be adjusted, in our view, by the nature
and number of metal sites and by the number of Brgnsted acid
sites in the catalyst. The reaction temperature chosen in this work
was 370 °C. At this temperature the equilibrium ethane dehydro-
genation conversion into ethene (for pure ethane as feed) was
calculated to be around 0.55%, based on the thermodynamic
data in Ref. [15]. Such low ethane conversion would ensure the
inherently low ethene concentration at any point in the reactor
and, as a consequence, the low rate of the bimolecular ethene
dimerization steps, which, in our case, are the initial reaction
steps in the sequence of alkene oligomerization and cracking
reactions [16]. This would lead to the low concentrations of
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alkenes and to suppression of a number of side reactions iden-
tified as the reaction group (ii) above. Also, we expected that
the low concentrations of alkenes in the reaction mixture would
result in an enhancement of the catalyst stability, since alkenes
are known as important contributors to the coke formation over
zeolite catalysts [17-19].

In this study we decided to test Pt-containing MFI zeolite cat-
alysts, since Ptis known as a very good dehydrogenation catalyst
with relatively low hydrogenolysis activity [20] and the MFI zeo-
lites are used in the commercial processes of benzene alkylation
with ethene into EB [2,13]. Also, it was of interest to compare the
performance of our catalysts with the similar catalysts that were
already used in benzene alkylation with ethane [9,11]. Based on
the analysis of the possible side reactions, we decided to use two
MFI zeolites with low (Si/Al=140) and moderate (Si/Al=36)
acidity with the idea to avoid overlapping of EB formation steps
and the steps of its subsequent transformation (see the reaction
group (iii) above). In our view, the decoupling of these steps is
crucial for the selective EB formation and can be achieved only
at benzene conversions that are lower than the maximum ther-
modynamically possible benzene conversion into EB according
to Eq. (3) (for our conditions, the latter was calculated to be
around 13.5%).

3.2. Time on stream performance of the catalysts

Figs. 1 and 2 demonstrate very stable performance of the two
Pt-containing catalysts used in this work in benzene alkylation
with ethane into ethylbenzene. Indeed, practically no changes
are observed in benzene and ethane conversions during nearly
50h on stream (Fig. 1). Also, there are no changes in the selec-
tivity to EB during this time with the PtH-MFI-140 catalyst,
and only small changes are observed in EB selectivity with the
PtH-MFI-36 catalyst (Fig. 2). In the latter case, EB selectivity
is slightly increasing with TOS and this increase is associated
mainly with a decrease in the selectivities to methane and toluene
(e.g., at TOS of 4, 21 and 45 h, methane selectivity was around
3.2,0.94 and 0.78 mol%, respectively). The changes in the prod-
uct selectivities observed with the PtH-MFI-36 catalyst are likely
to be associated with very slow coke formation that, according
to Fig. 1, does not affect ethane dehydrogenation and benzene
alkylation reactions but leads to the preferential deactivation of
the Pt sites responsible for the hydrogenolysis reactions, which
are probably involved in the formation of methane from ethane
and EB and toluene from EB [11,12]. As it follows from Fig. 2,
the changes in EB selectivity become insignificant after about
20 h of the reaction over PtH-MFI-36 catalyst indicating a decel-
eration in the coke formation at longer TOS. Thus, to show
the stabilized product distributions (see Tables 1 and 2) we are
using the experimental data obtained at TOS of 21 h (it should
be noted that hydrogen, which is not shown in Table 1, was pro-
duced in the stoichiometric amounts corresponding to Egs. (1)
and (2)).

To conclude this section, we would like to emphasize that the
stable performance of the PtH-MFI-36 catalyst during 45h on
stream was achieved at benzene conversion of 11.6%, which is
quite close to the maximum equilibrium conversion of benzene
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Fig. 1. Effect of time on stream on (A) benzene and (B) ethane conversions
over PtH-MFI-36 (A) and PtH-MFI-140 (@) catalysts at 370 °C and WHSV of
3.1h~!. Ethane to benzene molar ratio in the feed was 9:1, and the equilibrium
benzene conversion into EB under these reaction conditions was calculated to
be 13.5%.

into EB of 13.5%. Such stable catalyst operation appears to be
very significant in view of the work by Kato et al. [9] where
stable catalyst performance during 5h on stream was achieved
only with the feed containing H, (~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
Ethyltoluenes 0.07 0.42
Diethylbenzenes 0.92 1.98
Triethylbenzenes 0 1.24

Temperature =370 °C, WHSV =3.1 h~!, TOS=21h.
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Fig.2. Effectof time on stream on the ethylbenzene selectivities in (A) all carbon
containing products and (B) in aromatic products only. Benzene alkylation with
ethane was carried out over PtH-MFI-36 (A) and PtH-MFI-140 (@) catalysts at
370°C and WHSV of 3.1h~!. Ethane to benzene molar ratio in the feed was
9:1.

3.3. Product distribution and reaction pathways

Fig. 1B shows that during benzene alkylation reaction over
both catalysts used in this study the conversion of ethane is
higher than the equilibrium ethane dehydrogenation conversion
(~0.55%). With the lower acidity catalyst, PtH-MFI-140, ethane
conversion is around 0.85% and, as it follows from Table 1,
ethane is selectively converted into ethene (39.3%) and EB
(57.4%), the total selectivity to these two products being 96.7%.
Under these conditions, conversion of benzene is 4.6% and the
selectivity of benzene transformation into EB is 95.3% (Table 2).
An increase in the number of BAS (about 4 times) in the MFI
catalysts (PtH-MFI-36 versus PtH-MFI-140) results in a sig-

Table 2
Selectivities to aromatic products in aromatics produced during benzene alky-
lation with ethane over PtH-MFI-140 and PtH-MFI-36 catalysts

Catalyst PtH-MFI-140 PtH-MFI-36

Benzene conversion (%) 4.6 11.6

Aromatics selectivity (mol%)
Toluene 0.18 0.99
Ethylbenzene 95.3 92.6
Xylenes 0 0.13
Isopropylbenzene 29 2.1
Ethyltoluenes 0.12 0.48
Diethylbenzenes 1.5 2.3
Triethylbenzenes 0 1.4

Temperature = 370 °C, WHSV =3.1h~!, TOS =21 h.

nificant increase in both the benzene and ethane conversions
which become 1.7 and 11.6%, respectively, when reaction is car-
ried out over PtH-MFI-36 catalyst (Fig. 1 and Table 1). These
results together with the data on EB selectivity (Tables 1 and 2)
indicate strongly that the acid catalyzed alkylation of benzene
with ethene (Eq. (2)) drives the whole process of EB formation
from benzene and ethane (Eq. (3)) under reaction conditions
used in this study. Indeed, the higher acidity of the PtH-MFI-
36 catalyst enhances significantly the rate of benzene alkylation
with ethene into EB, thus withdrawing ethene from the reaction
mixture at a higher rate and pushing ethane dehydrogenation for-
ward. Apparently, the higher acidity of the PtH-MFI-36 catalyst
is responsible for the lower ethene and higher EB selectivities
observed with this catalyst (Table 1) when compared with the
corresponding selectivities observed with the PtH-MFI-140 cat-
alyst. It is worth noting that the benzene-based yield of EB over
the PtH-MFI-36 catalystis ~10.7% thatis about 1.5 times higher
than the maximum EB yield reported by Kato et al. [9].

Tables 1 and 2 validate our approach to the selection of
the reaction conditions and catalysts for the direct and highly
selective alkylation of benzene with ethane into EB. The prod-
uct distributions obtained over two Pt-containing MFI catalysts
indicate that ethane dehydrogenation into ethene catalyzed by
Pt sites (Eq. (1)) and benzene alkylation with ethene into EB
catalyzed by BAS (Eq. (2)) are the dominant reactions under
reaction conditions used in this study. The alkene oligomer-
ization and cracking reactions are suppressed essentially but
not entirely and, therefore, are still responsible for formation
of propene and butenes (in very small amounts) that are fur-
ther hydrogenated into corresponding alkanes (Table 1). Also,
propene is involved in the acid catalyzed benzene alkylation
into isopropylbenzene that is the major aromatic side product
at benzene conversion of 4.6% observed over the PtH-MFI-140
catalyst (Table 2). At this conversion, the other aromatic side
products include toluene, ethyltoluenes and diethylbenzenes.
As reaction progresses to higher benzene conversion (11.6%
with the PtH-MFI-36 catalyst), the selectivities to these products
increase (mainly at the expense of EB selectivity), thus indicat-
ing that they could be formed via reactions involving EB. Based
on the data in Tables 1 and 2, we suggest that toluene is formed
(together with methane) via EB hydrogenolysis, while ethyl-
toluene could be a product of toluene alkylation with ethene.
Quite obviously, the formation of diethylbenzenes (and triethyl-
benzenes in the case of the PtH-MFI-36 catalyst) proceeds via
further alkylation of EB with ethene. Finally, the formation of
xylenes observed over the PtH-MFI-36 catalyst can be explained
by EB hydroisomerization reaction that was studied previously
by Moreau et al. [12].

4. Conclusions

In this paper we established the principle of the highly selec-
tive and stable alkylation of benzene with ethane into EB over
bifunctional zeolite catalysts. Our approach was based on the
analysis of the thermodynamic and kinetic limitations associ-
ated with this reaction. As a result, we selected the reaction
temperature (370°C) and two Pt-containing MFI catalysts of
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low and moderate acidity for the kinetic experiments. It is worth
noting that no attempt was made to optimize further the reaction
temperature and catalyst compositions.

Our experimental results strongly suggest that EB formation
proceeds via two consecutive reactions: (i) ethane dehydrogena-
tion into ethene over Pt sites and (ii) benzene alkylation with
ethene over acid sites. It is shown that these two reactions are
dominant under reaction conditions selected in this work and
that the whole process of EB formation is driven by the alkyla-
tion reaction. The inherently low concentration of alkenes in the
reactor at 370 °C leads to suppression of many side reactions,
including coke formation, and the low and moderate acidity
of the catalysts allows decoupling of EB formation steps and
the steps of its further transformation into side products up to
benzene conversion of 11.6% that is quite close to the equi-
librium benzene conversion of 13.5%. As a consequence, both
catalysts demonstrate a remarkably stable performance (during
45-49h on stream) with EB selectivity in the aromatic prod-
ucts in the range between 92.6 and 95.3%, with the highest EB
yield (benzene-based) of 10.7% that was obtained with the PtH-
MFI-36 catalyst. The observed EB yield and selectivities are
essentially higher than those reported previously both for the
zeolite [9,11] and superacidic catalytic systems [4].

Thus, this study demonstrates for the first time the feasibility
of the selective and stable alkylation of benzene with ethane into
EB and indicates the reaction conditions and catalysts for further
research into this complex and interesting reaction.
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