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The interactions of CO, and H,/CO, with Cu/SiO,, Zr0,/SiO»,
and Cu/Zr0O,/SiO; have been investigated by in-situ infrared spec-
troscopy with the aim of understanding the nature of the species in-
volved in methanol synthesis and the dynamics of the formation and
consumption of these species. In the case of Cu/SiO,, the only species
observed during methanol synthesis are formate groups on Cu and
methoxide groups on silica. When ZrO,/SiO; or Cu/ZrO,/SiO; is ex-
posed to H,/CO; the majority of the species observed are associated
with ZrO,. CO, adsorption on either ZrO,/SiO; or Cu/ZrO,/SiO,
leads to the appearance of carbonate and bicarbonate species on
the surface of ZrO,. In the presence of H, these species are con-
verted to formate and then methoxide species adsorbed on ZrO,.
The presence of Cu greatly accelerates the hydrogenation of bi-
carbonate to formate species, and the hydrogenation of formate to
methoxide species. On Cu/ZrO,/SiO, methylenebisoxy species are
observed as intermediates in the latter reaction. While Cu promotes
the reductive elimination of methoxide species as methanol, it is
observed that hydrolytic release of methoxide species from ZrO,
occurs much more rapidly than reductive elimination. Thus, the
methanol synthesis over Cu/ZrO,/SiO; is envisioned to occur on
ZrO,, with the primary role of Cu being the dissociative adsorption
of Hy. The spillover of atomic H onto ZrO, provides the source of
hydrogen needed to hydrogenate the carbon-containing species. It
is also proposed that the formation of CO via the reverse-water—
gas-shift reaction occurs on Cu.  © 1997 Academic Press

INTRODUCTION

The industrial importance of methanol has resulted
in significant research regarding its catalytic synthesis
from hydrogen, carbon monoxide, and carbon dioxide. As
methanol synthesis is an exothermic process, the equilib-
rium yield declines with increasing temperature. For this
reason, efforts have been undertaken to enhance the ac-
tivity of methanol synthesis catalysts, so that they may be
operated at lower temperatures. Supported Cu catalysts
have received much attention. Although some authors have
shown the role of the support in methanol synthesis is min-
imal (1, 2), other studies have shown that the support or
promoter can significantly affect the activity for methanol
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synthesis (3-5). Zirconia has emerged as a particularly in-
teresting support material, as it enhances the activity of
Cu for methanol synthesis from both CO/H, and CO,/H;
(4, 6-16). Although several studies have confirmed the pro-
motional effect of zirconia on the activity of Cu, studies of
the surface species formed under reaction conditions are
less extensive (17-19). These studies have shown that zirco-
nia provides adsorption sites for the reactive intermediates
and suggest that adsorbed CO is reduced to methanol via a
formaldehyde intermediate.

In the present study the interactions of CO, and H,/CO,
with Cu/SiO,, ZrO,/SiO,, and Cu/ZrO,/SiO; at elevated
pressure were investigated by in-situ FTIR spectroscopy.
This work was undertaken to provide further insight into
the nature of the surface species present under reaction con-
ditions and their relationship to the mechanism of methanol
synthesis. Previous work (16) has shown that the presence
of zirconia greatly enhances the rate of methanol synthesis,
but it has a minimal effect on the reverse-water-gas-shift
reaction rate. Therefore, it was also of interest to ascertain
whether the behavior of the observable surface intermedi-
ates could be used to explain the reported trends in activity.
Similar studies of the interaction of CO and H,/CO are the
subject of a forthcoming paper.

EXPERIMENTAL

The preparation and characterization of the Cu/SiO; and
Cu/ZrO,/SiO, catalysts used in this study have been de-
scribed elsewhere (16). ZrO, was dispersed on SiO; in the
same manner used to disperse ZrO, on Cu/SiO; (16). The
Cu and Zr contents of the catalysts were determined by
X-ray fluorescence analysis. The Cu surface areas of the
catalysts were determined by N,O titration (16). By these
methods, the Cu/SiO; catalyst was determined to contain
5.7 wt% Cu with a Cu surface area of 1.36 m? per gram
of catalyst (3.7% Cu dispersion); the ZrO,/SiO, catalyst
contained 32.6 wt% ZrQO;; and the Cu/ZrQO,/SiO, catalyst
contained 5.7 wt% Cu with a Cu surface area of 0.76 m? per
gram of catalyst (2.1% Cu dispersion) and 30.5 wt% ZrO,.
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Matheson UHP H, and He and Coleman instrument-
purity CO, were purified prior to use. Hydrogen was passed
through a Deoxo unit (Engelhard) to remove O, impuri-
ties by forming water which was subsequently removed by
a molecular sieve trap (3A Davidson grade 564). He was
passed through an oxysorb (CrO,) trap to remove O, and
then a molecular sieve trap. CO, was passed through a hop-
calite trap (80% MnO;,+ 20% CuO) to remove CO and a
molecular sieve trap to remove water. Purified gases were
delivered to the infrared cell via Tylan Model FC-280 mass
flow controllers.

In-situ transmission infrared spectroscopy was per-
formed using 2-cm diameter catalyst disks of 0.2-mm thick-
ness, weighing approximately 75 mg. The catalyst disks were
contained in a low dead-volume infrared cell (20). Infrared
spectra were collected using a Nicolet Magna 750 series
Il FTIR spectrometer. Signals were obtained from a nar-
row band MCT detector. In situ absorbance spectra were
obtained by collecting 64 scans at 4 cm~! resolution. Each
spectrum was then referenced to a spectrum of the cata-
lyst collected at the same temperature under He or H,
flow, as appropriate. The cell is heated by electrical re-
sistance heaters and the cell temperature was controlled
by an Omega Series CN-2010 programmable temperature
controller.

The methanol synthesis activity and selectivity were de-
termined by placing 150 mg of catalyst into a micro-reactor
connected to agas manifold and operated at 0.65 MPawith a
feed stream containing a 3/1 mixture of H, and CO,. Prod-
uct analysis was by mass spectrometry. A more complete
description of the apparatus is given in Ref. (16).

Prior to each experiment with a fresh sample, the cata-
lyst was reduced in 10% H./He flowing at 60 cm®/min. The
reduction temperature was raised at 2 K/min from ambient
to 523 K, after which the catalyst was further reduced at
523 K for >8 h in pure H; flowing at 40 cc/min. Subsequent
reductions were all performed at 523 K, but varied in time
(always >8 h) to ensure that observable surface species
were removed.

RESULTS

The activity and selectivity of Cu/SiO, and Cu/ZrO,/SiO;
are reported in Table 1. Under the conditions shown in
Table 1, it is evident that zirconia addition increases the
methanol synthesis activity of the catalyst by 13.1-fold,
when activity is expressed on a per gram basis, and 27-fold
when activity is expressed as a turnover frequency based
on the number of Cu sites measured by N,O titration. The
effect of zirconia addition on the reverse-water—gas-shift
(RWGS) reaction is much less pronounced, with a 2.2-fold
increase in activity over Cu/SiO,, when compared on a per-
gram basis, and a 4.6-fold increase, when compared on a per-
site basis. It is also evident that zirconia addition increases
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TABLE 1

Comparison of Methanol Synthesis and RWGS
Activity and Selectivity?

Catalyst®
CU/SiOz CU/ZFOZ/SiOZ
MeOH RWGS MeOH RWGS
synthesis reaction synthesis reaction
Mass specific rate 99%x10® 76x1077 13x10° 17x10°®
(moles/s/g-cat)
Turnover frequency 2.7x107° 20x1072 7.3x1072 9.3x1072
/s)
Selectivity (%)° 11 88 43 56

@ Reaction conditions: T=523 K, P =0.65 MPa, H,/CO, = 3/1, catalyst
mass=0.15g.

b Catalyst composition described in experimental section.

¢ Balance due to methane formation.

the selectivity to methanol 11 to 43%, while the RWGS
selectivity is decreased from 88 to 56%. Internal and exter-
nal heat and mass transfer effects on the rates of methanol
synthesis and the RWGS reaction were determined to be
negligible (21).

Cu/SiO,
CO, Adsorption

Figure 1 shows spectra obtained after CO, adsorption
on Cu/SiO, at temperatures between 323 and 523 K. The
catalyst was exposed to He/CO;, at a ratio of 3/1 and a to-
tal pressure of 0.65 MPa for 90 min at each temperature.
At 323 K features are observed at 1620 cm~* for H,O on
SiO; (H,0-Si), at 1602 cm~* for H,O on Cu (H,O—Cu),
at 1450 cm~! for ionic (symmetrical) carbonate on Cu
(i-CO3—Cu), and at 1405 cm~! for polydentate carbonate
on Cu (p-CO3Cu) (22). Also observable are a peak at
1461 cm~! for monodentate carbonate on Cu (m-CO3—-Cu)
(23, 24), peaks at 1350, 1543, 2850, and 2928 cm~* for biden-
tate formate on Cu (b-HCOO—-Cu) (25), and a shoulder at
1361 cm~* for monodentate formate on Cu (m-HCOO-Cu)
(25). When CO, adsorption occurs at 373 K the peaks for
p-CO3—Cu (1405 cm~1) and m-CO3;—Cu (1461 cm™?) disap-
pear, and the peaks for b-HCOO—-Cu reach a maximum. At
higher temperature, the peaks for b-HCOO-Cu decrease
monotonically. Increasing temperature has little effect on
the intensity of the peak for i-CO3;—Cu, but it does decrease
the intensity of the peaks for H,O on both Cu and SiO,.
Very weak features (not shown) are also observed at 2094
and 2077 cm~! for CO adsorbed on Cu(110) and (111) sur-
faces, and at 2128 cm~! for CO adsorbed on Cu* (26, 27).
With increasing adsorption temperature these features be-
come progressively smaller. The presence of b-HCOO-Cu
may be the result of CO; reacting with hydrogen remain-
ing on the Cu after reduction, even though the catalyst was
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FIG. 1.

referenced to Cu/SiO; under 0.65 MPa He flow at each temperature.

purged at 523 K for 30 min in He to remove adsorbed hy-
drogen prior to cooling the catalyst to 323 K.

CO, Hydrogenation

Figure 2 shows spectra obtained at temperatures between
323 and 523 K while flowing Ho/CO; (3/1) over Cu/SiO;
at a total pressure of 0.65MPa. Spectra were collected
after 5h at each temperature. At 323 K, m-HCOO-Cu
(1362(sh) cm™1) is apparent but not at higher tempera-
tures. The presence of b-HCOO-Cu (2931, 2853,1545, and
1352 cm™1) is also observed at 323 K. With increasing tem-
perature, the features associated with this species reach
a maximum intensity at 373 K. At higher temperatures
these features decay, but b-HCOO—Cu is still present at
523 K. A peak for i-COs—Cu (1450 cm™?) is observable
at all temperatures. Adsorbed H,O on Cu (1601 cm™) is
most apparent at 323 K. Weak features for adsorbed CO
on Cu are present at all temperatures (not shown). CO
on Cu(111) (2077 cm~1) decreases with increasing tem-
perature; CO on Cu(110) (2094 cm™1) remains essentially
constant with increasing temperature; and CO on Cut
(2128 cm™Y) increases with increasing temperature. At 373
to 473 K features at 1736, 1731, and 1658 cm~* are observ-
able, which are best ascribed to adsorbed formaldehyde on
SiO, (CH,0-Si, 1736 cm™) (28), methyl formate on SiO,
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(CH3;OCHO-Si, 1731 cm™1) (28, 29), and methyl formate
on Cu (CH3;OCHO-Cu, 1658 cm~1) (28, 29). The features
at 1371(sh) and 1467 cm~! observable at 323-473 K are due
to monodentate carbonate on Cu (m-CO3;—Cu) (23, 24). At
423-523 K features for methoxide on silica (CH3O-Si) are
also observable (2956 and 1462 cm™1) (29-33).

Temporal Resolution of Surface Species

Transient spectra were obtained after switching the feed
from H; to 3/1 H,/CO, at a total pressure of 0.65 MPa while
maintaining the temperature of the Cu/SiO; catalyst at
523 K. The results are shown in Fig. 3. b-HCOO-Cu (2927,
2849, 1540, 1350 cm~1), and weak features for adsorbed CO
on Cu (2128, 2094, 2077 cm~1, not shown) form immediately
upon switching and the intensities of the bands for these
species remain relatively constant during the 22.6 h tran-
sient. At 2.7 min into the transient, a peak at 2959 cm~ be-
gins to grow in and increases in intensity during the remain-
der of the transient. This feature is ascribable to CH3;0O-Si
and the companion peak at 2856 cm™ is evidenced by the
asymmetry of the peak at 2849 cm~! (shoulder on the left).
CH50-Si is also evidenced by the shoulder at 2994 cm ~!
and the bending mode observable at 1464 cm~! at longer
times. These features for CHz;O-Si have been observed dur-
ing methanol adsorption on Cu/SiO; (30-33).
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60 cm®/min. Spectra referenced to Cu/SiO, under 0.65 MPa H, flow at 523 K.

Transient spectra were obtained after switching the feed
from 3/1 H,/CO, to H, at a total pressure of 0.65MPa
while maintaining the temperature of the Cu/SiO; cata-
lysts at 523 K. The results are shown in Fig. 4. After 30 s,
CO on Cu (2094, 2077 cm™?) is removed, while the CO on
Cu (2128 cm™1) decays more slowly during the transient
(not shown). b-HCOO-Cu (2927, 2849, 1540, 1349 cm™1)
is removed in about 1 h. The contribution of CH3O-Si at
2857 cm~1is clearly observable at 0.6 min during the reduc-
tion. This peak and the remaining features due to CH3zO-Si
(2992, 2959, and 1464 cm™1) are the most persistent features
observed during the transient.

Zr0,/Si0; and Cu/ZrQO,/SiO,
CO, Adsorption

Figure 5 shows spectra taken after ZrO,/SiO, was ex-
posed to He/CO; at a ratio of 3/1 and a total pressure
of 0.65 MPa for 90 min at temperatures between 323 and
523 K. At 323 K the predominant features are bands at
1622 and 1435 cm™*, which can be attributed to bidentate
bicarbonate on ZrO; (b-HCO3;-Zr) (34-42) and ionic car-
bonate on ZrO; (i-CO3-Zr) (34-37, 42), respectively. The
peak for b-HCO3s—Zr which should be present at around
1465 cm~* (wk) is most likely obscured by the high intensity

feature at 1435 cm~1. The feature at 1385 cm~!, along with
the very weak shoulder at 1480 cm~2, is due to monodentate
carbonate on zirconia (m-CO3;—Zr) (35-37, 40, 42, 43). The
features at 1563 and 1356 cm™! are due to bidentate car-
bonate on zirconia (b-CO3—Zr) (34, 36, 37, 39-42). As the
adsorption temperature is increased to 523 K, the band for
b-HCOs-Zr (1622 cm™t) decreases significantly in inten-
sity, and to a lesser extent so does the band for i-COs—Zr
(1435 cm™1). At 523 K the predominant species present
are b-HCO3-Zr (1622 cm™), b-CO5~Zr (1563 cm™), and
i-COs-Zr (1435 cm™1). Weak bands at 2972 and 2894 cm™*
(not shown) and at 1386 and 1370 cm~! suggest the for-
mation of a small amount of bidentate formate on zirconia
(b-HCOO-Zr) (19, 37-41, 43-45).

The formation of b-HCOs—Zr is attributable to the re-
action of CO, with hydroxyl groups present on the surface
of the dispersed zirconia. Evidence for this interaction can
be observed by examining the O—-H stretching region of
the spectrum. As shown in Fig. 5, bands with negative ab-
sorbances appear at 3775 and 3745 cm~* when CO, is ad-
sorbed on ZrO,/SiO, at 323 K. The feature at 3775 cm ~!is
associated with OH groups on monoclinic zirconia (40, 41,
46). Since the spectra in Fig. 5 are referenced to the re-
duced material, the presence of a negative band means that
hydroxyl groups are consumed as a consequence of reaction
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with CO,. The consumption of OH groups on zirconia co-
incides with the appearance of b-HCOz=Zr (1622 cm™Y).
When the adsorption temperature is raised to 523 K the hy-
droxyl band is largely recovered and the b-HCOs;—Zr band
is diminished in intensity, indicating that b-HCO3s—Zr is less
stable at this temperature. The band at 3745 cm™! is at-
tributed to isolated OH groups on SiO,, as the behavior
and position of this band is identical to that observed dur-
ing CO, exposure to SiO; alone.

Figure 6 shows spectra obtained during the exposure of
Cu/Zr0O,/SiO, to He/CO,, at a ratio of 3/1 and a total pres-
sure of 0.65MPa for 90 min at temperatures between 323
and 523 K. The results are qualitatively similar to those
for CO, adsorption on ZrO,/SiO,. At 323 K the princi-
pal features are those due to b-HCO3z-Zr (1610 cm~1) and
i-CO35—Zr (1436 cm™1). The features at 1380 and 1480 cm™*
are due to m-CO3-Zr. The shoulder at 1353 cm~ is due to
b-COs-Zr, but the companion feature at about 1567 cm™*
is obscured by the intense b-COs—Zr peak at 1610 cm~2.
As the adsorption temperature is raised, the intensities
of the bands for b-HCO3z—Zr, b-COs—Zr, i-CO3z—Zr, and
m-CO3—Zr decrease. At 523 K, the only distinguishable fea-
tures remaining are the bands at 1567, 1389, and 1375 cm ™2,
Weak bands are also observed at 2983 and 2900 cm™?
(not shown). All five of these features are attributable to
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b-HCOO-Zr. A portion of the intensity at 1567 cm™! is at-
tributed to b-CO3-Zr. In contrast to what is observed for
CO; adsorption on ZrO,/SiO,, a peak is seen at 2136 cm~*
due to CO onoxidized Cu (26, 27). This peak is not observed
at temperatures above 373 K.

The formation of b-HCO3—Zr is again attributable to the
reaction of CO, with hydroxyl groups present on the sur-
face of the dispersed zirconia. As shown in Fig. 6, a band
with negative absorbance at 3769 cm~?, attributable to OH
groups on monoclinic zirconia, appears when CO; is ad-
sorbed on Cu/ZrO,/SiO, at 323 K. The consumption of
OH groups on zirconia coincides with the appearance of
b-HCOs-Zr (1610 cm~1). When the adsorption tempera-
ture is raised to 523 K the hydroxyl bands are recovered
and the b-HCOs:—Zr band is not observed. The band at
3749 cm™1 is again due to OH groups on SiO,.

CO, Hydrogenation

Figure 7 shows spectra obtained while flowing H,/CO,
at a ratio of 3/1 and a total pressure of 0.65MPa at tem-
peratures between 323 and 523 K on ZrO,/SiO,. Spectra
were collected after 5h at each temperature. The spec-
trum taken at 323 K is very similar to that observed for
CO, adsorption (see Fig. 5). The principal features at
323 K are those for b-HCOs-Zr (1619 cm™!) and i-CO3-Zr
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referenced to ZrO,/SiO, under 0.65 MPa H; flow at each temperature.

(1442 cm~1). A small amount of m-CO5-Zr (1382cm~Y) and
b-CO3-Zr (1351 cm~1(sh)) are also present. As the temper-
ature is increased, the concentrations of b-HCO3-Zr and
i-CO3—Zr decrease and bands appear that are characteris-
tic of b-HCOO-Zr (2974, 2892, 1565, 1386, 1369 cm™1). At
523 K bands appear at 2942, 2842, and 1463 cm~* which are
attributable to methoxide species on zirconia (CH3;O-Zr)
(19, 37-39, 41, 43, 45).

Figure 8 shows spectra obtained 5 h after exposure of
Cu/ZrO,/SiO, to flowing Hy/CO, (3/1) at a total pres-
sure of 0.65MPa and temperatures between 323 and
523 K. At 323 K the spectrum is comprised of features
attributable to b-HCO3-Zr (1606, 1465 cm™1), m-COs-Zr
(1490, 1383 cm™1), b-COs-Zr (1576 cm™!), and weak
features for b-HCOO-Zr (2980, 2897, 1568, 1390, and
1370 cm™Y). In the temperature interval of 373-523 K
b-HCOO-Zr (2980, 2897, 1568, 1389, and 1370 cm™1) be-
comes the dominant species. With increasing temperature
the intensities of the bands for this species pass through a
maximum at 423 K. At 373 K new features appear at 2966
and 2861 cm~! due to bidentate methylenebisoxy on zirco-
nia (b-CH,OO0-Zr) (45, 47-50), and at 2944 and 2846 cm™*
due to CH3O0-Zr. At 473 K bands appear at 2957 and
2856 cm~! due to CH30-Si. At 523 K, the features for
b-CH,0O0-Zr are not readily apparent. In the C-O stretch-
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Infrared spectra taken during exposure of ZrQ,/SiO, to 0.16 MPa CO, and 0.49 MPa H, flowing at a total rate of 60 cm®/min. Spectra

ing region (not shown), peaks for CO on Cu (2131, 2094,
2077 cm™1) are present at 323 K. The peak at 2131 cm™!
is gone at 373 K, while those at 2077 and 2094 cm™! are
present at all temperatures, but decrease in intensity with
temperature.

Temporal Resolution of Surface Species

To investigate the dynamics of species interconver-
sion, a series of experiments were conducted under
both temperature-programmed and isothermal conditions.
Figure 9 shows spectra taken after flowing 0.65 MPa CO,
over Cu/ZrO,/SiO;, for 4 h at 323 K and after switching the
flow to hydrogen at 0.65 MPa for 4 h at 323 K. Under CO,
flow both bicarbonate and carbonates are observed. Upon
switching the flow to hydrogen the intensities of features
due to carbonates are greatly diminished, while those for
bicarbonate retain much of their intensity. The temperature
was then increased at 2 K/min under flowing hydrogen at
0.65 MPa, and the resulting spectra are shown in Fig. 10.
From 396 to 523 K a systematic decrease can be seen in
the intensity of the band (1607 cm™1) for b-HCO3s—Zr and
a corresponding rise in the intensity of the bands (1565,
1389, and 1370 cm~1) for b-HCOO-Zr, providing clear ev-
idence for the conversion of b-HCO3;—Zr to b-HCOO-Zr
on Cu/ZrO,/SiO,.
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Transient spectra were obtained after switching the
feed from 3/1 He/CO; to 3/1 H,/CO, at a total pres-
sure of 0.65MPa while maintaining the temperature of
the ZrO,/SiO, catalyst at 523 K. The results are shown
in Fig. 11. At the beginning of the transient, b-HCO3;—Zr
(1614cm™1),i-CO5~Zr (1440 cm™1), b-CO3-Zr (1557 cm™2),
and b-HCOO-2Zr (2970, 2888, 1567, 1386, and 1369 cm™1)
are present. As time progresses, the b-HCOO-Zr peaks in
the region of 1300-1800 cm~! increase in intensity and be-
come dominant. After about 16.5 min, CH3O-Zr (2935 and
2832 cm™1) is observable, and the associated features grow
inintensity during the remainder of the transient. After21 h
the intensity of the C—H bands for CH3O-Zr become larger
than those for b-HCOO-Zr. A weak band for i-CO3—Zr
(1450 cm~* shifted from 1440 cm~1) remains observable at
long times.

Transient spectra were obtained after switching the feed
from 3/1 He/CO,; to 3/1 H,/CO; at a total pressure of
0.65 MPa while maintaining the temperature of the Cu/
ZrO,/SiO; catalystat 523 K. The results are shown in Fig. 12.
At the beginning of the transient, b-HCO3;—Zr (1614 cm™?)
and b-HCOO-Zr (2982, 2899, 1564, 1389, 1371 cm™1) are
present. The formate features increase in intensity during
the 16-h transient. Evidence for bicarbonate is gone after
3min. After about 5.7 min, features for CH3O-Zr (2949 and
2848 cm™1) and CH3;0-Si (2955 cm™1) become observable

and increase in intensity during the remainder of the tran-
sient. After 24 min b-CH,OO0-Zr (2968 cm™) is present,
and this feature increases in intensity at longer times. In the
C—O stretching region (not shown), features due to CO on
Cu (2130, 2094, and 2077 cm~1) do not change in intensity
upon switching from He/CO; to H,/CO..

The dynamics of the appearance of b-HCOO-Zr and
CH30-Zr on Zr0O,/SiO; and Cu/ZrO,/SiO, during the ex-
periments presented in Figs 11 and 12 are compared in
Fig. 13. In each case, the peak intensity has been normal-
ized to the value observed at the end of the transient. Also
listed are the apparent first-order rate coefficients for the
appearance of each species determined from the initial por-
tion of the transient. It is evident that the formation of
b-HCOO-Zr and CH3O-Zr are significantly faster in the
presence of Cu.

Transient spectra were obtained after switching the feed
from 3/1 H,/CO, to H; at a total pressure of 0.65 MPa while
maintaining the temperature of the ZrO,/SiO; catalyst at
523 K. The results are shown in Fig. 14. Features due to
b-HCOO-Zr (2968, 2888, 1568, 1385, and 1370 cm™!) de-
cay very slowly over the 9.2-day transient. Features due to
methoxide on ZrO; (2935 and 2833 cm™1) increase in inten-
sity during the first 5 days of the transient, then decay slowly,
and persist even after 9 days. The feature for i-COz—Zr
(1449 cm~1) also decays only very slowly.
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Transient spectra were obtained after switching the feed
from 3/1 H,/CO; to H; at a total pressure of 0.65MPa
while maintaining the temperature of the Cu/ZrO,/SiO;
catalystat523 K. The resultsare shownin Fig. 15. Inthe C-H
stretching region, b-HCOO-Zr (2978 and 2900 cm~1) and
b-CH,OO0-Zr (2967 cm~1) decay most rapidly. Rapid loss of
b-HCOO-Zr is also evident from inspection of the portion
of the spectrum between 1300 and 1700 cm~2. The features
due to CH30-Si (2955 and 2855 cm™1) and CH3O-Zr (2945
and 2846 cm~1) decay more slowly.

Figure 16 compares the dynamics for the consumption
of b-HCOO-Zr and CH3;O-Zr on ZrO,/SiO, and Cu/
Zr0O,/Si0O, when the feed is switched from H,/CO, to H»
at 523 K and a total pressure of 0.65 MPa (Figs. 14 and
15). Shown is the peak intensities for b-HCOO-Zr and
CH30-Zr normalized to their maximum intensities ob-
served at the beginning of the transient. Also shown is
the apparent first-order rate constant for b-HCOO-Zr de-
cay on both catalysts, and for the decay of CH3O-Zr on
Cu/ZrO,/SiO,. The result shows that formate and methox-
ide decay occurs much more readily on the copper con-
taining catalyst and that methoxide decays only extremely
slowly on ZrO,/SiO,.

The hydrolysis of CH3O-Zr was investigated by react-
ing the residual methoxide remaining at the ends of the
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transients in Figs. 14 and 15 with H; saturated with H,O
(Pu,0 =38.2 kPa) at 523 K and 0.1 MPa total pressure. Only
methoxide was present on the catalysts in significant quanti-
ties at the beginning of the transients. The results are shown
in Fig. 17. Shown are the peak intensities for methoxide
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(Ph,0 =3.2 kPa) H; at a total pressure of 0.10 MPa and a total rate of
60 cm*/min at 523 K. Intensities normalized to those observed at the be-
ginning of the transient.
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normalized to their intensities observed at the beginning of
the transient. The results show that methoxide decays at a
much faster rate in H,/H,O than in H; for both catalysts. It
is also evident that the methoxide decay rate in Hy/H,O is
the same whether Cu is present or not.

DISCUSSION

As noted in the Introduction, studies by a number of
investigators have demonstrated that Cu supported on zir-
conia is exceptionally active for methanol synthesis from
both CO, and CO. Likewise the results presented in
Table 1 and those previously reported by the present au-
thors show that the addition of zirconia to Cu/SiO, progres-
sively enhances the activity of the catalyst for methanol syn-
thesis from CO; by up to 35-fold at 473 K (16). Therefore,
it is of interest to consider the ways in which the presence
of zirconia either as a support or an additive enhances the
rate of methanol synthesis. The first possibility is that zir-
conia acts independently of copper, since zirconia is known
to be a catalyst for the synthesis of methanol (45, 51). This
interpretation can be quickly ruled out since ZrO, exhibits
no measurable activity for methanol synthesis from CO,
under the conditions of the present study (16). The second
possibility is that zirconia promotes the rate of methanol
formation occurring on the surface of Cu, or alternatively
that Cu promotes the synthesis of methanol over zirconia.
Which of these latter two options offers the most plausible
explanation requires a consideration of the observables.

Figure 2 shows that, in the absence of zirconia, the prin-
cipal adsorbed species present on the surface of Cu/SiO,
during methanol synthesis is b-HCOO-Cu. Above 423 K,
CH30-Si species are observed as well, due to either the
spillover of methoxide species from Cu or the re-adsorption
of gas-phase methanol. Previous mechanistic studies con-
ducted with Cu/SiO; suggest that the methanol is formed
via the stepwise hydrogenation of b-HCOO—-Cu to form
methylenebisoxy and then methoxide species, the final pre-
cursor to methanol (see, for example, Ref. (52) and the
references cited therein).

In the presence of zirconia, virtually all of the adsorbed
species observed by infrared spectroscopy occur on the
surface of zirconia irrespective of whether or not Cu is
present. Although b-HCOO-Cu forms readily on Cu/SiO;
during CO; hydrogenation, b-HCOO-Cu was not observed
on Cu/ZrQO,/SiO,. In the absence of hydrogen, CO; ad-
sorption gives very similar results for both ZrO,/SiO, and
Cu/ZrO,/SiO,, forming bicarbonate and carbonates on zir-
conia (see Figs. 5 and 6). In the presence of both H;, and
COy, the influence of Cu is evidenced by b-HCOO-Zr for-
mation at 373 K on Cu/ZrO,/SiO,, but only at 473 K on
Zr0O,/Si0,. Also, CH;O-Zr formation is observed at 423 K
on Cu/ZrO,/SiO,, but only at 523 K on ZrO,/SiO, (see
Figs. 7 and 8). The transient response data appearing in
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Fig. 13 show very clearly that Cu enhances the rate of for-
mation of b-HCOO-Zr and the rate at which this species is
converted to CH3zO-Zr. The presence of Cu also enhances
the rate of hydrogenation of b-HCOO-Zr and the rate of re-
ductive elimination of CH3O-Zr (see Fig. 16). Since atomic
hydrogen is required for both processes and since Cu is
more effective than ZrO; in dissociating H, (55), the ob-
servations noted above suggest that Cu is responsible for
supplying atomic hydrogen required for the hydrogenation
reactions occurring on ZrO,. Previous work on a Cu/SiO,
catalyst similar to that used in the present study has shown
that H, adsorbs dissociatively on Cu with a heat of ad-
sorption of about 12 kcal/mol and an activation barrier of
about 10.5 kcal/mol (53). Thus, it seems reasonable to sug-
gest that Cu/ZrO,/SiO, acts as a bifunctional catalyst. The
Cu serves to dissociatively adsorb H; and provide a source
of atomic hydrogen by spillover, whereas the ZrO; serves
to adsorb CO; as bicarbonate and carbonate species which
then undergo stepwise hydrogenation to methanol. Addi-
tional methanol may be formed over Cu itself. This view of
methanol synthesis over Cu/ZrO,/SiO, has been recently
suggested by the present authors (16) and a similar but less
detailed picture has been proposed by Bianchi et al. (43).
The processes envisioned to occur on ZrO; are similar to
those proposed earlier to explain methanol synthesis on zir-
conia (45, 51), and attention has been drawn recently to the
importance of hydrogen spillover during methanol synthe-
sis on Cu/ZnO (54).

Based on the preceding arguments, a possible mechanism
for CO; hydrogenation to methanol in the presence of Cu
and zirconia is offered in Fig. 18. In this scheme, Cu and
ZrO, are envisioned to be in close proximity. CO, adsorp-
tion leads to either carbonate or bicarbonate species on
zirconia. In the absence of Hy, both species are observed at
temperatures up to 423 K, but at 473 K and above, only the
carbonate species are stable (see Fig. 6). In the presence
of Hy, carbonate species are readily converted to bicarbon-
ate species, and this process occurs already at 423 K (see
Fig. 9). The involvement of Zr—OH groups in the forma-
tion of bicarbonate groups is evidenced by the consump-
tion of Zr-OH groups upon adsorption of CO,, and the
concurrent appearance of the band at 1610-1622 cm™ as-
sociated with v(CO,), vibrations of b-HCO3 (see Figs. 5 and
6). The spectrain Fig. 10 show that above 453 K bicarbonate
species are converted to formate. Since this later process is
competitive with the decomposition of b-HCO3;-Zr to CO,
and Zr—-OH, high surface concentrations of b-HCOO-Zr
are not observed unless gas phase CO; is present at ele-
vated pressure. When both H; and CO,, are present in the
gas phase b-HCOO-Zr is observed already at 373 K (see
Fig. 8).

Our previous studies have shown that under reaction con-
ditions identical to those used here and with the same cata-
lyst, the rate for methanol formation is insignificant below
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423 K (16). Consistent with this, the in-situ infrared spec-
tra presented in Fig. 8 show that methoxide species are not
formed in significant concentration below this temperature.
The concurrent appearance of bands for methylenebisoxy
species strongly supports the proposal that these species
are intermediates in the conversion of b-HCOO-Zr to
CH30—Zr. While the reductive elimination of CH;O-Zr
does occur (see Fig. 16) this process is slow relative to the
hydrolysis of CH3O—-Zr (see Fig. 17). Methoxide hydrol-
ysis has been shown to be facile on Cu/ZnO (55), and is
suggested to be more favorable than methoxide hydro-
genation by thermodynamic calculations (3). Methoxide
hydrolysis has also been shown to occur on zirconia at
398 K, while methanol synthesis from H,/CO, occurs at
873 K (45). This again points to the role of Cu in supplying
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hydrogen. CuO/ZrO; has been shown to produce water af-
ter hydrogen adsorption during temperature-programmed
reduction, while ZrO; does not (56). In the presence of
Cu, water readily forms and hydrolysis of methoxide to
methanol results. In the absence of Cu, water does not form
as readily and hydrogenation of methoxide to methanol is
dominant. When water is introduced in the feed, methox-
ide hydrolysis occurs at the same rate, whether or not Cu
is present (see Fig. 17), as would be expected, based on the
above discussion.

The ratio of the rate of methoxide hydrolysis to the
rate of methoxide hydrogenation can be estimated from
the measured apparent first-order rate coefficients. During
steady state reaction of 0.49 MPa H; and 0.16 MPa CO; on
Cu/ZrO,/SiO; at 523 K, the total conversion of CO, was
measured to be 4.2% (16), corresponding to a water partial
pressure of 6.8 kPa. The methoxide hydrolysis experiments
shown in Fig. 17, were conducted at a water partial pres-
sure of 3.2 kPa. Correcting the apparent rate constant for
methoxide hydrolysis (Fig. 17) to a water partial pressure
of 6.8 kPa yields a value of 0.57 min~1. The apparent rate
constant for methoxide hydrogenation on Cu/ZrO,/SiO; is
0.0017 min~! (Fig. 16). It is clear, therefore, that the rate of
methoxide hydrolysis is about 340 times faster than the rate
of reductive elimination. This suggests that water formed
as a co-product of methanol synthesis from CO,, as well
as the RWGS reaction, is instrumental in the formation of
methanol from methoxide species on Cu/ZrO,/SiO..

Figures 13 and 16 clearly demonstrate that the presence
of Cu greatly increases the rates at which b-HCOO-Zr
and CH30O—-Zr form and are consumed. It is also impor-
tant to observe that both in the absence and presence of Cu
the surface concentration of CH3O-Zr passes through a
maximum, while the surface concentration of b-HCOO-Zr
decreases monotonically, when the feed to the catalyst is
switched from H,/CO; to H, (see Fig. 16). However, the
methoxide maximum occurs much sooner in the presence
of Cu. If methoxide removal with hydrogen were fast, com-
pared to its formation from formate, this maximum would
not be observed. Based on the dynamics with which var-
ious species are formed and consumed, it is possible to
deduce that on Cu/ZrO,/SiO,, the rate of formation of
b-HCOO-Zr from CO; is roughly 2.5 times faster than
the rate at which b-HCOO-Zr undergoes hydrogenation
to CH3O—Zr.

As demonstrated in Table 1, the addition of ZrO; to
Cu/SiO; has relatively little influence on the rate of the
reverse-water—gas-shift (RWGS) reaction. This suggests
that the RWGS reaction occurs principally on Cu. Con-
sistent with this interpretation, Bianchi et al. (44) report
that CO derived from the decomposition of formate species
adsorbed on ZrO; occurs in the vicinity of 623 K, a tem-
perature considerably higher than that at which methanol
synthesis from CO; occurs. The mechanism via which the
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RWGS occurs has been the subject of debate. While some
authors conclude that CO is formed as a consequence of
the dissociative adsorption of CO, on Cu (57-60), others
have presented data supporting CO formation due to the
decomposition of b-HCOO-Cu species (23, 61-63).

CONCLUSIONS

The locus of methanol synthesis from CO,/H, over
Cu/SiO; and Cu/ZrO,/SiO, are found to be quite differ-
ent. In the former case, the hydrogenation of CO; to
methanol occurs on Cu. CO, adsorbs on Cu to form car-
bonate species, but in the presence of H, these species are
rapidly converted to formate species adsorbed on Cu. The
later species undergo stepwise hydrogenation to methanol.
For Cu/ZrO,/SiO,, virtually all of the adsorbed species are
associated with ZrO,. CO, adsorbs as carbonate and bicar-
bonate species, which then react with atomic hydrogen to
form formate species, and eventually, methoxide species, all
of which are adsorbed on ZrO,. The presence of Cu greatly
accelerates these transformations, as well as the reductive
elimination of methoxide species as methanol. However,
the release of methanol via the hydrolysis of methoxide
species on ZrO, is found to be significantly more rapid
than reductive elimination. A bifunctional mechanism for
methanol synthesis from CO,/H, is proposed (see Fig. 18)
in which CO; is adsorbed on ZrO, and then undergoes
stepwise hydrogenation to formate, methylenebisoxy, and
methoxide species, with atomic hydrogen being supplied by
spillover from Cu. The final step in this sequence is the hy-
drolysis of the methoxide groups on ZrO; via reaction with
water produced as a co-product of methanol synthesis and
the reverse-water—gas-shift reaction. The latter reaction is
thought to occur exclusively on Cu and is not enhanced
significantly by the presence of ZrO..
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