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Methanol synthesis from CO, and CO was carried out at
atmospheric pressure over a Cu/ZnO catalyst (Cu/Zn =
3/7) and the surface species formed were analyzed by diffuse
reflectance FT-IR spectroscopy and temperature programmed
desorption. It was revealed that CH;OH and CO were produced
from CO,-H, through parallel pathways. Two types of formate
species, HCOO-Cu and HCOO-Cu and HCOO-Zn, and zinc
methoxide were formed in the course of methanol synthesis
from CO,. HCOO-Cu and HCOO-Zn were hydrogenated to
methoxide. A comparison of the rates of hydrogenation with
that of methanol synthesis from CO, suggested that methanol
synthesis from CO, occurred via the hydrogenation of HCOO-
Cu. The methanol synthesis from CO proceeded at a rate much
slower than that from CO,. HCOO-Zn and zinc methoxide were
formed in the course of the CO-H,; reaction. No HCOO-Cu was
detected. The amount of the zinc methoxide formed in the
CO-H; reaction greatly exceeded that formed in the CO,—H,
reaction. The rate of the formation of methoxide in the CO-H,
reaction was in reasonable agreement with that of the hydroge-
nation of HCOO-Zn. On the basis of these findings, the differ-
ence in the mechanisms of methanol synthesis from CO, and

from CO was discussed. < 1995 Academic Press, Inc.

INTRODUCTION

In industrial processes, methanol is synthesized from
mixtures of CO, CO,, and H; over Cu/ZnQO based catalysts.
CO, promotes methanol synthesis from CO (1-4). Because
of practical and fundamental interests in this promoting
effect, methanol synthesis from CO, and H; has received
considerable attention in recent years (5-16). Comparative
studies showed that methanol synthesis from CO, began
at a temperature lower than that from CO and proceeded
at a faster rate (6, 7, 13).

By the use of the temperature programmed desorption
(TPD), IR spectroscopy, and chemical trapping methods,
various surface species such as formate (8, 10, 12, 17-24),
formaldehyde (17), dioxymethylene (25), and methoxide
species (19-21, 25) were found to exist on Cu based cata-
lysts in the course of methanol synthesis from CO,. Saussey
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and Lavalley (19) measured the surface species formed on
Cu/ZnAlL,O,4 by IR spectroscopy. They showed that an
appreciable amount of methoxide was formed on the sup-
port in the course of methanol synthesis from CO. Formate
species formed on Cu were absent in the course of the
CO-H, reaction, while these species were present in the
course of the CO,-H, reaction. They proposed that metha-
nol synthesis from CO, occurred on the Cu surface, while
that from CO occurred on the surface of the support. Rob-
inson and Mol (23) suggested that the formate species
formed on Cu exhibited different reactivity from that on
the support, resulting in the difference in the rates of meth-
anol synthesis from CO, and from CO.

In previous work (26, 27), we showed that methoxide
on ZnO was readily hydrolyzed to methanol over Cu/ZnO
and ZnO in the course of methanol synthesis from CO,.
The presence of H,O may be a key reason for the differ-
ence in the rates of methanol synthesis from CO; and from
CO, as Saussey and Lavalley proposed (19), since no H,O
was formed in the methanol synthesis from CO-H;. In
these circumstances, the origin of the difference in the
rates is still controversial.

In the present work, the methanol synthesis from CO,
and from CO were carried out over various Cu/ZnQO cata-
lysts at atmospheric pressure, and the reactivity of ad-
sorbed species formed over the catalysts was studied by
means of diffuse reflectance FT-IR spectroscopy and tem-
perature programmed desorption. We show that methanol
synthesis from CO, proceeded via the hydrogenation of
formate species formed on copper, while that from CO
proceeded via the hydrogenation of formate species
formed on ZnO. The difference in rate between methanol
synthesis from CO, and from CO is discussed.

EXPERIMENTAL

Catalyst Preparation

Cu/ZnO catalysts (Cu content = 10, 30, 50, 70, 90 mol%)
were prepared by two coprecipitation methods. The cata-
lysts with copper content below 30 mol% were prepared
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TABLE 1

Copper Dispersion, BET Area, and Surface Area of Copper
and ZnO of the Cu/Zn0O, Cu, and ZnO Catalysts

Cu/Zn Dy [%] Sper” Scu” S200°
10/90 104 29.0 4.5 24.5
30/70 9.8 27.9 13.6 14.3
50/50 11.7 412 25.8 154
70/30 9.6 324 29.6 2.8
90/10 5.0 10.6 20.0 —

100/0 1.1 — 4.7 —

0/100 — 39.8 — 39.8

“In a unit of m?/g-cat.

by a coprecipitation method (method 1) similar to that
adopted by Herman et al. (28). An aqueous solution of
Na,CO; (1.5 M) was added dropwise to a mixed solution
of copper and zinc nitrates (total metal concentration
1 M) at 353 K until the pH reached 8.0 and then the solu-
tion was aged at 353 K for 1 h. During the aging, the pH
was adjusted to 8.0-8.2 by addition of a small amount
of Na,CO; solution. The catalysts having copper content
above 50 mol% were prepared from copper and zinc ni-
trates and NaHCO; by an inverse coprecipitation method
(method 2) similar to that adopted by Porta et al. (29). A
1 M solution of copper and zinc nitrates (50 cm*) was added
dropwise to a 1.2 M solution of NaHCO; (100 cm®, pH
8.2) over a period of 90 min at 338 K under continuous
stirring. The precipitates formed were further aged for 90
min at the same temperature. The precipitates were filtered
out, washed with distilled water, dried at 373 K overnight,
and calcined in air at 623 K for 4 h. The catalyst thus
prepared was first reduced in a reactor or in an IR cell
under a helium stream containing 3 vol% of H; at 483 K
for 1 h. The reduction temperature was raised from 483 to
523 K stepwise by 10 K per hour and finally kept at 523 K
for 1 h under a pure H; stream.

ZnO and pure copper catalysts were obtained by precipi-
tation in similar fashions to methods 1 and 2, respectively.
Procedures following the precipitation were the same as
those for the Cu/ZnO catalysts.

Table 1 lists the dispersion of copper, the BET surface
area, and the surface area of copper and ZnO. The disper-
sion of copper was determined by the N,O titration at
333 K (30). The surface area of ZnO was estimated by
subtraction of that of copper from the BET surface area
of the catalyst. For the estimation of the surface area of
copper, the number of copper atoms exposed per square
meter of copper was assumed to be 1.46 X 10" atoms/m?
(31) for the entire range of the catalyst composition.

Reaction

The CO,-H, and CO-Hj, reactions were carried out in
a flow reactor at atmospheric pressure (1 atm = 101.3 kPa).
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The gases in the inflow were purified by passage through a
trap immersed in methanol containing dry ice. The gaseous
composition in the outflow from the reactor was followed
in time by gas chromatography. Helium was used as
diluent.

Temperature Programmed Desorption

TPD runs were carried out over 1.0 g of the catalyst
under a helium or a N, stream at a flow rate of 200 cm?/
min. After exposure to a stream of CO,—H,, CO-H,, or
H,-He mixture at a flow rate of 200 cm®/min, the catalyst
was rapidly cooled to 353 K in the mixture. Gases in the
reactor were flushed with a helium or N, stream and the
catalyst was subsequently cooled to room temperature.
The temperature was ramped at a rate of 5 K/min. The
effluent from the reactor was analyzed by gas chromatog-
raphy.

Diffuse Reflectance FT-IR Spectroscopy

FT-IR spectra of adsorbed species were recorded under
He at room temperature with an infrared spectrophotome-
ter (JASCO FT-IR-5M) to which a diffuse reflectance
equipment (JASCO DR-500/H) was attached. The catalyst
was placed in a cell and subjected to exposure to gaseous
mixtures of various compositions at elevated temperatures.
Unless noted, a spectrum of the catalyst, which was reduced
at 523 K and then treated under flowing He at 583 K, was
used as the background.

RESULTS AND DISCUSSION

Mechanism of the Methanol Synthesis from CO,

Reaction. When a CO,-H; mixture (CO,/H, = 1/9)
was fed over the Cu/ZnO catalysts, CH;OH was produced
together with CO and H,O. The methanol synthesis, CO,
+ 3H, — CH3;0H + H;0, occurred along with the reverse
water gas shift reaction, CO, + H, - CO + H,0. The
outlet partial pressure of CH;OH and CO varied with time
differently. CO was rapidly formed and then decreased to
a steady-state value within a few minutes. By contrast,
methanol increased slowly in a monotonic manner. A
steady-state value was obtained after 2-3 h. These findings
suggested that CH;OH and CO were produced through
parallel pathways.

XPS and Auger spectra of the catalyst revealed that
metallic copper and zinc oxide were present before and
after the reaction (32). No other species, such as Cu(I) and
Cu(Il), were detected. This suggested that the variation of
the outlet partial pressure of methanol under the transient
state did not result from a creation of new surface sites such
as monovalent copper. Hence, the length of the induction
period was governed by the kinetics of the methanol for-
mation.
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FIG. 1. Outlet partial pressure of CH;OH (®) and CO (OJ) as a
function of W/F. The CO,-H; (CO,/H, = 1/9) reaction was carried out
over a 30 mol% Cu/ZnO catalyst at 438 K.

Figure 1 illustrates the variation of the outlet partial
pressure of CH;0H and CO at the steady state with W/F
(W, weight of the catalyst used; F, total flow rate) of the
reaction. The outlet partial pressures of both CH3;OH and
CO increase with the increased W/F. Figure 2 plots the
selectivities to methano! obtained at different tempera-
tures against the conversion of CO,. The selectivity to
methanol increases with the decreased conversion of CO,.
It always approaches the y-axis at a value less than 100%

80 |
S
2 60
Lol
=
+
@
E
o
< 40
=2
>
5 &
@
- 20+
wy
0 1 | - {
0 2 4 6

Conversion of CO2 (%)

FIG. 2. Selectivity to methanol versus the conversion of CQO;. The
CO;-H; reaction was carried out over 30 mol% Cu/ZnQO at 438 K (O),
463 K (0OJ). and 483 K (@).
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FIG. 3. TPD spectra of CO; ( ) and CO (---) obtained after the
CO,-H; reaction was carried out at 438 K for 4 h over the 30 mol% Cu/
ZnO catalyst.

at zero CO, conversion. The selectivity to methanol pro-
duction increases with decreasing reaction temperature.
These findings also suggest that the methanol synthesis
and the reverse water gas shift reaction proceed through
parallel pathways.

Adsorbed species. Figure 3 illustrates the TPD profiles
of CO, and CO obtained after the reaction attained a
steady state over the 30 mol% Cu/ZnO. Two CO, peaks
are observed at 443 K («-CO,) and at 563 K (8-CO), and
one CO peak is observed at 553 K (a-CO). These peaks
were always accompanied by H, peaks at the same temper-
atures. No H,O desorbed in the course of the TPD run. For
the catalyst treated with formic acid at room temperature,
strong peaks ascribed to a- and B-CO, appeared with a
weak one ascribed to «-CO. The intensity of the CO peak
was practically negligible as compared with that of the CO,
peaks. For the catalyst treated with CH3;OH, an intense
CO peak was observed at 563 K, which could be ascribed
to a-CO. These findings suggest that - and 8-CO, be
ascribed to formate species, a-CO to methoxide species.

TPD profiles of CO; and CO obtained over the other Cu/
ZnO catalysts (10, 50, 70, and 90 Cu-mol%) were similar to
those illustrated in Fig. 3, while only one small peak of
CO,, assignable to «-CQ,, was observed at 440 K over the
pure copper catalyst.

Figure 4 plots the amount of @-CO; estimated from the
peak area in the TPD runs against that of the surface
metallic copper atoms. The former value increases in pro-
portion to the latter value, suggesting that the a-CO, peak
arose from the surface species adsorbed on the copper sites.

Figure 5 shows the relationship between the amount
of B-CO, and the surface area of ZnO present in the
Cu/ZnO catalysts. The amount of 8-CQO, increases almost
in proportional to the surface area of ZnO, although the
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FIG. 4. Relationship between the amount of «-CO; and that of the
surface metallic copper atoms.

curve is somewhat convex upward. This suggests that the
B-CO; peak originated from the surface species adsorbed
on ZnO.

In contrast, the amount of a-CO correlated with neither
the surface area of copper nor ZnO.

An IR spectrum was measured for a 30 mol% Cu/ZnO
catalyst previously subjected to the CO,-H, reaction at
438 K (26). It showed that copper formate (HCOO-Cu:
2930, 2850, 1620, 1350 cm™'), zinc formate (HCOO-Zn:
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FIG. 5. Relationship between the amount of 3-CO, and the surface
area of ZnO upon Cu/ZnO.
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FIG. 6. Variation of the amounts of HCOO-Cu (O), HCOO-Zn
(@), and CH,0-Zn ((J) with time in the course of the CO,-H; reaction
over 30 mol% Cu/ZnO.

2970, 2880, 2740, 1580, 1383, 1365 cm '), and zinc methox-
ide (CH;0-Zn: 2930, 2825, 1060 cm ') were formed in the
course of the CO,-H; reaction. After the catalyst was
exposed to flowing He for 10 min at 438 K, where the
desorption of a-CO, was completed, the IR absorption
band for HCOO-Cu decreased appreciably. The intensi-
ties of other IR absorption bands remained unchanged
at this temperature. They vanished at 573 K where the
desorption of 3-CO, and «-CO were completed.

Combining the results obtained by the TPD method and
IR spectroscopy, we concluded that «-CO,, 8-CO,, and
a-CQO peaks originated from HCOO-Cu, HCOO-Zn, and
CH;0-Zn, respectively.

Figure 6 shows how the amounts of HCOO-Cu,
HCOO-Zn, and CH;O-Zn vary with time in the CO,-H;
reaction over the 30 mol% Cu/ZnO catalyst. The amounts
of HCOO-Cu and HCOO-Zn increase rapidly and reach
steady-state values within a few minutes. By contrast, the
amount of CH,O-Zn increases slowly with time and attains
a constant value after 2 h. In conformity with these obser-
vations, only the IR absorption bands for CH;O-Zn in-
creased in intensity with time and reached their steady-
state values, while those for HCOO-Cu and HCOO-Zn
were at constant intensities.

In a similar manner, experiments were also carried out
at a different total flow rate. When the CO,-H, reaction
was carried out at a flow rate of 100 cm?*/min, the amounts
of CH;0-Zn produced during the initial 10 min and 1 h
were 8 and 28 umol/g-cat., respectively. A comparison of
these values with the variation of the amount of CH,O-Zn
illustrated in Fig. 6, which was obtained at a flow rate of
200 cm?/min, showed that the amount of CH;O-Zn under
the transient state was unaffected by the total flow rate.
In contrast with this, the outlet partial pressure of methanol
under the transient state increased nearly in inverse pro-
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FIG. 7. Diffuse reflectance IR spectra of the catalyst. (A) After the
helium treatment at 373 for 10 min following CO, adsorption at room
temperature, (B) after H, was fed at 373 K for 60 min over the catalyst
treated under the same conditions as A, and (C) a ratio spectrum of
A/B. For the spectra A and B, a spectrum of KBr was used as the back-
ground.

portion to the total flow rate. These findings strongly sug-
gested that the formation of CH;0-Zn was unaffected by
the presence of methanol under the present experimental
conditions, and hence the readsorption of methanol from
the gas phase was practically negligible for the formation
of CH;0-Zn.

In the following sections, the formation of the surface
species was investigated in more detail by the TPD method
and IR spectroscopy over the 30 mol% Cu/ZnO catalyst
for the elucidation of the reaction mechanism of the metha-
nol synthesis.

Formation of formate species. After CO, was adsorbed
on the catalyst at room temperature, the catalyst was
treated under a helium flow at 373 K for 10 min and subse-
quently spectrum A in Fig. 7 was recorded. Thereafter,
the helium flow was switched to a flow of a H,~He mixture
(partial pressure of H, = 0.9 atm) for 60 min and spectrum
B was obtained. On the switch to the mixture, IR absorp-
tion bands ascribable to HCOO-Zn appear at 2970 and
2880 cm~!. Spectrum C shows the ratio spectrum of A/B.
It is evident that the IR absorption bands for HCOO-Zn
(2970, 2880, 1580, 1383, 1365 cm™') grow at the expense
of the absorption bands at 1510 and 1335 em™!.

ZnO alone was subjected to the adsorption of CO, at
room temperature and treated with flowing helium at ele-
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vated temperatures. It exhibited strong absorption bands
at 1510 and 1335 cm™! together with that at 1030 cm™'.
According to the results obtained on ZnO by Saussey et al.
(33), these bands were assigned to polydentate carbonates.
Hence, we concluded that HCOO-Zn was produced by
the hydrogenation of the surface carbonate species formed
on the ZnO support over Cu/ZnO.

Experiments were also carried out over ZnQ having the
surface carbonate. It was found that the surface carbonate
species were hydrogenated to HCOO-Zn on ZnO alone.
However, the observed rate of HCOO-Zn formation was
much lower than that over the Cu/ZnO catalyst. The rate
based on the ZnO surface area for the Cu/ZnO catalyst
was estimated to be 30 times that for the ZnO alone.
This strongly suggests that the HCOO-Zn formation was
accelerated in the presence of Cu. Over Cu/ZnO, hydrogen
adatoms formed at Cu sites probably spilled over to ZnO
sites and reacted with the carbonate species.

The mechanism of the formation of HCOO-Cu was still
ambiguous. When an IR spectrum was measured after CO,
alone was adsorbed on Cu/Zn, absorption bands of CO,
adsorbed on copper sites were indistinguishable due to the
absorption bands of the surface species formed on the
Zn0 support. CO, species or carbonate species formed
on copper sites may be responsible for the formation of
HCOO-Cu, as other authors proposed (19, 34-36).

Formation of CH;0-Zn. HCOO-Zn and HCOO-Cu
were produced over the catalyst from a CO,—H, mixture
at 438 K, and subsequently the HCOO--Cu was removed
by decomposition in flowing helium at 463 K. The hydroge-
nation of HCOO-Zn was then carried out for given periods
of time in a stream of H, at various temperatures. Thereaf-
ter, the temperature was rapidly lowered to room tempera-
ture. Gases in the reactor were flushed with helium and
the amounts of the surface species were determined by
the TPD method.

When a stream of H, was fed over the catalyst having
HCOO-Zn, the a-CO peak increased with time and the
B-CO, peak decreased. This indicated that CH,;O-Zn
grows at the expense of HCOO-Zn. Figure 8 illustrates
the variation of the amounts of HCOO-Zn and CH,O-Zn
in the course of the hydrogenation at 438 K. The amount
of CH;0-Zn formed is practically the same as the amount
of HCOO-Zn decreased. This led to the conclusion that
CH30-Zn was produced via the hydrogenation of
HCOO-Zn.

Similar experiments were also carried out at different
partial pressure of H; or over the catalyst having different
amounts of HCOO-Zn. The amount of CH;0-Zn formed
was followed in time by the TPD method. From the plot
of the amount of CH;O-Zn against time, the rate of the
CH;0-Zn formation was evaluated. In Figs. 9 and 10, the
initial turnover frequencies were plotted against the partial
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FIG. 8. Variation of the amounts of HCOO-Zn (®) and CH;0-Zn
(O) in the course of the hydrogenation of HCOO-Zn at 438 K. Partial
pressure of H; was 0.9 atm.

pressure of H; and the amount of HCOO-Zn preadsorbed,
respectively. It is shown that the turnover frequency is
proportional to both of the partial pressure of H, and the
amount of HCOO-Zn species.

Experiments were also carried out for HCOO-Zn
formed on ZnO alone. No CH;0-Zn was produced by
the reaction between HCOO-Zn and H,. This suggests
that the hydrogenation of HCOO-Zn was markedly en-
hanced over Cu/ZnO. Hence, it was again suggested that
hydrogen activated at Cu sites was responsible for the
hydrogenation of HCOO-Zn over Cu/ZnO.

The hydrogenation of HCOO-Cu species was also con-
ducted at temperatures below 400 K, where HCOO-Cu
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FIG.9. The initial turnover frequency of CH,O-Zn formation versus
the partial pressure of H,.
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FIG. 10. The initial turnover frequency of CH;O-Zn versus the
amount of HCOO-Zn preadsorbed on the catalyst.

was thermally stable. After HCOO-Cu and HCOO-Zn
species were prepared from the mixture of CO, and H,,
gases in the reactor were flushed with flowing He at 353 K.
The temperature was then raised rapidly to 383 K and the
hydrogenation of HCOO-Cu was conducted for various
periods of time. Variations of the amounts of the surface
species in the hydrogenation were also followed by the
TPD method. Figure 11 illustrates how the amounts of
HCOO-Cu, HCOO-Zn, and CH;0-Zn species vary in
the course of the hydrogenation at 383 K. The amount of
HCOO-Zn remains unchanged during the course of the
experiment, whereas that of HCOO~-Cu decreases and that
of CH3;0-Zn increases with time. Hence, CH;0-Zn was
produced through the hydrogenation of HCOO-Cu in
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FIG. 11. Variation of the amounts of HCOO-Cu (O), HCOO-Zn

(®), and CH;0-Zn ([(J) with time in the course of the H, treatment at
383 K over the catalyst preadsorbed with HCOO-Cu and HCOO-Zn.
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FIG. 12. Relationship between the turnover frequency of CH;O-Zn
formation and the amount of HCOO-Cu at various partial pressures of
H,. Py, = 0.9 atm (O), 0.5 atm (O), and 0.3 atm (@®).

preference to the hydrogenation of HCOO-Zn. However,
the amount of HCOO-Cu decreased was not equivalent
to that of CH;0O-Zn formed. This was probably caused by
the slow decomposition of HCOO-Cu to CO; and H,.

The turnover frequency of CH;O-Zn formation was
estimated from the slope of the curve shown in Fig. 11.
Figure 12 shows the turnover frequencies obtained at vari-
ous partial pressures of H, against the amount of HCOO-
Cu. It demonstrates that the rate of the CH;0-Zn forma-
tion is proportional to the amount of HCOO-Cu.

The rate constant of the CH;0-Zn formation from
HCOO-Cu was estimated from the slope of the line in
Fig. 12, and is plotted against the partial pressure of H, in
Fig. 13. This shows that the rate of CH;O-Zn formation
from HCOO-Cu is proportional to the partial pressure
of Hz.

The hydrogenation reactions of HCOO-Zn and
HCOO-Cu were also carried out at various temperatures.
Figure 14 plots the rate constants obtained for these reac-
tions against the reciprocal of the temperature. Under the
present reaction conditions, the rate constant of the hydro-
genation of HCOO-Cu is about 10 times greater than
that of the hydrogenation of HCOO-Zn. The activation
energies are determined at 61.4 and 51.6 kJ/mol, respec-
tively, for the hydrogenation of HCOO-Zn and the hydro-
genation of HCOO-Cu. Thus, the turnover frequencies of
the hydrogenation of HCOO-Zn to CH;0-Zn
(tEH,o-Zn) and of the HCOO-Cu to CH;0-Zn
(tCH3O—Zn) can be expressed, respectively, as

t’CHso_Zn =918 X 106 exp(—614OO/RT)VHCOO_ZnPH2 [1]

and
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FIG. 13. Relationship between the rate constant of the CH,0O-Zn
formation from HCOO-Cu and the partial pressure of H,.

tCH3O—Zn =569 X 106 exp(~51600/R T)VHCOO—CuPH29 [2]

where Vycoo-zn and Vycoo_cy represent the amount of
HCOO-Cu and HCOO-Cu, respectively, in units of mol/
g-cat. Turnover frequencies are in units of s~!, and Py,,
the partial pressure of H,, is in units of atm.

Formation of methanol from CH;0-Zn. It was pre-
viously shown that CH;0-Zn was rapidly hydrolyzed to
methanol in the course of the methanol synthesis from
CO; (26). When a mixture of CO,~H, was fed over the
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FIG. 14. Rate constants of the hydrogenation of HCOO-Cu (O)
and HCOO-Zn (®) versus the reciprocal of the temperature.
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catalyst on which various amounts of CH;O-Zn were pre-
viously produced by the reaction with CO,-H, at 438 K
or methanol adsorption at room temperature followed by
a He treatment at 438 K, the outlet partial pressure of
methanol in the effluent was rapidly increased and reached
a steady state value. The steady state of the methanol
formation was attained more rapidly with the increased
amount of CH3;0-Zn previously adsorbed. When the
amount of the preadsorbed CH;0-Zn was in excess of that
at the steady state, the outlet partial pressure of methanol
overshot the steady-state value. In contrast, when H, or
CO, alone was fed over the catalyst having CH;0-Zn, no
methanol was produced. However, on feeding of H,O,
methanol was detected in the effluent even at a lower
temperature, 383 K. These findings strongly suggested that
methanol was produced via hydrolysis of CH;0-Zn. Con-
sistent with this, the IR absorption bands of CH;0-Zn
decreased on feeding of H,O. On the basis of these find-
ings, we concluded that CH;0-Zn was effectively hy-
drolyzed by H,O formed via the reverse water shift reac-
tion, being transformed to methanol in the course of the
methanol synthesis.

Mechanism of the methanol synthesis from CQO;. As
shown above, the hydrolysis of CH;0-Zn, as well as the
formation of HCOO-Zn and HCOO-Cu, was facile.
Hence, one of the steps involved in the hydrogenation of
HCOO-Zn and HCOO-Cu to CH;0-Zn would be the
rate determining step in the methanol synthesis from CO,.
For discussion on the involvement of HCOO~Zn and
HCOO-Cu in the methanol synthesis, the rates of the
hydrogenation of HCOO-Zn and HCOO-Cu were com-
pared with that of the methanol synthesis at the tempera-
ture of 438 K. By analysis with FT-IR spectroscopy and
the TPD method, the amounts of HCOO-Zn and
HCOO-Cu at the steady state of the reaction were esti-
mated to be 24.6 and 44.3 umol/g-cat., respectively, at the
respective partial pressures of CO, and H, of 0.1 and 0.9
atm. By use of these values, the turnover frequencies of
the CH.O-Zn formation from HCOO-Zn and
HCOO-Cu were evaluated to be 1.07 X 107 and 1.59 X
107* s7! at a hydrogen partial pressure of 0.9 atm, respec-
tively, from Egs. [1] and [2].

On the other hand, the observed turnover frequency of
the methanol synthesis was estimated to be 7.35 X 1073
s™! at a W/F value for 0.001 g-cat. min/cm® from Fig. 1.
The observed rate was close to that of the hydrogenation
of HCOO-Cu, although the former rate was lower than
the latter rate by a factor of 2 times.

A slower rate of methanol synthesis than that of the
hydrogenation of HCOO-Cu would be ascribed to H,O
being produced and/or to the presence of CO; in the for-
mer reaction. Bardet ez al. (37) previously showed that the
methanol synthesis from CQO; over Cu/ZnO/ALQO; was
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FIG. 15. Comparison of the turnover frequency of the methanol
synthesis from CO, (O) and that from CO (O) over the 30 mol% Cu/
ZnO catalyst. Pcoz, Peo = 0.1 atm, PH2 = 0.9 atm.

suppressed by H,O. As Fig. 1 showed, the curve of metha-
nol is slightly convex upward, suggesting that a small
amount of H,O retarded the methanol synthesis. Further-
more, Fu and Somorjai (38) suggested that H, and CO,
adsorbed the same sites on the Cu(311) single crystal. If
CO, competitively adsorbed on the same sites as H, on
Cu/ZnO, the sites available for H, adsorption should de-
crease in the presence of CO,. Hence, the hydrogenation
of HCOO-Cu would decrease in the methanol synthesis
from CO; because of the presence of CO, in the gas phase.

Based on these findings, we concluded that the methanol
synthesis from CO, proceeded as

H
CO, ———— CO,(a) or COs(a) —4

Cu, ZnO )

HCOO-Zn

HCOO-Cu———— CH30-Zn—— CH;0H,
H, H,0

in which HCOO-Cu was involved.

Mechanism of the Methanol Synthesis from CO

Figure 15 compares the rate of the methanol synthesis
from CO, with that from CO over the 30 mol% Cu/ZnO
catalyst. It is clear that methanol is produced more rapidly
from CO,; than from CO. No methanol is produced from
CO below 438 K, at which the mechanism of methanol
synthesis from CO, was studied in the preceding sections.
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FIG. 16. TPD spectra of CO; ( )} and CO (---) obtained after the
CO-H,; mixture was fed over the catalyst at 438 K for 4 h.

Figure 16 illustrates TPD spectra of CO and CO, ob-
tained after a CO-H, mixture (CO/H; = 1/9) was fed over
the Cu/ZnO catalyst at 438 K for 4 h. A strong peak of a-
CO is observed together with a weak peak of 8-CO,. No
B-CO, peak appears. Consistent with these findings, strong
absorption bands for CH;O-Zn were observed along with
those of HCOO-Zn in the IR spectra of the catalyst treated
with the mixture of CO-H,. No absorption bands ascribed
to HCOO-Cu occurred.

It has been shown that HCOO-Zn was produced via
the reaction of CO with surface hydroxyl species over ZnO
(39, 40). A similar process was probably involved in the
synthesis of methanol from CO over the Cu/ZnO catalyst
as observed by Edwards and Schrader (17).

The CO-H; reaction was carried out for various periods
of time and then the amounts of CH;O-Zn and
HCOO-Zn produced in the course of the reaction were
determined by the TPD method. Figure 17 illustrates the
variation of the amounts of these species in the course of
the reaction at 438 K. The amount of HCOO-Zn reaches
the steady-state value instantly. The amount of CH;O-Zn
increases steadily with time for a period of over 24 h. It is
to be noted that the amount of CH;0-Zn formed in the
first 24 h greatly exceeds that formed in the CO,—H,; reac-
tion. It reaches a value five times greater than that in
the latter reaction. As opposed to these observations, no
methanol was produced in the gas phase.

The turnover frequency of the CH;O-Zn formation was
estimated from the slope of the line in Fig. 17 in which
the amount of CH;O-Zn increased linearly with time. The
turnover frequency thus estimated was 4.6 X 10°%s™!. On
the other hand, by making use of Eq. [1] and the amount
of HCOO-Zn (10 umol/g-cat., see Fig. 17) present in the
CO-H,; reaction, we evaluated the turnover frequency of
CH,0-Zn formation to be 4.5 X 107® s~!. This coincided
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FIG. 17. Variation of the amounts of HCOO-Zn (®) and CH;0-Zn
(CJ) with time in the course of feeding the CO-H, mixture.

well with the turnover frequency obtained from the plot
in Fig. 17. Hence, we concluded that CH,O-Zn was formed
via the hydrogenation of HCOO-Zn in the course of the
CO-H; reaction.

When H,O was fed over the catalyst having CH;0-Zn
prepared from the CO-H, mixture, the amount of
CH;0-Zn decreased rapidly and methanol was detected
in the effluent even at 383 K, as observed in the system
of COQ—HQ .

When a CO-H, mixture was switched to the CO-H,
mixture containing a small amount of H,O, methanol was
produced even at 438 K. Figure 18 illustrates how the outlet
partial pressure of methanol varies with time upon switch-
ing to the CO-H,;~-H,0 mixture. In the absence of H,O,

[® CO-H, e C0~H2-H20 —— CO-H2 >

5
PCH3OH x 107 (atm)

o0 lb—o0—0o ' 1 \
0 1 2

time (h)

FIG. 18. Variation of the outlet partial pressure of methanol with
time. A CO-H, mixture was switched to CO-H,-H,O and then the
mixture was switched again to CO-H;. The temperature was 438 K.
Partial pressures of CO, H,, and H,O were 0.1, 0.7, and 4 X 107 atm, re-
spectively.
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no methanol is detected in the effluent. After the switch
to the CO-H,-H,O mixture, the methanol formation in-
creases rapidly and then decreases to a steady-state value.
When the mixture was again switched to the CO-H, mix-
ture, the methanol formation ceased. These findings indi-
cate that the conversion of CH,O-Zn to methanol was
markedly lowered in the CO-H, reaction because of the
absence of H,O in the gas phase. Hence, a great amount
of CH;0O-Zn accumulated in the course of the CO-H-
reaction, as seen in Fig. 17.

In contrast to the observations at 438 K, methanol is
slowly formed in the CO-H; reaction above 460 K, as Fig.
15 shows. Under these conditions, CH;0-Zn would slowly
react with surface hydroxyl species over ZnO, being trans-
formed to methanol.

Hence, we concluded that methanol synthesis from CO
over the Cu/ZnO catalyst proceeded as

CO + OH(a) - HCOO-Zn -0 CH;0-Zn
| 2
Zn
+ (I)H(a) — CH;OH(g) + (I)H(a) —> OH(a),

Zn Zn Zn

in which HCOO-Zn and surface hydroxyl were involved.

Difference in the Rate between the Methanol Synthesis
from CO; and from CO

In the preceding sections, we showed that methanol syn-
thesis from CO; occurred rapidly as compared to that from
CO. The former reaction proceeded through the hydroge-
nation of HCOO-Cu to CH;O-Zn, whereas the latter
reaction proceeded through the hydrogenation of
HCOO-Zn to CH;0-Zn. HCOO-Cu was absent in the
CO-H, reaction. Under the present reaction conditions,
the rate of the hydrogenation of HCOO-Cu was faster
than that of the hydrogenation of HCOO-Zn by a factor
of 10 (Fig. 14). The rate of the transformation of CH,O-Zn
to methanol in the CO,-H, reaction was much faster than
that in the CO-H, reaction. Therefore, the difference in
rates between methanol synthesis from CO, and from CO
was ascribed to the difference in the reactivity of
HCOO-Cu and HCOO-Zn involved in the formation of
CH;0-Zn and the presence or the absence of H,O in the
conversion of CH;O-Zn to methanol. At lower tempera-
tures, the presence of H,O may cause the great difference
between the rates of the methanol synthesis from CQO, and
from CO. Under such conditions, the methanol formation
from CH,0-Zn was markedly enhanced in the CO,-H;
reaction because of the formation of H,O via the reverse
water gas shift reaction occurring with the methanol syn-
thesis from CO,.

. Klier, K., in
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