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The dehydrogenation of methane on MoO3 supported on various oxides has been investi- 
gated under non-oxidizing conditions in a fixed bed, continuous flow reactor. Detailed meas- 
urements were performed with MoO3/SiO2. The reaction of methane was observed above 
923 K after a significant time lag, when a partial reduction of Mo 6+ occurred, the reduced phase 
being characterized by X-ray photoelectron spectroscopy (XPS). The initial gaseous products 
are CO2, H20, H2 and CO. But this stage is followed by the dehydrogenation of methane and 
coupling of hydrocarbon fragments to various hydrocarbons. A possible pathway of the forma- 
tion of benzene, the main product of reaction with selectivities ranging from 26 to 56%, is 
suggested. 
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1. Introduction 

Great effort is currently being made to convert methane into more valuable com- 
pounds. Most of the works to date dealt with the oxidative coupling of molecules 
of methane [ 1-3], with relatively little attention having been devoted to reaction of 
methane under non-oxidative conditions [4-11]. Studies in those areas show that 
the decomposition of methane to yield hydrogen on supported Pt metals occurs at 
relatively low temperature, typically 473 K, but the deposition of carbon poisons 
the active area leading to almost complete cessation of the decomposition [4-11]. 
Production of ethane has also been observed on supported Pt metals, very likely as 
a result of the coupling of the CH3 species (the primary product of the CH4 dissocia- 
tion) and/or in the hydrogenation of surface carbon. In the present paper studies 
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concerning the high temperature reaction of CH4 with solid surfaces are extended 
to supported MoO3 with particular attention to the effects of the support. A note- 
worthy paper has recently been published in this area by Wang et al. [12], who 
reported the dehydrogenation and aromatization of methane under non-oxidizing 
conditions on Mo- and Zn-modified ZSM-5 catalysts. 

2. Experimental 

2.1. METHODS 

The reaction was carried out in a fixed-bed, continuous flow reactor. The reactor 
consisted of a quartz tube (20 mm i.d.), connected to a capillary tube (2 mm i.d.), 
so that the products could be rapidly removed from the hot zone. Generally 0.5 g of 
catalyst sample was used; and inlet gas consisted of methane with N2 or He as dilu- 
ent. The flow rate was usually 12 ml/min. Analysis of the exit gases was performed 
with a Chrompack CP 9001 gas chromatograph on Porapak P column. The 
methane conversion was calculated from the H2 and H20 balance. The selectivity 
values of product formation represent the fraction of methane that has been con- 
verted to the specific products taking account of the number of carbon atoms in the 
molecules. 

A pulse reactor was also employed (8 mm o.d. quartz tube), which was incorpo- 
rated between the sample inlet and the column of the gas chromatograph. In this 
case 0.3 g of sample was used. 

The XPS measurements were performed in a Kratos XSAM 800 instrument at 
a base pressure of 10 -8 Torr using Mg Ka primary radiation (14 kV, 15 mA). To 
compensate for possible charging effect, binding energies were normalized with 
respect to the position of the C(1 s), this value being assumed constant at 284.6 eV. 
The pass energy was set at 40 eV; and an energy step width of 50 meV, and dwell 
time of 300 ms, were used. Typically 10 scans were accumulated for each spectrum. 
Fitting and deconvolution of the spectra were made using the VISION software 
(Kratos). 

2.2. MATERIALS 

The catalysts were prepared by impregnating the support with a basic solution 
of ammonium paramolybdate to yield a nominal 2 wt% of MOO3. The following 
supports were used: A1203 (Degussa P 110 C1), TiO2 (Degussa P25), SiO2 (Cab-O- 
Sil), and MgO (DAB 6), NH4ZSM-5 (Si/A1 = 55.0). The suspension was dried at 
373 K and calcined at 873 K for 5 h. Before the catalytic measurements, each sam- 
ple was oxidized in an 02 stream at 973 K in the reactor and then flushed with N2 
for 15 min. 

The reactant gases CH4 (99.995%), H2 (99.95%) and O2 (99.95%) were used as 
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received. He (99.995%) and N2 (99.995%) were purified with an oxy-trap. The other 
impurities were removed with the use ofa 5A molecular sieve. 

3. Results  and discussion 

The first part of our studies was concerned with the effects of supports on the 
reaction between CH4 and MOO3. As seen in fig. 1, methane interacts strongly with 
supported MoO3 at 973 K. The reaction starts with a time lag, the length of which 
depends on the nature of the support, where there is only very little (0.1-0.6%) 
decomposition. After a short acceleration period the conversion attained a maxi- 
mum value, which slowly decreased in time. The highest conversion of CH4 
(~ 5.4%) was reached for MoO3/SiO2, and the lowest (0.44%) for MoO3/MgO. 

H2, CO and several higher hydrocarbons, C2H4, C2H6, C3H8, C6H6, C7H8, 
were identified among the products. The highest selectivity for benzene formation, 
61% (taking into account only the carbon-containing gaseous products) was exhib- 
ited by MoOa/H-ZSM5. The rates of the product formation measured for different 
samples at the maximum conversion and after 60 min reaction time are collected 
in table 1. 

More detailed measurements were performed with the MoO3/SiO2 sample. 
Results for the effect of temperature are presented in fig. 2A. The lowest tempera- 
ture, where the reaction of methane was detectable (,,~ 0.1% conversion), was 
923 K. More extensive reaction of CH4 occurs at 948 K after a time lag of 100 min. 
This value gradually decreases with increasing temperature. 
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Fig. 1. Conversion of methane in the reaction with supported MoO3 samples at 973 K. 



T
ab

le
 1

 
S

om
e 

ch
ar

ac
te

ri
st

ic
 d

at
a 

fo
r 

th
e 

ox
id

at
iv

e 
co

nv
er

si
on

 o
f C

H
4 

on
 s

up
po

rt
ed

 M
oO

3 
ca

ta
ly

st
s 

at
 9

73
 K

 

T
im

e 
of

 
C

on
y.

 
F

o
rm

at
io

n
 r

at
e 

(n
m

o
l/

g
 s

) 
re

ac
ti

on
 

(%
) 

(m
il

l)
 

H
2 

C
6H

6 
C

O
 

C
O

2 
C

2H
4 

C
2H

6 
C

3H
8 

C
7H

8 

2. 

M
oO

3/
S

iO
2 

60
 

5.
44

 
17

89
 

2.
84

 
35

.5
 

0 
2.

1 
4.

5 
0.

22
 

0.
47

 
M

oO
3/

A
12

03
 

60
 

0.
22

7 
47

.0
5 

0 
35

 
2 

0.
17

6 
0.

07
8 

0.
00

 
0.

00
 

19
5 

a 
2.

53
 

81
2.

8 
3.

47
 

17
9 

0 
4.

43
 

4.
07

 
0.

11
8 

0.
08

9 
M

oO
3/

T
iO

2 
60

 
0.

88
6 

28
4.

5 
0.

44
1 

62
 

0 
3.

81
 

0.
50

 
0.

09
4 

0.
01

8 
30

 ~
 

2.
54

 
82

8 
1.

10
3 

15
2 

0 
3.

55
 

1.
91

 
0.

06
3 

0.
02

0 
M

oO
3/

M
gO

 
60

 
0.

08
 

10
.5

0 
0 

8 
5 

0 
0.

15
2 

0.
01

3 
0 

1 
a 

0.
44

 
44

.0
3 

0 
49

 
23

 
0.

21
7 

1.
58

6 
0.

01
2 

0 
M

o
O

3
/H

Z
S

M
'5

 
60

 
1.

91
 

54
6.

6 
16

.0
2 

38
 

0 
8.

49
 

5.
97

 
0.

33
1 

1.
03

6 
15

 ~
 

3.
68

 
11

83
.9

 
6.

84
 

10
9 

0 
3.

27
 

5.
35

 
0.

08
1 

0.
21

6 

a 
V

al
ue

s 
de

te
rm

in
ed

 a
t m

ax
im

u
m

 c
on

ve
rs

io
n.

 



F. Solymosi et al. / Dehydrogenation of methane 47 

cony. 
[%] 

8. 

7. 

6, 

5 

CONV. 
A [%1 

f[min] 
3'0 60 90 120 150 140 

flmin] 

Fig. 2. (A) Effects of reaction temperature and (B) prereduction of MoO3/SiO2 catalyst at 973 K 
for 15 min on the conversion of methane decomposition at different temperatures. 

Fig. 3 displays the product evolution at 973 K as a function of reaction time. 
The main ones at the initial phase of the interaction of CH4 with MoO3/SiO2 are 
Hz, CO, HaO and CO2. Small amounts of ethylene, ethane and propane are also 
formed. The amount of carbonaceous species deposited during the induction per- 
iod, up to 30 min, was 1050 ~tmol/g catalyst (determined by oxidation). The evolu- 
tion of H2 and CO dramatically increases after 30 min, when H/O and CO2 
formation ceases. After attaining a maximum, the CO evolution drops sharply, 
whereas the Ha evolution gradually decreases. Benzene and toluene appeared in the 
products at around 45 min, when the reaction of CH4 became more extensive. 
Although the conversion of CH4 slowly decayed after 60 min, the rates of benzene 
and toluene formation grew further as reaction ensued. As a result the selectivities 
for the production of these two compounds increased as a function of reaction 
time (fig. 4). The maximum value for the selectivity for benzene formation was 
54.2%, if we take into account only the C-containing gaseous products. When H2 
was also considered as a product of CH4 decomposition, this value was 4.7%. The 
amounts of other hydrocarbons decreased (C2H6), or remained practically con- 
stant (C2H4, C3H8) after the highest conversion of CH4 decomposition (fig. 3). 
Selectivities for these hydrocarbons were constant or slightly decreased as a func- 
tion of reaction time (fig. 4). 

The product distribution was also affected by the reaction temperature. At 
923 K, when the conversion of methane remained below 0.1% during several hours 
of reaction, we identified mainly the products of the reduction of MoO3 (H20 and 
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Fig. 3. Rate of formation of various products in the reaction of methane with MoO3/SiO2 at 973 K. 
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Fig. 4. Selectivities for various products formed in the reaction of methane with MoO3/SiO2 at 
973 K. (A) with H2, (B) without H2. 
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CO2). The formation of benzene occurred first at 948 K with maximum selectivities 
of 26.5% (without H2) and 4.4% (with H2). At higher temperatures, 998 K, these 
values were 52.4% and 13.1% respectively. 

As regards the effects of various pretreatments on the induction period we found 
that pre-reduction of MoO3/SiO2 at 948-973 K shortened or eliminated the induc- 
tion period altogether. This is demonstrated in fig. 2B. As a result ofpre-reduction 
the decomposition of CH4 and the formation of different hydrocarbons, including 
benzene, occurred even at 923 K, where otherwise the decomposition of CH4 was 
below 0.1% even after several hours. The maximum conversion of CH4 after pre- 
reduction was about 1.8% at 973 K. For the selectivity of benzene formation we 
obtained 59.0% (without H2) and 13.5% after 180 min of reaction (with H2). 

These features suggest that a partial reduction of MoO3 is required for the 
more extended conversion of CH4, and particularly for the formation of benzene. 
From the amounts of H20 and CO (+ CO2) formed in the induction period at 
973 K we calculated the extent of reduction during the induction period. We 
obtained that the average valency of Mo is around 4.0, which varied only slightly 
with the temperature between 948 and 993 K. Note that as a result of the high tem- 
perature treatment, the MoO3/SiO2 lost about 1.0% of its oxygen content before 
contacting with methane. 

Further insight in the reduction was provided by XPS studies of the 
MoO3/SiO2 samples. The experimental and deconvoluted spectra for the catalysts 
before and after CH4 treatment (40 min at 973 K) are displayed in fig. 5. In the 
deconvolution we followed the approach of Yang and Lunsford [13]. (i) The full 
width at half maximum (FWHM) of each peak in the doublets was assumed to be 
the same. (ii) The 3d5/2 and 3d3/2 binding energies were 232.1 and 235.3 eV for 
Mo 6+, 230.8 and 233.9 eV for Mo 5+, 229.8 and 233.0 eV for Mo 4+, 228.4 and 
231.6 eV for Mo 2+, 227.6 and 230.8 eV for Mo ~ The values for Mo6+-Mo 4+ ions 
are almost the same as used by Yang and Lunsford [13]. The values for Mo 2+ and 
Mo O are taken from the work of Hercules et al. [14]. Spectra presented in fig. 5 
indicate that the oxidized sample contains a large excess of Mo 6+ (84.4% Mo 6+ and 
15.6% Mo5+). After a 40 min of reaction with CH4 at 973 K, the intensity of the 
signal for Mo 6+ is greatly decreased. The calculated composition is: Mo 6+ (44.1%), 
Mo 5+ (4.2%), Mo 4+ (14.4%), Mo 2+ (26.6%) and Mo O (10.5%). 

In order to assist the evaluation of the mechanism of the formation of higher 
hydrocarbons and aromatics from methane, some measurements have been per- 
formed concerning the reactivity of carbon formed in the high temperature reac- 
tion. In the first experiment the MoO3/SiO2 catalyst was treated with CH4 at 
973 K for 40 min, then the catalyst bed was flushed with pure N2 at 973 K. During 
the nitrogen flushing we detected only the evolution of methane and H2. When N2 
was replaced with H2 after 15 min, we found methane, ethane and benzene. The 
amount of benzene was only about 2.0% of that produced in the methane stream. 
When the catalyst was previously contacted with methane for a longer period, 
180 min, the value of benzene was about one percent of that measured in the CH4 
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Fig. 5. XPS spectra of MoO3/SiO2 treated in different ways. (A) Calcined in 02 flow at 973 K, 
(B) treatedwith methane at 973 K for 40 min. 

stream before the interruption of the experiment. The formation of benzene in 
this case was detected even after 60 min. The reactivity of surface carbon towards 
hydrogen was also examined at lower temperatures. In this case, H2 pulses (one 
pulse contained 36.1 lamol H2) were admitted on the sample previously treated 
with methane at 973 K. The hydrogenation of carbon yielding methane was 
observed even at 373 K. Traces of C2, Ca, and C6 compounds were detected at 
673 K. Calculation, however, showed that only an extremely small fraction (0.05- 
0.5%) of carbon deposited reacted with H2 pulses at 373-673 K. All these results 
suggest that the carbonaceous species produced in the decomposition of methane 
at 973 K is very unreactive, and its hydrogenation contributes little, if at all, to the 
formation of higher hydrocarbons. 

The results suggest that the reaction of methane with MoO3/SiO2 requires a 
rather high temperature. In the first stage of the reaction the reduction of MoO3 
proceeds to give CO (CO2) and H20 which can be described by the following over- 
all equations: 

3MOO3 + CH4 ~-- CO + 2H20 + 3MOO2 

4MOO3 + CH4 ~- CO2 + 2H20 + 4MOO2 
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This reaction is followed by the dehydrogenation of CH4 on practically reduced 
catalyst which could be an oxidative dehydrogenation process, 

CH4 + O(s) ~ CH3 + OH(n) 

2OH(s) ~ H20 + O(s) 

or a gradual decomposition of CH4, 

CH4 ~ CH3 + H 

CH3 ~ CH2 + H 

CH2 ~ CH + H 

2H ~ H2 

We may also count with the reaction of CH4 with H20, 

CH4 + H20 ~ CO + 3H2 

which explains the steady formation of CO (fig. 3). 
The fact that, besides H2, saturated and unsaturated hydrocarbons are also 

formed, indicates the couplings of CHx compounds, 

2CH3 ~ C2H6 

2CH2 ~ C2H4 

C2H4 + CH3 ~ C3H7 

C3H7 + H ~ C3H8 

These elementary steps have been observed on metal single crystal surfaces, at 
100-300 K, when alkyl and alkene fragments have been produced in relatively high 
concentration by thermal and photo-dissociation of corresponding iodo com- 
pounds [15]. In the present case, however, the temperature is much higher. Taking 
into account the results and observations in the study of the oxidative coupling of 
methane to C2 and higher hydrocarbons [1,2,16-18], it is very likely that the reac- 
tions of hydrocarbon fragments at 973 K occur mostly in the gas phase. 

As regards the formation of benzene we mention that, thermodynamically, the 
dehydro-aromatization of methane is a more favorable reaction than dehydro- 
dimerization [19]. We believe that the key compound in the formation of benzene is 
the ethane (formed in the coupling of two CH3 radicals), which dehydrogenates to 
ethylene on the catalyst surface. This step is followed by dehydrogenative cycliza- 
tion and aromatization of ethylene. It is an important observation that contacting 
ethane with MoO3/SiO2 catalyst at 973 K under the same conditions immediately 
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produced benzene with 20% selectivity (based on C-containing materials). This 
react ion also requires high temperature,  and a certain degree of  the reduct ion of  
Mo  6+, as at lower temperature,  773-823 K, the reaction of  ethane with 
MoO3/SiO2 gave only traces of  CO, H20,  CH4 and CzH4. Note  that  in the presence 
of  N 2 0  the oxidative dehydrogenat ion of  ethane occurred at 773-823 K yielding 
acetaldehyde and ethylene [20,21]. 

4. Conclusions 

(i) The react ion of  methane  with supported molybdenum oxides was observed 
above 923 K. The initial products are H20,  CO, CO2 and HE. 

(ii) The format ion  of  hydrocarbons  required the pre-reduction of  Mo 6+ at least 
to Mo 4+. 

(iii) The main  products  of  the oxidative conversion of  methane  on reduced 
MoO3/SLOE sample is benzene with a highest selectivity of  56% at methane  conver- 
sion of  3.2%. 
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