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The methylation of benzene with methane over zeolite catalysts.
effect of hydrocarbon impurities
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Trace amounts of ethylene impurities in the methane used for benzene methylation over ZSM-5 and H-beta catalysts are found to
enhance benzene conversions and selectivity to ethylbenzene. However, methane containing ethane impurities yielded negligible benzene
conversion in the absence of oxygen over CoZSM-5 while amuch higher conversion is obtained over H-beta due to cracking of benzene as

previously reported.
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1. Introduction

Considerable interest is presently shown in the conver-
sion of methane, the major component of natural gas, to
transportable liquid fuels and feedstocks in addition to its
previous main use for heating purposes by combustion. The
methylation of aromatic compounds with methane is one
possible new route for methane conversion that has been de-
scribed recently in the literature. For example, the methy-
lation of naphthalene, toluene and phenol with methane
over various metal substituted aluminophosphate molecu-
lar sievesin a high pressure batch reactor has been reported
[1,2]. The conversion of benzenein the presence of methane
over zeolite catalysts in both high pressure flow reactor [3]
and batch reactor [4] has aso been described. However,
the high pressure flow reactor study [3] showed, through
the use of 13C labelled methane, that the methyl groups in
the methylated aromatic products did not originate from the
methane reactant.

In our more recent investigation of the methylation of
benzene with methane at 400°C over ZSM-5 catalysts in
a high pressure batch reactor [5], we demonstrated clearly
that the presence of oxygen was required for the reaction
to proceed to yield the methylated products. Thus, a two-
step mechanism involving the intermediate formation of
methanol by partial oxidation of methane followed by the
methylation of benzene with methanol, was postulated. Fur-
ther support to this mechanism has also been reported in
our later investigation [6] which showed excellent correla
tion between the activity of the catalysts used for both the
benzene methylation with methanol and benzene methyla-
tion with methane in the presence of oxygen, in ahigh pres-
sure batch reactor.

In this paper, we report the results of our preliminary in-
vestigation of the effect of hydrocarbon impurities (namely,
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ethane and ethylene) on the methylation of benzene with
methane over ZSM-5 catalystsin a batch reactor.

2. Experimental

Commercial samplesof HZSM-5 (PQ Corporation, SiO,/
Al>,03 = 35) and H-beta (PQ Corporation, SiO2/Al203 =
35) were used in this study. A Co-exchanged ZSM-5 cata-
lyst which was prepared by conventional ion exchange with
aqueous cobalt nitrate was also used. All the reactions were
carried out at 400°C in a 71 ml Parr reactor fitted with
a glass liner. In each experiment, 55 mg of catalyst and
465 ul of benzene were placed in the reactor which was then
charged with 6.9 MPa chemically pure (>99.0% pure) or ul-
trahigh purity (>99.97% pure) methane. The details of the
experimental procedures are similar to those published re-
cently [5].

In order to study the effect of ethane and ethylene impu-
rities on the benzene methylation reaction, the reactor (al-
ready loaded with the catalyst and benzene) was chilled in
achloroform slush bath and flushed several times, first with
nitrogen gas to remove residual air and then with the ethane
(or ethylene), prior to charging with high pressure ultrahigh
purity methane. The amount of the ethane (or ethylene) in-
troduced into the reactor was about 2.1% of the composition
of the gasesin the reactor excluding benzene.

The details of the GC and GC/MS analysis of reaction
products and measurement of zeolite catalyst acidities us-
ing FTIR of adsorbed pyridine are similar to those described
elsawhere [6].

3. Resultsand discussion

Table 1 summarises the results of the benzene methyla-
tion experiments over both HZSM-5 and CoZSM-5 in the
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Table 1
Effect of the purity of methane on methylation of benzene under standard conditions.2
Type of methane used? HZSM-5 CoZSM-5
Benzene conversion (%) CP grade 9.32 8.14
UHP grade 4.17 4.36
Selectivity to toluene (%) CP grade 65.7 48.1
UHP grade 93.0 91.4
Selectivity to ethylbenzene (%) CP grade 17.4 315
UHP grade 4.05 3.85
Toluene/ethylbenzene ratio CP grade 3.78 1.53
UHP grade 23.0 23.7

@Reaction conditions: 400°C, 6.9 MPa methane, 4 h reaction time, no removal of residual air.
b CP methaneis chemically pure grade (>99.0% pure) and UHP methane is ultrahigh purity grade

(>99.97% pure).

Table 2
Effect of adding ethane and ethylene to the methane used in the methylation of benzene over CoZSM-5
catalyst under standard conditions.2

UHP methane + 2.1% ethane? UHP methane + 2.1% ethylene?
(nil Oy) (nil Oy)
CoZSM-5 H-beta CoZSM-5 H-beta
Benzene conversion (%) 0.60 2.76 28.9 35.5
Selectivity to toluene (%) 66.3 87.7 20.9 23.8
Selectivity to ethylbenzene (%) 337 123 59.7 62.7
Toluene/ethylbenzene ratio 1.97 7.13 0.35 0.38

@Reaction conditions: 400°C, 6.9 MPamethane, 4 h reaction time, removal of residual air.
b Ethane/benzene and ethylene/benzene molar ratio in the feed 0.64.

presence of residual air. It is shown in table 1 that the to-
tal benzene conversion was almost doubled when chemically
pure (CP) grade methane was used in place of the ultrahigh
purity (UHP) methane (>99.97% pure with <300 ppm sum
of N2, Oz, CoHg4, C31 and H20). A significant decrease in
selectivity to toluene and a corresponding increase in selec-
tivity to ethylbenzenewere a so obtained for the experiments
involving the CP grade methane. This resulted in consid-
erable reduction in the toluene/ethylbenzene ratio. It was
therefore suspected that greater amounts of ethane or ethyl-
eneimpuritiesin the CP grade methane might beresponsible
for the enhancement of benzene conversion and ethylben-
zene selectivity when this type of methane was used. Thus,
further experiments involving about 2.1% ethane and eth-
ylene additives in the reaction system containing 6.9 MPa
UHP methane were carried out to investigate the effects of
these gases on the reaction. The results of such experiments
are presented in table 2. It is shown clearly in table 2 that,
over both CoZSM5 and H-beta, amuch higher benzene con-
version, and higher selectivity to ethylbenzene with corre-
sponding lower selectivity to toluene were obtained for the
reaction performed in the presence of 2.1% ethylene in the
reaction vessel in comparison to that done in the presence
of the same amount of ethane. This resulted in a much
lower toluene/ethylbenzene ratio for the reaction involving
the ethylene additive. Thus, the presence of ethylene addi-
tive in the methane has a much more significant effect on
the benzene conversion and selectivity to ethylbenzene than
the presence of ethane additive, under the reaction condi-
tions employed in this study. Since it has been shown ear-

lier that the presence of oxygen also has a significant effect
on the benzene reaction with methane [5], the enhancement
of benzene conversion and selectivity to ethylbenzenein the
experiments using CP methane (table 1) can therefore be at-
tributed to much higher levels of both ethylene and oxygen.
Itisshownclearly intable 1 that, in the presence of air, about
4% benzene conversion and 4% ethylbenzene selectivity are
obtained in the experiments involving UHP methane con-
taining relatively negligible amount of ethylene. This ben-
Zene conversion, in the presence of oxygen, has been shown
to be the result of a two-step mechanism involving the for-
mation of methanol intermediate by partial methane oxida-
tion followed by methylation of benzene with methanol in
the second step [5]. Hence, the additional conversion of
benzene and the formation of ethylbenzene in the presence
of higher levels of ethylene impurities in CP methane (ta-
ble 1) is not simply the result of akylation with ethylene
alone since the reactions were conducted in the presence of
residual air. However, in the experiments performed with
UHP methane plus 2.1% ethylene in the absence of oxygen
(table 2), it is possible that the enhanced conversion of ben-
zene and formation of ethylbenzene may be due mainly to
benzene alkylation with ethylene since no oxygen is present
for the two-step oxidative methylation with methane to oc-
cur. The ethylene/benzene molar ratio of 0.64 in thefeed for
the table 2 experiments further indicates that ethylene, being
the limiting reactant, undergoesarelatively large conversion
with benzeneto yield ethylbenzene.

The akylation of benzene with ethylene over acidic ze-
olites is generally accepted to occur via the carbenium ion
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Table 3

Reaction of ethane and ethylene with benzene in the absence of methane over H-beta at 400°C for 4 h.

Reaction type Total benzene Selectivity (%) Toluene/ethylbenzene
conversion (%) Toluene Ethylbenz. ratio

No nitrogen and no methane

CoHg (1 am) + air (1 atm) 2.54 86.0 14.0 6.14

1 atm CoHg (nil Oy) 3.65 88.0 12.0 7.33

1 am CoHy (nil Oy) 33.0 29.9 58.4 0.51
No used in place of CHy
(6.9 MPa total pressure)

Nil O,, CoHg or CoHa 2.40 85.2 14.8 576

2.1% CyHg (nil O2) 5.94 81.9 14.9 5.50

2.1% CoHy (nil O5) 35.9 247 60.8 0.41

mechanism [7-9]. In this mechanism, the ethyleneis proto-
nated over the Bransted acid sites to give a carbenium ion.
The carbeniumion then undergoesel ectrophilic attack onthe
aromatic r -electronsto generate amono- or polyalkylbenze-
nium ion. The desorption of the latter intermediate and |oss
of the proton resultsin the gas-phase alkylated aromatic and
the re-generation of the Brgnsted acid sites. FTIR spectra of
adsorbed pyridine for al the catalysts used showed that they
all contained some Bransted acid sites [5,10]. It is therefore
possible that, in thiswork, ethylene promotesthe conversion
of benzene viathis mechanism.

The higher value of 2.76% benzene conversion for the re-
action system containing 2.1% ethane over the H-beta cata-
lyst than the value of 0.60% obtained for the reaction over
CoZSM-5 (table 2) may be attributed to the cracking of
benzene on the catalyst occurring without participation of
methane in the reaction such that benzene serves as the sole
source of methyl substituents in the methylated aromatic
products, as previously reported [3-5]. In order to clarify
the mechanism for this different behaviour on H-beta, exper-
imentsin which ethane or ethylene was added to the reaction
system in the absence of methane were carried out; somein-
volving high pressure nitrogen replacing methane and others
involving neither nitrogen nor methane in the reactor. The
results of such experiments are presented in table 3. Table 3
clearly reveal s again that the addition of ethyleneto thereac-
tion system has a much more significant effect on the reac-
tion, since ethylene is much more reactive than ethane. The
results presented in table 3 also further demonstrate that, in
the absence of oxygen over the H-beta catalyst, methane is
not directly involved in the alkylation of benzene but rather,
according to Lunsford et al. [3], benzene is cracked on the
catalyst into carbonaceous CH,. specieswhich can then react
with additional benzene to form toluene:

CsHg + CH2(s) — CgHsCH3 1

In other words, in the absence of oxygen, benzene serves
as the sole source of methyl groups in the substituted ben-
zene products over H-beta. Actually, it was observed that
the H-beta catalyst was always blackened during the reac-
tionsindicating some coking in the reaction systems. Previ-
ous investigation [5] has also shown that the H-beta catalyst
exhibited an increase in benzene conversion with increase

in the amount of oxygen. It is therefore proposed that in
the presence of oxygen over H-beta, a mechanism involv-
ing a combination of indirect methylation viaformation of a
methanol intermediate [5] and fragmentation and rearrange-
ment of benzene without participation of methane must be
responsible for the formation of the methylated productsin
the reaction of methane with benzene. Thus, the conver-
sion of benzene in the experiment involving 1 atm of ethane
plus 1 atm air in the absence of both nitrogen and methane
(table 3) is due mainly to cracking and coking of the ben-
zene and some dlight reaction of ethane since no methane
is present to react with oxygen present in the air to form
the methanol intermediate. The comparable benzene con-
versions and product selectivities obtained for the two ex-
periments performed in the absence of nitrogen or methane
and involving 1 atm ethane with or without air (table 3) may
therefore be due mainly to the cracking of benzene over the
H-beta catalyst. This mechanism involving cracking of ben-
zene over H-beta can be attributed to its strong acidity and
its larger pore size than that of ZSM-5 such that the forma-
tion of bulky reaction intermediates is more easily favoured
over H-beta. This observation is consistent with a previous
observation [ 7] that secondary alkylation and disproportion-
ation reactions of generated alkylaromatics are favoured to
a higher extent over beta zeolite than over ZSM-5 catalyst
during the alkylation of benzene or toluene with methanol
or ethylene.

It is worth mentioning too that table 3 indicates that pres-
suredoes not have any significant effect on thereaction since
the benzene conversions and selectivities to products ob-
tained for the low pressure experiments performed in the ab-
sence of nitrogen or methane are quite similar to the values
obtained for the 6.9 M Pa pressure experiments performed in
the presence of high pressure nitrogen in place of methane.
This observation is quite consistent with equation (1) pro-
posed for the fragmentation and rearrangement mechanism
which also indicatesthat the reaction is independent of pres-
sure, the carbonaceous species, CH, being in the solid state.

In conclusion, it is clear from this study that the purity of
methane used in the methylation of benzene over zeolite cat-
alystsis critical in determining conversion and product se-
lectivities. The presence of trace amounts of ethylenein the
methaneisfound to have avery significant effect on benzene
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conversion and selectivities to products over both CoZSM-5
and H-beta. On the other hand, the presence of ethane im-
puritiesis found to yield negligible benzene conversion over
CoZSM-5 when oxygen is excluded from the reactor. How-
ever, in the absence of oxygen, a much higher level of ben-
zene conversion is obtained with methane containing ethane
impurities over H-beta due mainly to cracking of benzene.
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