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The vapor-phase oxidation of methanol was carried out in the presence of an excess of air 
over many series of composite oxide catalysts, the acidity and basicity of which had been pre- 
viously determined, such as Moo,-TiOz, MoOJ-FezOr, MoO&3nO,, MOO,-Pz06, MoOa-BLOT 
Pz05, V&-MoOa, WO,- and U308-based oxides, Snot-KzO, Co#-K,O, and BLOrX,O, 
(X = P, MO, W, V, and S), and the relationship between the catalytic behavior and the acid- 
base properties of the metal oxides was investigated. Formaldehyde can be obtained only from 
such acidic oxides as MoOl, WOa, V206, and UsOs, but not from oxides which are more basic 
than TiOl, e.g., TiOa, Fe,Ot, SnOz, Bi203, ZnO, and Co30r. A clear correlation always exists 
between the activity for formaldehyde formation and the acidity in the cases of the Moos- or 
Vz06-containing catalysts, and the amounts of the by-products are small, except in the case of 
the MoO&nOn. Methanol is dehydrated preferentially to ether over the WObPZ06 (P/W 
= 2/9&20/80) catalysts, and no correlation exists between the activity for formaldehyde 
formation and the acidity. Over the basic oxides, methanol is oxidixed mainly to COZ, and the 
activity for CO2 formation is correlated with the basicity of the catalysts. It is concluded that 
the activation of methanol by acidic sites is a necessary condition for the formation of formal- 
dehyde, that the possibility of this methanol activation mainly decides the oxidation activity, 
and that the combination of metal oxides contributes to the enhancement or modification of 
the acidic property. 

INTIlODUCTION 

Formaldehyde is manufactured by the 
partial air oxidation of methanol, mostly 
over the Mo03-Fe20&ased cat.alysts. This 
catalytic reaction has been the subject of 
a number of important investigations 
(l-11) ; the catalytic behavior has also been 
investigated in relation to other MoO3- and 
VzOs-based composite oxides (12-15). 

What are the functions required for a 
catalyst in the selective oxidation of 
methanol? Why can good performance be 
obtained by the combination of several 
oxides? The kinetics and the natures of 
active sites have been studied actively, and 

the oxidizing agent has been found to be 
the lattice oxygen (3, 4). Trifiro et al. 
(5,6) postulated that the ability for the 
selective oxidation is connected with the 
double-bond character of NoOs, while 
JirG et al. (7) and Pernicone et al. (8) 
proposed the participation of acidic sites 
in the oxidation reaction. Furthermore, 
Pernicone et al. (9) considered that the 
presence of Fe3+ ions increases the concen- 
tration of methanol-adsorption centers, 
consisting of an anion vacancy (acidic site) 
and an 02- ion (basic site). Then, Novakova 
et al. (IO) concluded that the selective 
oxidation is caused by Mo”+ ions, and that 

426 

0021-9517/78/0543-0426$02.00/O 
Copyright @ 1978 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



ACTIVITY FOR OXIDATION OF METHANOL 427 

=: 
3 

r4’ E 
; l.O- 

I 

1 

*a 
- 0.5 - 
x 
I 

7’ 
4”/ 070 

/ 050 
/ 

0 1 2 3 

Acidity @lloIe/n?-cat ) 

FIG. 1. Catalytic activities for oxidation of 
methanol to formaldehyde and acidities of Mo08- 
TiOz oxides: activity (r) at 255°C CHaOH = 2.5% 
in air; acidity = amount of NH3 irreversibly 
adsorbed at 200°C. Numbers correspond to the 
content (atomic percent) of molybdenum in the 
MoOa-TiOt. 

Fe3+ ions hinder the reduction of the Mo6+ 
ions and increase the lability of the lattice 
oxygen available for the oxidation process. 
Recently, Sala a.nd Trifirb (11) stated that 
Fez03 is able to adsorb and activate the 
gaseous oxygen and that the role of Fe3f 
is to make easier the reoxidation of the 
molybdenum ions reduced by the organic 
molecule. 

On the other hand, we have recently 
proposed that an acid-base-type interaction 
between the catalyst surface and the 
organic substance to be oxidized plays the 
determining role in selective oxidation and 
that the combination of metal oxides 
contributes to a modification of the acid- 
base properties (16-95). According to the 
views proposed by the above-cited investi- 
gators (r-11), it can be predicted that there 
is something in common between the 
catalytic behavior in the oxidation of 
methanol and the acid-base properties of 
the catalyst. 

The purpose of the present study is to 
demonstrate, in a direct manner, how the 

activity and selectivity corrclatc with Ihc 
acid-base properties with regard to various 
types of composite oxide catalysts and 
to extract from the results a principle 
useful for the understanding of the cata- 
lytic function of metal oxides. 

EXPERIMENTAL METHODS 

The catalysts used in this study were 
various Moos-, Vz05-, Woe-, and B1203- 
based composite oxides, SnOz-K20, and 
Co304-K20, with different compositions, 
and several U3Os-, ZnO-, and NiO-based 
oxides. They were the same as those used 
in previous works, and so their acidity and 
basicity, numbers of acidic and basic sites 
had already been determined (17~24). 

The vapor-phase oxidation of methanol 
was carried out in an ordinary continuous- 
flow reaction system. The reactor was a 
steel tube coated with aluminum, 50 cm 
in length and 1.8 cm in internal diameter. 
It was mounted vertically and immersed 
in a lead bath, the temperature of which 
was well controlled. Liquid methanol was 
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FIG. 2. Catalytic activities for oxidation of 
methanol to formaldehyde and acidities of Moos 
FezOa oxides: (0) activity (r) at 257”C, CHIOH 
= 2.5% in air; acidity = (0) amount of NH8 
irreversibly adsorbed at 200°C (static method), (A) 
amount of pyridine required to poison the isomerisa- 
tion activity for 1-butene at 130°C (pulse method), 
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TABLF 1 

Oxidation of Mctha~~ol with Mo/Sn = N/70 Catalystis 

Reaction Total Yield (mole%) of 
temperature conversion6 

(“C) (%) HCHO HCOOH HCOOCHz co co2 

187 23 11.5 1.3 8 0 0 
198 57 18.0 5.3 17 0 0 
207 76 27 11 23 1.7 1.8 
226 90 32 9.5 17 19 3.5 
252 97 19.6 4.5 1.5 76 6.1 

a Amount of catalyst used = 5.0 g; CHaOH = 2.5 moleg/ in air; total flow rate = 1.0 liter/min. 
b Obtained from the consumption of methanol. 

introduced into a preheating section of the 
reactor by means of an infusion syringe 
pump ; the concentration of the methanol 
was 2.5 mole% in air. The total flow rate 
was kept constant at 1.0 liters/min (at 
25”C), while the amount of catalyst was 
varied in the range of 2 to 20 g. The 
effluent gas from the reactor was led 
successively into four chilled water-scrub- 
bers to recover the water-soluble com- 
pounds. At the end of 1 hr, the content’s 
of the scrubbers were collected (about 300 
ml). The formaldehyde was analyzed by 
means of iodometry (27), the formic acid, 
by titration with 0.1 N NaOH, and the 
other compounds, by means of gas chroma- 
tography. The other experimental pro- 
cedures were the same as those employed 
in the previous works (I’&28). 

RESULTS 

A. MOOS-2’i02 Catalysts 

The oxidation was carried out at 195 to 
280°C over a series of MOOS-Ti02 cata- 
lysts, with different compositions, which 
were the same as those used in a previous 
study (17). The main product was formal- 
dehyde, and the yield of CO2 was less 
than 1 to 2 molea/ even at a conversion 
of above 5Oojc. The amounts of the other 
products were negligibly small. For ex- 
ample, with 10 g of the Mo/Ti = 33/67 

(atomic ratio) catalyst, the yields of 
formaldehyde were 1.1, 3.0, 8.1, 18.2, and 
35.7 moleyc at 195, 220, 237, 255, and 
277”C, respectively. 

The initial rate of the formaldehyde 
formation at 255”C, T (mole/hr m2- 
catalyst), was measured for each catalyst 
as an index of the catalyst activity. 
lj‘ollowing the principle of the differential 
reactor, the conversion was held at a low 
level, i.e., usually below 257,. The amount 
of the catalyst was controlled to achieve 
a proper conversion. The rates are shown 
in Kg. 1, as a function of the acidity 
(number of acidic sites) of the catalysts 
(17). A correlation is observed between 
the-activity and the acidity. 

B. MoOs-FesOs Catalysts 

The Mo03-Ye203 catalysts, 
the MO/Fe = 5/95 to SO/50 

especially 
catalysts, 

were more active than the Moos-TiOz 
catalysts, and the formation of by-products 
was small. For example, when 5 g of the 
MO/Fe = 20/80 catalyst was used, the 
yield of formaldehyde was 53 moleyc at 
257°C. The initial rates of the formalde- 
hyde formation at 257°C are plotted in 
Fig. 2, together with the acidities of the 
catalysts obtained previously (18). The 
activity varies in the same direction as the 
acidity. 
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FIG. 3. Catalytic activities for oxidation of 
methanol to formaldehyde and acidities of MOOT 
SnOz oxides : activity (T) at 198”C, CHaOH = 2.5% 
in air; acidity = amount of NH3 irreversibly 
adsorbed at 200°C. Numbers correspond to the 
content (atomic percent) of molybdenum in the 
MoOaSnOz. 

C. Moor-SnOz Catalysts 

The MoOa-SnOz catalysts, especially 
those with Mo/Sn = lo/90 to 50/50, were 
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FIG. 4. Catalytic activities for oxidation of 
methanol to formaldehyde and acidities of MoOa- 
Pz06 oxides: activity (T) at 35O”C, CHaOH = 2.5% 
in air; acidity = dehydration activity for IPA (rp) 
at 185”C, IPA = 1.65% in air. Numbers correspond 
to the content (atomic percent) of phosphorus in the 
MoOgPgO6. 

conaidorably more act,ivc for the mckhanol 
oxidation than the RIoOX--TiOo and Moos- 
E’ez03 catalysk. For example, even at 
2OO”C, about 60% of the methanol was 
consumed with 5 g of the Mo/Sn = 30/70 
catalyst. However, the selectivity to form- 
aldehyde was low, about 30 to 50 mole%. 
Significant amounts of formic acid and 
methyl formate were produced. At a higher 
temperature (25O”C), the main product 
was CO. Some representative results are 
shown in Table 1. The initial rate of the 
formaldehyde formation at 198°C was 
chosen as an index of the oxidation activity ; 
it is plotted in Fig. 3, as a function of the 
acidity of the catalysts. An interrelation- 
ship is also obtained in this case. 

D. MoOx-P205 Catalysts 

The Mo03-P20~ catalysts were much 
less active than the Moos-TiOz, -Fez03, 
and -SnOz catalysts, and so a relatively 
high tempcrat’ure was required to achieve 
a proper conversion. For example, with 
10 g of the P/MO = lo/90 catalyst the 
yields of formaldehyde were 7.2, 18.0, 34, 
and 55 moleyO at 257, 300, 330, and 365”C, 

0 0.2 0.4 0.6 0.8 1.0 
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FIG. 5. Oxidation activities of Mo03-Bir0rPz06 
(P/MO = 0.2) catalysts : (0) activity for oxidation 
of methanol to formaldehyde, (0) activity for CO* 
formation at 35O”C, CHaOH = 2.5% in air. 
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rqmativc~ly. ‘I’h: n&r product was form- 
aldehyde, while the other compounds 
were formed in negligibly small quantities. 
The initial rates of the formaldehyde 
formation at 350°C are plotted in Fig. 4, 
as a function of the dehydration activity 
for isopropyl alcohol (IPA), which is used 
as a measure of the acidity of the catalysts 
(19). A good correlation is observed be- 
tween the two activities. 

E. Moos-B&OS-P205 Catalysts 

When the content of BizOa was low 
(Bi/Mo < 0.2), formaldehyde was almost 
the sole product; however, the formation 
of COz increased with an increase in the 
Biz03 content (Fig. 5). The rates of 
formaldehyde formation at 350°C are shown 
as a function of the acidity of the cata1yst.s 
(90) in Fig. 6. The rates of COz formation 
at 350°C are also shown as a function of 
the basicity (90) in Fig. 7. The results 
indicate that the activity for formaldehyde 
formation is correlated with the acidity, 
while the activity for CO, formation is 
correlated with the basicity. 
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FIG. 6. Relation between the activity for oxidation 
of methanol to formaldehyde and the acidity of the 
MoOpBieOa-P~06 (P/MO = 0.2) catalysts: activity 
(r) at 350°C CH,OH = 2.5% in air; acidity 
= amount of NH8 irreversibly adsorbed at 200°C. 
Numbers in the figure are the Bi/(Mo + Bi) ratios. 
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FIG. 7. Relation between the activity for oxidation 
of methanol to CO2 and the basicity of the MoOa- 
Bi20S-P~05 (P/MO = 0.2) catalysts: activity (rcoJ 
at 350°C; basicity = amount of CO2 irreversibly 
adsorbed at 25°C. Numbers in the figure are the 
Bi/(Mo + Bi) ratios. 

F. V206-21~00~ Catalysts 

The V&-iMoO system was chosen as 
an example of VzOB-based catalysts. The 
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FIG. 8. Catalytic activities for oxidation of 
methanol to formaldehyde and acidities of VzOa- 
MoOi oxides: (0) activity (r) at 230°C, CHaOH 
= 2.5y0 in air; ( l ) acidity = dehydration activity 
for IPA at 18O”C, IPA = 1.65% in air. 
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VzOsMoOo catalysts were as active as 
the MoOrSnOz catalysts, and their main 
product was also formaldehyde. The rates 
of formaldehyde formation at 230°C are 
shown in Fig. 8, together with the de- 
hydration activity for IPA, which is 
adopted as a measure of the acidity (21). 
The two activities vary in approximately 
the same direction. 

G. W03-P20s and Other Woo-Based 
Catalysts 

The W03-Pz06 catalysts, especially 
those with P/W = 5/95 to 20/80, were 
extremely active for methanol consumption, 
even at 200°C. However, the product u-as 
mainly dimethyl ether, and the yield of 
formaldehyde was 6 to 7 mole% at a total 
conversion of 70 to 80%. The other 
oxidation products were formed in negli- 
gibly small quantities, even at 280°C. The 
rates of formaldehyde formation at 277°C 
are shown in Pig. 9, as a function of the 
acidity ($2). The activity is not correlated 
with the acidity. 

0 20 40 60 

Acidity (p-mole/mz-cat ) 

FIG. 9. Catalytic activities for oxidation of 
methanol to formaldehyde and acidities of WOr 
P206 oxides : activity (r) at 277°C; acidity 
= amount of NH3 irreversibly adsorbed at 266°C. 
Numbers correspond to the content (atomic pcrcc~nt) 
of phosphorus in the WOBP~O~. 

TABLE 2 

Oxidation of Methanol with WOt-Based Catalysts? 

Catalyst Area Yield to HCHO 
Atomic ratio (m”/d (mole%) 

W 8.2 4.7 
W-MO Y-1 9.2 44. 
W-P 91 8.0 4.0 
W-V 8-2 8. 87. 
W-K 9-l 7.4 3.6 

a Temperature = 320°C; amount of catalyst 
used = 10. g; CHIOH = 2.5 mole% in air; total 
flow rate = 1.0 liter/min. 

Some representative results obtained 
from several WOs-based catalysts are shown 
in Table 2. Formaldehyde was almost the 
sole oxidation product in the case of these 
catalysts as well. 

H. U,Os-Based Catalysts 

Pure U308 was also effective for the 
formaldehyde formation, and the formation 
of by-products was not important, though 
the activity was lower than that of pure 
Vz05. The results are shown in Table 3. 

I. Sn02-K20 Catalysts 

Pure SnOz is scarcely active at all for 
formaldehyde formation, but it gives CO* 
at higher temperatures. The rates of COz 
formation from methanol were measured 
for the SnOz-I&O catalysts at 285°C. They 
are plotted in Fig. 10, as a function of the 

TABLE 3 

Oxidation of Methanol with U,O,-Baeed Catalysts0 

Catalyst Area Yield to HCHO 
Atomic ratio (m2/d bole%) 

U 5.5 41.2 
U-MO 9-l 4.1 20.1 
U-P 9-l 4.6 35.4 
U-K 9-l 5.2 8.2 

n Temperature = 360°C; amount of catalyst 
r~sctl = 10. 8; CII~OII = 2.5 mole% in air; total 
flow rate = 1.0 liter/min. 
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basicity of the catalysts (23). The activity 
increases with an increase in the basicity. 

J. Co&-KzO Catalysts 

The Cos04-based catalysts were very 
active for the oxidation to COz. The rates 
of COz formation at 180°C are shown in 
Fig. 11, as a function of the basicity (24). 
A clear correlation is obtained between the 
activity and the basicity. 

obtained when the catalyst is a relatively 
basic oxide such as TiO, Sn02, k’ez03, 
B&03, ZnO, NiO, or CorO,. It is evident 
as a general rule that formaldehyde can 
be obtained only by using acidic metal 
oxides. 

K. Bi20s-Based Catalysts 

This principle is also valid in the cases of 
composite oxides. Formaldehyde is the 
main product so long as t’he catalyst is 
acidic enough, and the selectivity to 
formaldehyde decreases and that to CO, 
increases with an increase in the basic 
property (Fig. 5). 

Pure Biz03 also has no function for the 
formaldehyde formation and gives mainly 
COz. A correlation has previously been 
obtained (25) between the activity for the 
COz formation and the basicity, regardless 
of any change in the kind and amount of 
the second component added to Bi203. The 
results are shown in Fig. 12. 

DISCUSSION 

As regards the acid-base properties of 
the transition-metal oxides, the following 
sequence (number of sites and site strength 
are given together) has previously been 
proposed on the basis of the catalytic 
activities for the dehydration and dehydro- 
genation of IPA (16,WS) and for the 
decomposition of formic acid (28) ; VzOs 
> W03 > MOOS > U308 > TiOz > SnOz 
> Fez03 > Biz03 > ZnO > NiO, Co304, 
CuO > MgO > KzO. Methanol is oxidized 
to formaldehyde over an acidic oxide such 
as VzOs, MoOa, WO,, or UsOa, and CO2 is 

Since methanol is a molecule containing 
an oxgen atom which has a high electro- 
negativity, it has two different characters, 
electron-donating and electron-accepting : 
C6+-06--H6+. Therefore, methanol is sus- 
ceptible to attack by either acidic or basic 
sites of metal oxides. When methanol is 
attacked and activated by acidic sites of 
metal oxides, it is oxidized to formaldehyde. 
On the other hand, when methanol is 
attacked and activated by basic sites of 
oxides, it is oxidized to COz. It is therefore 
believed that the difference in the manner 
of methanol activation brings about the 
difference in the products. According to 
Pernicone et al. (9) and Novakova et al. 
(IO), formaldehyde is formed via an 
alcoholate bound to an acidic site. On the 
other hand, according to Miyata et al. 
(28), COz is formed via a formate. Thus, 
the following reaction scheme may be 
supposed : 

H 
\./ CH3 

OS- - H870;- ‘big+ - 6 - HCHO 

/ -tie+ _ $= d s: 6s: I 
-M- CH OH 

3 

\ 

As has already been mentioned, the ing formaldehyde format,ion. However, this 
presence of an acidic property is a necessary condition alone is not, always sufficient. 
condition for a catalyst effective in rcgard- Since the formation of formaldchyd(~ is an 
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FIG. 10. ltelation between the catalytic activity 
for oxidation of methanol to CO* and the b&city of 
the Snot-KzO oxides: activity (rc0.J at 285”C, 
CHIOH = 2.5y0 in air; basicity = amount of CO, 
irreversibly adsorbed at 25°C. Numbers correspond 
to the content (atomic percent) of potassium. 

oxidation reaction, the oxidizing func- 
tion, i.e., the intrinsic oxidation activity 
(16, 18, 20, d4), is required for a catalyst 
as well as the ability to activate the 

Basicity (p- mole/m*-cat) 

FIG. 11. Relation between the catalytic activity 
for oxidation of methanol to CO, and the b&city of 
the Co30,-Kg0 oxides: activity (~0~) at 18O”C, 
CHgOH = 2.5y0 in air; basicity = amount of CO? 
irrcvcrsihly adsorhed at 25°C. Numbers correspond 
to the content (atomic portent) of potassium. 

methanol molecule, though the activity is 
not necessarily determined by this oxidizing 
function. In the cases of the WO3-PzOb 
catalysts with P/W = 5/95 to 20/80, for 
example, methanol is mainly dehydrated to 
ether rather than oxidized to formaldehyde 
and the activity for formaldehyde forma- 
tion is not correlated with the acidity. 
These results can be explained by the 
characteristics of the acid-base properties; 
that is, by the fact that the WOs-PZ05 
catalysts are strikingly acidic, but scarcely 
basic and, accordingly, are lacking in the 
oxidizing function (22). Thus, in the case 
of this catalyst system, the oxidation 
activity is controlled by the oxidizing 
function rather than by the activation of 
methanol on acidic sites. This finding is in 
line with the results obtained in the oxida- 
tion of olefins with the WOS-PZO~ system 
(22). On the other hand, it can also be said 
that the dehydration of methanol to ether 
is possible only with acidic oxides which 
are lacking in the oxidizing function 
in the basic property. 

or 

0 0.5 I.0 

Basicity t/L-mole/m2-cat) 

FIG. 12. Catalytic activities for oxidation of 
methanol to COZ and b&cities of BisOa-based 
binary oxides: activity (r~0.J at 300°C, CHaOH 
= 2.5yo in air; basicity = amount of COP irrevers- 
ihly adsorbed at 25”C, numbers correspond to the 
content (atomic percent) of the second components. 
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In the cases of the MOOS- and Vz05-based 
oxides, a correlation always exists between 
the catalytic activity for formaldehyde 
formation and the acidity (number of 
acidic sites) of the catalysts, so long as the 
additive is the same compound. This finding 
indicates that the activity for formaldehyde 
formation is largely governed by the 
activation of methanol on acidic sites 
rather than by the oxidizing function. When 
the additive is different, however, it is 
hard to correlate the activity with the 
acidity. The results agree with those 
obtained previously in the cases of the 
oxidation of olefins (16-21) and lead us to 
consider similarly that the nature of the 
acidic sites, e.g., the acid strength, may 
vary depending on the nature of the 
additive. 

of methanol on the Mo03-Sn02 under 
severe conditions, is formed via formic 
acid. Therefore, it can be stated that a 
moderate character for the acid is required 
in order to avoid the consecutive oxidation 
of the produced formaldehyde. This may 
be the reason why the No03-Sn02 cata- 
lysts, which are much more active in the 
oxidation of methanol than the 9IoO3- 
Fe203 catalysts, cannot be used as practical 
catalysts. 

It may be concluded that the activity 
and selectivity in the oxidation of methanol 
can be understood in terms of the acid-base 
properties of the catalysts. We would like 
to propose here also that the combination 
of metal oxides contributes to the enhancc- 
ment or modification of the acidic 
properties. 

On this basis, it can be postulated that 
the combination of foreign oxides with an 
acidic oxide, such as Moo3 and VzOs, 
contributes to the enhancement or modifi- 
cation of the acidic properties. Though the 
effect of the combination of metal oxides 
on the oxidizing function is still open to 
doubt, this function seems not to play a 
determining role in the selective oxidation. 
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