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The performance of methane dehydroaromatisation catalysts prepared by the impregnation of H-ZSM-5 with ammonium heptamo
hosphomolybdic acid precursors has been found to be different. Particular attention has been paid to hydrogen production which, a
ajor gas-phase product of dehydroaromatisation, is generally not reported. The use of phosphomolybdate leads to lower activity cata
wt.% of phosphorus is added to the catalyst prepared from ammonium heptamolybdate, the activity is suppressed and H2 is seen as the so
as-phase product. The rate of hydrogen formation increases with time on stream passing through a maximum, which is associated
f an inorganic phosphite phase from the catalyst. Bulk MoO3 and P doped MoO3 samples are observed to produce H2 as a result of carburisatio
lthough the general pattern of hydrogen formation is similar to the 5 wt.% doped zeolite catalyst, in these cases gas-phase carbon ox
ssociated with the hydrogen maximum.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The direct catalytic conversion of methane into higher added
alue chemicals is an area of immense interest, e.g.[1,2]. This
s a consequence of the high relative abundance of methane,
lthough its stability makes any conversion process challeng-

ng. Amongst the strategies employed to date have been the use
f a gas-phase oxidant such as O2 and N2O in oxidative cou-
ling to produce higher hydrocarbons[3] or oxygenates such
s methanol and formaldehyde[4]. Generally these approaches
ave proved unsuccessful due to the much greater susceptibility
f the products to gas-phase oxidation than methane and limi-

ations of gas-phase free radical chemistry. As a consequence,
lternative strategies have sought to develop routes to the conver-
ion of methane in the absence of gas-phase oxidants. Amongst
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these routes, the two step homologation of methane has att
interest wherein methane is initially dehydrogenated on a m
surface and the deposited carbonaceous species are subse
re-hydrogenated to yield higher hydrocarbons either iso
mally [5] or using a dual temperature cycle[6]. Another pathwa
which has attracted considerable attention is the dehydroa
tisation of methane[7] to produce aromatics, primarily benze
and hydrogen. This reaction, which is generally run at amb
pressure and temperatures of 700◦C or above, is equilibrium
limited with the limit of conversion being 11.5% at atmosph
pressure and 700◦C [8]. Whilst a wide range of catalysts ha
been screened for this reaction, MoO3/ZSM-5 is the most we
studied and amongst the most active. However, even with
system activities have been low with low space velocities b
required for conversion approaching equilibrium. Catalysts
also been observed to suffer relatively rapid deactivation, w
has been attributed to coke formation. Accordingly, a num
of strategies have been adopted to enhance activity and/o
press deactivation. These have included the addition of met
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dopants such as Co2+ and Fe3+ [9,10] and also the inclusion of
low levels of gas-phase species such as CO and CO2 [10–12]in
the feedstream. The active form of the catalyst is still uncertain,
but there has been general agreement that the active phase of
the molybdenum is the carbide[13–15]during reaction. Studies
aimed at elucidating structure-sensitivity have proposed that the
face centred-cubic MoC1−x phase is more active than the hexag-
onal �-Mo2C phase[16,17]. As regards the mechanism, there
is a general consensus that methane is initially dehydrogenated
to form ethylene (which is observed to be a major by-product
of reaction), which is then cyclised to form benzene, e.g.[18].
Acetylene has also been proposed to be a key-intermediate[19].
In addition to benzene, a range of additional hydrocarbons is
produced with C2 hydrocarbons (particularly ethylene) being
the most significant, but reports of toluene, naphthalene and
even heavier aromatics have been made, e.g.[10].

In this manuscript the effect of phosphorus doping on the
activity of MoO3/ZSM-5 based dehydroaromatisation catalysts
is investigated. Within the literature, the inclusion of phosphate
in different dehydroaromatisation catalysts has been shown to
cause different effects dependent upon its form. When phos-
phate is incorporated as a framework species in the zeolite host,
it has been reported to enhance the production of aromatics,
which has been ascribed to a modification in acidity[20,21].
However, when added to MoO3/ZSM-5 as a dopant by impreg-
nation with phosphoric acid it was observed to lower, but not
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2. Experimental

Phosphorus doped samples were prepared by impregnation
of a H-ZSM-5 (Si/Al = 50, Zeolyst) with an aqueous solution
of phosphomolybdic acid to achieve a 5 wt.% loading of MoO3,
followed by drying at 80◦C for 24 h and calcining in air at 500◦C
for a further 16 h. For reference, a non-phosphorus containing
5 wt.% MoO3/ZSM-5 was prepared by an analogous procedure
using an aqueous solution of ammonium heptamolybdate. This
catalyst is denoted 5% MoO3/ZSM-5. Phosphorus doping of this
reference catalyst was also performed to achieve a 5 wt.% P level
by the addition of an aqueous ammonium dihydrogen phosphate
solution followed by drying and calcination as described above.
This catalyst is denoted 5 wt.% P/5 wt.% MoO3/ZSM-5 and was
light blue in colour. Unsupported 5 wt.% P/MoO3 was prepared
by the addition of an aqueous solution of ammonium dihydrogen
phosphate to bulk ammonium heptamolybdate, followed by dry-
ing at 80◦C for 24 h and calcining in air at 500◦C for a further
16 h.

Catalyst testing was performed in a fixed bed silica glass
microreactor wherein 0.5 g of catalyst in powder form was
held centrally within a tube furnace between silica wool
plugs. Methane (BOC 99.5%) was flowed over the catalyst at
8 ml min−1 and nitrogen (2 ml min−1) was used as an internal
standard. The reaction was performed at 700◦C, which was mea-
sured using a thermocouple attached to the outer wall of the
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liminate, benzene production[22]. In the study reported her
hosphorus has been added in different forms—simultane
ith the active molybdenum component in the form of ph
homolybdic acid and, at higher levels, by impregnation
oO3/ZSM-5 with ammonium hydrogen phosphate. Phos
olydic acid is a potentially interesting precursor for sev

easons. Unlike methods relying on the post-preparative do
f MoO3/ZSM-5, its use ensures that the Mo and P com
ents are added in a single chemical unit, which implies

here may be a potentially more direct association of phosp
ith the active molybdenum component. Secondly, in a tem
ture programmed carbiding study utilising a CH4/H2 mixture,
erez-Romo et al.[23] have shown that, in contrast to MoO3,

he use of phosphomolybdic acid as precursor eliminate
ormation of coke associated with the Mo2C phase. The pre
nce of phosphorus was also reported to induce carburis
t lower temperature. Particular attention has also been p

he effects of phosphate addition on the production of hydro
espite the fact that hydrogen is expected to be the major
ct of reaction, very few studies in the literature have repo

ts quantification. This is especially surprising in view of the
hat the production of hydrogen is at least of comparable
robably greater, interest to that of benzene by this pathway
ehydroaromatisation reaction could be viewed as a pot
lternative route to hydrogen production from methane. D
ecomposition of methane to produce CO-free sources of h
en for use as chemical feedstocks in reactions such as am
ynthesis and/or for fuel cell applications have been the su
f some interest, e.g.[24–26]. The catalysts generally employ
re supported metals such as nickel and generally catalyst
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eactor tube. Product analysis was performed on a HP 589
sing a combination of FID and TCD with a Poraplot Q colu
nd a Molecular Sieve 13X column respectively. Where a
able, CO and CO2 concentrations were monitored by off-li
T-IR spectroscopy of the reactor effluent stream, which
ontinuously passed through a flow cell directly attached t
eactor exit. In the following, reaction data is reported in term
ass normalised rates of formation of products rather than

ersion and selectivity data. This is approach has been ad
ecause, at the generally low levels of conversion which o

he measurement of a small difference in the GC data ma
ubject to a relatively large degree of error. This is a partic
oncern given that the reaction never attains steady state
ither activating or deactivating. Within the literature, expr

ng data for this reaction as formation rates is fairly comm
ractice, e.g.[11,12].

CHN analysis was performed using a CE-440 Eleme
nalyser.
Laser Raman Spectroscopy was performed with powder

mens of 5 and 15 wt.% phosphomolybdicacid/H-ZSM-5 c
ysts. The samples were in the fresh/calcined form. A Renis
amascope 2000 spectrometer, which consisted of an in
icroscope, a notch filter, single grating and a cooled C
etector was used. The spectral range examined was in the
f 400–1400 cm−1 and multiple analyses were performed
ach sample. Excitation at 632.8 nm was delivered by a Sp
hysics 2020 helium–neon laser source (40 mW).
Powder diffraction studies were performed on a Siem

5000 instrument using Cu K� radiation in the 2θ range 5–75◦
sing a step size of 0.02◦ and a counting rate of 1.5 s/step. Sa
les were prepared by compaction into silicon sample hold
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Fig. 1. Benzene and hydrogen formation rates of 5 wt.% MoO3/ZSM-5.

Fig. 2. Ratio of hydrogen to benzene formation rate as a function of time on
stream for 5 wt.% MoO3/ZSM-5.

3. Results and discussion

Fig. 1presents the benzene and hydrogen formation rates for
the 5 wt.% MoO3/ZSM-5 catalyst which was run at 700◦C for
6.5 h. The general form of the benzene profile is comparable to
others reported in the literature in that there is an initial induc-
tion period after which the rate of formation declines with time
on stream. In general terms, the hydrogen formation profile is
similar to that for benzene except that the induction period is
less pronounced. If benzene were the sole carbon containing
product produced, the ratio of hydrogen to benzene formation
rates would be expected to be 9, however it is in fact ca. 18 a
shown inFig. 2. This is indicative of the production of other
higher hydrocarbons, as reported by others, e.g.[10] and coke
deposition. The formation of a yellow deposit of polyaromatic
species is consistently observed whenever, and only wheneve
benzene is produced in the experiments described. These hig
boiling point compounds have not been quantified. The results
of post-reaction CHN analysis presented inTable 1lead to the

Table 1
CHN analysis post-reactor materials

Sample %C %H %N

5 wt.% MoO3/ZSM-5 5.70 0.11 –
5 wt.% P/5 wt.% MoO3/ZSM-5 0.22 – –
5
5

Fig. 3. Benzene and hydrogen formation rates of 5 wt.% MoO3/ZSM-5 prepared
from phosphomolybdic acid.

conclusion that the major contribution to hydrogen formation
is from coke formation. If the stoichiometry of the molybde-
num containing phase is assumed as Mo2C, as is often proposed
in the literature, e.g.[14], the amount of contribution of car-
bidic carbon would be 0.21 wt.% meaning that ca. 5.49 wt.%
carbon is deposited as coke. The relative constancy of the ratio
between hydrogen and benzene during the reaction run is inter-
esting, since this demonstrates that they decline at similar rates.
Fig. 3presents formation rate data for the 5 wt.% MoO3/ZSM-5
catalyst prepared from a phosphomolybdic acid precursor (the
P/Mo molar ratio is dictated by the formula of the Keggin unit,
[PMo12O40]3−, and is therefore 0.08). In comparison toFig. 1, it
is apparent that the inclusion of a very low level of phosphorus
dopant has produced a decrease in the benzene and hydrogen
production rates. The hydrogen to benzene formation rate ratio
appears to be slightly higher than that for the non-phosphorus
containing catalyst, suggesting that the benzene selectivity is
lowered with respect to that for hydrogen. A possible explana-
tion for this effect may be enhanced coking which may be the
result of the modified acidity of the catalyst. The carbon data in
Table 1is consistent with this, since although the overall conver-
sion is suppressed in the case of phosphorus addition, the level
of coke is comparable. The effects of phosphorus on the acidity
are likely to be dependent upon the level of incorporation and
the nature of the phase with which it is associated. For example,
phosphorus modification of MoO3 is known to enhance acidity
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27], whereas in ZSM-5 it has been reported to decrease
cidity by, in particular, removal of the strongest acid sites[28].
gain, the relative constancy of the ratio suggests that the r
ecline in the benzene and hydrogen formation rates is sim
onsidering the low levels of phosphorus addition, the ef
n catalytic performance are comparatively dramatic. Ther
number of possible explanations for this. One possibili

hat the dispersions of the active phases of molybdenum
ers between catalysts, which may be anticipated in view o
act that the impregnating ion is Mo7O24

6− in one case an
PMo12O40]3− in the other. Re-dispersion of oxomolybden
pecies has been reported to occur on calcination[13] and so
his may be expected to be of limited significance. The the
ecomposition of phosphomolybdic acid supported on silica
lso been shown to proceed via the metastable�-MoO3 phase

29], which may have different carbiding characteristics t
hose for the more usual phase. However, this phase has
een observed to be stable at lower temperatures than
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Fig. 4. Raman spectra of calcined MoO3/ZSM-5 prepared from phosphomolyb-
dic acid (a) 5 wt.% and (b) 15 wt.%.

employed in the calcination and reaction procedures used in
this study, and temperature programmed carbidation studies of
bulk phosphomolybdic acid have been reported to produce the
expected hexagonal�-Mo2C polymorph[23]. In the case of sil-
ica as a support, calcination at 500◦C was reported to completely
transform�-MoO3 into �-MoO3. However, the possibility that
the metastable�-MoO3 is stabilised to higher temperatures can-
not be ruled out. In powder X-ray diffraction studies performed
on pre- and post-reaction catalysts prepared from both pre-
cursors, only reflections which can be indexed to the ZSM-5
framework are apparent, implying that the molybdenum dis-
persion is high in each case. Accordingly, Raman spectroscopy
has been applied to the pre-reaction catalysts and the results
are shown inFig. 4. It is apparent that the bands at ca. 820
and 995 cm−1 which would be expected for the Mo–O–Mo and
Mo=O stretches of�-MoO3 [30] do not occur, and it is only at
much higher loadings such as 15 wt.% that these features appear
(Fig. 4(b)); albeit inhomogeneously as they were not observed
in every sampling point. Nor is evidence for�-MoO3 observed
in either case, bands for this species would be expected to occur
at around 770, 850 and 900 cm−1 [31]. Therefore, the catalyst
precursor cannot be considered as MoO3/ZSM-5, which is the
way in which it is sometimes designated. However, for exam-
ple, in Mo EXAFS experiments, Zhang et al.[14] have reported
that the radial distribution function of calcined catalyst precur-
sors prepared from ammonium heptamolybdate is completel
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Fig. 5. Hydrogen production of 5 wt.% P/5 wt.% MoO3/ZSM-5 as a function of
time on stream.

catalysts prepared from both ammonium heptamolybdate and
phosphomolybdic acid demonstrate that there is no influence of
pre-calcination on reaction performance, implying that the form
of the oxomolybdenum species prior to exposure to the reaction
environment may not be all that significant.

In view of the relatively large effect of phosphorus in relation
to its concentration apparent inFig. 3, the influence of much
higher levels of phosphorus addition was investigated.Fig. 5
presents the results for a 5 wt.% P/5 wt.% MoO3/ZSM-5 catalyst.
At this level of phosphorus addition, the overall conversion was
suppressed. Moreover, the production of benzene was entirely
eliminated. It was observed, however, that there was a very low
level of hydrogen production, which was found to increase ini-
tially gradually with time on line. At longer run times the rate
of increase of formation was found to pass through a maxi-
mum, corresponding to >5% of the exit product stream at ca.
510 min on stream. The on-set of this maximum was associated
with the evolution of a pungent-smelling orange deposit from
the catalyst which subsequent31P NMR analysis showed to be
a phosphite. Furthermore the absence of any signals in the13C
NMR spectrum confirmed it to be an inorganic phosphite. Off-
line gas-phase FT-IR analysis of the effluent suggested that only
traces of carbon oxides were formed during reaction. Beyond
the maximum, traces of benzene and higher hydrocarbons could
be evidenced in the gc analysis, but they were present in concen-
trations estimated to be <0.02%. This observation is interesting
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odifying acidity. Iglesia et al.[32,33] have proposed that th
recursor form of Mo in their catalysts, which were prepared
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ure of ZSM-5 and MoO3, was Mo2O5
2+ dimers. In recent wor

n HMCM-22 based catalysts using ammonium heptamo
ate as a molybdenum source, Ma et al.[34] have propose

hat monomeric oxomolybdenum species are of importanc
he basis of the results reported here, it is not possible to
her postulate the form of the active precursor. Studies wit
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n view of the fact that it could possibly be a CO-free ro
o hydrogen. However the reaction rate is very low and
mportant to understand the processes leading to the activit
ern. The inclusion of molybdenum was found to be crucia
his behaviour since phosphorus modified ZSM-5 did not
ny detectable activity for hydrogen production. However, 5
oped bulk MoO3 was investigated and the results are show
ig. 6. In terms of hydrogen production, the overall activity p

ern with time on stream appears similar to that reported inFig. 5,
hich could imply a similarity in formation route. In contra

o the zeolite system, the burst in H2 formation rate was foun
o be associated with simultaneous bursts for CO and CO2 as
etermined by off-line FT-IR analysis of the reactor effluent
urthermore, there was no evolution of an inorganic phos
hase with this system. In the case of the zeolite system,
as no evidence for any phase other than ZSM-5 in the
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Fig. 6. Products formed from the isothermal carburisation of 5% P/MoO3 at the
reaction conditions employed inFig. 5.

pattern of the post-reaction material, implying that any molyb-
denum and/or phosphorus containing phases were either highly
dispersed and/or amorphous. However, post-reaction XRD of
the bulk P/MoO3 material yielded the pattern presented inFig. 7.
This pattern can be indexed to a mixture of molybdenum phos-
phide and eta-molybdenum carbide phases. This implies that the
evolution of hydrogen and carbon oxides is associated with the
carbiding of the MoO3 component, although the carbide formed
is not the usual�-Mo2C phase, which is expected[35]. Within
the literature, there appears to have been very few studies of
the isothermal carbiding of MoO3 with methane, most studies
have followed the process using temperature programmed routes
with H2/CH4 mixtures, e.g.[23,36,37]. However, very recently
Lacheen and Iglesia[33] have investigated the isothermal acti-
vation pathways of oxomolybdenum species in ZSM-5 using
pure methane at a temperature of ca. 680◦C. In general terms,
relative concentrations and times of evolution of H2, CO and
CO2 observed are strikingly similar to those evident inFig. 6.
However, with their studies the maxima were obtained after ca
10 min on-stream, in contrast to the ca. 7.5 h observed inFig. 6.
This starkly illustrates the massive enhancement of carbiding

rate observed on dispersion of MoO3 on the ZSM-5 matrix, since
experiments showed that although the inclusion of phosphorus
did delay the carbidation process, it was by ca. 85 min under
the conditions used inFig. 6. The nature of the phase transition
with time on stream reported inFig. 6is consistent with reports
that the isothermal reduction of the bulk MoO3 phase involves
an induction period which has been ascribed to rate-determining
nucleation or autocatalytic effects[38]. Lacheen and Iglesia[33]
have reported that the carburisation process in methane aromati-
sation catalysts is autocatalytic, with intermediate olefins being
formed which enhance the rate of carburisation.

In view of the similarity of the general “burst” of hydrogen
between the 5% P/5% MoO3/ZSM-5 and 5%P/MoO3 it is
tempting to ascribe its formation as being due to carbiding in the
former case. The lack concomitant carbon oxides cast doubt on
this suggestion. Another aspect which requires consideration is
the evolution of the phosphite phase. Its formation necessitates
the reduction of phosphate which would lead to an oxidised
product. Whilst this may be water, for which the analytical
set-up is not optimised, the alternative of an oxidation product
being formed by, e.g., a Mars–van Krevelen type process which
has not been detected cannot be discounted. In this context
it is of relevance that the addition of phosphorus to MoO3
has been reported to enhance its performance in the oxidative
dehydrogenation of propane[39]. This reaction is believed to
occur via a Mars–van Krevelen mechanism. Post-reaction CHN
a
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Fig. 7. XRD pattern of 5% P/MoO3 fo
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nalysis of the zeolite based sample is reported inTable 1and it
s apparent that the overall carbon content is close to that w
ould be expected where the Mo2C phase formed. Howeve

hat is not to say that it is formed and this requires further
idation possibly using EXAFS. Ammonia TPD experime
imed at understanding the effect of phosphorus add
n the acidity of 5% P/5% MoO3/ZSM-5, are currently in
rogress.

ng carburisation× MoP� eta-MoC.
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4. Conclusion

The influence of phosphorus doping on the methane dehy-
droaromatisation activity of MoO3/ZSM-5 catalysts has been
investigated. Preparation of catalysts with phosphomolybdic
acid is observed to reduce the overall activity with respect to
counterparts prepared using ammonium heptamolybdate. In par-
ticular the use of phosphomolybdic acid increases the observed
hydrogen to benzene ratio, which is explained on the basis of
enhanced coking. No evidence for discrete MoO3 phases could
be found in both catalyst precursors by Raman spectroscopy
and the possible production of the�-MoO3 phase, which may be
expected on the basis of literature reports on the thermal decom-
position of phosphomolybdic acid, can be ruled out. When the
ammonium molybdate catalyst is doped with 5 wt.% phosphorus
from an ammonium dihydrogen phosphate precursor, hydrocar-
bon production is suppressed and hydrogen is the sole gas-phase
product observed. Although the hydrogen formation rate is low,
it increases with time reaching a maximum after ca. 510 min
which corresponds to >5% of the exit stream concentration. The
appearance of this maximum is associated with the evolution
of an inorganic phosphite phase from the catalyst. The decline
of hydrogen formation rate beyond the maximum is associated
with the production of trace levels of benzene (<0.02%). Stud-
ies of bulk MoO3 and bulk 5 wt.% P/MoO3 have shown that the
hydrogen evolution pattern is qualitatively similar. However in
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