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The mechanism of the decomposition of methanol over Cr203 was studied by in situ infrared 
spectroscopy and by a tracer jump method. The stability of surface formate ions formed by the 
decomposition of methanol over Cr20J greatly depended on the reaction conditions. In the pres- 
ence of methanol vapor, surface formate decomposes easily to Hz, CO, and COz, with an activation 
energy of 29 kcal mol-I, although it is quite stable under vacuum (E. = 46 kcal mol-I). The infrared 
absorption bands of the formate ions are shifted in the presence of methanol vapor, suggesting 
some chemical interaction between formate ions and adsorbed methanol. By isotope-labeling ex- 
periments it was confirmed that the formate ion, observed by infrared spectroscopy, is the reac- 
tion intermediate of methanol decomnosition in spite of its marked stability in the absence of 
methanol. 0 1985 Academic Press, Inc. 

INTRODUCTION 

It is well known that the surface formate 
ion is formed when methanol is adsorbed 
on various metal oxides such as alumina 
(IA), magnesia (57), and zinc oxide (8) at 
elevated temperatures, although its stabil- 
ity largely depends on the oxide employed. 
On alumina (9) it has been revealed that 
formate ion is not a reaction intermediate 
for alcohol or formic acid decomposition 
reaction, but on magnesia or zinc oxide (10) 
it could be incorporated into the decompo- 
sition reaction to form Ha, CO, and CO*. 
Accordingly, it is interesting to investigate 
the nature of the formate ions on various 
oxides and their dynamic behavior during 
the decomposition of alcohol or formic 
acid. 

In this study, infrared spectroscopic 
analysis and an isotope jump method were 
employed to investigate the behavior of 
surface formate ions formed during the de- 
composition of methanol over Cr203, which 
is one of the components of the practical 
methanol synthesis catalysts. Surface for- 
mate ions on Cr,O3 could be easily formed 
by the interaction of formic acid or metha- 

nol, or by the CO-Hz reaction at elevated 
temperatures. However, their stability is 
quite sensitive to the ambient gases and, in 
the presence of gaseous methanol, the de- 
composition of formate ions was acceler- 
ated remarkably compared to that under 
vacuum. This phenomenon was investi- 
gated in more detail in connection with the 
mechanism of the methanol decomposition 
reaction over Cr;?03. 

EXPERIMENTAL 

Cr203 was prepared by thermal decompo- 
sition of (NH&Cr207 (Wako Chemicals) to 
a similar method used by Zecchina et al. 
(II). The decomposition product was 
treated with oxygen at 400°C for several 
hours to obtain green crystallized a-Cr203. 
After washing with water and drying, 40 mg 
of the catalyst was pressed into a disk of 2 
cm in diameter, and placed in an infrared 
cell which was connected to a closed gas- 
circulation system. Another 1 .O g of the cat- 
alyst was placed in a reactor connected to 
the same system, for the purpose of simul- 
taneous measurements of the reaction rate 
and the infrared spectrum. 

Before each run the catalyst was treated 
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with oxygen at 450°C for 1 h, then reduced 
with hydrogen for 1 h at 450°C and evacu- 
ated for 1 h also at 450°C. CD30D (99% 
purity of deuterium) was mainly employed 
as a reactant because of the poor transmit- 
tance of Cr,O, in the region above 2500 
cm-‘. i3C0, which contains 90% carbon 13, 
was used for labeled experiments. Surface 
species adsorbed on catalysts during the 
reaction were observed by infrared spec- 
troscopy, using a Jasco IRA-1B grating 
spectrophotometer and a JEOL JIR-10 
Fourier-transform infrared spectrometer. 
The reaction products were separated into 
three parts by using liquid-nitrogen and dry 
ice-methanol cold traps, and analyzed by 
gas chromatography using molecular sieve 
5A and Porapack Q. In the experiment us- 
ing isotopes, a mass spectrometer was used 
to determine the isotope distribution in the 
reaction products. The amounts of ad- 
sorbed species were estimated by infrared 
spectroscopy using the following extinction 
coefficients; for methoxy group, v,(C-H) = 
1.2 cm3/absorbance, and for v&O-C-O) = 
0.18 cm3/absorbance. These absorption co- 
efficients were obtained from the separate 
adsorption measurements using a larger 
amount of catalysts. 

RESULTS 

1. Reaction Products of the 
Decomposition of Methanol on CrzOx 

When methanol vapor was introduced on 
Cr203 in the temperature range 200 to 
4OO”C, the main decomposition products 
were HZ, CO, COZ, and CH4, together with 
CH30CH3. At temperatures higher than 
35O”C, small amounts of CZH~ and CzH6 
were detected in the products. The ratio of 
CO/CO + CO2 in the products varied from 
30 to 70%, depending on the oxidation state 
of the catalyst surface. CO selectivity was 
increased to some extent when the reaction 
was continued for a longer period but it did 
not exceed 80%. The amount of CH4 was 
about one order of magnitude less than that 

of CO* at lower temperatures, but became 
comparable at high temperatures. 

2. Surface Species during the Reaction 

The infrared spectra of adsorbed species 
on Cr,03 during the course of the CD30D 
decomposition reaction at 300°C are shown 
in Fig. 1. Before spectra were taken, the 
infrared cell was cooled from reaction tem- 
perature to room temperature in the pres- 
ence of methanol vapor, and then methanol 
was removed with a liquid-nitrogen cold 
trap. In addition to the C-D stretching 
bands of the surface methoxy group at 2064 
and 2214 cm-l, three bands were observed 
at 2160, 1573, and 1337 cm-‘. When metha- 
nol vapor was trapped and decomposition 
was continued for a longer period, these 
three bands were shifted to 2184, 1548, and 
1329 cm-i, respectively. From the position 
and the shape of these three bands, they 
may be assigned to the surface formate spe- 
cies on Cr203, which was confirmed by the 
introduction of DCOOD onto the clean 
Crf03 catalyst. Formic acid is well known 
to dissociate on Cr203 at room temperature, 
forming formate species as shown in Fig. 2, 
whose bands were also shifted by the intro- 
duction of gaseous methanol. From the 
comparison of bands of surface species 
formed by CD30D decomposition with 
those formed by DCOOD adsorption, it 

FIG. 1. Infrared spectra of the adsorbed species dur- 
ing CD,OD decomposition over Crz03. (a) Back- 
ground; (b) CD,OD decomposition at 300°C for 2 h; 
and (c) after (b), CD,0 (a) decomposition was contin- 
ued for 15 h, with liquid N2 cold trap. 
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FIG. 2. Infrared spectra of the adsorbed species after 
the introduction of DCOOD over Cr203. (a) Back- 
ground; (b) DCOOD adsorption at 200°C; and (c) after 
(b), CDxOD vapor was introduced in the gas phase. 

was confirmed that formate species was 
formed on Cr203 surface during methanol 
decomposition reaction. The IR bands of 
formate ion on Cr20, shifted by the pres- 
ence of methanol and restored to their origi- 
nal wavenumbers in its absence. 

Formate species was similarly formed by 
CO-H2 reaction over Cr203 which is known 
as a component of practical methanol syn- 
thesis catalyst. But in this experiment, it 
revealed very low activity for methanol for- 
mation although main surface species was 
formate ion with a small amount of 
methoxy species during the CO-Hz reac- 
tion. This result suggests that the formation 
of formate ion in the CO-Hz reaction is 
easy. 

3. Dynamic Behavior of Formate Ions 

To investigate the role of the formate ion 
on Cr203 in the steady-state methanol de- 
composition reaction, isotope-labeling ex- 
periments were carried out by the use of 
13C. The procedure was as follows. 

(i) Di3COO(a) was prepared by the i3CO- 
D2 reaction at 300°C for 2 h, the amount 
obtained was as that formed by methanol 
decomposition reaction, but the amount of 
methoxy species was much less. 

(ii) After the removal of *3C0 by evacua- 
tion, iZCD30D was introduced and the reac- 
tion was started. 

La I I I . . 
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FIG. 3. Time courses of the decomposition of the 
surface formate, prepared by i3CO-Dz reaction over 
Crz03 at 573 K for 1 h. (0) Amount of D*)COO(a) 
under evacuation at 533 K. (0) Amount of Di3COO(a) 
during the circulation of i2CD30D at 533 K. (A) 
Amount of DWOO(a) during the circulation of 
VD,OD at 533 K. 

The results are shown in Fig. 3. It is very 
interesting to note that [i3C]formate pre- 
pared by procedure (i) was stable and 
hardly decomposed in the absence of meth- 
anol vapor (closed circle). However, in the 
presence of methanol it reacted readily and 
was washed away by i2C species (open cir- 
cle) and [*2C]formate appeared instead of 
[ 13C]formate. Accordingly, the presence of 
methanol vapor not only shifted the infra- 
red band of for-mate ion, but also made it 
more reactive and changed its kinetic be- 
havior . 

During the substitution of [13C]formate 
by [i2C]formate, 13C0 and 13C02 were ob- 
served in the decompbsition products, al- 
though 13CHd, 13CD3013CD3, 13CD30D, and 
13CD30(a) were not appreciable. Total 
amount of i3C in the products was almost as 
much as that of 13C which disappeared from 
the catalyst surface, as shown in Table 1. 
From these observations, it is concluded 
that the decomposition of methanol pro- 
ceeds through for-mate ions which decom- 
pose to reaction products over Cr203. 

4. Kinetics of Formate Zon Decomposition 

As has been demonstrated in the pre- 
vious section, the formate ion decomposi- 
tion step seems to be one of the elementary 
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TABLE I 

Dr2COOD Decomposition Reaction over DWOO(a) 
Breadsorbed Cr203 Surface 

Reaction Reaction [‘)CIFormate (%) Total 13C Decomposed 

temp. time on the surface in the [“Clformate 

(“C) (h) products (cm2 X ID’) 

Before After (cm’ X IO? 

276 1.0 90 40 14.6 f 2.2 16.2 k 1.8 
276 1.1 40 30 4.7 + 1.1 5.0 t 1.8 
250 4.0 78 50 13.2 f 1.6 11.0 k 1.8 

steps in methanol decomposition reaction 
on Cr203. Accordingly, the kinetics of this 
step was studied in more detail. To investi- 
gate the dependence of the decomposition 
rate of formate ion upon the concentration 
of for-mate ion itself, methanol decomposi- 
tion was carried out and the rate of CO + 
CO;? formation was determined at various 
amounts of surface formate. As shown in 
Fig. 4, the rate of CO + CO2 formation ex- 
hibited a good correlation with the amount 
of formate, and the first-order decomposi- 
tion of formate was observed. 

The first-order rate constants of formate 
ion decomposition can be determined from 
the plots of logarithm of the amount of for- 
mate ion versus reaction time at various 
temperatures, whose Arrhenius plots give 
activation energy (EJ and frequency fac- 
tors of formate ion decomposition. The 
results are shown in Fig. 5 for the decompo- 
sition reactions of formate ion in the pres- 
ence of methanol and under vacuum. In the 

FIG. 4. Dependence of the rate of CO + CO2 forma- 
tion upon the amount of DCOO(a) during CD,OD de- . . composttion over Cr203 at 250°C. 

l/T x 10 3 

FIG. 5. Arrhenius plots of the first-order rate con- 
stants of the decomposition of surface formate: (0) in 
the presence of gaseous CDrOD and (0) thermal de- 
composition under vacuum. 

absence of methanol the decomposition of 
formate ion required high E, of 46 kcal 
mol-l, but in the presence of methanol or 
during methanol decomposition, E, was de- 
creased to 29 kcal mol-i. The frequency 
factor was also different between these two 
cases, and was larger under vacuum (log A 
= 16.0 h-l) than in the presence of metha- 
nol vapor (log A = 11.3 h-l). Such differ- 
ence is interpreted to be due to the different 
mechanisms of formate ion decomposition 
in the cases with and without methanol, 
suggesting the participation of methanol in 
the decomposition of formate ion. 

5. The Dependence of the Rate of 
Methanol Decomposition upon Its 
Pressure 

On the basis of the results described 
above, it is strongly suggested that metha- 
nol vapor plays an important role in the 
reaction. The following experiments were 
carried out to study the effect of methanol 
pressure on the reaction. Figure 6 shows 
the methanol pressure dependence of the 
rate of the reaction and also that of the 
amount of surface methoxy group and sur- 
face formate. The rates of D:! and CO + 
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FIG. 6. Methanol pressure dependences of the rate 
and the amount of the surface species during CD30D 
decomposition over CqO, at 260°C. (A) Rate of D2 
formation, (A) rate of CO + CO1 formation, (0) 
amount of CDrO(a), and (0) amount of DCOO(a). 

CO* formation increased to some extent by 
increasing the pressure of methanol, but the 
amount of formate ion decreased by in- 
creasing methanol pressure, although it is 
an intermediate species of the reaction. On 
the other hand, the amount of methoxide, 
to which the rate of the reaction is seem- 
ingly proportional, was increased by meth- 
anol addition. 

The results of methanol pressure-jump 
experiments from 32 to 0 Torr is shown in 
Fig. 7. At first, methanol decomposition 
was allowed to continue in order to reach 
a steady state at 260°C. Prior to the pres- 
sure jump, the reaction system was evacu- 
ated at room temperature or at about 80°C 
for 2 h, so as to remove physically adsorbed 
methanol on the catalyst and on the glass 
wall. Then the cold trap was cooled by liq- 
uid nitrogen to keep the methanol pressure 
at zero, and the catalyst temperature was 
raised to 260°C. The decomposition of sur- 
face formate ion to form CO and CO2 pro- 
ceeded at about the same rate as that in the 
steady state for about 15 min, but after that 
the rate decreased abruptly. During this pe- 
riod, the infi-ared band of formate ion was 

shifted to a lower wavenumber, and after 
that the decomposition of formate ion was 
stopped. 

On the other hand, when methanol vapor 
was kept at 0 Torr, the amount of surface 
methoxy group decreased and that of for- 
mate ion increased, accompanied by the 
formation of an excess amount of hydro- 
gen. The excess formation of hydrogen can 
be explained by the amount of methoxide 
which converted to formate. 

This phenomenon was reversible, that is, 
when the methanol vapor was introduced 
again, the amount of formate ion decreased 
and that of methoxide increased instead to 
restore the previous steady-state surface 
composition, accompanying the evolution 
of Hz, CO, and CO*. These results are con- 
sistent with those of the methanol pressure 
dependence as shown in Fig. 6 already. 

The rate of methane formation was also 
markedly increased when methanol vapor 
was removed, suggesting the inhibition of 
methane formation by methanol vapor. 

DISCUSSION 

In the case of methanol decomposition 

b30D 32Torr.j. Obrci. 32Torr 

FIG. 7. Effect of methanol pressure on the reaction 
rates and the amount of the adsorbed species at 260°C. 
(0) Rate of Dz formation, (0) rate of CO + CO2 forma- 
tion, (A) amount of CD,O(a), (A) amount of DCOO(a), 
and (Cl) peak position of the asy. (O-C-O) of the ad- 
sorbed formate ion. 
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over Crz03, the main reaction is a well- 
known simple dehydrogenation of metha- 
nol, CH3OH + CO + 2H2. In addition, a 
dehydration reaction occurs at the acidic 
sites on Cr203, and ether and water are 
formed 

2CH30H + CH30CH3 + Hz0 

In addition, CZH4 may be formed at higher 
temperatures from CH30CH3, and C2H6 by 
its hydrogenation. 

It is more difficult to explain the forma- 
tion of CO2 and CH4. Part of CO2 may be 
formed by the secondary water-gas shift re- 
action 

CO + Hz0 -+ CO* + HZ, 

but another part of CO2 could be formed 
directly by the decomposition of formate 
ion. The dehydrogenation of methanol may 
proceed as 

CH30H ---, CH30(a) + H(a), 
CH30(a) + O(s) --f HCOO(a) + Hz, 

HCOO(a) + CO + iH2 + O(s) 
or CO2 + 4H2, 

where O(s) represents some surface oxygen 
on Cr203. In the case of COz evolution from 
formate, O(s) is incorporated into CO* and 
the catalyst surface is consequently re- 
duced. On such reduced surfaces, methane 
may be formed from the methanol leaving 
one oxygen atom on the surface as 

CH,OH + CH, + O(s) 

Thus it is proposed that CO2 and CH4 are 
formed as a result of the following two se- 
quential reactions involving O(s), 

CH30H + O(s) --, CO* + 2H2 
CHJOH + CH4 + O(s) 

2CH30H --, CH4 + CO2 + 2H2 

This equation is supported by the fact that 
at higher temperatures the rate of CH4/C02 
approaches unity. 

The main reaction, that is the dehydro- 
genation of methanol, may consist of three 
major steps as follows, 

CH30H(g) “Pt CHSO(a) ,1” 

HCOO(a) ,t”” CO, CO* 

The first step is the dissociative adsorption 
of methanol on Cr203 surface, which is very 
rapid when such sites are available. The 
second step is the formation of formate ion 
from surface methoxide, and the third one 
is the decomposition of formate into CO or 
CO*. From the results in Fig. 6, it is sug- 
gested that the rate of the second step does 
not depend on the methanol pressure, but 
that the third step has a positive de- 
pendence on methanol pressure. Conse- 
quently, the steady-state reaction rate can 
be expressed as 

V = kz(methoxide) = k3(formate)P&ou. 

At the steady state of the overall reaction, 
the rate of step 2 is equal to that of step 3, 
and the relative coverage of methoxide/for- 
mate is determined by the equation above. 
If the methanol pressure is increased, the 
rate of step 3 will become correspondingly 
larger than that of step 2, and consequently 
formate ion will decrease and methoxy 
group will increase simultaneously, result- 
ing in the new steady-state surface compo- 
sition. The methanol pressure dependence 
of the rate of step 3 may be interpreted as 
due to the direct effect of either methanol 
vapor or adsorbed methanol which is in 
equilibrium with gaseous methanol under 
the reaction condition. From the results of 
Fig. 7 it is confirmed that the latter is the 
case. Such adsorbed methanol could not be 
removed by evacuation at room tempera- 
ture, which suggests that it is not a weak 
physical adsorption but more strongly held 
methanol which takes place. When the 
evacuation temperature was raised to 
150°C part of the adsorbed methanol which 
participates in the decomposition of for- 
mate ion was removed from the surface, 
but most of them remained on the surface. 

In order to examine the relation between 
the adsorbed alcohol and the infrared band 
of formate ion under the reaction condition 
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FIG. 8. Fourier-transform infrared spectra of ad- 
sorbed formate ion during CDJOD decomposition at 
270°C. (a) Pcn,on = 7.5 Torr, (b) Pcn,on = 1.5 Torr. 

at 27O”C, ET-IR spectra were recorded at 
methanol pressures of 7.5 and 1.5 Torr, as 
shown in Fig. 8. When the methanol pres- 
sure is decreased to remove part of the ad- 
sorbed methanol, some amount of for-mate 
ion, which has an adsorption band at 1549 
cm-‘, appeared. This observation suggests 
that adsorbed states of formate ions in the 
presence and absence of adsorbed metha- 
nol are different, and the former is easily 
decomposed to CO and COz, whereas the 
other is quite stable. 

The chemical nature of the adsorbed 
methanol and the interaction between the 
adsorbed methanol and formate ion may be 
interpreted as an “associated effect,” and 
the following speculation would be possi- 

ble. According to the literature, CrzOs cata- 
lyst prepared by the method in this study, is 
presumed to expose (001) surface. If this is 
the case, one Cr3+ cation center has three 
coordination sites on the surface. The for- 
mate ion needs two of them and one site is 
available for surface methoxy group. When 
a methoxy group is coordinated to the same 
Cr3+ with a formate ion, the formate ion 
may be electronically affected by the 
methoxy group, which possesses an elec- 
tron-donating property, and causes a facile 
decomposition of the formate ion. 
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