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Transmission infrared spectroscopy was used to characterize adsorbed species on methanol 
synthesis catalysts under reaction conditions. A copper carbonyl, bidentate formate, and methoxy 
species were identified as stable surface species. An adsorbed formaldehyde species was unstable 
at the reaction temperature, but could be observed on the catalyst surface at the beginning of the 
reaction. Surface species were very similar for feed mixtures of (1) carbon monoxide and hydrogen, 
(2) carbon monoxide, carbon dioxide, and hydrogen, and (3) formic acid and hydrogen. Carbon 
monoxide was adsorbed on copper sites to form a linearly bonded carbonyl species. The formate 
species was adsorbed on a zinc site different from the zinc site on which formaldehyde and 
methoxy groups were adsorbed. The rate-determining step in methanol synthesis was determined 
to be the reaction of hydrogen from a hydroxyl species with a methoxy group to yield methanol. It 
was established that at the experimental conditions used in this study, the methanol synthesis 
reaction was far from equilibrium while the water-gas shift reaction was near equilibrium. o 1985 
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INTRODUCTION 

The development of a catalyst for the 
synthesis of methanol from carbon monox- 
ide and hydrogen occurred during the early 
part of this century when catalysis was just 
beginning to play an important role in the 
chemical industry. Although there have 
been many improvements in the prepara- 
tion of methanol catalysts during the suc- 
ceeding years, the basic components-zinc 
oxide, copper oxide, and a promoter such 
as chromia or alumina-have remained un- 
changed. Methanol synthesis has become a 
fully developed commercial process, but 
very little is known about how this catalyst 
functions to selectively produce methanol. 
Recent physical and kinetic measurements 
of methanol catalysts and their precursors 
have established the relationship between 
catalytic activity and such variables as 
crystalline morphology, crystalline phase, 
electronic structure, and surface composi- 

t To whom correspondence should be addressed. 

tion (1-4). These investigators concluded 
that the active component of copper-con- 
taining methanol catalysts was a solid solu- 
tion of Cu(1) ions in the zinc oxide phase. 
XPS-Auger spectroscopies of methanol cat- 
alysts (5, 6) have identified a stable cu- 
prous ion in the surface monolayer of re- 
duced coprecipitated catalysts. 

In spite of these advances in the charac- 
terization of methanol catalysts, the nature 
of adsorbed species and of the elementary 
surface reactions continues to be uncertain. 
Several mechanisms for methanol synthesis 
have been proposed in recent years. A 
chemical trapping technique has identified 
formate and methoxy species on a used 
methanol catalyst (7); the proposed metha- 
nol synthesis mechanism postulates that 
formate, methyloxy, and methoxy groups 
are reaction intermediates bonded through 
oxygen to a metal ion site. A much different 
mechanistic proposal was suggested by 
Herman and co-workers (I) involving car- 
bonyl, formyl, hydroxycarbene, and hy- 
droxymethyl intermediates bonded through 
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FIG. 1. High-pressure system. 

carbon to a Cu(1) ion in the zinc oxide 
phase. Adjacent zinc ions were the centers 
for hydrogen adsorption. A recent revision 
of this mechanism has incorporated hy- 
droxyl, formate, formyl, and methoxy spe- 
cies bonded to a Cu(1) ion in the reaction 
pathway (8). Other mechanisms have been 
proposed incorporating both carbon- 
bonded and oxygen-bonded intermediates 
in methanol synthesis. A reaction scheme 
with carbonyl, formyl, formaldehyde, and 
methoxy intermediates adsorbed on &(I) 
active sites within the zinc oxide lattice was 
developed from a review of the literature 
(9). This mechanism was analogous to 
methanol synthesis by homogeneous catal- 
ysis. Another mechanism has proposed that 
an oxygen vacancy acts as an active site in 
methanol synthesis (10). After a carbonyl 
species is hydrogenated to a formyl spe- 
cies, the oxygen on the formyl interacts 
with an adjacent electron-deficient va- 
cancy. As further hydrogenation occurs, a 

methoxy species is formed as the bonding 
between the oxygen and vacancy is 
strengthened while the bonding between 
the carbon and metal ion weakens. The vari- 
ation in catalytic activity with specific 
crystal planes of zinc oxide has been as- 
cribed to the relative number of defects (va- 
cancies) in each type of plane (11, 22). 

The study reported here has focused on 
the use of Fourier transform infrared (FT- 
IR) spectroscopy to characterize adsorbed 
surface species under methanol synthesis 
conditions: the objective has been to obtain 
a better understanding of the molecular in- 
teractions occurring on the catalyst sur- 
face. In the first aspect of this work, the 
activity and selectivity of several methanol 
catalysts were measured under the same 
conditions used for infrared experiments. 
Then the identification and transient behav- 
ior of adsorbed species were determined in 
situ by FT-IR spectroscopy. This informa- 
tion has been incorporated into a proposed 
methanol synthesis mechanism. 

METHODS 

Experimental apparatus. A how reactor 
system, shown in Fig. 1, was designed for 
catalytic studies at pressures from 10e4 
Ton- (1 Torr = 133.3 N m-*) to 100 atm (1 
atm = 1.013 x IO5 N mm2). There were 
three major sections in this system: (1) a 
high-pressure section constructed with 
stainless-steel components for optimum 
safety, (2) an atmospheric section to handle 
the effluent from the system for venting or 
sampling, and (3) a vacuum section com- 
posed of glass and stainless steel to desorb 
impurities in the system or on the catalyst 
surface. The entire system was built on a 
mobile frame permitting the system to be 
connected with other analytical instru- 
ments (i.e., a gas chromatograph or infra- 
red spectrometer). 

Cylinders of high-purity gases were used 
as the pressure source for the system. Each 
gas flow line had a solenoid valve (Atko- 
matic, Type SBTD) and a thermal mass 
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flow controller (Brooks, Model 58101 
5835A). The solenoid valves were wired via 
the alarm relay of a CO detector system 
(MSA, Model 571) to provide an automatic 
shut-down feature if a major gas leak (CO 
or Hz) should develop downstream. Ele- 
vated pressures were set with a Tescom 
back-pressure regulator and measured with 
a Heise CMM pressure gauge. The tubing 
configuration permitted both the prereactor 
and postreactor pressures to be recorded, 
from which the pressure drop through the 
reactor could be determined. The reactor 
was a 12-in. length of stainless-steel tubing 
fitted with a sheathed thermocouple 
(Omega, Sub-Miniature) that passed axially 
through the reactor inlet to the catalyst bed. 
The reactor temperature was measured 
with an Omega 199 indicator and regulated 
with an Omega 49 proportional controller. 
The binary oxides were evaluated at a flow 
rate of 1800 GHSV and the ternary oxides 
were evaluated at a flow rate of 3600 
GHSV. Two ports upstream of the reactor 
were used as inlet and outlet connections to 
a high-pressure infrared cell which has been 
described previously (13). The vacuum sec- 
tion utilized a liquid-nitrogen trap and diffu- 
sion pump (Edwards, Model E02). 

Reaction products were quantitatively 
analyzed with a gas chromatograph (Antek, 
Model 310/40-ALP) using thermal conduc- 
tivity detectors and a HP 3390A reporting 
integrator. All species were separated with 
Porapak N and Porapak T columns in se- 
ries. Relative molar response factors were 
determined experimentally using injections 
from mixtures prepared in a gas-sampling 
bulb. The relative molar response factors 
(CO = 1.00) were found to be 1.15 for 
CH30H, 0.91 for H20, and 0.98 for COZ. 

Infrared spectra were recorded with a 
Bruker-Physik AG Model IFS 113 spec- 
trometer using single-beam optics. Each 
spectrum was produced by accumulating 
100 scans at 2 cm-l resolution. Only the 
absorption by the infrared windows (CaF& 
was subtracted from the spectra. The cata- 
lyst and gaseous species, in addition to ad- 

sorbed species, contributed infrared bands 
to the spectra. Attempts to subtract these 
bands generally resulted in distortion of im- 
portant spectral regions. 

Catalyst preparation. The catalysts were 
prepared by coprecipitating a mixture of 
metal nitrates with ammonium bicarbonate 
at 60°C according to the method described 
by Stiles (24). After filtering and washing 
with distilled water, the precipitates were 
dried in air at 115°C for 12 h and then 
calcined in a stream of oxygen at 400°C for 
8 h. The amount of cupric oxide in these 
catalysts was restricted to no greater than 
10% CuO due to the strong infrared absorp- 
tion by cupric oxide. 

The oxidic form of the catalyst was pre- 
pared for transmission infrared studies by 
pressing powder under a load of 4500 kg 
into a wafer approximately 0.10 mm thick 
and placing the wafer into the infrared cell. 
Catalyst activity and selectivity evaluations 
were conducted in a fixed-bed tubular reac- 
tor containing a bed of broken catalyst wa- 
fers surrounded by Sic particles. Dry nitro- 
gen gas was flowed through the infrared cell 
or reactor for approximately 12 h at atmo- 
spheric pressure and 200°C to desorb water 
on the catalyst surface. Under these condi- 
tions there was no significant dehydroxyla- 
tion of the catalyst surface. All experiments 
were conducted in a continuous flow mode 
at 60 cm3/min (STP) using high-purity 
gases. Water or formic acid solution could 
be introduced into the feed system at low 
concentrations by bubbling the gaseous 
flow through the liquid which was con- 
tained within an enclosed stainless-steel 
vessel (saturator). Catalysts were reduced 
by exposing the oxide to a 9515 NJHz 
stream for 1 h at 200°C and 1 atm (pretreat- 
ment 1). 

RESULTS 

Catalytic Activities 

Because the catalysts developed for in- 
frared studies had copper contents consid- 
erably lower than industrial catalysts, it 
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TABLE 1 

Reactivity of Coprecipitated Catalysts at 50 atm 

Catalyst compo- Feed composition 
sition (vol%) 

(mol%) H~/CO/C021H20 

CO conversion Methanol yield 
(%) to CHSOH (X 1O-5 mol/mVh) 

200°C 250°C 200°C 250°C 

ZnlCu oxide 
9515 
90110 
9515 
9ollO 
9515 
90110 

ZnlCulCr oxide 
901515 
80/10/10 
80/10/10 

67/331010 
67/331010 
66/28/6.6/O 
66i2816.610 
67/33/O/0.5 
67/33lOlOS 

66128i6.610 
67l33lOlO 
6i'l33/0/0.1 

was important to verify that these coprecip- 
itated oxides were active and selective for 
methanol synthesis. The effects of catalyst 
composition, reactor temperature, and feed 
composition on CO conversion were exam- 
ined and the results are summarized in Ta- 
ble 1. All binary (CuO/ZnO) and ternary 
(CuO/ZnO/Cr~03) compositions were ac- 
tive for carbon monoxide hydrogenation to 
methanol at 50 atm and temperatures of 200 
and 250°C. The selectivity for methanol 
was 100% for binary and ternary catalysts 
at 200°C while at 250°C the ternary cata- 
lysts produced some dimethyl ether (<2%) 
in addition to methanol. In general, the 
methanol yield per unit surface area was 
comparable between binary and ternary 
catalysts. These results supported the ob- 
servation (I) that the primary effect of the 
addition of Cr,O, or A1203 to the composi- 
tion of a binary oxide was to enhance activ- 
ity by increasing the surface area. An ex- 
ception was the 80/10/10 Zn/Cu/Cr oxide 
which exhibited relatively high activity at 
200°C. The addition of an oxidizing agent 
(CO2 or H20) to the HJCO feed mixture 
had little effect on yields at 200°C but signifi- 
cantly improved conversions at 250°C. Car- 
bon dioxide was added as a gas premixed 
with hydrogen (10% CO* in H2), while wa- 

1.6 6.3 1.1 4.5 
1.3 5.2 0.9 3.7 
0.7 11.4 0.5 8.2 
1.1 15.6 0.8 11.2 
1.9 8.8 1.4 6.3 
1.1 12.6 0.8 9.0 

0.9 10.7 0.5 6.4 
7.8 13.8 4.8 8.4 
1.8 11.0 1.1 6.7 

ter was added by bubbling the H&O mix- 
ture through water at high pressure. The 
reactor effluent from experiments with wa- 
ter in the feed had no water but did contain 
some carbon dioxide, indicating that these 
catalysts had good activity for the water- 
gas shift reaction: 

CO + Hz0 = CO2 + HZ. 

The thermodynamics of the water-gas shift 
reaction strongly favors the formation of 
carbon dioxide and hydrogen at the reac- 
tion conditions. 

The initial yield of methanol was gener- 
ally higher than the steady-state yield 
(value after 8 h). This loss of activity could 
arise from several causes, and was exam- 
ined by considering the transient behavior 
of the 90/10 Z&u catalyst. The concentra- 
tions of C02, CH,OH, and Hz0 were mea- 
sured periodically during the first 8 h of a 
reaction run at 200°C and 50 atm for each of 
the feed mixtures utilized in this study. The 
results of these transients are shown in Fig. 
2. When a feed of H2 and CO was used, the 
initial methanol yield was 50% higher than 
the steady-state yield. The catalytic activity 
gradually decreased during the transient, 
but was still relatively high after 8 h. The 
small amount of CO2 in the initial effluent 
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FIG. 2. Reactor effluent concentrations at 200°C and 
50 atm (transient behavior). 

sample most likely arose from the water- 
gas shift reaction between CO and some re- 
sidual water formed earlier from catalyst 
reduction (pretreatment 1). 

The transient behavior of the effluent 
from a reaction run using a feed of CO, Hz, 
and CO2 had some significant differences 
compared to the reaction run without COz. 
The initial methanol yield was twice the 
amount obtained without any COz present, 
while the amount of CO2 was approxi- 
mately one-tenth the feed concentration, 
Within 4 h the COz concentration had re- 
turned to the feed value, and a steady-state 
methanol yield was established at a level 
less than the CO/H* ‘reaction. Water was 
also a product in the effluent. Because rela- 
tively high CO* concentrations were found 
in the effluent following the pressure drop 
at the end of an experiment, the initial low 
level of CO2 probably resulted from absorp- 
tion by the catalyst. At steady state the 
methanol yield could arise from either CO 
hydrogenation or CO2 hydrogenation. The 
water concentration could not be used to 
determine the hydrogenation rates because 

water was also involved in the water-gas 
shift reaction. Because the methanol yield 
was less with a feed containing CO* at 
2OO”C, the diffusive restrictions caused by 
CO2 in the catalyst pores overrode any ad- 
vantages that CO2 provided as a reactant or 
in preventing deactivation (strong reduc- 
tion) of active sites. 

A feed mixture of CO, HZ, and Hz0 pro- 
duced effluent concentrations essentially 
constant over the 8-h period. The methanol 
yield was approximately the same as the 
yield obtained from the feed mixture con- 
taining COz. The water in this feed mixture 
was converted to CO* by the water-gas shift 
reaction. A pressure drop at the end of this 
experiment resulted in relatively high levels 
of CO2 and Hz0 in the effluent, indicating 
some adsorption of these two species. 

An adsorbed formate species is a possible 
reaction intermediate in methanol synthesis 
from hydrogen and carbon monoxide. Thus 
a feed mixture containing hydrogen and for- 
mic acid might produce methanol: 

HCOOH + 2H2 = CH30H + H20. 

Reaction runs were conducted using a gas- 
eous mixture of 50/50 Hz/N2 bubbled 
through a formic acid solution (73% 
HCOOH, 27% H20) at 50 atm. Complete 
conversion of HCOOH to CH3OH occurred 
over a binary 95/5 Z&u catalyst at 200°C. 
A ternary 80/10/10 Zn/Cu/Cr catalyst had 
no activity for methanol synthesis at 200 
and 250°C. 

Infrared Spectra of Binary Catalysts 

Binary catalysts with low copper con- 
tents (Cw’Zn I 0.15) were satisfactory for 
transmission infrared studies in both oxi- 
dized and reduced states. During high-pres- 
sure in situ studies these catalysts had a 
significant transmittance loss at lower 
wavenumbers, requiring that the identifica- 
tion of adsorbed species be based on infra- 
red bands above 2000 cm-r. 

The adsorption of carbon monoxide on a 
95/5 Zn/Cu catalyst at 200°C and 50 atm is 
shown in Fig. 3. The initial oxidized surface 
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FIG. 3. Carbon monoxide adsorption on 9515 Zn/Cu 
oxide at 50 atm and 200°C. (a) Oxidized surface (with- 
out pretreatment l), (b) exposure for 8 h, and (c) expo- 
sure for 24 h. 

(Fig. 3a) (without pretreatment 1) had re- 
sidual hydroxyls (bands at 3663, 3620, 
3560, and 3455 cm-‘) and carbonates (bands 
at 1515, 1469, 1376, and 1323 cm-‘). Pro- 
longed exposure to CO reduced the catalyst 
(Fig. 3b), indicated by the formation of the 
hydroxyl band at 3250 cm-‘. Formate 
groups (bands at 2969,2878,2731, and 1573 
cm-t), a zinc hydroxyl (band at 3520 cm-‘), 
and a zinc hydride (band at 1660 cm-‘) 
gradually developed. After 24 h (Fig. 3c) an 
adsorbed formaldehyde species (bands at 
2935,2834, and 2731 cm-r) had formed and 
the carbonyl band had shifted to 1975 cm-‘. 
(The band of gaseous CO at 2143 cm-’ 
masked the carbonyl band in the earlier 
spectra.) 

The hydrogenation of surface species 
was accelerated by incorporating hydrogen 
into the carbon monoxide feed. Figure 4 
shows the adsorption of a mixture of car- 
bon monoxide and hydrogen (CO/H2 = 9/l) 
on a 95/5 Z&u catalyst at 200°C and 50 
atm. Formate groups (band at 2879 cm-l) 
and hydroxyls associated with reduction 
(band at 3252 cm-r) were quickly formed 
(Fig. 4b). The development of methoxy 

groups (bands at 2934 and 2822 cm-‘) (Fig. 
4c) was accompanied by the disappearance 
of the isolated hydroxyls (bands at 3660 and 
3612 cm-‘). The formate band shifted sig- 
nificantly from 2879 to 2868 cm-‘, due to 
the development of the methoxy groups. 

The adsorption of a stoichiometric 2/l 
Hz/CO mixture on 95/5, 90/10, and 85/15 
Z&u catalysts at 200°C and 50 atm after 
an hour of exposure is shown in Fig. 5. 
Very little detail could be observed at lower 
wavenumbers because of low transmit- 
tance. This surface condition would be rep- 
resentative of the adsorbed species during 
methanol synthesis. The spectra showed 
the hydroxyl of reduction (band at 3252 
cm-l), methoxy groups (bands at 2933 and 
2822 cm-‘), and formate groups (bands at 
2865 and 1575 cm-t) in addition to the band 
for gaseous carbon monoxide at 2143 cm-‘. 
The spectra of the 85/15 Z&u catalyst was 
noisier than the other spectra because its 
transmittance was an order of magnitude 
lower than the others. 

Methanol synthesis from a stoichiometric 
feed of carbon monoxide and hydrogen was 
compared with other feed mixtures. Figure 
6 shows the nature of surface species on a 

I I 1 I 
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FIG. 4. Adsorption of CO-H2 mixture on 9515 Z&u 
oxide at 50 atm and 200°C. (a) Oxidized surface, (b) 
exposure for 15 min, and (c) exposure for 1 h. 
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FIG. 5. Adsorption of CO-H2 mixtures on binary 
oxides at 50 atm and 200°C. 

9515 Zn/Cu catalyst at 200°C and 50 atm for 
various feed compositions that were previ- 
ously established from reactor studies to be 
satisfactory for methanol synthesis. A feed 
mixture of 66/27/7 HJCO/C02 produced 
surface species that were identical with 
those using only Hz and CO in the feed. The 
additional band at 2350 cm-r was absorp- 
tion by gaseous carbon dioxide. A feed mix- 
ture of 50/50 Hz/N2 containing some formic 
acid solution (73% HCOOH, 27% H20) also 
produced formate (band at 2870 cm-‘) and 
methoxy groups (bands at 2935 and 2820 
cm-r). Because the feed had some water 
and a low formic acid concentration, the 
isolated hydroxyls (bands at 3660 and 3620 
cm-l) were not completely displaced by 
methoxy groups. 

Infrared Spectra of Ternary Catalysts 

The ternary Zn-Cu-Cr oxide catalysts, 
which were also restricted to low copper 
contents, were superior to the binary cata- 
lysts in high-pressure infrared experiments 
because the transmittance remained high 
throughout the mid-infrared range. Better 
surface detail provided more information 

for identifying adsorbed species during 
methanol synthesis conditions. 

The reaction of carbon monoxide and hy- 
drogen on a 90/5/5 ZnKWCr catalyst at 
200°C and 50 atm is shown in Fig. 7. The 
initial surface species on the reduced cata- 
lyst (pretreatment 1) after exposure to a 
2/l Hz/CO mixture (Fig. 7a) were for-mate 
groups (bands at 2963, 2872, 1582, 1381, 
and 1360 cm-‘), adsorbed formaldehyde 
species (bands at 2934 and 2843 cm-‘), and 
methoxy groups (bands at 2934 and 2824 
cm-‘). The adsorbed formaldehyde species 
disappeared and the amount of methoxy 
groups reached a maximum in an hour (Fig. 
7b), followed by a gradual decrease in 
methoxy groups (Fig. 7~). A pressure drop 
to 1 atm (Fig. 7d) revealed an adsorbed car- 
bony1 species at 2010 cm-r. 

The reaction of carbon monoxide and hy- 
drogen (Hz/CO = 2/l) on a 80/10/10 Zn/Cu/ 
Cr catalyst (pretreatment 1) at 200°C and 50 
atm is shown in Fig. 8. The initial spectrum 
(Fig. 8a) showed formate groups (bands at 
2870, 1576, 1381, and 1360 cm-l), methoxy 
groups (bands at 2932 and 2822 cm-‘), and 
a carbonyl species at 2089 cm-‘. The 
methoxy groups reached a steady-state 
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FIG. 6. Adsorption of various feed mixtures on 95/S 
Z&u oxide at 50 atm. 
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FIG. 7. Adsorption of CO-H2 mixture on 90/5/5 ZniCulCr oxide at 50 atm and 200°C. (a) Exposure 
for 15 min, (b) exposure for 30 min, (c) exposure for 8 h, and (d) after pressure drop. 

condition within an hour (Fig. 8b). The car- 
bony1 species shifted from 2089 to 2021 
cm-t (Fig. 8~). A pressure drop to 1 atm 
(Fig. 8d) revealed in sharper detail a car- 
bony1 species at 2010 cm-‘. 

The reactor tests established that al- 
though a binary catalyst was active for for- 
mic acid hydrogenation to methanol, the 80/ 

I 
I 1 

I I I I I I I 

4000 3800 3603 3400 3200 xxx) 2800 2600 
WAVENUMBERS (cm-‘) 

1040 Zn/Cu/Cr catalyst was inactive for 
this reaction during the same operating con- 
ditions. The adsorption of formic acid solu- 
tion (73% HCOOH, 27% H20) in a carrier 
gas of 50150 HZ/N* on a 80/10/10 Zn/Cu/Cr 
catalyst (pretreatment 1) at 200°C and 50 
atm is shown in Fig. 9. A carbonyl spe- 
cies (band at 1983 cm-r) and minor amounts 

2600 2400 2200 2ooO I800 1600 1400 
WAVENUMBERS (cm-‘) 

FIG. 8. Adsorption of CO-HZ mixture on 80/10/10 Zn/Cu/Cr oxide at 50 atm and 200°C. (a) Exposure 
for 15 min, (b) exposure for 1 h, (c) exposure for 4 h, and (d) after pressure drop. 
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FIG. 9. Adsorption of formic acid on 80/10/10 ZnlCul 
Cr oxide at 50 atm and 200°C. (a) Reduced surface, (b) 
exposure for 1 h, and (c) exposure for 3 h. 

of formate groups (bands at 2872, 1580, 
1381, and 1360 cm-i) were the only ad- 
sorbed species formed within the first hour 
of exposure (Fig. 9b). Some methoxy 
groups (bands at 2934 and 2818 cm-l) were 
produced after prolonged exposure (Fig. 
SC), but the concentration was low since the 
isolated hydroxyls (bands at 3668 and 3618 
cm-l) were not completely displaced. Thus 
the poor methanol synthesis activity of Zn- 
Cu-Cr catalysts when using formic acid in 
the feed mixture was due to the difficulty of 
formic acid decomposition into formate 
groups and adsorbed hydrogen at high pres- 
sures. 

DISCUSSION 

Band Assignments 

The identification of adsorbed species on 
methanol synthesis catalysts by the analy- 
sis of infrared bands has been presented 
previously (15). Infrared bands at 3665, 
3620,3550, and 3450 cm-i were assigned to 
residual hydroxyls on different crystal 
planes of zinc oxide. The band at 3520 
cm-l, observed during carbon monoxide 
adsorption (Fig. 3), was assigned to a Type 

I zinc hydroxyl species (16). The corre- 
sponding Type I zinc hydride was observed 
at 1660 cm-i. The band at 3252 cm-l was 
assigned to a bulk hydroxyl species associ- 
ated with a reduced state of copper. 

Surface carbonate groups had infrared 
bands at 1515, 1470, 1376, and 1323 cm-i. 
Based on the general assignments for uni- 
dentate and bidentate carbonate com- 
plexes given by Nakamoto (I7), the bands 
at 1470 and 1376 cm-i were assigned to the 
asymmetric and symmetric OCO stretching 
frequencies of a unidentate carbonate spe- 
cies, while the bands at 1515 and 1323 cm-i 
were assigned, respectively, to the asym- 
metric and symmetric OCO stretching fre- 
quencies of a bidentate carbonate species. 

The infrared bands at 2875, 1381, 1575, 
and 1360 cm-l were assigned to the funda- 
mental CH stretching, CH bending, asym- 
metric OCO stretching, and symmetric 
OCO stretching frequencies, respectively, 
of a bidentate formate species. Additional 
bands at 2969 and 2731 cm-l (Fig. 3) were 
assigned to combinations of fundamental 
frequencies: the former band was a combi- 
nation of the CH bending and asymmetric 
OCO stretching frequencies, while the lat- 
ter band was a combination of the CH bend- 
ing and symmetric OCO stretching frequen- 
cies. Infrared bands at 2935,2840, and 273 1 
cm-i were assigned to the CH2 scissoring 
overtone, asymmetric CH2 stretching, and 
symmetric CH2 stretching frequencies, re- 
spectively, .of an adsorbed formaldehyde 
species. The concentration of adsorbed for- 
maldehyde in these experiments was too 
low to observe the CO stretching fre- 
quency. The infrared bands at 2935 and 
2820 cm-i were assigned to the asymmetric 
and symmetric CH3 stretching frequencies, 
respectively, of a methoxy species. 

The band near 2090 cm-l (Fig. 8) that 
shifted to 2010 cm-l at high pressures was 
assigned to the stretching frequency of a 
carbonyl species adsorbed on a reduced 
copper site whose oxidation state may be 
either + 1 or 0. Prolonged exposure to car- 
bon monoxide at high pressure (Fig. 3) or 
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formic acid decomposition (Fig. 9) can pro- 
duce a carbonyl species whose band has 
shifted as low as 1975 cm-‘. 

Methanol Synthesis 

The reactor experiments established that 
these coprecipitated binary and ternary cat- 
alysts were active and highly selective for 
methanol synthesis at 50 atm and 200- 
250°C even though the copper contents 
were much lower than those used in indus- 
trial catalysts. The methanol synthesis re- 
action was far from equilibrium in these ex- 
periments. The small addition of some 
water into a CO-Hz feed stream produced 
an effluent with carbon dioxide rather than 
water, indicating that the water-gas shift re- 
action was near equilibrium. The addition 
of some carbon dioxide to the CO-H2 feed 
stream generally decreased the methanol 
yield at 200°C. The initial low value for the 
CO2 concentration in the reactor effluent 
and the release of relatively large amounts 
of CO2 when the pressure was reduced sug- 
gested that carbon dioxide was adsorbed by 
the catalyst. Relatively high concentrations 
of CO* in the catalyst pores apparently in- 
hibited the rate of methanol synthesis. At 
250°C the addition of carbon dioxide to the 
CO-HZ feed stream increased the reaction 
rate. The increased temperature improved 
the methanol yields in all tests conducted; a 
strong promotional effect was observed 
when an oxidant was added to the CO-H2 
feed stream. 

Infrared spectra taken at 50 atm in CO/H2 
mixtures had much less transmission than 
previous spectra taken at atmospheric pres- 
sure (15). However, despite some lack of 
detail in the high-pressure spectra, it was 
apparent that the types of surface species 
were essentially the same at both pres- 
sures. Thus band assignments that were 
given to adsorbed species on these metal 
oxides at atmospheric pressure could be ap- 
plied to surface species at 50 atm. The pri- 
mary effect of elevated pressure on ad- 
sorbed species was to stabilize the surface 
hydroxyl at 3520 cm-i and to weaken the 

carbon-oxygen bond of the surface car- 
bony1 (band shift to lower frequency). 

Information about the sequence of reac- 
tion steps and adsorption sites was ob- 
tained from transient experiments. Despite 
the low activity of these catalysts at 2OO”C, 
the infrared spectra showed that steady- 
state surface conditions were quickly 
reached when a 2/l HJCO feed mixture 
was used. The surface reactions could be 
slowed by decreasing the amount of hydro- 
gen in the feed mixture. Even in the ex- 
treme case of having only carbon monoxide 
in the gas phase, gradual hydrogenation of 
surface species occurred because the resid- 
ual hydroxyls were a source of hydrogen. 
This demonstrated that hydrogen (possibly 
as protons) was mobile on the surface at 
200°C. Formate groups were clearly formed 
before formaldehyde and methoxy groups. 
The order of formaldehyde and methoxy 
formation at high pressure was difficult to 
establish because the intensity of the for- 
maldehyde bands was low, but results from 
the atmospheric studies (15) suggested that 
the formaldehyde species was the precur- 
sor of the methoxy species. 

The spectra of Zn/Cu/Cr ternary cata- 
lysts during methanol synthesis conditions 
provided the most detailed information on 
surface species. At steady state the 80/10/10 
Zn/Cu/Cr catalyst had mainly methoxy 
groups, some formate groups, and no ob- 
servable formaldehyde groups on the sur- 
face (Fig. 8). The adsorbed carbonyl had 
shifted from 2089 to 2021 cm-‘, indicating a 
weakening of the carbon-oxygen bond 
without changing the nature of the carbonyl 
(linear bonded). Unfortunately, the hy- 
droxyl region was too indistinct to detect 
any band at 3520 cm-i. 

The steady-state spectrum of surface 
species on a binary catalyst during metha- 
nol synthesis using a feed with formic acid 
was very similar to the spectra for feed mix- 
tures of CO/H2 or CO/C02/H2 (Fig. 6). Be- 
cause the spectrum from the formic acid 
experiment showed no carbonyl species or 
gaseous carbon monoxide, the evidence for 
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FIG. 10. Methanol synthesis mechanism. 

a reaction sequence involving formate and 
methoxy intermediates was strengthened. 
A reaction pathway involving carbon- 
bonded intermediates is unlikely since the 
lack of formate decomposition provides no 
carbon monoxide for this synthesis route. 
Alternatively, a ternary catalyst was unsat- 
isfactory for methanol synthesis using a 
feed with formic acid. The infrared spectra 
showed very little formate and methoxy 
groups on this catalyst, apparently because 
formic acid decomposition was difficult at 
these conditions. 

A proposed mechanism for methanol 
synthesis based on the results from this 
study and atmospheric experiments (15, 
Z8) is shown in Fig. 10. Carbon monoxide is 
adsorbed on Cu(1) sites in the zinc oxide 
lattice to form a linear carbonyl species 
(band at 2020 cm-l). Hydrogen is adsorbed 
dissociatively on adjacent zinc-oxygen 
sites to form a hydroxyl and hydride spe- 
cies (Type I adsorption). During methanol 
synthesis conditions the hydroxyl (band at 
3520 cm-‘) and hydride (band at 1660 cm-‘) 
were dimcult to detect, suggesting that 
these species were not very stable. Hydro- 
gen could migrate to other sites to form 

other types of hydroxyl species (bands at 
3550 and 3450 cm-l) which were more sta- 
ble at these conditions. The surface car- 
bony1 can insert into a hydroxyl group to 
form a bidentate formate species (bands at 
2875,1575, 1381, and 1365 cm-l). Hydroge- 
nation of the formate species produces an 
adsorbed formaldehyde species (bands at 
2935, 2840, 2740, and 1610 cm-‘) which is 
on a different surface site than the formate 
species. The formaldehyde species is 
quickly hydrogenated to form a methoxy 
species (bands at 2935 and 2820 cm-‘). The 
rate-determining step is the hydrogenation 
of the methoxy species to methanol. 

The various zinc sites proposed to be in- 
volved in this mechanism can be associated 
with specific crystal planes of zinc oxide 
(18). The isolated hydroxyls (bands at 3665 
and 3620 cm-l) are on the same sites as 
formaldehyde and methoxy species. These 
isolated hydroxyl sites (Zn,.) have been as- 
sociated with polar ZnO surfaces (19). The 
formate groups occupy a portion of the hy- 
drogen-bonded hydroxyl sites (Zn& which 
have been associated with nonpolar ZnO 
surfaces. The hydrogen-bonded hydroxyls 
have bands at 3550 and 3450 cm-‘. The site 
of hydrogen adsorption (Zn,), which pro- 
duces a hydroxyl band at 3520 cm-l, is pro- 
posed to be a stepped surface between po- 
lar and nonpolar planes of zinc oxide. 
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