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a b s t r a c t

This paper demonstrates for the first time that methane reacts with benzene over bifunctional PtH-MFI
catalyst with selective and stable formation of toluene at such low temperature as 370 ◦C. Our results show
that the catalyst activity increases during the initial period of the reaction (∼4 h) and that this increase
is likely associated with the modification of the Pt particles with the surface carbonaceous species (e.g.
eywords:
ethane activation
ethane transformation

cid sites
t sites

CH3, CH2, CH, C, and C2Hx). The highest catalyst activity is observed at time on stream (TOS) of 4 h, when
toluene selectivity is around 96 mol% and conversions of benzene (4.5%) and methane (0.53%) are close to
the equilibrium conversions (5.6% and 0.62% for benzene and methane, respectively). At higher TOS, the
catalyst activity declines slowly and at TOS of 23 h conversions of benzene and methane are around 3.8%
and 0.45%, respectively. To the best of our knowledge, the reaction of benzene alkylation with methane
into toluene, reported in this paper, is the first example of the catalytic reaction involving methane that

ring
ifunctional catalysis proceeds continuously du

. Introduction

Methane, which is the major component of natural gas, repre-
ents very promising feedstock for production of other chemicals.
owever, high thermodynamic stability and very low reactivity of
ethane make its activation and selective transformation into more

aluable (and reactive) chemicals extremely difficult. Therefore, in
pite of a significant research effort during the last two decades, the
roblem of methane activation and selective transformation has not
een resolved and represents one of the most exciting and impor-
ant challenges (both from the theoretical and practical viewpoints)
n the field of catalysis [1–5].

One of the possible ways to tackle this problem is to decrease the
hermodynamic limitations of methane transformation by involv-
ng methane in reactions with other hydrocarbons. Examples of
his approach include studies by two research groups, which con-
luded that methane was reacting with alkenes (ethene, propene,
nd n-butene) [6,7] and alkanes (propane and n-hexane) [6] at
00–600 ◦C over H-MFI zeolites modified by different metals (e.g.

allium, silver, etc.). It is worth noting that the results of these stud-
es were obtained at time on stream (TOS) of 5 min [6] and 1 h
7], because of the rapid catalyst deactivation, and have not been
onfirmed later on by other researchers. Moreover, these results

∗ Corresponding author. Tel.: +44 1225 383329; fax: +44 1225 385713.
E-mail addresses: D.B.Lukyanov@bath.ac.uk (D.B. Lukyanov),

.Vazhnova@bath.ac.uk (T. Vazhnova).

381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2008.11.026
many hours under non-oxidizing conditions.
© 2008 Elsevier B.V. All rights reserved.

disagree completely with the work of the other two groups, who
demonstrated that methane was not involved in the reactions with
propane [8] and ethene and propene [9] over Ga-containing H-
MFI catalysts under reaction conditions that were similar to the
conditions reported in Refs. [6,7].

Alkylation of aromatics with methane was reported by He et
al. [10–12] over modified aluminophosphate molecular sieves and
zeolites. In this work the reactions were carried out in a batch
reactor at 400 ◦C under elevated methane pressure (6.9 MPa). The
incorporation of the methyl groups derived from methane into
the substituted benzene and naphthalene products was confirmed,
using 13CH4, for the reactions over Cu/SAPO-5, Cu/beta and H-beta
catalysts [11,12]. However, subsequent studies have established
[13–15] that the presence of oxygen as a stoichiometric reactant is
actually required for the formation of methylated products during
transformation of methane and benzene over a number of zeolite
catalysts at 400 ◦C in a high-pressure batch reactor. It has been pro-
posed that oxidative methylation reaction proceeds via a two-step
mechanism that involves formation of methanol as an interme-
diate product. The H-beta zeolite was shown to be the only one
catalyst that produced methylated products in the absence of oxy-
gen [13,15]. However, in this case it was concluded, in agreement
with the earlier report by Kennedy et al. [16], that the methylated

products were derived solely from the benzene reactant.

Our recent work [17,18] has demonstrated that the PtH-MFI
bifunctional catalysts can be used successfully for the highly selec-
tive benzene alkylation with ethane into ethylbenzene (EB) at
370 ◦C. These results together with the data on methane activation

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:D.B.Lukyanov@bath.ac.uk
mailto:T.Vazhnova@bath.ac.uk
dx.doi.org/10.1016/j.molcata.2008.11.026
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the PtH-MFI catalyst was studied in the continuous flow reactor
at 370 ◦C during 23 h. Fig. 1 shows that conversions of benzene and
methane were increasing during the first ∼4 h of the reaction reach-
ing 4.5% and 0.53% for benzene and methane, respectively. With
further increase in TOS, a slow catalyst deactivation was observed.
6 D.B. Lukyanov, T. Vazhnova / Journal of Mo

ver catalysts containing Pt and other Group VIII transition metals
19–28] have led us to the idea that the PtH-MFI catalysts could acti-
ate methane and catalyze its further reaction with benzene into
oluene, as shown below:

H4 + C6H6 � C6H5CH3 + H2 (1)

he present study was undertaken to test this hypothesis. We
ecided to perform the experiments at 370 ◦C with a feed comprised
f 90 mol% methane and 10 mol% benzene (following the reaction
onditions of our work with ethane/benzene mixtures). The PtH-
FI catalyst with a Si/Al ratio of 15 was chosen for this work, since

t has shown the highest activity in benzene alkylation with ethane
mong three PtH-MFI catalysts of different acidity [17,18]. It is worth
oting that Pt-containing MFI zeolite catalysts have not been tested

n earlier studies [10–16] of transformation of methane and benzene
ixtures. Thermodynamic calculations, based on the data reported

y Yaws [29], have indicated that the equilibrium conversions of
ethane and benzene in reaction (1) should be around 0.62% and

.6%, respectively (for the chosen reaction conditions).

. Experimental

.1. Catalyst preparation and characterization

H-MFI zeolite with a Si/Al ratio of 15 (ZEOLYST) was used in this
tudy as a parent material. High crystallinity of the zeolite and the
bsence of other phases were confirmed by X-ray diffraction anal-
sis. Scanning electron microscopy has shown that the size of the
eolite crystallites was in the range between 0.4 and 0.7 �m. The
ature and number of acid sites in the zeolite were determined by
TIR spectroscopic experiments using pyridine as a probe molecule.
TIR spectra of the self-supported catalyst discs were collected at a
esolution of 2 cm−1 using a Bruker Equinox 55 FTIR spectrometer
nd a purpose-built IR cell that allowed high-temperature treat-
ent of samples in situ [30]. Pyridine adsorption was carried out at

50 ◦C, after the samples were activated under vacuum (10−5 mbar)
t 400 ◦C overnight. On the basis of these experiments, the number
f all acid sites in the H-MFI zeolite was estimated as 535 �mol g−1,
nd the numbers of the Brønsted and Lewis acid sites were esti-
ated as 448 and 87 �mol g−1, respectively.
The Pt-containing zeolite catalyst (1 wt.% Pt), defined as PtH-

FI, was prepared by incipient wetness impregnation of the
-MFI zeolite with an aqueous solution of tetraammineplatinum(II)
itrate, Pt(NH3)4(NO3)2. After impregnation the catalyst was dried
lowly at room temperature (∼48 h), and then calcined (in a thin
ayer) in a muffle furnace at 530 ◦C for 4 h (heating rate was
◦C/min). For kinetic studies, the catalyst powder samples were
ressed into discs, crashed, and sieved to obtain catalyst particle
izes in the range of 250–500 �m. The Pt dispersion in the PtH-MFI
atalyst was 12%. It was determined on a purpose-built adsorption
ystem (Johnson Matthey) from the uptake of strongly chemisorbed
O at 25 ◦C and assuming CO/Pt adsorption ratio of 1. Prior to CO
dsorption experiments the catalyst samples (0.5 g) were first oxi-
ized at 530 ◦C for 4 h in flowing air (30 ml/min), and then reduced
t 500 ◦C for 1 h in a flow of pure H2 (30 ml/min).

.2. Kinetic studies

Transformation of methane and benzene was studied at atmo-
pheric pressure in a continuous flow reactor at 370 ◦C with the feed
omprised of methane (90 mol%) and benzene (10 mol%). The reac-

ion mixture was analyzed by on-line GC using Varian CP-3800 Gas
hromatograph, which was equipped with a molecular sieve 13X
acked column and a thermal conductivity detector (TCD) for anal-
sis of H2, and a 25 m long PLOT Al2O3/KCl capillary column with a
ame ionization detector (FID) for analysis of hydrocarbons (argon
r Catalysis A: Chemical 305 (2009) 95–99

was used as a carrier gas in both columns). TCD was calibrated using
gas mixtures with different H2 concentrations. 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 tem-
perature for 4 h. Then the temperature was reduced to 200 ◦C and
the catalyst sample was purged with N2 (50 ml/min) for 1 h before
switching to the flowing H2 (60 ml/min). The catalyst sample was
then heated (5 ◦C/min) to 500 ◦C and kept at this temperature for
1 h before cooling the sample to the reaction temperature (370 ◦C).

Contact time (�) was defined as WHSV−1, where WHSV (h−1) is
the total weight hour space velocity of methane and benzene. Dif-
ferent levels of conversions of methane and benzene were obtained
by performing experiments at different values of contact time. Time
on stream experiments have shown steady-state operation of the
catalyst between 4 and 23 h of the reaction, and the analysis of
the reaction pathways was performed on the basis of the experi-
mental data obtained at TOS between 4 and 6 h. To make sure that
the oxidative methylation reaction [15] is not occurring in our cat-
alytic system, we performed GC analysis of the feed mixture in every
experiment. This analysis confirmed the absence of traces of oxygen
and any other impurities in the feed up to a level of ∼1 ppm.

3. Results and discussion

3.1. Time on stream experiments

Transformation of the mixture of methane and benzene over
Fig. 1. Effect of time on stream on (A) benzene and (B) methane conversions over
the PtH-MFI catalyst at 370 ◦C and WHSV of 1.76 h−1. Methane to benzene molar
ratio in the feed was 9:1.



D.B. Lukyanov, T. Vazhnova / Journal of Molecular Catalysis A: Chemical 305 (2009) 95–99 97

Table 1
Selectivities to all carbon-containing products observed during methane and ben-
zene reactions over the PtH-MFI catalyst at TOS of 4 h.

Catalyst PtH-MFI

Methane conversion (%) 0.53
Benzene conversion (%) 4.5

Selectivity (mol%)
Ethane 2.7
Toluene 96.1
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Fig. 2. Effect of time on stream on the concentration of hydrogen: ( ) experimental
values, ( ) calculated values, which correspond to formation of carbon-containing
Ethylbenzene 0.15
Xylenes 1.05

emperature = 370 ◦C; WHSV = 1.76 h−1.

The major product of the reaction was toluene, which con-
tituted 96.1 mol% of all carbon-containing products at TOS = 4 h
Table 1). Other carbon-containing products were produced in

uch smaller amounts and included ethane, EB and xylenes
Table 1). Ethane formation is important in principle, since it takes
lace also during transformation of pure methane on Pt/SiO2 cata-

ysts [21,25] and therefore reveals that methane is activated over the
tH-MFI catalyst under our reaction conditions. Taking into account
he observed very high toluene selectivity, we can conclude that the
ctivated methane reacts with benzene with selective formation
f toluene. The extent of this reaction (Eq. (1)) is very significant,
ince the experimental conversions of benzene (4.5%) and methane
0.53%) at 4 h on stream are close to the equilibrium conversions:
.6% and 0.62% for benzene and methane, respectively. The mode of
oluene formation proposed above is different from the mechanism
iscussed by Kennedy et al. [16], who concluded that formation of
oluene and other methylated products over H-beta zeolite proceed
rom benzene only. In our view, this difference is not surprising
ecause of the different nature of the catalysts used in our and
arlier [16] studies. In this connection, it is worth noting that forma-
ion of ethane was not observed during transformation of methane
nd benzene mixture over H-beta zeolite [16], thus indicating the
bsence of methane activation by this catalyst.

Let us now consider the initial (transient) period of methane and
enzene reaction over the PtH-MFI catalyst (Fig. 1). In our opinion,
he transient catalyst behavior during the first ∼4 h on stream can
e explained by the modification of the Pt particles with the surface
arbonaceous species (e.g. CH3, CH2, CH, C, and C2Hx). Formation of
uch surface species from methane on Pt particles, which was dis-
ussed by several research groups [19–28] for methane dissociative
dsorption on different Group VIII transition metals, would lead to
he development of the Pt active sites in working catalyst and, as
consequence, to the changes in the catalyst performance. In our

ase, as it follows from Fig. 1, we can assume that this modifica-
ion is taking place during the first 4 h of the catalyst operation and
eads to an increase in the catalyst activity. Formation of CHx sur-
ace species on Pt particles should lead to formation of H2 in the gas
hase, as schematically illustrated below by the reactions resulting

n generation of the surface CH2 and C (carbon or carbide) species:

H4 + [Pt] → CH2—[Pt] + H2 (2)

H4 + [Pt] → C—[Pt] + 2H2 (3)

ydrogen generated in reactions (2) and (3) cannot be related to
ormation of the products detected in the gas phase. Therefore,
ne would expect to observe hydrogen formation in excess of for-
ation of the gaseous products, if our assumption on generation

f the surface carbonaceous species is correct. The experimental

ata on hydrogen formation are presented in Fig. 2 and support
ully this expectation. Indeed, Fig. 2 shows that the experimentally
etermined hydrogen concentration is significantly higher during
he transient period than the hydrogen concentration, which cor-
esponds to formation of the hydrocarbon products observed in the
products observed in the gas phase, and ( ) difference between the experimental
and calculated values. Methane and benzene transformation was carried out over
the PtH-MFI catalyst at 370 ◦C and WHSV of 1.76 h−1. Methane to benzene molar
ratio in the feed was 9:1.

gas phase. The latter was calculated on the basis of the experimen-
tally determined concentrations of these hydrocarbon products
(toluene, ethane, EB and xylenes) and the stoichiometric equations
for reaction (1) and the reactions shown below:

2CH4 = C2H6 + H2 (4)

2CH4 + C6H6 = C6H5C2H5 + 2H2 (5)

2CH4 + C6H6 = C6H4(CH3)2 + 2H2 (6)

The difference between the experimental and calculated hydro-
gen concentrations is shown in Fig. 2 and corresponds to hydrogen
released during formation of the surface carbonaceous species.
Quite remarkably, this difference is decreasing rapidly during the
first 4 h of the catalyst operation and then stabilizes at very low
level (around 0.011 mol%). Such a pattern clearly indicates that two
processes, which release H2 in the gas phase, are taking place at the
catalyst surface. The first process appears to be completed in about
4–6 h of the reaction (Fig. 2) and is likely responsible for the tran-
sient catalyst operation observed during this time period (Fig. 1).
The second process is taking place during all 23 h of the experiment
and produces H2 in much smaller amounts than the first one (Fig. 2).
Comparison of the data shown in Figs. 1 and 2 strongly suggests that
this, second process is associated with formation of inactive surface
carbon-containing species (coke) that are responsible for the slow
catalyst deactivation observed after 4–6 h on stream.

Fig. 3 shows the effect of time on stream on the selectivities of all
carbon-containing products observed during methane and benzene
transformations over the PtH-MFI catalyst at 370 ◦C. These data
allow us to conclude that benzene alkylation with methane into
toluene is the dominating reaction in our catalytic system during
methane and benzene reactions in the course of 23 h. The high-
est toluene selectivity (98.6 mol%) was observed at TOS of 12 min,
and then this selectivity decreased to 96.1 mol% at TOS = 4 h. Simul-
taneously, the selectivity to ethane increased from 0.68 mol% at
TOS = 12 min to 2.7 mol% at TOS = 4 h. Importantly, the concentra-
tions of both the toluene and ethane were increasing during this
time period, but ethane concentration has increased by 6 times
(from ∼0.002 to 0.012 mol%) while the increase in toluene con-
centration was about 1.4 times (from 0.31 to 0.44 mol%). These

results provide additional strong support to our assumption on
the modification of the Pt active sites during the initial period of
the reaction and indicate clearly that this modification leads to a
stronger enhancement of ethane formation in comparison with for-
mation of toluene. In our view, the observed different effects of the
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Fig. 3. Effect of time on stream on the selectivities to all carbon-containing products
observed during methane and benzene transformation: (A) toluene ( ); (B) ethane
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Fig. 4. Concentrations of all observed reaction products as functions of methane
conversion: (A) hydrogen ( ) and toluene ( ); (B) ethane ( ), ethylbenzene (
), ethylbenzene ( ) and xylenes ( ). The reaction was carried out over the PtH-
FI catalyst at 370 ◦C and WHSV of 1.76 h−1. Methane to benzene molar ratio in the

eed was 9:1.

urface carbonaceous species on formation of ethane and toluene
re likely to be associated with the changes in the composition of
hese species with time. Indeed, it is reasonable to assume that CHx

pecies, which are probably involved in formation of toluene and
ylenes, are formed first on the Pt particles of the catalyst. As time
rogresses, more CHx species are formed and part of these species is
ransformed into C2Hx species (the possibility of such transforma-
ion is supported by the literature data [19–26]). These C2Hx species
re likely to be transformed into ethane and to participate in ben-
ene alkylation into ethylbenzene, which formation is enhanced
ith time in a similar way as formation of ethane (Fig. 3).

.2. Pathways of methane and benzene transformations

To get better understanding of the pathways of methane and
enzene transformations, we performed kinetic experiments at dif-
erent contact times with the catalyst operating in the steady state
TOS was between 4 and 6 h). The results of these experiments
re included in Fig. 4, which presents the product distributions as
unctions of methane conversion.

Fig. 4A reveals that hydrogen and toluene are the initial products
f methane and benzene transformations and are likely to be pro-
uced via reaction (1). At the moment, the exact mechanism of this
eaction is not clear. However, we believe that both the Brønsted
cid and Pt sites are required for this reaction to proceed at rela-
ively high rate. Our view is based on additional experiments, which

ere performed with the parent H-MFI zeolite and Pt/Al2O3 catalyst

these results will be reported in detail in a separate publication).
n both cases formation of toluene was observed, but the toluene
oncentration was about 2–3 orders of magnitude lower than in
he case of the PtH-MFI bifunctional catalyst, thus indicating that
) and xylenes ( ). Methane and benzene transformation was carried out over the
PtH-MFI catalyst at 370 ◦C, and methane to benzene molar ratio in the feed was 9:1.
Methane conversion of 0.53% corresponds to benzene conversion of 4.5%.

the presence of both the Brønsted acid and Pt sites in the catalyst is
crucial for toluene formation.

Fig. 4B demonstrates that ethane is also formed as the initial
product of the transformation of the mixture of methane and ben-
zene over the PtH-MFI catalyst. Ethane is observed in much smaller
quantities than hydrogen and toluene (note the difference between
the scales in Fig. 4A and B), and its formation, as it follows from
the literature [19–22,25], is possibly taking place in the reaction
between two CH3 species adsorbed on the Pt particles of the cat-
alyst. From Fig. 4B it is clear that EB and xylenes are formed in
the secondary reaction steps. Quite likely, EB is the product of the
acid catalyzed benzene alkylation with ethene, which can be pro-
duced in very small concentrations via ethane dehydrogenation
over Pt sites at 370 ◦C [17,18]. Formation of xylenes, in our view, is
likely to proceed via toluene alkylation with methane in the similar
way as formation of toluene from benzene and methane. Dispro-
portionation of toluene over acid sites could be another reaction
contributing to xylenes formation.

4. Conclusions

This paper demonstrates for the first time that methane reacts
with benzene over bifunctional PtH-MFI catalyst with selective and
stable formation of toluene at such low temperature as 370 ◦C. Our
results show that the catalyst activity increases during the initial
(transient) period of the reaction (∼4 h). Analysis of the concentra-
tions of H and all carbon-containing products detected in the gas
2
phase strongly suggests that this increase is likely to be associated
with the modification of the Pt particles with the surface carbona-
ceous species (e.g. CH3, CH2, CH, C, and C2Hx). Verification of this
suggestion requires in situ spectroscopic characterization of these
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pecies. The highest catalyst activity is observed at TOS of 4 h with
onversions of benzene (4.5%) and methane (0.53%), which are close
o the equilibrium values (5.6% and 0.62% for benzene and methane,
espectively). At this time, the selectivity to toluene is 96.1 mol%,
nd the other carbon-containing products (ethane, ethylbenzene
nd xylenes) constitute the remaining 3.9 mol%. At higher TOS, the
atalyst activity declines slowly and, at TOS of 23 h, conversions of
enzene and methane are around 3.8% and 0.45%, respectively. Dur-

ng all 23 h of the reaction, the selectivity to toluene is staying above
5 mol%.

To the best of our knowledge, the reaction of benzene alkyla-
ion with methane into toluene, reported in this paper, is the first
xample of the catalytic reaction involving methane that proceeds
ontinuously during many hours under non-oxidizing conditions.
herefore, we believe that our results open a new area for research
nto methane activation and transformation.
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