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The effect of alkali metal additives on both the structure of 
MoO3/S iO 2 and its behavior as a catalyst for selective oxidation 
of methane and methanol to formaldehyde was investigated. The 
structure of the silica-supported molybdenum oxide catalysts was 
determined by in situ Raman spectroscopy and the amount of 
reducible oxygen in the catalyst was determined by temperature- 
programmed reduction. In the absence of alkali metal, only an 
isolated surface molybdenum oxide species was present on the 
silica support. Addition of alkali metals decreased the number 
of isolated surface molybdenum oxide species and formed new 
alkali-molybdate compounds due to the weak interaction of the 
Mo species with the silica surface. The oxygen associated with 
the alkali-molybdate compounds was generally not available for 
oxidation reactions. Consequently, the addition of alkali metal 
decreased the catalytic activity for the oxidation of both methane 
and methanol. The activity for methane oxidation was found to 
correlate with the number of remaining isolated Mo species and 
the activity for methanol oxidation was found to correlate with 
the amount of reducible oxygen present in the catalyst. © ~994 
Academic Press, Inc. 

1. INTRODUCTION 

Silica-supported molybdenum oxide catalysts have re- 
cently generated much interest due to their possible appli- 
cation in converting the large reserves of natural gas into 
more valuable products  (1-7). The structures of supported 
molybdenum oxides seem to be decisive in their catalytic 
performance,  and the molybdenum oxide loading is a criti- 
cal factor  affecting both structure and activity (7, 8). Un- 
der ambient conditions and below monolayer  coverage, 
the molybdenum is present as a silica-supported hydrated 
surface polymolybdate  species (Mo70964) whose structure 
depends on the surface pH at the PZC of  the catalyst (8, 
9). Upon dehydration,  the polymolybdate structures are 

i Present  address:  D - W E R K ,  Swiss Federal  Insti tute of  Technology,  
ETH-Zen t rum,  CH-8092 Zurich,  Switzerland. 

unstable and spread over  the silica surface to form isolated 
surface molybdenum oxide species possessing one termi- 
nal Mo = O bond and 5-6-fold oxygen coordination (9). 
Crystalline molybdenum oxide (MOO3) is the dominant 
species at higher loadings and is stable upon dehydration. 
The nature and reactivity of  the supported metal oxides 
is also affected by the presence of  impurities. It has been 
shown that calcium impurities lead to the formation of 
calcium molybdate (CaMoO4) at the expense of surface 
molybdenum oxide species (8) and that the presence of 
alkali metal impurities has a negative effect on the conver-  
sion of  methane to formaldehyde (10). A kinetic model 
has been proposed to account  for  the poisoning of Mo(VI)/ 
SiO2 catalysts by sodium (11). A model was also proposed 
(11) to account for the effect of  sodium on the structure of 
the supported crystalline molybdenum oxide. The model 
tried to account for the dramatic effect of  very small 
amounts of sodium on the selective conversion of  methane 
to formaldehyde on silica-supported molybdenum oxide 
catalysts. 

In the present work, the sodium-doped silica-supported 
molybdenum oxide catalysts previously studied by one 
of the authors (11), as well as the corresponding potassium 
and cesium-doped promoted catalysts,  are characterized 
by Raman spectroscopy,  TPR and methanol oxidation. 
Methane oxidation was also performed on the K- and Cs- 
doped samples. The current findings show that there is no 
crystalline molybdenum oxide and provide further insight 
into the nature of  the effect of  alkali metals on the s truc-  
ture and reactivity of  silica-supported molybdenum ox- 
ide catalysts. 

2. EXPERIMENTAL 

The preparation of the sodium-promoted molybdenum 
oxide on silica catalysts has been described elsewhere 
(11). The preparation of the K- and Cs-promoted samples 
follows the same procedures and incorporating amounts 
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of the alkali cation equivalent, on a molar basis, to the 
1477 ppm Na/2.4%MoO3/SiO 2 catalyst. 

The Raman spectra were recorded on both hydrated 
and dehydrated catalysts according to the conditions pre- 
viously reported (8). The in situ Raman spectra during 
methane oxidation were recorded in a Raman cell that 
allows running experiments in flowing gases at high tem- 
peratures. The catalyst is employed as a self-supported 
wafer and its temperature is controlled by a thermocouple. 
The reaction was carried out at 823 K in a reaction mixture 
comprising H e : C H  4:O~ = 5 0 : 1 0 : I 0  ml/min, and the 
flows were controlled by needle valves and flowmeters. 

The selective oxidation of methane was run as de- 
scribed in Ref. (I 2). The equipment used for the methanol 
oxidation experiments is described in Ref. (13). The cata- 
lytic activity results are presented as turnover frequencies 
(T.O.F.),  expressed as the number of moles of reacted 
reactant or formed product per molybdena unit per second 
and assumes that all the molybdena is active. 

Temperature-programmed reduction experiments were 
carried out using 400 mg of sample which were pretreated 
in situ at 673 K for 1 hour in dry air. Following pretreat- 
ment, the samples were cooled to 573 K and the gas 
switched to 4.99% hydrogen in argon (Matheson, primary 
standard). The gas flow was 50 sccm. After several mi- 
nutes, during which the system became purged with the 
reduction gas, the temperature was raised at 20°C/min to 
1273 K. During this time the exit gas was monitored using 
a thermal conductivity detector• The detector had pre- 
viously been calibrated with both pure argon and the H2/ 
Ar reduction gas. 

3. R E S U L T S  

3.1. Raman Spectra 

The Raman spectra of the different hydrated sodium- 
doped samples are shown in Fig. I. The features at 480, 
600, and 800 c m -  t are characteristic of the silica support. 
The sodium-free MoO3/SiO z sample possesses Raman 
bands characteristic of ammonium heptamolybdate 
((NH4)6Mo7024), at 965-944, 880, 380-370, and 240-210 
cm-J (8, 9). The addition of sodium results in the appear- 
ance of new Raman features at 890 and 830 cm-  ~, reveal- 
ing the formation of new molybdate compounds. The pres- 
ence of other alkali metal (K and Cs) also results in the 
appearance of new features at ca. 880 and 830 cm-  t which 
are less evident for the cesium-doped sample, as can be 
seen in the Raman spectra of the hydrated samples of 
Fig. 2. 

The Raman spectra of  the dehydrated sodium-doped 
catalysts are shown in Fig. 3 for several different Na 
loadings (wppm). All the samples show a band of ca. 986 
cm-~ which corresponds to the stretching mode of the 
terminal bond Mo ~ O (14) of the dehydrated monomeric 
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FIG. 1. Raman spectra of the hydrated sodium-free and sodium- 
doped samples: (a) 10 wppm Na, sodium " f ree" ;  (b) 319 wppm Na; (c) 
700 wppm Na; (d) 900 wppm Na; and (e) 1447 wppm Na. 

surface molybdenum oxide species on the silica support. 
At higher sodium loadings the samples also show new 
features at ca. 940, 890, and 830 cm-1. The Raman band 
at 940 cm-~ was overshadowed by the heptamolybdate 
Raman band in the hydrated samples. These new bands 
are unaffected by dehydration and resemble those of so- 
dium dimolybdate (NazMo207) at 950, 880, and 840 
cm -I (15). 

The Raman spectra of the other dehydrated alkali- 
metal-doped samples also exhibit new features that are 
not affected by the hydration (940, 880, and 840 cm-1 for 
the potassium-doped sample, and at -950,  890, and 830 
cm- t  for the cesium-doped sample), revealing the forma- 
tion of new compounds similar to K2Mo207 (930, 905, 
873, and 860 cm -I) (15) and, probably, Cs2Mo207 (No 
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FIG. 2. Raman spectra of the hydrated alkali-doped 2.4% M o O J  
SiO: samples: (a) M o : N a  = 300: l, alkali " f r ee " ;  (b) M o : C s  = 3: 1; 
(c) M o : K  = 3 : l ; a n d ( d )  M o : N a  = 3 :1 .  



206  BAlqARES ET AL. 

• e 

w d 
i -  

- n  

1200 1000 800 600 400 200 

Raman shift (cm-1) 

FIG. 3. Raman spectra of the dehydrated sodium-free and sodium- 
doped samples. (a) 10 wppm Na, sodium "f ree" ;  (b) 319 wppm Na; (c) 
700 wppm Na; (d) 900 wppm Na; and (e) 1477 wppm Na. 

reference was found for Cs2Mo207) on silica resulting from 
the interaction of the alkali additives with the surface 
molybdenum oxide (Fig. 4). 

Figure 5 shows the in siiu Raman spectra of an alkali- 
free MoO3/SiO 2 catalyst during (a) the oxidation of meth- 
ane at 823 K, (b) dehydrated in flowing oxygen at the same 
temperature, and (c) dehydrated at room temperature. All 
the spectra possess the same Raman band at ca. 986 cm- 
which suggests that the same dehydrated surface molyb- 
denum oxide species is present on silica under all these 
conditions. Consequently, the structural information from 
Raman spectra of the room-temperature dehydrated cata- 
lysts can be directly related to the catalytic activity in the 
selective oxidation of methane. A similar situation is also 
applicable for Mo/SiO2 catalysts during methanol oxida- 
tion (H. Hu and I. E. Wachs, to be published). 

3.2. Catalytic Activity 

Methane oxidation. The selective oxidation of methane 
mainly results in the formation of formaldehyde, COx, 
and water. Minor amounts of H2 and CH3OH were 
also detected. The turnover frequencies (T.O.F.) to the 
principal products are presented in Fig. 6a as a function 
of Na content. A decrease in the oxidation activity is 
observed upon the addition of sodium. According to 
the mechanism proposed for the reaction (1), supported 
by isotopic studies (16-18), HCHO and CO2 are directly 
produced from methane, and CO is generated by the 
further oxidation of formaldehyde. 

Methanol oxidation. The selective oxidation of metha- 
nol leads to the formation of formaldehyde, methyl 
formate, dimethyl ether and minor amounts of carbon 
oxides (see Fig. 6b). The incorporation of sodium into 
the molybdena/silica catalyst initially decreases the ac- 
tivity to approximately half, but additional sodium does 
not seem to significantly modify the activity of the cata- 
lysts. 

3.3. TPR 

The TPR experiments reveal that the new molybdate 
compounds formed upon addition of alkali are generally 
less reducible than the dispersed surface molybdenum 
oxide species on silica (with the exception of the cesium 
doped system). The amount of H2 consumed is presented 
in Table 1. For the alkali metal doped samples, the 
trend in H 2 consumption is Cs > Na > K. This trend 
corresponds with the degree of crystallinity of the new 
compounds since the Raman spectra of the K-doped 
sample shows the sharpest bands in the series and 
the Cs-doped samples possesses the smoothest Raman 
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FIG. 4. Raman spectra of the dehydrated alkali metal doped 2.4% 
MoO~/SiO2 samples: (a) Mo : Na ffi 3011 : 1, alkali " f ree" ;  (b) Mo : Cs = 
3 : l ; ( c )  M o : K  ffi 3 : l ; a n d ( d )  M o : N a - -  3:1.  
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FIG. 5. In situ laser Raman spectra during (a) methane oxidation at 
823 K, (b) dehydrated in flowing 02 at 823 K, and (c) dehydrated in 
flowing 02 at room temperature. 
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(a) T.O.F. in methane oxidation at 923 K, CH4:O., = 9: I m. GHSV(CH 4) = 5000 s -I. (b) T.O.F. in methanol oxidation at 503 K. 

fea tu res .  The  inc rease  in h y d r o g e n  c o n s u m p t i o n  for the 
C s - d o p e d  s amp le  with r e spec t  the a lkal i - f ree  one is not 
c l ea r  at p resen t .  

4. DISCUSSION 

4.1. Sulface Molybdenum Oxide Species 

Prev ious  s tudies  (9, I0) have  shown that  the sur face  
m o l y b d e n u m  ox ide  spec ies  on si l ica,  under  ambien t  con-  
d i t ions ,  is p r e sen t  as h y d r a t e d  h e p t a m o l y b d a t e  (Mo 7 
O64) c lus te r s .  U p o n  d e h y d r a t i o n ,  these  spec ies  b e c o m e  
uns t ab le  and sp read  on the si l ica sur face  as i so la ted ,  
m o n o - o x o  h e x a c o o r d i n a t e d  sur face  m o l y b d e n u m  oxide  
spec ies .  Crys ta l l ine  M o O  3 is f o rmed  if the m o l y b d e n u m  
loading  is a b o v e  the th re sho ld  va lue .  The  c rys ta l l ine  M o O  3 
s t ruc tu re  is not  a f fec ted  by  h y d r a t i o n - d e h y d r a t i o n  and 
does  not  d i spe r se  unde r  d e h y d r a t e d  cond i t ions  on SiO 2. 

The  p r e s e n c e  of  o t h e r  ox ides  can modi fy  the s t ruc ture  
of  the  s u p p o r t e d  m o l y b d e n u m  ox ide  phase .  W h e n  molyb-  

denum oxide  is s u p p o r t e d  on si l ica in the p r e s e n c e  of  
o the r  ac idic  metal  ox ides  (V20.~ o r  W20  3) the re  a p p e a r s  
to be no in te rac t ion  b e t w e e n  the ox ides  and each  b e h a v e s  
i ndependen t ly  o f  each  o the r  (19). H o w e v e r ,  the p r e s e n c e  
of  bas ic  ox ides  leads  to the fo rma t ion  o f  m o l y b d e n u m  
oxide  c o m p o u n d s  (20, 22) and has been  p r e v ious ly  ob-  
se rved  with the p re sence  of  ca lc ium impur i t i es  in mo lyb -  
dena-s i l i ca  ca t a lys t s  (8). The  new a l k a l i - m o l y b d a t e  com-  
pounds  fo rmed  a p p e a r  to be t he rma l ly  s tab le  and not  
a f fec ted  by  h y d r a t i o n - d e h y d r a t i o n  t r ea tmen t s .  

Severa l  s tudies  have  shown that  the  meta l  o x i d e - s u p -  
por t  in te rac t ion  is w e a k e r  with s i l ica  than with  o the r  sup-  
por ts  such as a lumina ,  t i tania ,  magnes ia ,  etc.  (23). Such  
a weak  in te rac t ion  is ref lec ted  by  the lack o f  sp read ing  
o f  c rys ta l l ine  M o O  3 in phys ica l  mix tu re s  o f  M o O  3 and 
si l ica upon ca lc ina t ion  (21). On o t h e r  ox ide  suppor t s  
(AI20 3, TiO 2, e tc . ) ,  this sp read ing  t akes  p lace  read i ly  (21, 
23). The  ve ry  low m a x i m u m  sur face  c o v e r a g e s  a c h i e v e d  
on si l ica,  an o r d e r  o f  magn i tude  lower  than  on o t h e r  sup-  

TABLE 1 

Effect of the Alkali Metal Cations on Catalytic Activity and H 2 Consumption in TPR 

T.O.F. (10 -3 s -I) 
TPR 

CH 4 oxidation h CH3OH oxidation" H_, 
Alkali consumption 

additive" CH4 HCHO CO, CO CH3OH HCHO CH3OCH 3 HCOOCH 3 (p, mol H.,/g) 

None 51.6 13.4 10.8 27.7 27.0 16.0 6.0 4.0 890 
Na 14.2 3.9 3. I 7.2 13.0 10.0 1.0 1.0 730 
K 50.2 7.2 16.9 26.1 3.0 2. I 0.2 0.7 490 
Cs 33.3 11.7 9.4 23.9 8.0 5.0 2.0 0.1 980 

a Atomic ratio additive : Mo = 1 : 3. 
b Reaction conditions:923 K; CH4:O, = 9:1 m; GHSV (CH 4) = 5000 s -i. 
c Reaction conditions: 503 K (0.01728 tool CH3OH/h in 50 mg catalyst). 
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ports (24) is also significant. This weaker interaction with 
the silica support results in a higher degree of mobility of 
the surface molybdenum oxide species. Consequently, at 
intermediate surface coverages on silica the surface metal 
oxide will tend to aggregate into crystalline metal oxide 
phases. Thus, for silica-supported metal oxide systems 
this dispersion limit is smaller because of the weaker inter- 
action with the support. Further evidence of the mobility 
of supported metal oxides on silica has recently been 
observed by Jehng and Wachs when studying mixtures 
of vanadia/silica physically mixed with titania (25). Upon 
calcination, all the surface vanadia migrated from the sil- 
ica to the titania support due to the greater affinity of 
titania for surface vanadia. In a similar way, the presence 
of basic cations, like Na, with higher affinity for the sur- 
face molybdenum oxide species than the silica support 
will act as nucleation centers for these species so rela- 
tively low sodium levels will aggregate relatively large 
amounts of molybdenum oxide. At low sodium contents, 
some two-dimensional compounds will be formed, proba- 
bly without well-defined structures, and at higher sodium 
contents well-defined crystalline structures will be 
formed (8). 

4.2. Catalytic Activity 

The effect of sodium on the methane oxidation activity 
is dramatic, even in those samples where its low loading 
does not result in significant changes in the Raman spec- 
trum. Concentrations of sodium as low as 300 wppm de- 
crease the catalytic activity for oxidation of methane and 
methanol to half that of the almost sodium-free sample 
(10 wppm Na). Methane activation takes place at high 
temperatures which results in methyl radicals that can 
react with the supported molybdenum oxide species to 
generate formaldehyde (5, 26). The pronounced effect of 
sodium on the Mo/SiO2 catalysts is due to the strong 
nuc.leation effect of sodium which forms new alkali-mo- 
lybdate clusters and compounds. The amount of the re- 
maining isolated surface molybdenum oxide species has 
been estimated from the intensity of the Raman band at 
ca. 986 cm-~ (normalized to the Raman band of the silica 
support at ca. 495 cm- I which can be considered as con- 
stant). From the similar behavior of the formaldehyde 
T.O.F. and the amount of remaining isolated surface mo- 
lybdenum species as a function of Na loading (Fig. 7a), 
it-appears that the isolated surface molybdenum oxide 
species are more active than the sodium molybdate clus- 
ter/compounds for the selective conversion of the methyl 
radicals to HCHO. Thus, the addition of sodium appears 
to eliminate the dispersed surface molybdenum oxide spe- 
cies. Consequently, the T.O.F.s to formaldehyde may be 
calculated on the basis of the remaining surface molybde- 
num oxide species and is presented in Fig. 7b. The 

T.O.F. values obtained for methane oxidation to formal- 
dehyde become fairly constant with the exception of the 
sample with the highest sodium loading. It seems, there- 
fore, that the poisoning mechanism involves the interac- 
tion of each sodium atom with several individual surface 
molybdenum oxide species and not with a two-dimen- 
sional crystalline lattice which was previously postulated 
(I 1). The significant deviation observed in the sample with 
the highest sodium loading may be a consequence of the 
presence of new Raman bands in the wavenumber region 
close to the vibrational mode of the terminal Mo ~ O 
bond which makes the quantification of the band at 986 
cm- 1 somewhat difficult. 

The effect of sodium on the methanol oxidation reaction 
is shown in Fig. 8. The presence of sodium also has a 
negative effect on the methanol oxidation activity which 
decreases to half of its initial value by the addition of 
amounts of sodium as low as 300 wppm. Surprisingly, 
further increases in the amounts of sodium do not show 
a clear effect on the activity. It is clear that these two 
reactions follow different mechanisms since the presence 
of sodium affects methanol and methane selective oxida- 
tion to formaldehyde in somewhat different ways. In the 
oxidation of methanol the molecule first adsorbs dissocia- 
tively on the molybdenum site, resulting in the formation 
of adsorbed CH30. These surface methoxy intermediates 
are easily formed on supported (27, 28) and unsupported 
(29, 30) metal oxides. The further abstraction of a hydro- 
gen atom by an adjacent oxygen atom results in the forma- 
tion of adsorbed HCHO which subsequently desorbs as 
gaseous formaldehyde. Thus, the oxidation of methanol 
proceeds via oxidative dehydrogenation steps (CH3OH 

CH3Oad s ~ HCHOaos ~ HCHO) and oxygen insertion 
into the reactant molecule is not involved. However, 
methanol oxidation requires a reactive oxygen to be pres- 
ent in order to remove the hydrogen atoms from O-H 
and C-H bonds. Any modification of this ability results 
in changes in catalytic activity for the selective oxidation 
of methanol since isotopic studies have shown that break- 
ing the C-H bond is the rate determining step in this 
reaction (31, 32). The activity of the oxygen or the amount 
of reactive oxygen in a catalyst can be measured from 
the amount of hydrogen consumed in TPR experiments. 
The parallel trends between the H2 consumption and the 
methanol T.O.F. (see Fig. 8) suggest that the capacity of 
the catalyst to react with hydrogen is the determining 
factor in the selective oxidation of methanol on silica- 
supported molybdenum oxide catalysts, and that alkali 
cations decrease the amount of available reactive oxygen 
by the formation of new alkali-molybdate compounds. 

All the alkali-metal-doped samples show reduced activ- 
ity for methane and methanol oxidation compared to the 
pure molybdena/silica catalysts (Table 1), but the trends 
in poisoning are rather different for these two reactions. 
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FIG. 7. (a) Comparison of the formaldehyde T.O.F. from CHy and the amount of dispersed surface molybdenum oxide species. (b) Formaldehyde 
T.O.F. from CHy referred to the amount of remaining dispersed surface molybdenum oxide species as a function of the sodium loading. Reaction 
conditions are explained in Table 1. 

For methane oxidation the degree of poisonmg is Na >> 
Cs > K, and for methanol oxidation the order is K > Cs > 
Na. The most affected products in methane oxidation 
are HCHO and CO, and their T.O.F.s show a profound 
decrease. Meanwhile, C Q  shows a minimum variation in 
the Cs-doped sample and a significant increase in the K- 
doped sample. However, during methanol oxidation the 
most affected product is formaldehyde which decreases 
about a factor of three in the sequence Na, Cs, K. How- 
ever, the tendency of hydrogen uptake reported in Table 
1 is not reflected in the oxidation of methanol. 

5. CONCLUSIONS 

1. The surface molybdenum oxide species readily inter- 
act with alkali metals to form new alkali-molybdate com- 
pounds because of their weak interaction with the silica 
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FIG. 8. Comparison of methanol T.O.F. and hydrogen comsumption 
during the TPR experiments. Reaction conditions are explained in 
Table I. 

support and the strong acid-base interactions between 
the alkali and molybdenum oxide components. Conse- 
quently, the number of isolated surface molybdenum ox- 
ide species on silica decreases with increasing alkali 
loading. 

2. The addition of alkali to the silica-supported molyb- 
denum oxide catalysts generally decreases the amount of 
reducible oxygen available in the catalysts are revealed 
by temperature programmed reduction studies. 

3. The catalytic activity for methanol oxidation over 
the alkali-doped molybdena/silica catalysts was generally 
found to correlate with the amount of reducible oxygen 
in the catalyst as well as the alkali type and loading. 

4. The surface molybdenum oxide species are fully oxi- 
dized under methane oxidation conditions and possess the 
same structure as that found under dehydrated conditions. 

5. The catalytic activity for methane oxidation over 
the alkali-doped molybdena/silica catalysts was found to 
correlate with the number of isolated surface molybdenum 
oxide species present on the silica support. This suggests 
that the isolated surface molybdenum oxide species are 
the active sites for methane oxidation. 

6. The somewhat different responses of the methane 
oxidation and methanol oxidation reactions over the Mo/ 
silica catalysts to the alkali poisoning reflects their differ- 
ent reaction mechanisms (oxygen insertion/dehydrogena- 
tion and oxidative dehydrogenation, respectively) of 
those two different reactions producing formaldehyde. 
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