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Dehydroalkylation of toluene with ethane in a packed-bed membrane
reactor with a bifunctional catalyst and a hydrogen-selective membrane
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The dehydroalkylation of toluene with ethane to form isomeric
ethyltoluenes has been carried out in a packed-bed membrane
reactor under mild conditions of 350 °C, where it is shown that
ethyltoluene yields significantly increase with increasing sweep
gas flow rate and pressure.

The alkylation of benzene with ethylene to produce ethylben-
zene and, via dehydrogenation to styrene and polymerization,
finally polystyrene is a commercially important reaction.! This
“conventional” route (¢f. Scheme 1) is the largest consumer of
valuable benzene. We propose here an “alternative™ route,
namely the dehydroalkylation of toluene with ethane to
ethyltoluenes and, via dehydrogenation and polymerization,
the production of poly-p-methylstyrene. The advantages of the
alternative route are manifold: whereas the conventional route
starts with expensive ethylene and benzene, in the alternative
route the cheaper reactants ethane and toluene are used. This
means that intermediate steps, i.e., conversion of ethane to
ethylene via steamcracking as well as conversion of toluene to
benzene via toluene disproportionation or toluene hydrodealk-
ylation, can be avoided. In addition, a second molecule of
valuable hydrogen can be gained in an easy and cheap manner
during the dehydroalkylation of toluene with ethane in a
membrane reactor. In theory, additional hydrogen can also
be produced in the conventional route if ethylene is produced
from ethane steamcracking. However, it is difficult and ex-
pensive to recover this hydrogen from the product mixture in
steamcrackers. The large disadvantage of the alternative route,
though, is the strong thermodynamic limitation: whereas the
standard Gibbs energy of reaction for the alkylation of
benzene with ethylene at 327 °C amounts to —29 kJ mol ™!,
the same value for the alternative route, i.e., the reaction of
toluene with ethane to p-ethyltoluene and hydrogen, is +41 kJ
mol~!. Thus, the big challenge of the alternative route is to
overcome the thermodynamic limitation so that hydrogen can
be recovered as a valuable side product.

Hydrogen-selective, Pd-based membranes have been of
great interest for a host of reactions,”” in particular for
dehydrogenation of alkanes or aromatics where thermody-
namic equilibrium is also severely limiting.®'® However, the
success in the application of membrane reactors to dehydro-
genation reactions has been limited. One issue is increased
catalyst deactivation in membrane reactors. Since dehydro-
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genation reactions are highly endothermic, it has not been
possible to operate at mild conditions, and at high tempera-
tures removal of hydrogen favors coke formation. Secondly,
dehydrogenation reactions result in an increase in the number
of moles, so that high pressures impair thermodynamics. This
works against membrane reactors, as hydrogen permeation
improves with increasing pressure. In the present study, we
present the application of hydrogen-selective membranes for a
new dehydrogenative-type reaction: namely, the dehydroalk-
ylation of toluene with ethane. Since the net number of moles
does not change during this reaction it is possible to operate at
higher reaction pressures without sacrificing conversion.
Furthermore, due to the thermodynamics of the reaction, it
is possible to operate under milder conditions than during the
dehydrogenation of alkanes.

Zeolite ZSM-5 was synthesized hydrothermally.!' After
calcination, NH," and Pd*>" ion exchanges were carried
out. From elemental analysis, the molar ng;/na; ratio and the
amount of Pd were determined to be 40 and 1.0 wt% (refer-
enced to the mass of the dry catalyst), respectively. The
catalyst was activated,'' and thereafter pre-coked using
methanol.'? Catalytic experiments were performed in a tubu-
lar packed-bed membrane reactor with a hydrogen-selective
membrane (REB Research & Consulting, Ferndale, MI,
USA). N, was used as an internal standard (Fethane/fnitrogen
~ 1.5). The mass of dry catalyst, the reaction temperature, the
ethane/Mtoluene Tatio, and the WHSV (weight hourly space
velocity, toluene and ethane) amounted to 0.5 g, (350 £ 4) °C,
7+ 1,and 2.5+ 02 h !, respectively. The fgyeep gas/Methane
ratio was varied between 0.1 and 30 at pressures of 2 and 11
bar on the reaction side and 1 bar on the permeate side.
Product analysis was achieved using on-line sampling, with
capillary gas chromatography with FID and TCD detectors.
From the mass and molar flows, reactant conversion and
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Production of polystyrene polymers.

2382 | Chem. Commun., 2008, 2382-2384

This journal is © The Royal Society of Chemistry 2008



reaction side product selectivities were calculated in wt%.
Reaction side yields are based on the toluene conversion.

Fig. 1 shows toluene conversion and product selectivity as a
function of time on stream at 2 bar and 350 °C. Toluene
conversion is stable throughout the entire experiment at
approximately 5%. The same trend applies to product selec-
tivity. Ethyltoluenes selectivity is about 73 wt% during the
entire run. The hydrogen selectivity is very low, mainly
because of its low molecular mass (selectivities are given in
wt%), but also due to transport of hydrogen to the permeate
side as well as formation of methane via hydrodealkylation of
toluene, which consumes hydrogen.'?

Toluene disproportionation, responsible for the formation
of benzene and xylenes, is also limited with about 11 wt%
selectivity for each product. Other side products formed in
minor amounts include ethylbenzene, propane, and trimethyl-
benzenes. The improved catalyst stability as compared to
other dehydrogenation reactions carried out in membrane
reactors may be explained by a combination of pre-coking
of the catalyst as well as the milder reaction temperature which
does not encourage the formation of coke.t Further results are
now given after 90 min on stream, and several experiments
have been carried out with the same catalyst, with repetition to
ensure reproducibility and on stream stability.

Fig. 2 shows toluene and ethane conversions as a function of
ﬁswccp gas/ﬁcthanc- At low ’;lswccp gas/’;lcthanc ratios, conversions
are low; 4.6 and 0.6% for toluene and ethane, respectively.
With increasing fgweep gas/flethane Tatios, both toluene and
ethane conversions increase, sharply at first, almost doubling
at a ratio of 30 to 8.0 and 1.1%, respectively. The increase in
conversion is due to improved permeation of hydrogen as it
can be removed more efficiently with increasing sweep gas flow
rates. This is apparent from Fig. 3, representing the product
selectivity as a function of the 7igweep gas/Tethane Tatio. The
hydrogen selectivity on the reaction side decreases from
0.7 to 0.4 wt%. This in turn shifts the reaction to form more
ethyltoluenes, hence, ethyltoluenes selectivity increases from
about 71 to 78 wt% at high sweep gas flow rates. Selectivity for
the side products is generally low. Disproportionation of
toluene is almost unaffected, whereas methane selectivity
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Fig. 1 Time-on-stream behavior for toluene conversion (X) and

reaction side product selectivity (S) in the membrane reactor at
2 bar and 350 °C with 7igweep gas/ficthane = 0.1.
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Fig. 2 Toluene and ethane conversion (X) as a function of
Tigweep gas/Methane at 2 bar and 350 °C after 90 min on stream.

decreases from 1.2 to 0.3 wt%; this may be explained by
competition of the hydrogen permeation process with the
toluene hydrodealkylation reaction for hydrogen. Thus, the
membrane helps to avoid this secondary reaction by removing
hydrogen.

Table 1 shows the toluene conversion and the yields of
important products at varying fsweep gas/Methane ratios at 2 bar
and 11 bar. At 2 bar, the yield of the desired ethyltoluenes
increases from 3.25 at an Agyeep gas/Methane ratio of 0.1 to 6.23
wt% at a ratio of 30, whereas the yields of other products do
not increase to such an extent. At a pressure of 11 bar and an
Tsweep gas/Methane Tatio of 10, the conversion has more than
doubled to 15.2% as compared to a pressure of 2 bar at the
same sweep gas flow rate. However the corresponding ethyl-
toluenes yield increase is not as significant, reaching only
6.47 wt%. This is due to strongly increased activity for the
toluene disproportionation reaction with increasing pressure
(combined benzene and xylenes yields of 8.31 wt%),"*"'* there-
fore suppressing the dehydroalkylation reaction.

Thus, the dehydroalkylation of toluene with ethane can be
successfully performed in a membrane reactor. Since the
reaction is taking place under mild conditions, the catalytic
performance of the bifunctional zeolite in the membrane
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Fig. 3 Reaction side product selectivity (S) as a function of
Tisweep gas/Methane at 2 bar and 350 °C after 90 min on stream.
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Table 1 Toluene conversion (X) and reaction side yields (Y) at
Various fgweep gas/Methane Tatios and reaction side pressures (P) after
90 min on stream

’;lsweep g:ls/’;lelhane 0.1 10 30 10
P/bar 2 2 2 11
Xioluene/ %o 4.55 6.82 7.97 15.2
Yethylloluenes/Wt% 3.25 4.96 6.23 6.47
Yhydrogen/Wt% 0.03 0.04 0.03 0.03
Yimethane/Wt% 0.05 0.08 0.02 0.09
Ybenzene/Wt% 0.46 0.73 0.62 4.11
Yyyienes/Wt% 0.51 0.78 0.89 4.20

reactor is stable with time on stream. First experiments
demonstrate large improvements with tripled conversion and
doubled yield to the desired ethyltoluenes by increasing the
sweep gas flow rate and the pressure on the reaction side.
Increasing pressure has a positive effect on conversion since
the net number of moles does not change during this reaction.
However, at high pressure, the toluene disproportionation
reaction is dominant. Unfortunately, choosing a low contact
time to successfully eliminate the toluene disproportionation'®
is not possible here, since under such conditions the produced
hydrogen is swept out of the reaction zone before it can
permeate.

In conclusion, with regard to yields, the alternative route is
clearly inferior to the thermodynamically favored conven-
tional route (¢f. introduction), where yields larger than
99.5% can be achieved.! However, the alternative route is
not meant to replace the conventional route. It has the
possibility of converting ethane from natural gas into valuable
liquid, easy-to-transport chemicals and would be an attractive
alternative to flaring natural gas in remote locations where the
infrastructure for gas transport is not available. Thus, the
unnecessary greenhouse gas emissions and the waste of energy
associated with flaring of large amounts of natural gas'® could
be reduced. Hence, the low yields currently achieved in the
alternative route should also be seen with regard to the
environmental aspect and the trading of carbon dioxide emis-
sions. In addition, taking into account that about 70% of the
total production costs of commodity chemicals are due to the
raw materials costs,!” alkane-based processes could, despite
lower yields, become economically advantageous. The highest
yields achieved in propane dehydrogenation, an industrial
process realized for a reaction with similar thermodynamic
limitations, are about 50%, but at much higher reaction
temperatures around 600 °C,'® where the thermodynamics
are considerably improved. However, the high temperature
also causes severe deactivation, and hence, expensive cyclic or
continuous catalyst regeneration is necessary.'®

Finally, it should also be pointed out that the results
presented here are only a starting point towards an industrial
realization of the alternative route in a membrane reactor. A
lot of work still needs to be done. The catalyst used in this

study has been pre-coked in order to achieve a stable perfor-
mance, and pre-coking also reduces the catalyst activity.
Therefore, a careful optimization of the catalyst and the
reaction conditions in the membrane reactor is needed in order
to further achieve industrially relevant yields. In addition, the
main isomer produced is m-ethyltoluene. This would make
costly separation of the isomers necessary in order to obtain
pure p-ethyltoluene which is favored for polymer produc-
tion.'” However, it has been demonstrated during the alkyla-
tion of toluene with ethylene that, by modifying the zeolite
catalyst, it is relatively easy to achieve isomer distributions
with 97% p-ethyltoluene.'® Hence, a similar catalyst modifica-
tion should also be possible during the dehydroalkylation of
toluene with ethane.
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