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The partial oxidation of methane was studied on silica-supported
alkali metal molybdate catalysts in a fixed-bed continuous-flow
reactor at 860-923 K using O, as oxidant. The catalysts were
characterized by Raman and XP spectroscopy. It was found that
the surface structure and composition of molybdates deposited
by impregnation depend on the cation. From lithium to potas-
sium monomolybdate was formed with the original structure,
Rb,M00,4/SiO; contains distorted [MoQO4] tetrahedra, and in the
case of cesium dimolybdate was obtained. The main products of
the oxidation reaction were formaldehyde, ethane, CO, and CO,.
The activity of the catalysts and the product distribution were
markedly influenced by the structure of the catalysts. The high-
est catalytic activity was measured on Rb,Mo0O,4/SiO,. Formalde-
hyde in a larger quantity was produced on MoQO3/SiO;, but when
the rate was related to the amount of surface molybdenum atoms
Rb,M00,4/SiO; had the highest activity. A possible mechanism for
the oxidation of methane is discussed.  © 2001 Academic Press

Key Words: partial oxidation of methane; alkali metal molybdate;
Raman spectra of alkali metal molybdates.

1. INTRODUCTION

The partial oxidation of methane to oxygenates over
MoO;-based oxides has been studied extensively. Thesilica-
supported sample was found to be one of the most active
and selective catalysts (1-4). When oxygen was used as oxi-
dant formaldehyde was obtained as the main product (1-3).
In the presence of N,O, methanol formation with relatively
high selectivity was also observed (4).

Supported MoOj3; was active and selective in the oxida-
tive dehydrogenation of ethane to give ethylene and ac-
etaldehyde. However, a better catalytic performance was
obtained when alkali metal molybdates were used as cata-
lysts (5, 6).

The catalytic effect of alkali metal molybdates in the
methane conversion has not yet been well explored. In
the oxidative coupling of methane the good catalytic ac-
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tivity of K,MoO4 has been reported (7). K;MoO4/ZSM-5
was also proved to be active in the conversion of methane
into benzene under nonoxidative conditions (8). Recently
the partial oxidation of methane was studied on K;MoO4
deposited on various supports (9). It was found that the
structure of the molybdates on the surface of the support de-
pended sensitively on the pH value of the slurry. AtlowpHa
significant amount of K;Mo0,0; was formed. Formaldehyde
inalarger quantity was produced on asilica-supported cata-
lyst containing a greater amount of K,Mo,0-/SiO, and of
K>:Mo0O4/ZSM-5. Adding 2% Na to 7% MoQ3/SiO, sam-
ple significantly increased the CH,4 conversion and the
HCHO + CH3OH yield at 507 kPa pressure (10).

In contrast to these observations it has been shown that
alkali metal impurities lead to the formation of alkali metal
molybdates which have a negative effect on the conver-
sion of methane to formaldehyde (11). A kinetic model has
been proposed to account for the poisoning of MoOs3/SiO;
by sodium. The effects of Na, K, and Cs additives on both
the structure of MoO3/SiO, and its behavior as a catalyst for
selective oxidation of methane to formaldehyde were also
investigated (12). Addition of alkali metals decreased the
number of isolated surface molybdenum oxide species and
formed new alkali metal compounds. The oxygen associated
with the alkali metal molybdenum compounds was gen-
erally not available for oxidation reaction. Consequently,
the alkali metal addition decreased the catalytic activity
for methane oxidation (12). Marchi et al. (13) also found
that the pre-impregnation of silica support with sodium
strongly diminishes the Mo=0O concentration due to the
formation of Na,Mo0,07 species and tetrahedral monomers
with a high degree of symmetry. As a result of these modifi-
cations both methane formation and formaldehyde forma-
tion are strongly inhibited.

The present paper gives an account of the selective ox-
idation of methane with oxygen on silica-supported alkali
metal molybdates. Attention is paid to the characterization
of the species formed on the surface of the catalysts, and to
the effect of the alkali metal on the product distribution of

the reaction.
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2. EXPERIMENTAL

Materials. The catalysts were prepared by impregnat-
ing the SiO, support (Cab-O-Sil) with a basic solution
(pH ~11) of ammonium molybdate [(NH4)sM070,4 x
4H,0] or different alkali metal molybdates, Mo;MoOy (M =
Li, Na, K (Aldrich), Rb, Cs), to yield a nominal 2% loading
of MoOj (6). When a decrease in the pH value was observed
during the impregnation it was restored with NH,OH so-
lution to pH 11. The suspension was dried at 373 K and
calcined at 863 K for 5 h. The rubidium and cesium molyb-
dates were prepared from rubidium and cesium carbonates
(Aldrich) and MoOs (Aldrich) (14). MoO3 was stirred into
the hot solution of the calculated amount of alkali metal car-
bonate until it dissolved. The solution was filtered and the
alkali metal molybdates were crystallized. All catalysts will
be denoted by the formula as monomolybdate independent
of the structure formed during the preparation.

Before catalytic measurements, each catalyst was oxi-
dized in an O, stream for 1 h at 773 K in the reactor; the
catalyst was then flushed with He and heated to the reaction
temperature in flowing He.

The reactant gases, CH, (99.995%) and O, (99.99%),
were used as received. He (99.996%0) was purified with an
oxy-trap.

Methods. The reactions were carried out in a fixed-bed
continuous-flow reactor made of quartz (100 x 27 mm o.d.)
which was connected to a capillary tube (2 mm i.d.) so that
the products could be rapidly removed from the heated
zone. The reactor was heated by an external oven. A small
glass tube containing a thermocouple was placed in the mid-
dle of the catalyst bed. Generally 0.5 g of sample was used
as catalyst. The dead volume of the reactor was filled with
quartz beads. The reacting gas mixture usually consisted of
90% CH, and 10% O,. The flow rate of the reactants was
usually 47 ml/min and the space velocity was 5640 h™1.

The gases were analyzed by gas chromatography
(Chrompack 9001) by thermal conductivity and flame
ionization detectors. The separation of the products was
accomplished with a Carboxen 1000 column (Supelco)
(1/8 in. x 5ft). The formaldehyde standards for the calibra-
tion curves were prepared by dissolving paraformaldehyde
and analyzed by Romijn’s iodometric titration method (15).

The conversion and selectivity for reaction products, S;,
were defined as

Xi N
Conversion = XX
XcH, + Y. Xin;
.. Xin
Selectivity § = ,
Yoxin

where x; and Xcn, are the mole fraction of product i and
CHy, respectively, and n; is the number of carbon atoms in
each molecule of product i.
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A pulse reactor was also employed (8-mm-i.d. quartz
tube). The products were analyzed by an online mass spec-
trometer (Balzers QMS 200). Usually 0.3 g of sample was
used and the dead volume of the reactor was filled with
quartz beads. One pulse contained 20.8 xmol of gas.

The Raman spectra of the clean and the silica-supported
molybdenum oxides and alkali metal molybdates were
recorded by using a Bio-Rad FT-Raman spectrometer. The
Raman spectrometer system possessed a Spectra-Physics
T 10-106 ¢ Nd:YVOy, laser. It was tuned to the exciting
line at 1064 nm. The radiation intensity was 540 mW. A
liquid-nitrogen-cooled Ge detector was used. In the case of
silica-supported samples 4096 scans resulted in a sufficient
signal-to-noise ratio.

XPS measurements were performed in a Kratos XSAM
800 instrument at a base pressure of 5 x 10~° Torr using
MgKa (1253.6 eV) primary radiation (14 kV, 15mA) (9). To
compensate for possible charging effect, binding energies
were normalized with respect to the position of the Si 2p
line in SiOy; this value was assumed constant at 103.4 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.

The BET surface areas of the catalysts were measured
by N, adsorption at 77 K in a conventional volumetric ap-
paratus.

3. RESULTS

3.1. Characterization of Catalysts

XP spectra. The photoelectron spectra of MoO3; and
alkali metal molybdates showed the characteristic Mo 3d
doublet. The binding energy of the Mo 3ds; peak was the
highest in the MoQOj3 (233.0 eV) and it shifted to lower ener-
gies from Li,MoQ, (232.7 eV) to Rb,M00O, and Cs;MoO4
(231.8 eV) (Fig. 1). The binding energy of the O 1s peak
in MoOj3 was 530.8 eV. This value shifted to lower energy
in the case of alkali metal molybdates, and it was 530.6 eV
for Li,MoQy,, but from KoMoO4 to Cs,MoO,4 530 eV was
detected. The characteristic binding energies of the alkali
metals in the alkali metal molybdates were almost the same
as those in the different alkali metal salts. For example, the
feature apparent around 238.5 eV in the XP spectrum of ru-
bidium molybdate samples (Figs. 1 and 2) originates from
the Rb 3ps, orbital. Some characteristic XPS data are col-
lected in Table 1.

The binding energy of the Mo 3ds, peak in silica-
supported catalysts was nearly the same in all cases (232.4—
232.0 eV). These values were somewhat lower for MoO3;
and for Li,MoQOy, but for potassium, rubidium, and cesium
molybdates higher values were observed (Fig. 2) as com-
pared to those for unsupported alkali metal molybdates.
In the case of Rb,M00,/SiO; a small peak was detected at
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FIG. 1. XP spectra of MoOj3; and different alkali metal molybdates.

about 229 eV. Thisis a satellite peak of Rb 3p3, produced by
AlKas 4 radiation, because we used a nonmonochromatic
X-ray source.

Table 1 contains the peak area ratios of the Mo 3d
and Si 2p peaks for different silica-supported samples.
As the detection depth of the X-ray photoelectron spec-
troscopy technique is limited to less than 2-4 nm from
the surface, the atomic ratios determined by XPS rep-
resent information on the surface layer, or on just the
few top layers of the samples. Therefore, the ratios of
the peak areas, taking into account the sensitivity fac-
tor of the individual peaks, can be regarded as the sur-
face atomic ratios. The data suggest that the amount
of surface Mo atoms is the highest in cesium molyb-
date supported on silica and it decreases in the follow-
ing order: MoO3/SiO; > K;M00,4/SiO; > Na;M0oO,4/SiO;, >
LisM0QO4/SiO; > RboM0O,/SiO,. On MoOs/SiO; the num-
ber of surface Mo atoms is about 3 times higher than that
on Rb,Mo00O,/SiO; (Table 1).

ERDOHELYI ET AL.

TABLE 1

Some Characteristic XPS Data of Different Alkali
Metal Molybdates

Silica-supported samples

Clean, Binding
energy (eV) Binding energy (eV)
MOG+ OZ— M06+ OZ— Mo 3d/Si 2p
peak area
Sample  3ds;; 3daj 1s  3ds;; 3dap 1s ratio?
MoO3 233.0 236.1 530.8 2324 2348 5331 0.0078
Li;MoO, 2327 235.9 530.6 2324 2355 5329 0.0035
Na,MoO, 2324 2356 530.3 2324 2356 532.8 0.0036
K,MoO, 2320 235.1 530 2324 2352 5328 0.0054
Rb,MoO, 231.8 2350 530 232.0 2352 532.9 0.0026
Cs;M00, 231.8 2349 530 232.0 2351 5329 0.0091

2 Taking into account the sensitivity ratio of the given peaks.
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FIG. 2. XPspectraof SiO,-supported MoOsand different alkali metal
molybdates.
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FIG.3. Laser Raman spectra of MoOj3 and different alkali metal
molybdates.
Raman spectra. The Raman spectra of crystalline alkali

metal molybdates as raw materials, in comparison with the
spectrum of molybdenum oxide, are displayed in Fig. 3. The
positions of the main Raman shifts are shown in Table 2.
The Raman frequencies of unsupported clean MoOj; (16)
and those of alkali metal molybdates, such as Li,M0O, (21),
Na,Mo0O, (12, 17, 22), K;M0O, (12, 18, 22), and Cs,M00,
(12), agree very well with those reported earlier. The
figure clearly shows that the vs frequency of the Mo-O
band in the alkali metal molybdates continuously shifted
from Li;,MoO, (904 cm™) to Cs;M0Q;, (884 cm™1).

When Li,MoO, and Na,MoO, were supported on SiO»,
nearly the same Raman spectra were recorded as men-
tioned above. In the case of potassium, rubidium, and ce-
sium molybdates new bands appeared on the spectra at
928-936 cm~! and with the exception of the last sample at
908-912 cm™ (Fig. 4).

BET surface area. The BET surface area of the SiO,
(198 m?/g)-supported alkali metal molybdate catalysts first
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decreased with an increase in the cation size, Li,MoQO4/SiO,
(111 m?/g) > Na,MoQ,/SiO, (69 m?/g), and then increased,
K2MoO4/SiO; (76 m?ig) < Rb,MoO4/SiO, (120 m?/g) and
Cs,M004/SiO, (110 m?/g). The decrease in the BET sur-
face area in the case of K;M0O,/SiO; (23) and different
alkali metal molybdate silica samples (6) was observed
earlier.

3.2. Oxidation of Methane on Silica-Supported Alkali
Metal Molybdates

The reaction was carried out at 923 K and the inlet gas
contained 90% CH, and 10% O,. The main products of
the reaction were formaldehyde, ethane, carbon monoxide,
carbon dioxide, and water. Traces of methanol and ethylene
were also detected. For comparison the effect of MoO3/SiO,
was also studied.

The initial conversion of methane decreased in the or-
der szMOO4/Si02 > CSzMOO4/SiOZ > K2M004/Si02 =

MoO,/SiO,

Li,M00,/SiO,

B Na,Mo0,/SiO,
2
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£
o
2
:Eg K,Mo0,/Si0, A
928
Rb,Mo00,/SiO,
Cs,Mo0,/SiO,
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FIG. 4. Laser Raman spectra of SiO,-supported MoOj and different
alkali metal molybdates.
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TABLE 2

Main Raman Frequencies? of MoO3 and Different Alkali Metal Molybdates

MOO3 NazMOO4

K2M004

LizMOO4, szMOOA, CSZMOOA, K2M0207, (NH4)2M0207,
This work (16) This work a7 This work This work (18) This work This work (19) (20)
995 (s) 994 904 (vs) 897 895 (vs) 902 (vw) 922 901 (sh) 884 (vs) 929 937
819 (vs) 820 879 (w) 843 842 (w) 887 (vs) 904 885 (vs) 836 (s) 908 910
666 (w) 665 842 (w) 836 834 (w) 851 (s) 885 840 (w) 816 (sh) 873 720
379 (vw) 382 828 (w) 327 (s) 821 (s) 849 818 (sh) 819 (s) 860 456
337 (vw) 338 819 (w) 729 (vw) 819 821 (w) 334 (w) 365
283 (s) 292, 285 358 (vw) 369 (vw) 710 339 (w) 327 (w) 291

323 (w) 347 (vw) 333 (w) 322 (w)

310 (w) 316 (vs) 315 (vs) 311 (vs)

295 (vw)

2 Intensity: vs, very strong; s, strong; w, weak; vw, very weak; sh, shoulder.

NazMOO4/SiOQ>MOO3/Si02>Li2MOO4/Si02 (Flg 5).
During the conditioning period at 923 K, i.e, in the
first hours of the reaction (Fig. 5), significant decay of
the methane conversion and of the products formation
occurred. The exception was MoOs/SiOy; in this case
the conversion did not change considerably. For exam-
ple, on Cs;M00O4/SiO; the initial CH4 conversion was
4.0% but after 180 min of reaction it was only 1.08%.
Some characteristic data of the reaction are summarized
in Table 3. The conversion of methane varied in the

T T T T T Y SO0 B

Conversion (%)
(98]

AN T N S A T O I |

0 LI N N T B D A (O IO
0 50 100 150 200

Time (min)

FIG.5.
Rb;Mo00O;, (*), Cs;M00O, (@), and MoO; (H) catalysts at 923 K.

steady state between 1.0-4.6 % on the different alkali
metal molybdates. It decreased in the following sequence:
szMOO4/SiOg > MOO3/S|02 > K2M004/Si02 > Cs,M00,
/SIO; = Na;MoO4/SiO, = LinM00,4/SiO,. The conver-
sion of oxygen changed in the same way as the methane
consumption; it was the highest in the steady state at 923 K
on rubidium molybdate silica (65.6%) and the lowest on
Li;M00O,4/SiO; (12.6%).

The selectivities for HCHO formation at 923 K were the
highest on MoO3/SiO; (33.4%) and Li,MoO4 (24.3%). The

40

CH,0 selectivity (%)

0 LI S I I U I O I B
0 50 100 150 200

Time (min)

Conversion of methane (A) and selectivity of HCHO formation (B) on SiO,-supported Li;M0O, (A), Na;MoO, (V), K:MoO, (O),
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TABLE 3

Some Characteristic Data of the CH4 + O Reaction at 923 K on Different Silica-Supported

Alkali Metal Molybdate Catalysts?

Rate of product formation,

Selectivity of product

nmol/g-s formation, %

Catalysts CHsconv,, % HCHO CO CO; C HCHO CO CO; G
MoQ3/SiO, 3.2 423.6 4054 3978 27.2 334 314 307 43
Li,M0O4/SiO; 1.0 92.8 198.7 678 11.8 24.3 518 177 63
Na,MoO./SiO; 11 87.7 2265 1617 6.9 17.9 462 330 28
K2Mo00O4/SiO, 1.2 86 216 96 8.8 20.7 516 233 43
Rb,M00O4/SiO, 4.6 2132 667 963 83.3 10.6 332 479 83
Cs;M004/SiO, 11 41.6 2843 1612 182 9.9 428 385 87
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@ The data were obtained after 180 min of reaction.

lowest HCHO selectivity was obtained on Cs;Mo00,/SiO,
(9.9%) (Fig. 5) although on this sample the CH,4 conversion
was one of the lowest. From these results it seems that in the
case of alkali metal molybdates there is no direct connection
between the HCHO selectivity and the CH, conversion.
A significant amount of C,Hg was also formed in the re-
action; the selectivity changed between 2.8-8.7% (Table 3).
The temperature dependence of the reaction was studied
in the range of 863-923 K. The conversion varied between
4.6% and 0.1%. The lowest conversion was observed
on LipMoO,/SiO; (Fig. 6). The selectivity for HCHO
formation increased with decreasing temperature in all
cases. At 863 K the selectivity of HCHO formation on

Na;MoO,/SiO; and on MoO3/SiO, was about 55% (Fig. 6)
although the CH,4 conversion was only 0.3% and 0.4%,
respectively. The C, selectivity changed oppositely: it
increased with increasing temperature in all cases. The
CO and CO; selectivities were enhanced or did not
change with increasing temperature with the exception
of Rb;M0o0O4/SiO; and Cs;M00,4/SiO; catalysts. In these
cases the CO selectivity slightly decreased with increasing
temperature.

The effect of the pure SiO, used as support in this study
was also examined under the same experimental conditions
asthose previously described. It was found that the methane
conversion was below 0.25% at 923 K in all cases.

5 60 60
A * C
4,54 -
4 =
*
3,5
& 3 < g
< 2 2
5 = z
£ 25 g
> g =
= ¥ 7]
S 24 S o
en) o}
(] @)
1,5 L
1 20
0,5 | F
0+ T T T T r T 0 ) ] ) ] L 1 10 L ] L ] ) L
860 880 900 920 860 880 900 920 860 880 900 920
Temperature (K) Temperature (K) Temperature (K)

FIG. 6.

Effect of the temperature on the methane conversion (A), on selectivity of HCHO (B), and on CO formation (C) on SiO,-supported

Li;MoO, (A), NazMoO, (V), KoMoO4 (O0), Rb,MoOy4 (%), Cs:M00O, (@), and MoO; (M) catalysts.
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3.3. Pulse Experiments

In the subsequent measurements the interaction of the
catalysts with methane and the reaction were investigated
by the pulse technique on Rb;Mo0O4/SiO, at 923 K. Only
a small amount of H,, HCHO, CO, and CO, and traces
of C,Hg formed when CH,4 was admitted onto the catalyst
in a He stream. The methane conversion was below 0.8%
in the first pulse and the amount of products slightly de-
creased as a function of pulse number. After seven methane
pulses (145.6 umol of CH,) the catalyst was treated with
O, and a small amount of (1.8 umol/g catalyst) CO, forma-
tion was observed. The O, consumption was higher (about
1.2 umol/g) than required for the CO, formation. From this
result it can be calculated that about 10% of Mo®* was re-
duced to Mo®*.

When the sample was held in a CH, stream at 923 K and
O, pulses (20.8 wmol) were introduced to the catalyst the
main products were CO,, and CO, and small amounts of
HCHO, H,, and C,H;s were also detected (Fig. 7A). The
O, conversion was about 56% in the first pulse and it did
not change in the subsequent pulses. After O, injection the
carrier gas was changed to He, the sample was flushed with
it, and O, pulses were given again, and about 2 umol of
CO, was formed.

On injection of CH,4 into the O, stream onto the
Rb,M00,4/SiO; at 923 K the amount of CO, formed was
about one-third, and that of CO was about one-half that in
the previous case when O, was let into the CH, flow, but
the same amount of H, and HCHO could be detected; C,Hg
was not observed (Fig. 7B). The CH,4 conversion was only

ERDOHELYI ET AL.

17% in the first pulse. The CO, to CO ratio when O, let
given in the CH,4 stream was more than 2, but when CH;,
was injected into O; this ratio was much lower, about only 1
(Fig. 7).

When CH,; + O (9: 1) pulses were introduced onto the
catalyst at 923 K and He was the carrier gas the methane
conversion was only 4.5% in the first pulse and it slightly
decreased as a function of pulse number, while the amount
of CO, formed also decreased. The CO, to CO ratio in the
reaction was about 1 in this case, too (Fig. 7C).

3.4. Examination of the Used Catalysts

In order to establish changes on the catalyst surface the
reaction was interrupted and the catalysts were examined.
After the catalytic run the samples were treated with O,
at 923 K and the O, consumption and CO, formation—
produced in the oxidation of surface carbon—were fol-
lowed. After 1 h of reaction we found only trace amounts of
carbon (~0.01 umol/g) on Rb,M00,/SiO,. The oxygen con-
sumption was, however, higher than that required for the
CO; formation. Taking into account the O, uptake about
10% of the Mo®* reduced to Mo®*. Note that the color of
the catalyst remained white during the catalytic reaction
(the reduced sample is dark blue).

XPS analysis of the used sample showed only slight
changes in the binding energies of Mo 3d peaks. They were
about 0.1 eV lower than in the case of unused catalyst.
The Mo to Si ratio was lower than the same value for the
unused sample (Table 1). In the case of Rb,M0Q,/SiO; it
was only 0.00073.

A 31 B 0.6 1 C
91 \\A_WG—A
1 O,S'L\.\‘\.—\A\‘\_‘
/A/“’/”’A/r—A‘OA T 5 5 7 4 N
3 ; y A1
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x = 2 0,4 1
e oL
6 X M 1 =
° 4 o S %
g L g 0,3
] o2 A
3_//_‘2"_ 1 0’2’//0,/01—0’0_4
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FIG. 7.
CH,+ O, pulses into He stream (C), at 923 K on Rb,M00Q,/SiO catalyst.

pulse number

pulse number

Amount of CO, (A), CO (A), H; (x), and HCHO (O) formed in O, pulses into CH,4 flow (A), in CH, pulses into O, stream (B), and in
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The Raman spectra of the used samples were practically
the same as those of the unused catalysts; only the peak
intensity decreased.

4. DISCUSSION

4.1. Some Properties of Alkali Metal Molybdates

As supported MoO3 has been widely used as a catalyst,
detailed measurements have been performed for its sur-
face characterization. Less attention has been paid so far to
supported and unsupported alkali metal molybdates.

The alkali metal monomolybdates contain MoO, tetra-
hedra (24), the structure of Li;,MoO, is phenacite (25),
while Na;MoO, has a spinel structure (26). K;MoO,4 and
Rb,Mo00O, are monaoclinic (24, 27) and Cs,MoQ, is or-
thorhombic (27, 28).

The Raman frequencies of unsupported alkali metal
molybdates as Table 2 shows agree well with those deter-
mined before. The Raman bands in the 930-850 cm~ region
are attributed to the symmetric and asymmetric stretch-
ing modes of the terminal Mo=0O bond. The bands around
310-370 cm~! are the corresponding bending modes of the
terminal Mo=0O bond (9, 20). From Fig. 3 and Table 2 it
can be seen that the v frequency of the Mo—O band shifted
toward lower wavenumbers from Li;MoOy4 (904 cm™?) to
Cs,M00, (884 cm™1). For the explanation of this shift the
observation of Hardcastle and Wachs (20) has to be taken
into account. A correlation was developed for relating
Raman stretching frequencies of molybdenum-oxygen
(Mo-0) bonds to their respective bond distances in molyb-
denum oxide compounds: v = 32895e~297R where v is the
Raman frequency in inverse centimeters and R is the bond
distance in angstroms (20). If the Mo-O bond distances are
calculated using this equation from the Raman frequen-
cies obtained in our cases (Table 2) the results are in good
correlation—except for Cs,Mo0O,—with the data found in
the literature (1.752, 1.768, and 1.781 A for Na;MoOy, (17),
1.76 A for K;MoO, (24), and 1.792 A for Cs;M00, (28))
taking into account the standard deviation of this method
(£0.016 A). So the observed Raman shifts can be ex-
plained with the different Mo—O bond lengths in the dif-
ferent alkali metal molybdates.

The XP spectra of alkali metal monomolybdates (Fig. 1)
show that the binding energy of the Mo 3ds;, peak shifted
from 233.0 eV (M0O3) to 231.8 eV (Cs;M00,). The ob-
served shift in the binding energies means that the Mo—
O bond strength changes depending on the cations and
consequently—as the Raman results reveal—so does the
Mo-O bond length.

When the molybdates were supported on silica nearly the
same XP spectra were recorded in all cases. The binding en-
ergies ofthe Mo 3ds; peaksin MoOgzand in Li;MoOyshifted
to lower values but in the cases of K-, Rb-, and Cs;M00,
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higher values were detected. These results clearly show that
in the silica-supported alkali metal molybdate samples the
effect of the cation on the molybdenum is strongly dimin-
ished. The decrease in the difference of Mo 3ds;, and Mo
3ds; binding energies in MoO3/SiO, samples (Table 1) is
the result of the simultaneous existence of Mo in differ-
ent oxidation states on the surface of the catalyst, i.e., the
MoQs/SiO, reduced in vacuum.

The Raman spectra of MoO3/SiO,, Li;M004/SiO,, and
Na;MoO,/SiO, are nearly the same as was observed in the
case of unsupported compounds (Figs. 3 and 4). It means
that these molybdates are bonded to the surface in the orig-
inal structure. In the other cases new Raman shifts were
detected on the dried and calcined samples.

The characteristic features of the Raman spectra of sup-
ported K;MoO,/SiO, were described earlier (9, 23). It
was found (these new Raman shifts appeared at 931 and
908 cm™1) that the composition and the structure of molyb-
dates deposited by impregnation depended sensitively on
the pH value of the slurry containing the support. The pH
value decreased during the impregnation and if it was not
restored to pH 11 a significant amount of K,MO,07 was
formed (9). Verbruggen et al. studied the effect of K on
the structure of calcined molybdenum catalysts prepared
by the impregnation of SiO; (23) and Al,O3 (18) with hep-
tamolybdate. It was found that with increasing potassium
content polymolybdate species depolymerized progres-
sively. At a K/Mo ratio of 2 the samples contained mainly
K>MoO,4 which was differently distorted than in crystalline
K;MoO,. Impregnating SiO, with K;MoO, led to spectra
which indicated the formation of MO,O2" species. Martin
et al. (29) studied the structure of molybdenum oxocom-
pounds formed in TiO,-supported MoO3; doped with dif-
ferent alkali metals. They have found that on the Li-doped
catalyst only Li,MoO,4 was observed, but on the K-doped
sample octahedrally and tetrahedrally coordinated Mo
were detected. It was proposed that K;Mo,0; was formed,
because in the dimolybdate the anion has equal numbers
of [MoQy] tetrahedral and [MoOg] octahedral units (29).
In the present case, as Fig. 4 shows, the Raman spectra of
K>Mo0O, supported on SiO; did not change significantly;
the catalyst contains mostly monomolybdate in the original
structure.

On the Raman spectra of SiO,-supported Rb,MoO, a
new shift was detected at 928 cm~* while the intensity of the
band at 885 cm~ significantly decreased. This observation
might indicate the formation of a new compound, dimolyb-
date, as was found in the case of potassium molybdate (9).
The structure of dimolybdate contains Mo as mentioned
above not only in tetrahedral coordination but in octahe-
dral, too. A Raman band characteristic of the bending mode
of the terminal Mo=0 in the octahedral position is at about
291 cm~t in (NH,)2M0,07 (20), but in this region no new
band was observed. So we may suppose that the shift of
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the Raman band from 885 cm~ to 928 cm~! could be due
to the formation of a distorted [MoQ,] tetrahedron on the
SiO; support. The wavenumber shift observed in the case of
Rb,M004/SiO, means about 0.02 A difference in the Mo—
O band distance which can be calculated from the above-
mentioned equation (20). By solid-state NMR it was found
(30) that a modification of K;MoO, contains highly dis-
torted [MoQ,] tetrahedra with Mo-O distances differing by
0.04 A. This observation also supported our suggestion that
Rb;Mo00,4/SiO, can contain highly distorted tetrahedron.

In the case of cesium molybdate silica sample the Raman
shifts were detected at 936, 912, and 218 cm™L. These peaks
can be assigned to dimolybdate species (12).

The temperature-programmed reduction of silica-
supported alkali metal molybdates proceeds in practically
the same temperature range as in the case of MoO3/SiOy;
the reduction started above 773 K and the peak maximum
of the TPR curve was at about 950 K (6). For the Li and
Na salts, the reduction occurred in a narrow peak, while
the main TPR curves of potassium, rubidium, and cesium
molybdates proceeded by a small shoulder between 700 and
860 K. The onset of the reduction of the silica-supported al-
kali metal molybdates increased from cesium to lithium (6).
The average valency of the molybdenum after completion
of reduction in H, up to 1100 K was around 3 for potas-
sium, rubidium, and cesium and 4 for lithium and sodium
molybdates (6).

4.2. Possible Mechanism of the Methane Oxidation

In our previous studies (5, 6, 9) we supposed that the
mechanism of methane and ethane oxidation on SiO,-
supported potassium molybdates can be described in terms
of selective cycles which produce formaldehyde or acetalde-
hyde and in terms of nonselective cycles which yield carbon
dioxide. In this case we can also presume that there is a
selective route and a nonselective cycle for the methane
conversion.

There is a general agreement that methane activation
involves the removal of a hydrogen atom by surface O to
give surface methyl groups.

Based on spectroscopic evidence Lunsford and co-
workers (31, 32) assumed that the reaction is initiated by
the formation of O~ on the Mo"' sites of the surface. These
ions are responsible for the H abstraction from CH, to
form methyl radicals which react rapidly with the surface to
form methoxy groups. This complex may then decompose
to HCHO or react with water to form CH3;OH.

It was suggested (33) that terminal oxygen (Mo=0O) pro-
motes the formaldehyde production, while bridging oxygen
(Mo—O—-Mo) accelerates the deep oxidation of methane.
Another assumption is (34) that the active species for
formaldehyde formation are the well-dispersed molybde-
num oxide clusters on SiOs.

With regard to the oxygen species involved in the oxida-
tion process we pointed out that the O%~ ions of molybdate
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react with methane under the experimental conditions as
indicated by the formation of products following the inter-
action of methane with supported K,MoO, (9) and with
Rb;M00O4/SiO; in the absence of gaseous oxygen. In the
case of K,MoQ,/SiO,, however, HCHO was not identified
among the reaction products. This would suggest that in
this case the lattice O~ is not responsible for the selective
route of methane oxidation; however, after the injection of
CHj onto Rb;M0o0O4/SiO,, HCHO formation was detected.
It could be proposed that on the latter sample there are
oxygen species which are effective in the HCHO forma-
tion. In the presence of O, either O, was added to CH,4 or
CH, was injected into Oy, or O, + CH4 pulses were injected
into the sample, the HCHO formation was much higher
(Fig. 7). This means that the adsorbed oxygen plays an im-
portant role in the activation of CH, and in the formation
of methoxy species. Accordingly we propose the following
steps for the selective oxidation:

CH4(g) + O(;) = CHss + OH™
CHs) + O(;) = CHg—O(;).

Methoxy species react further with OH™ ion to give
formaldehyde:

2Mo®* + CH; — O~ + OH™ = HCHO + 2Mo°" + H,0.

With regard to the CO, formation we have observed that
when O, was injected (O, conversion 56%) into CH, a 2-3
times higher amount of CO, was formed than when CHj4
was added into O, (Fig. 7). These results suggest that when
the CHy fragment adsorbed on the surface reacts with O,
it produces CO; to a much higher extent than when the
CHgreactswith adsorbed oxygen. After treating the surface
with CH4 + O3 (9 : 1) pulses the O, conversion was only
about 20% and the amount of CO; was less by more than
1 order of magnitude than when O, was injected into the
CH, stream. These results may support the idea that the
surface activation of methane is slower than that of O,.

In addition to the above reactions, the methyl groups
formed on the surface may couple in the gas phase to give
ethane:

2CH3 = CyHe.

The subsequent total dehydrogenation of methyl groups
may also occur. The presence of surface carbon was clearly
documented when Rb,Mo00O,/SiO, was treated with CH,.
However, after the catalytic run, we found only a very small
amount of surface carbon, so this route of CHj; reaction in
the presence of oxygen is negligible. The products of total
oxidation, CO, and H,O, could be the result of the direct
oxidation of CH3 and/or HCHO.

During the catalytic run all the catalysts underwent sig-
nificant deactivation, which was exhibited not only in the
conversion of methane, but also in the rate of product
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formation. This decay was much less in the formation of
HCHO as indicated by the increase of the selectivity of this
compound with the progress of the deactivation. The de-
crease in the catalyst activity cannot be attributed to the car-
bon deposition as we found very little carbon after the mea-
surement which lasted for 3 h. We did observe, however, the
partial reduction of the catalysts but the reduction degree of
the sample cannot explain the activity decrease of the sam-
ples. By means of XP spectroscopy we observed a decrease
in the Mo/Si ratio after the catalytic reaction, too. The ac-
tivity loss of the alkali metal molybdate catalyst can be ex-
plained by the decrease in the amount of surface Mo atoms.

4.3. Comparison of the Catalytic Behavior
of Alkali Metal Molybdates

From the comparison of the catalytic performance of al-
kali metal molybdates, we can state that the initial methane
conversion increased with the size of the cations with the
exception of Rb, i.e., in the sequence of Li, Na, K, Cs. This
order corresponds well to the ease of the reduction of al-
kali metal molybdates (6), which supports the idea that the
role of reduced sites in the formation of Mo®-O~ centers
is important in the activation of methane.

The above-mentioned order will be somewhat differ-
ent when the steady-state conversions are compared:
Rb,Mo0O,; > KoMoO4 > Cs;MoO4s > Na;MoOy4 = LisMoOy
(Table 3), although the highest difference in the conversion
with the exception of Rb,MoO,/SiO; between the other
samples is below 20%.

When the consumption rate of methane is related to
the Mo/Si ratio determined by XPS there is no systematic
change as a function of the size of alkali metal ions. The
specific rate in the presence of Na;MoO, and Li,MoQy is
about the half that of M0oO3/SiO,. These data agree well
with the earlier finding that Li and Na additives decrease
the activity of MoOj3 (11). Recently we found that the con-
version of methane was almost the same when either potas-
sium monomolybdate or potassium dimolybdate contain-
ing sample was the catalyst (9). These results suppose the
present observation that the activity of the cesium molyb-
date sample containing mainly dimolybdate species is not
higher than that of the other alkali metal molybdates.

The efficiency of RboMoQO4/SiO; is at least 4 times
higher than that of the other samples taking into account
MoO3/SiO,, too. The rate of HCHO formation related to
the surface Mo/Si ratio was also the highest in the case of
Rb,M00,/SiO,. The high activity of this sample may be ex-
plained on the basis of the structure of the catalyst because
we have found that the structure of Rb,Mo00O.,/SiO, differs
from those of the other silica-supported alkali metal molyb-
date samples. Namely, it turned out that Rb,M0O,/SiO,
contains distorted [MoQy] tetrahedra. In the other alkali
metal molybdate catalysts the Mo ionisin the original tetra-
hedral or in the dimolybdate tetrahedral and octahedral
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coordination. This great difference in the structure of the
samples can result in different behaviors of the catalysts.
According to these results the outstanding activity of the
Rb,M00,/SiO; can be attributed to the distorted [MoO4]
tetrahedra of this catalyst.
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