Catal Lett (2008) 122:91-97
DOI 10.1007/s10562-007-9348-6

Selectivity Enhancement to the Exclusive Formation
of Ethyltoluenes and Hydrogen During Dehydroalkylation

of Toluene with Ethane

Seyed Alireza - Sadat Rezai - Yvonne Traa

Received: 12 August 2007/ Accepted: 6 November 2007 / Published online: 4 December 2007

© Springer Science+Business Media, LLC 2007

Abstract The dehydroalkylation of toluene with ethane
to the isomeric ethyltoluenes was studied on 0.4Pt/H-ZSM-
5 at varying contact times (1/WHSV). At a high contact
time of 1.0 h, toluene disproportionation and hydrogenol-
ysis reactions dominate, resulting in low selectivity to the
desired ethyltoluenes via the alkylation reaction. However,
at a low contact time of 0.12 h side reactions are elimi-
nated, resulting in maximum selectivities to the kinetically
favored ethyltoluenes and hydrogen. Results at high
selectivities to ethyltoluenes provide significant insight into
reaction pathways.

Keywords Dehydroalkylation - Aromatics alkylation -
Ethyltoluenes - Pt/H-ZSM-5 - Alkane activation -
Non-oxidative

1 Introduction

The production of alkyl aromatics as chemical intermediates
represents large industrial processes. Estimates for current
worldwide annual production capacities of ethylbenzene and
cumene, the two most important chemicals produced by
alkylation of aromatics, amount to 25 x 10°ta~" and
10 x 10°t a~', respectively [1]. Conventional alkylating
agents, including alkenes, alcohols and alkyl halides, have to
be pre-synthesized via other processes, typically from an
alkane feedstock. Alternatively, the direct alkylation of
aromatics with alkanes may result in reduced costs and
process intensification, since alkanes are much cheaper than
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other typical alkylating agents and are abundantly available
in wet natural gas, and since pre-synthesis steps can be
avoided. Whereas activity is a prerequisite for any catalyst,
selectivity is a much more delicate parameter, and even small
gains in selectivity are often very significant in successful
processes. The selective activation of alkanes for environ-
mentally sustainable development has been the focus of
much research in homogeneous catalysis [2] as well as het-
erogeneous catalysis [3]. It is well known that high
selectivities are generally obtained in homogeneous cataly-
sis. However, there are usually other obstacles for large-scale
realization of homogeneously catalyzed processes.

Whereas heterogeneously catalyzed processes are
currently preferred for the production of chemical inter-
mediates by alkylation, higher selectivities are desired. The
importance of selectivity enhancement for alkylation reac-
tions is evident in recent research using conventional
alkylating agents where new materials or catalyst modifi-
cations resulted in cumene selectivities of >99% during the
reaction of benzene with propene [4] or isopropanol [5] as
well as older works on the alkylation of toluene with ethene
where selectivities to ethyltoluenes and p-ethyltoluenes of
95% and 98% (the desired isomer relative to other ethyl-
toluene isomers) respectively have been reported [6].
Zeolites have especially gained more importance as selec-
tive catalysts for alkylation and disproportionation reactions
of aromatics [7-9]. Recently, propane [10-13] and ethane
[14-16] have been investigated as alkylating agents for
benzene and toluene on metal-loaded (including Ga and
platinum group metals) zeolite catalysts. The bifunctionality
is required since an effective dehydroalkylation catalyst
typically demands two types of active sites: a metal site for
the dehydrogenation of the alkane and an acid site for the
alkylation of the alkene intermediate with the aromatic
molecule [17].
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Although the alkylation of aromatics with alkanes is
thermodynamically impaired [13—-15], high conversions,
even surpassing equilibrium, have been reported [13, 15].
However, these high conversions come at the expense of
severe losses in selectivity. Typically, along with the
desired products, light alkanes including methane, ethane
or propane as well as other apparent alkylated or trans-
alkylated products are observed. This is in contrast to
conventional alkylation where the loss in selectivity is
usually a result of polyalkylated aromatics formation and
oligomerization of the alkylating agent, because of its high
reactivity [18]. Using propane for benzene alkylation on a
0.3 Pt/H-ZSM—5 catalyst (0.3 wt.% Pt referenced to the
mass of the dry catalyst, ng; /ny; = 25), Smirnov et al. [13]
achieved a propane conversion of 45%; however, the
combined molar selectivity toward propylbenzenes was
only 5%, with selectivities of 30% to light alkanes and 20%
to toluene and ethylbenzene. At a lower conversion of
0.5% on 0.02 P/H-ZSM-5 (nsi/na; = 150), the selectivity
to the desired propylbenzenes was 85% (excluding
hydrogen) with no light alkanes being detectable. There-
fore, the authors concluded that losses in selectivity are a
simultaneous result of propane cracking and propylbenz-
enes dealkylation [13]. Using a similar catalyst, 1.0 Pd/H-
ZSM-5 (ns;i/na; = 20), the more inert ethane as alkylating
agent and toluene as substrate, Singer et al. [15] observed
similar trends. At a toluene conversion of 27%, the molar
selectivity to ethyltoluenes was only 29%. In fact, as
conversion increased, the increase in methane selectivity
was mirrored by a decrease in hydrogen selectivity, i.e.,
formation of methane creates a hydrogen sink, hence
shifting the equilibrium toward ethyltoluenes. Cracking
and dealkylation may be due to the nature of the catalyst,
i.e., bifunctional catalysts of this type are well known to be
also active for hydrocracking and hydrogenolysis of aro-
matics and alkanes [19-22], but the catalyst may only
become active for such reactions with the formation of
hydrogen, resulting in secondary reactions of hydrogen
with the products or reactants.

In the present study, the direct gas-phase alkylation of
toluene with ethane to form ethyltoluenes and hydrogen
has been investigated as a model reaction for the non-
oxidative activation of alkanes in a fixed-bed flow
reactor. The focus was on improving selectivity to the
desired ethyltoluenes and hydrogen, at the same time
suppressing side reactions such as toluene dispropor-
tionation and hydrodealkylation as well as hydrocracking
and hydrogenolysis reactions. The catalyst used was a
bifunctional Pt/H-ZSM-5 catalyst with a relatively high
activity and selectivity for the title reaction. During the
Friedel-Crafts-type alkylation of toluene with alkyl bro-
mides, using molar quantities of aluminum bromide,
Brown and Jungk [23] succeeded in the elimination of
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the undesired toluene disproportionation reaction by
reducing the contact time of the reactants with the cat-
alyst by two orders of magnitude. It appears that the
toluene disproportionation reaction, although a primary
reaction, is kinetically less favored than the alkylation
reaction, therefore disappearing at low contact times.
Hence, the WHSV and thus the contact time were varied
in this work during the alkylation of toluene with ethane
in order to improve selectivity toward the title reaction
to 100% and avoid the formation of byproducts.

2 Experimental Section
2.1 Catalyst Preparation

Zeolite ZSM-5 was synthesized without organic template
from Kieselsol (30 wt.% SiO, in water, type VP-AC
4038, Bayer AQG), sodium aluminate (54 wt.% Al,O3,
41 wt.% Na,O, Riedel-de Haén), NaOH (>99 wt.%,
Merck) and demineralized water, producing a synthesis
gel with the molar composition 60 SiO,:Al,03:9
Na,0:2400 H,O [24]. Crystallization occurred within
5 days in a stainless-steel autoclave at 160 °C under
stirring at 400 min~'. The resulting zeolite was subjected
to two consecutive ion exchange steps with an aqueous
solution (1 mol dm_3) of NH4NO; (Fluka, 99.5%) at
80 °C, each step lasting 4 h. At this stage, the zeolite was
washed until it was nitrate-free. Thereafter, platinum ion
exchange was carried out by adding an aqueous solution
of Pt(NH3),Cl, (Chempur, 55.63% Pt) drop-wise to a
suspension of the ammonium ion-exchanged zeolite,
under vigorous stirring, at room temperature, for 24 h.
The crystal size of the zeolite, as analyzed by scanning
electron microscopy (CAM SCAN 44), was found to be
approximately 3 pum. The elemental composition of the
catalyst was determined by inductively coupled plasma
atomic emission spectroscopy (Varian VISTA-MPX). The
nsi/na; and the amount of platinum were 28 and 0.4 wt.%
(referenced to the mass of the dry catalyst) respectively. It
should be noted that the elemental analysis revealed a
higher than usual amount of Na* ions after the completion
of ammonium ion exchange, with an nn,/na ratio of
approximately 0.07. CHN analysis of the coked catalysts
was accomplished using a Vario EL analyzer (Elementar
Analysensysteme).

2.2 Catalytic Experiments
The zeolite powder was pressed without a binder, cru-

shed, and size separated resulting in pellets with
a particle size between 0.2 and 0.3 mm. The catalyst was
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activated in situ prior to starting the experiment. To
achieve a high dispersion of the noble metal, the catalyst
was first heated in flowing air (50 cm® min™!) at a rate
of 2°C min~' to a final temperature of 300 °C, and
held at this temperature for 22 h. After a purge with
nitrogen for 30 min, the catalyst was heated during the
reduction phase in flowing hydrogen (50 cm® min™") at
2 °C min~! to 350 °C, and held at this temperature for
22 h.

Catalytic experiments were performed in a flow-type
apparatus with a fixed-bed reactor from stainless steel.
Ethane (99.95 vol.%, Westfalen AG) and nitrogen
(99.999 vol.%, Westfalen AG) were fed with an
Thnitrogen /Rethane Tatio of approximately 5 through a toluene
(>99.9%, Merck) saturator containing Chromosorb P-
NAW (Macherey-Nagel). Nitrogen was used as an
internal standard but also to ensure that a relatively low
Fethane /Ptoluene Teed ratio of 7 = 1 could be achieved at
the high pressure applied (the optimum Fiemane/Tholuene
feed ratio is about 4 [14]). The reaction was carried out
at a total pressure of 30 bar and a reaction temperature
of (350 & 2) °C. The WHSV (toluene and ethane) was
varied between 1.0 h™' and 8.2 h™'. For the sake of
simplicity, we define here contact time as the average
time a differential element of the feed is in contact with
catalyst from the top to the bottom of the catalyst bed.
Mathematically, this may be represented as the reciprocal
of the WHSYV, thus, according to the WHSV range given
contact times between 1.0 and 0.12 h will be discussed
(cf. Table 1). This was achieved by changing the mass
of catalyst from 0.85 to 0.10 g to ensure minimum
change in the hydrodynamics of the system. Pressure
drop as a result of the different catalyst masses was
negligible. Each experiment was repeated with a fresh
sample from the same catalyst batch. Experiments were
repeated up to three times in order to ensure reproduc-
ibility of the results. The relative errors of different
experiments were 4% and 6% for toluene and ethane
conversions respectively. Product analysis was achieved
using an on-line sampling system, a capillary gas chro-
matograph and a CP-PoraPLOT Q column (length: 30 m,
inner diameter: 0.32 mm, film thickness: 20 pm,
Chrompack). Two detectors in series were employed,
namely, a thermal conductivity detector followed by a
flame ionization detector. Correction factors for the two
detectors were determined separately. With ethane as tie
substance, the results from both detectors were com-
bined. From the mass and molar flows, the selectivities
of all products were calculated in mol%. The yields were
determined from the selectivities and the toluene con-
version. Gas samples were taken every hour. However,
for the sake of clarity only every fifth point is given in
the figures.

Table 1 Ethane and toluene conversions, product selectivities, and
ratios of aromatic byproducts during the dehydroalkylation of toluene
with ethane on 0.4Pt/H-ZSM-5 (ns;i/na; = 28) with varying contact
times (1/WHSV) at 350 °C, 30 bar and approximately 90 h on stream

Contact time (h) 1.0 0.59 0.33 0.25 0.12
WHSV (b)) 1.0 1.7 3.3 4.0 8.2
Mary catalyst (2) 0.85 050 026 0.21 0.10
Xethane (%) 1.6 1.2 0.9 1.0 0.6
Xeotuene (%) 16.3 13.0 6.5 6.3 3.6
Sethyliotuenes (%) 27.4 35.8 58.8 529 60.5
Shydrogen (%) 11.7 19.6 226 30.8 39.5
Simethane (%) 19.9 23.4 113 105 d1?
Spropane (%) 48 3.8 dl? d1? d1?
Spenzene (%) 159 8.0 5.0 4.1 d1?
Syytenes (%) 17.2 6.5 dl? dl? dr?
Setylbenzene (%) 3.1 2.9 2.1 1.7 d1?
e 0.9 1.2 >9° >9° -
Cirm— 5.1 2.8 24 24 -
o 5.5 22 <02 <02° -
R 0.7 05 03 0.4 0.4
Scntonenes 05 om 13 22 30 29 29

ethyltoluenes, TOS ~ 2h

In addition, ratios of conversions and selectivities at 2 and 90 h on
stream (TOS = time on stream) are given to indicate approximate
(non-linear) changes between the beginning and end of each
experiment

# Below detection limit

® Based on the detection limit

3 Results and Discussion

Figure 1 shows the time-on-stream behavior of the con-
versions of toluene and ethane over a 0.4Pt/H-ZSM-5
catalyst at varying contact times (CT), defined here as the
reciprocal of WHSV. At a contact time of 0.12 h, the

30 T T T T

—— Xypane, CT=10h  —o0— Xm‘uen& CT=1.0h
—— Xypano, CT=0.12h —5— Xyene CT=0.59h
—— Xy, CT =033
—0— Xene, CT=0.25h

—0— Xioene, CT =0.12h i

Conversion / %
n
o

(=)

Time on stream / h

Fig. 1 Conversions of toluene and ethane on 0.4Pt/H-ZSM-5 (ns;/
na; = 28) at 350 °C and 30 bar with varying contact times (CT) as a
function of time on stream
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toluene conversion at 2 h on stream is about 11%. Toluene
conversion increases with increasing contact times. The
conversions after 2 h on stream at contact times of 0.25 and
0.33 h are 15% and 20% respectively. However, beyond
this point large increases in contact times result in insig-
nificant improvements in conversions. At and above a
contact time of 0.59 h, the toluene conversion at about 2 h
on stream is about 25%. Ethane conversions are much
lower than toluene conversions, since ethane is available in
large excess. Still, a small increase in the ethane conversion
can be observed with increasing contact time. Ethane
conversion is about 1% at a contact time of 0.12 h, and is
doubled at a contact time of 1.0 h. Ethane conversions stay
almost constant during the entire run, whereas toluene
conversions decrease strongly with increasing time on
stream. However, after approximately 60 h on stream the
toluene conversions level off and are thereafter relatively
constant. The drop in toluene conversion varies according
to the contact times. At a contact time of 1.0 h, the con-
version at the end of run is about 0.7 times lower than the
conversion after 2 h (cf. Table 1). The loss of conversion is
higher as contact time decreases, and at a contact time of
0.12 h, the same conversion ratio is about 0.4. This vari-
ation appears not to be a result of different coking
characteristics as contact time changes, since the carbon
contents of all catalysts are around 6 wt.% independent of
the contact time. The stronger deactivation tendency as
compared to previous results (cf. [15]) can be explained by
the nearly fivefold increase in time on stream and the
considerably lower metal content of the catalyst which
makes hydrogenation of coke precursors more difficult.
The time-on-stream behavior for product selectivities at
the lowest contact time (0.12 h) is shown in mol% in
Fig. 2. The selectivities of the desired ethyltoluene isomers
and hydrogen are approximately 20% and 18%,

100 T T T T

—®— Sayioluenes

v Shydrogen
80 [ —2— Sicthane 1

v spmpane

O— Spenzene
F —O0—

Siytenes

TV Yethylbenzene

Selectivity /%

Time on stream / h

Fig. 2 Product selectivity on 0.4Pt/H-ZSM-5 (ngi/na = 28) at a
contact time of 0.12 h, 350 °C and 30 bar as a function of time on
stream
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respectively, after 2 h on stream. Methane selectivity is
36%, methane being the most abundant product at this
short time on stream. Selectivities to other side products
including propane, benzene, xylenes and ethylbenzene are
low, between 3% and 10%. With increasing time on
stream, the methane selectivity decreases sharply, and is
below detection limit after approximately 60 h on stream.
The selectivity of the other side products also decreases
with time on stream, however, less rapidly. Benzene and
xylenes are below detection limit after about 85 h on
stream. As a result, the selectivity to the desired products
increases with time on stream, and after approximately
85 h on stream ethyltoluenes and hydrogen are the only
detectable products. Thus, the selectivity to the title reac-
tion is 100%. This is due to coke selectivation and the short
contact times, where the kinetically favored alkylation
reaction is preferred over the disproportionation reaction.
According to the reaction stoichiometry, for the dehy-
droalkylation of toluene with ethane (cf. Fig. 3) it would be
expected that the molar ratio of ethyltoluenes and hydrogen
be approximately one to one. However, after about 90 h on
stream the selectivity of ethyltoluenes is about 60% and
that of hydrogen about 40%. The large differences may be
a result of the fact that the hydrogen yields are determined
using the thermal conductivity detector, and its correction
factor is much smaller than correction factors for hydro-
carbons determined from the flame ionization detector.
From the evaluation of several mixtures of hydrogen and
ethane by the thermal conductivity detector, it is estimated
that the error in the hydrogen correction factor may be as
much as 20%, whereas the same error is approximately 1%

CH4+ (CZHG) + CBHB + CAH1D

Fig. 3 Different reaction pathways possible during the dehydroalky-
lation of toluene with ethane. The solid arrows represent primary
reactions, i.e., dehydroalkylation (DHA) of toluene with ethane
yielding ethyltoluene isomers and hydrogen, and the disproportion-
ation of toluene to xylenes and benzene. The dashed lines represent
secondary reactions with hydrogen, including the hydrodealkylation
(HDA) of toluene forming benzene and methane as well as
hydrocracking/hydrogenolysis of toluene producing C; to C, alkanes.
Ethane is given in parentheses as its formation from this reaction path
can not be detected since it is a feed component
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for ethane. Hence, hydrogen yields are much less accurate
than hydrocarbon yields.

At all contact times, the initial selectivity to ethyltolu-
enes is approximately 20% (not shown). The selectivity
increases with increasing time on stream. The trend of
increasing selectivity is similar for all contact times, but at
different rates depending on the contact time. At a contact
time of 0.12 h, the selectivity to ethyltoluenes increases
sharply, and is about 2.9 times higher at the end of
the experiment than the selectivity after 2 h on stream
(cf. Table 1). At the higher contact times, the increase in
selectivity is less pronounced. For a contact time of 1.0 h,
the selectivity to ethyltoluenes during 90 h on stream is
essentially constant, with the ratio of the selectivity after
90 h on stream relative to 2 h on stream being approxi-
mately 1.3. The increase in selectivity, with a simultaneous
decrease in conversion, means that the yield of ethyltolu-
enes remains almost constant throughout the experiment.

Similarly, at high contact times the drop in selectivity to
the undesired side products is less severe. The methane
selectivity after 2 h on stream is approximately 35% at all
contact times on the 0.4Pt/H-ZSM-5 catalyst (not shown).
At a contact time of 1.0 h, methane selectivity is high
during the entire experiment, 32% after 2 h on stream (not
shown), dropping to 20% after approximately 90 h on
stream (cf. Table 1), whereas at a contact time of (.12 h,
methane selectivity drops to zero (see above).

On a 1.0Pd/H-ZSM-5 catalyst [15] and under similar
reaction conditions, methane selectivity is about 10%.
Methane is presumably formed mainly by hydrodealkyla-
tion of toluene (cf. Fig. 3), and Pt has been reported to be
approximately five times more active than Pd at very
similar selectivities for toluene hydrodealkylation at simi-
lar reaction conditions [19]. Hence, this could explain the
higher methane selectivities observed with the Pt-contain-
ing catalyst. However, whereas Grenoble observed only
methane and benzene as reaction products during toluene
hydrodealkylation [19] the light products in our study also
included propane and even trace amounts of C4 hydrocar-
bons at high contact times. This can be explained by the
higher acid strength and acid site concentration of zeolite
H-ZSM-5 as compared to that of y-alumina used as a
support in the work of Grenoble [19]: Hence, light
hydrocarbons may also be produced as a result of mild
hydrocracking or hydrogenolysis of hydrocarbon species in
our study (cf. Fig. 3). During the hydrocracking of meth-
ylcyclohexane on a similar Pd/H-ZSM-5 catalyst at 400 °C
[25], but at much higher hydrogen pressure of 60 bar
(resulting in complete conversion), similar products were
observed, however with a lower contribution of methane
and higher amounts of propane compared to the results
presented here. However, due to the lower temperature, the
low conversion and the lower hydrogen pressure applied

here (compared to [25]) the catalyst is not active for
hydrocracking at low contact times. However, with
increasing conversion, more hydrogen is available for such
secondary reactions and has a chance to undergo secondary
reactions. Thus, the selectivities to light hydrocarbons
increase with increasing contact time, whereas selectivity
to hydrogen decreases since it is consumed (Table 1).
Table 1 also shows the selectivities to the aromatic side
products formed during the reaction after 90 h on stream as
well as certain selectivity ratios. At a contact time of 1.0 h,
benzene and xylenes selectivities are about 16% and in the
same range of the selectivity to the ethyltoluenes. How-
ever, the selectivity to these byproducts decreases with
decreasing contact time to values much lower than the ones
of the ethyltoluenes. Whereas benzene and xylenes are
formed in very similar molar amounts at a contact time of
1.0 h, the selectivity to xylenes is significantly less than
that to benzene at a contact time of 0.59 h. Furthermore,
Table 1 shows that the selectivity to benzene is 5.0% and
4.1% at contact times of 0.33 and 0.25 h, respectively, in
the absence of xylenes, resulting in benzene to xylenes
ratios >9. At a contact time of 0.12 h, no aromatic side
products can be detected any more. Although small devi-
ations from unity of the Spenzene/Sxylenes ratio may be
expected and explained for example by dealkylation of
xylenes [26], the total absence of xylenes at low contact
times strongly suggests that other reaction mechanisms
also account for benzene formation. We therefore suggest
that, under conditions of high contact time, benzene is
formed along with xylenes mainly from the dispropor-
tionation of toluene. However, at low contact times the
disproportionation reaction appears to be not active, and
this has been observed earlier during alkylation of toluene
with ethene and ethyl bromide [23, 27-29]. Pore restric-
tions within the zeolite channels and the high Fetane /Fitoluene
ratio suppress the toluene disproportionation reaction
requiring two toluene molecules as opposed to the alkyl-
ation reaction requiring only one [15]. At low contact
times, benzene could be formed via the hydrodealkylation
of toluene with hydrogen forming methane as a side
product (cf. Fig. 3), as already discussed above. However,
from the relatively low yields at low contact times it
appears that this contribution is small compared to the
disproportionation of toluene at high yields and high con-
tact times. Thus, hydrodealkylation is presumably also
taking place to a small extent at high contact times.
Ethylbenzene selectivities are also significant at high
contact times; the ratio of benzene to ethylbenzene selec-
tivities decreases with decreasing contact time. At a contact
time of 1.0 h, the ratio is 5.1 decreasing to 2.4 at a contact
time of 0.25 h, and after further reduction of contact time,
both selectivities are below the detection limit. The rela-
tively small ratio of benzene to ethylbenzene selectivities
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suggests that the dehydroalkylation of benzene with ethane
is probably not the only possibility for the formation of
ethylbenzene, as has been previously suggested in our work
[15], as up to about 30% of the benzene formed would have
to be alkylated to achieve such ratios. This is unlikely since
less toluene is alkylated, even though its concentrations are
much higher. Another possibility is the hydroisomerization
of xylenes to ethylbenzene. The thermodynamics of this
reaction favor ethylbenzene formation (Xequitibrium, 600k ~
90%). However, as at low contact times ethylbenzene is
formed in the absence of xylenes and as at higher contact
times, which would facilitate formation of ethylbenzene by
hydroisomerization, the ratio of xylenes to ethylbenzene
selectivity (cf. Table 1) is much too high according to
equilibrium, the contribution of this reaction pathway is
probably also not too high. The third possibility for the
formation of ethylbenzene is the hydrodemethylation of
ethyltoluenes. Hydrodealkylation reactions could account
for an excess of benzene to xylenes and ethylbenzene as
well as for their selectivity ratio if one takes into account
that more toluene is available than ethyltoluene. However,
ethyltoluenes probably react with hydrogen rather under
the formation of toluene and ethane. Hence, it is likely that
different reactions contribute to the formation of ethyl-
benzene and the precise pathway could not be elucidated in
this work.

Plotting the product yields as a function of toluene
conversion at 90 h on stream (cf. Fig. 4), a maximum in
ethyltoluenes yield is observed at a conversion of about
13% (equivalent to a contact time of 0.59 h, cf. Fig. 1).
A maximum in the yield of ethyltoluenes may be a result of
reactions in series, involving the primary products as
reactants. The same maximum in ethyltoluene yield has
also been previously observed during the alkylation of

5 T T T
—¥— Vetnyitoluenes —— nylenes

—— —— Yeihylbenzene
—o—
——

Yield/ %

Toluene conversion / %

Fig. 4 Product yields on 0.4Pt/H-ZSM-5 (ngsi/na = 28) at 350 °C,
30 bar and 90 h on stream as a function of toluene conversion at
different contact times

@ Springer

toluene with ethene [27, 28]. With ethene as alkylating
agent, the maximum occurs at a lower contact time
(approximately 0.3 h). Figure 4 also shows that the yields
of xylenes and benzene gradually increase with increasing
conversion. At low conversion, the benzene yield is higher
than xylenes yield but with increasing conversions, both
yields become similar. This shows again that at low con-
versions benzene is rather formed by hydrodemethylation
of toluene. In addition, there is a steep increase in both
yields, showing clearly that the disproportionation reaction
starts becoming more dominant at high contact times.
Yields of methane increase steadily with a maximum value
of about 3.5% at high conversion. The fact that the methane
selectivity is higher than the selectivity to benzene at
contact times of 0.33 and 0.25 h (cf. Table 1) shows that
methane must also be formed by total hydrogenolysis of
toluene or hydrocracking (cf. Fig. 3) or other hydro-
dealkylation reactions.

Figure 5 represents the ratios of the selectivities of
m-ethyltoluene to p-ethyltoluene after 2 h on stream and at
the end of each experiment as a function of contact time.
The bulkiest isomer, o-ethyltoluene, was typically
observed in trace amounts only, with a maximum amount
of less than 2% of the total amount of the ethyltoluene
isomers. The low yields of o-ethyltoluene may be ascribed
to it being too bulky to form inside the channels of the
zeolite, where the primary reaction takes place. Due to the
extra-framework Na* ions present within the channels of
the 0.4Pt/H-ZSM-5 catalyst, the pore size of the channels is
slightly reduced. Therefore, o-ethyltoluene may exclu-
sively be formed on the external surface even at the highest
contact times in this study, thus giving rise to smaller
relative o-ethyltoluene selectivities than previously
observed [14]. After 2 h on stream and at the shortest

2.5 . i , I I

\(D Smethy\toluene/ Spethylloluene(TOS =2h)

5 -

3 - Smethyuoluene/ Spe(hy"()\uene(TOS =90h)

]

.20 ]

S

&
]
)

=

[}
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1.0 . . . . .
0.0 02 0.4 06 08 ,
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Fig. 5 Ratios of m-ethyltoluene to p-ethyltoluene selectivities on
0.4Pt/H-ZSM-5 (ngi/na; = 28) at 350 °C, 30 bar and 2 or 90 h on
stream (TOS = time on stream) as a function of contact time
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contact time of 0.12 h, the meta- to para-isomer ratio is
about 1.5, increasing to 2 and staying at this value at higher
contact times. After 90 h on stream at a contact time of
0.12 h, the ratio of the selectivities of m- to p-ethyltoluene
is 1.1, increasing to a value of about 1.9 at higher contact
times. The higher amount of p-ethyltoluene at low contact
times has been attributed to primary formation of p-ethyl-
toluene, with subsequent isomerization to m-ethyltoluene
during the alkylation of toluene with ethene on an H-ZSM-
5 catalyst; the isomerization reaction can only take place to
a small extent at low contact times [28]. The increase in
para-selectivity with increasing time on stream has been
explained either by enhanced diffusion rates of the slimmer
para-isomer compared to the bulkier meta-isomer due to
the narrowing of pores by coke deposition [6], by the
deactivation of acidic sites responsible for the isomeriza-
tion reaction [28], or by decreasing “effective” space time
or contact time as a result of decreasing number of acid
sites due to deactivation during the reaction, which
increases the para-selectivity since the para-isomer is a
primary product [27]. During the dehydroalkylation of
toluene with ethane it is conceivable that interplay of all
explanations may result in improvements. The decreasing
effective contact time is also the reason for the increasing
selectivity to ethyltoluenes with increasing time on stream
(cf. Fig. 2), since the alkylation reaction is favored over the
disproportionation reaction at low contact times.

4 Conclusions

The dehydroalkylation of toluene with ethane is possible
on a Pt/H-ZSM-5 catalyst at a moderate temperature of
350 °C and a pressure of 30 bar. With increasing time on
stream, conversions decrease but the yield of ethyltoluenes
remains almost constant as a result of an increase in
selectivity. The desired products, namely ethyltoluene and
hydrogen, are formed exclusively at low contact times and
high times on stream. The results provide significant
insight into reaction pathways. At low contact times, the
conversions and hence yields of the products are low.
Increasing the contact time and therefore the conversions
results in an initial increase in the yield of ethyltoluenes,
but at higher conversions the selectivity to ethyltoluenes
decreases as the dehydroalkylation has to compete with the
toluene disproportionation reaction as well as with sec-
ondary reactions of the products, ethyltoluene and
hydrogen. With increasing conversion, C; to C,4 alkanes are
also formed to a larger extent, as well as other aromatics
including benzene, xylenes and ethylbenzene. A maximum
yield of ethyltoluenes is observed at a conversion of 13% at

90 h on stream. It is suggested that this maximum is a
result of secondary reactions of ethyltoluenes.

The fact that, at a low contact time, a selectivity of 100
% to the title reaction can be achieved, is the first step
towards the industrial realization of the non-oxidative
alkane activation. The second step could then be further
improvement of the conversion, maintaining the high
selectivity, e.g., by using a recycle or a membrane
reactor.
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