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Recent studies have shown that the synthesis of methanol from
both CO and CO; over Cu/ZrO; involves the spillover of H atoms
formed on Cu to the surface of ZrO,. The atomic H then participates
in the hydrogenation of carbon-containing species (i.e., HCOO-
Zr and HCO3-Zr) to methanol. The present study examines the
dynamics of H/D exchange of HO-Zr, HCOO-Zr, and CH30-Zr
groups present on the surface of ZrO, and Cu/ZrO, by means of
in situ infrared spectroscopy. The rate of H/D exchange of HO-Zr
groups is much more rapid in the presence than in the absence of
Cu dispersed on the surface of ZrO,. This effect is attributed to
the higher effectiveness of Cu to dissociate Hy(D>). While adsorbed
water significantly inhibits the rate of H/D exchange on ZrOj, the
opposite effect is observed for Cu/ZrO,. The reason is that adsorbed
water inhibits the dissociation of Hy(D>) on the surface of ZrO, but
not on the surface of Cu. Adsorbed water facilitates the transport
of H(D) atoms formed on the surface of Cu across the surface of
Zr0; as a consequence of hydrogen bonding between adsorbed H,0
and HO-Zr groups. Formate groups are formed on the surface of
ZrO, primarily via the process CO(g) + HO-Zr — HCOO-Zr. For-
mate groups can also form on the surface of Cu and spill over onto
the surface of ZrO,. The presence of formate groups inhibits the rate
of H/D exchange of HO-Zr groups. H/D exchange of HCOO-Zr is
also observed but occurs at a slower rate than the isotopic exchange
of HO-Zr groups. As in the absence of formate groups, adsorbed
water inhibits the rate of H/D exchange for ZrO; but enhances it
for Cu/ZrO,. The dynamics of H/D exchange are compared with
the dynamics of methanol formation as measured by the rate of
CH30-Zr formation on Cu/ZrO;. On the basis of this analysis it is
concluded that the rate of hydrogen spillover from Cu is more than
an order of magnitude faster than the rate of methanol formation,
and, hence, not a rate-limiting step in the synthesis of methanol
over CU/ZFOz. (© 2000 Academic Press
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INTRODUCTION

Zirconia-supported copper exhibits high activity for
the synthesis of methanol from either CO/H; or CO,/H,
(1-18). Recent studies of the mechanism of methanol syn-
thesis and decomposition over zirconia-containing cop-
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per catalysts have revealed that the zirconia is an active
component of the catalyst (14-18). In the case of CO, hy-
drogenation, CO; adsorbs on the zirconia to form bicarbon-
ates species, which undergo hydrogenation to produce for-
mate, methylenebisoxy, and finally methoxide species (17).
The hydrogen required for the progressive hydrogenation
of the zirconia-bound carbonaceous species is provided by
spillover of H atoms produced by the dissociative adsorp-
tion of H, on Cu. Conversion of CO, to CO via the reverse
water—gas shift reaction also occurs on the surface of Cu.
In the case of CO hydrogenation, CO adsorbs on the zir-
conia to form formate species, which then undergo sequen-
tial hydrogenation to form methoxy species (18). Methoxy
species derived from either CO or CO; hydrogenation are
converted to methanol either by reductive elimination or
by hydrolysis. The first of these processes is slow and is the
dominant pathway to methanol produced by CO hydro-
genation, whereas the latter process is significantly more
rapid and is the primary pathway to methanol produced by
CO; hydrogenation.

The importance of hydrogen spillover in the synthesis
of methanol from CO and CO, over zirconia-containing
Cu catalysts engenders an interest in understanding the dy-
namics of hydrogen transport on the surface of zirconia and
the role of Cu in this process. Studies of H-D exchange on
monoclinic zirconia suggest that molecular hydrogen (or
deuterium) dissociates either heterolytically or homolyti-
cally and then diffuses rapidly across the oxide surface (19).
The rate of isotopic exchange between atomically adsorbed
D atoms and OH groups on the surface of zirconia is pro-
portional to the fractional coverage of the oxide by OH
groups and is half order in the partial pressure of D,. The
apparent activation energies for the H/D exchange of ter-
minal and bridging OH groups are 35 kJ/mol and 41 kJ/mol,
respectively. When formate species are produced on the sur-
face of zirconia, exchange of HCOO with D, occurs via an
activated process characterized by an apparent activation
energy of 95 kJ/mol; however, no H/D exchange is observed
between OD and HCOO groups (20). By contrast, methoxy
species exchange H atoms in the methyl group with surface
OD groups, even in the absence of gaseous D,. The activa-
tion energy measured for H/D exchange in methoxy groups
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is 127 kJ/mol. Studies conducted with Rh dispersed on the
surface of monoclinic ZrO, indicate that the rate of iso-
topic exchange of D with surface OH groups is significantly
higher than that in the absence of Rh (21), and it is hypoth-
esized that the rate of isotopic exchange is rate-limited by
diffusive transport across the surface of ZrO..

The present study was undertaken to determine the ef-
fects of various parameters on the rates of hydrogen migra-
tion and the rates of H/D exchange for various species ad-
sorbed on the surface of ZrO.. In situ infrared spectroscopy
was used to observe the dynamics of isotopic exchange. Par-
ticular attention was given to determining the influence of
dispersed Cu on rates of H(D) atom generation and the
dynamics of H/D exchange, as well as the effects of H,(D,)
partial pressure and temperature on the rates of these pro-
cesses. The influence of adsorbed water was also investi-
gated. An ultimate objective of the present investigation
was to establish whether the dynamics of hydrogen spillover
on zirconia are rate-limiting in the synthesis of methanol.

EXPERIMENTAL

The preparation and characterization of the Cu/ZrO,,
Zr0O,, and Cu/ZrO,/SiO; catalysts used in this study have
been described elsewhere (10, 17, 18). The Cu and Zr con-
tents of the catalysts were determined by X-ray fluores-
cence and the Cu surface areas of the catalysts were deter-
mined by N,O titration (10). These methods showed that
the Cu/ZrO; catalyst contained 5.7 wt% Cu with a spe-
cific Cu surface area of 1.68 m?/g (4.5% Cu dispersion); the
Cu/ZrO,/SiO; catalyst contained 5.7 wt% Cu and 16.4 wt%
ZrO, with a Cu surface area of 1.24 m%g (3.3% Cu disper-
sion). The BET surface area of the ZrO, was determined
to be 20 m?/g. XRD and the infrared spectrum of hydroxyl
groups on the support surface indicate that the support is
comprised predominantly of monoclinic ZrO,.

Matheson UHP H,, D,, He, CO, and Coleman instru-
ment purity CO, were purified prior to use. Hydrogen and
deuterium were passed through a Deoxo unit (Engelhard)
to remove O, impurities by forming water which was sub-
sequently removed by a molecular sieve trap. He gas was
passed through an oxysorb (CrQO,) trap to remove O, and
then a molecular sieve trap. CO was passed through a bed
of glass beads maintained at 573 K to decompose iron car-
bonyls, followed by passage through an ascarite trap to re-
move CO; and a molecular sieve trap (3A Davidson grade
564) to remove water. CO, was passed through a hopcalite
trap (80% MnO; + 20% CuO) to remove CO and a molec-
ular sieve trap to remove water. Purified gases were deliv-
ered to the infrared cell via Tylan Model FC-280 mass flow
controllers.

In situ transmission infrared spectroscopy was performed
using 2-cm-diameter catalyst disks, weighing approximately
55 mg. The catalyst disks were contained in a low-dead-
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volume infrared cell (22). Infrared spectra were collected
using a Nicolet Magna 750 series Il FTIR spectrometer.
Signals were obtained from a narrow-band MCT detec-
tor. In situ absorbance spectra were obtained by collecting
21-64 scans at 4 cm ™~ resolution. Each spectrum was then
referenced to a spectrum of the catalyst collected at the
same temperature under He or H, flow, as appropriate.
Electrical resistance heaters were used to heat the cell. An
Omega Series CN-2010 programmable temperature con-
troller controlled the cell temperature.

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 to 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 60 ml/min. Subsequent
reductions were all performed at 523 K, but varied in time
(always >8 h) to ensure that observable surface species had
been removed.

RESULTS

Dynamics of CO, Hydrogenation

Figure 1 shows spectra obtained during CO, hydrogena-
tion over Cu/ZrO, at 523 K and a total pressure of 650 kPa.
The feed is switched from He to H,/CO, (3/1) flowing at a
total flow rate of 60 cm®/min. Strong peaks are observed at
2966, 2873, 1570, 1385, and 1372 cm™* for bidentate for-
mate on ZrO, (b-HCOO-Zr) (23-25), and at 2927 and
2821 cm™! for methoxy on ZrO, (CH;O-Zr) (14, 24). A
broad band of low intensity is seen between 1475 cm~* and
1440 cm~1. Within this region, bands have been observed
at 1473 cm~! for monodentate carbonate (m-COs-Zr) (17,
26), at 1457 cm™! for bidentate bicarbonate on ZrO, (b-
HCO3-Zr) (17, 23), and at 1445 cm™* for ionic carbonate
(i—CO§*) (17, 26). The weak feature at 1311 cm™! is most
likely due to bidentate carbonate on ZrO, (b—COéf—Zr)
(23, 27, 28).

Figure 2 shows spectra obtained on ZrO, under the same
condition as those given for Fig. 1. Features are observed
at 2965, 2881, 1550-1568, 1385, and 1370 cm~! for biden-
tate formate (b-HCOO-Zr) and 2931 and 2827 cm™* for
methoxy (CH3;O-Zr). Features for bidentate bicarbonate
are observable at 1610 and 1452-1462 cm ™! (b-HCO3) (27—
29). The band peak at 1589 cm™ is identical to that as-
signed to monodentate bicarbonate species on Cu/SiO,
(m-HCOO-Cu) (30, 31), and consequently, the peak at
1589 cm~1 is assigned by analogy to m-HCOO-Zr.

A few minutes after the reaction starts, a peak for ionic
carbonate is observed at 1421 cm™! (26). During reaction,
the intensities of the bands for both b-HCOO-Zr and
CH30-Zr increase, while those for carbonates decrease,
suggesting that methoxy species are formed by serial hydro-
genation of formate species derived from carbonate species.
It is interesting to note that the frequencies associated with
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FIG. 1. Infrared spectra taken during exposure of Cu/ZrO, at 523 K to 488 kPa H, and 162 kPa CO, flowing at a total rate of 60 cm®min. All

spectra are referenced to Cu/ZrO, reduced in flowing H, at 650 kPa H; at 523 K.

formate and bicarbonate species (2965-2966, 1568-1570,
1385, 1370-1372 cm™1) are the same on both Cu/ZrO, and
ZrO,, whereas the frequencies associated with C—H stretch-
ing vibrations in methoxy groups are 4-6 cm~! lower for

Cu/ZrO, (2927, 2821 cm™') than those for ZrO, (2931,

2827 cm™).
Figure 3shows the normalized intensities of b-HCOO-Zr

and CH3O-Zr as a function of time when these species are
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FIG. 2. Infrared spectra taken during exposure of ZrO, at 523 K to 488 kPa H, and 162 kPa CO; flowing at a total rate of 60 cm®min. All spectra

are referenced to Cu/ZrO, reduced in flowing H; at 650 kPa H; at 523 K.
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produced over ZrO, and Cu/ZrO,. In each case, the peak
intensities observed at the end of the transient shown (see
Figs. 1 and 2) is used for normalization. It is noted thatin
the case of species such as CH3O-Zr on ZrO, the response
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approaches unity at times much longer than those shown in
Fig. 3. For ZrO, the normalized intensity of b-HCOO-Zr
rises monotonically and reaches a value of 0.95 only af-
ter 1350 min. The transient for CH;O-Zr species is signif-
icantly slower and exhibits a sigmoid character, suggesting
that the CH3O-Zr is produced as a secondary product by
hydrogenation of b-HCOO-Zr (17). When Cu is present
on the surface of ZrO,, the transients for b-HCOO-Zr
and CH30-Zr are more than 2 orders of magnitude faster
than those observed in the absence of Cu. These observa-
tions strongly suggest that Cu enhances the rates of forma-
tion of b-HCOO-Zr and CH30O-Zr by providing an effi-
cient source atomic hydrogen of the carbonaceous species
presenton the surface of ZrO,. Pseudo-first-order rate coef-
ficients for the rates of HCOO-Zr and CH3O-Zr formation
on Cu/ZrO, and ZrO, are listed in the legend of Fig. 3. In
calculating these rate coefficients it was assumed that the
concentrations of all species except that being observed are
constant.

H/D Exchange of Hydroxyl Groups

Figure 4 shows spectra obtained after switching from
650 kPa He to 488 kPa D, and 163 kPa He at 398 K flow-
ing at a total flow rate of 60 cm®min. On both Cu/ZrO,
and ZrO, (Fig. 4), O-H stretching vibrations are observed
at 3758 cm™! for terminal hydroxyl (t-OH) groups (26, 32)
and at 3678 cm™* (27, 29, 33) for bridged hydroxyl groups
(b-OH). As soon as the catalysts are exposed to D,, two
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60 ml/min. Spectra are referenced to Cu/ZrO, and ZrO, purged at 398 K in He flowing He at 650 kPa.
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new peaks appear at 2712 and 2771 cm~?, which can be as-
signed to terminal hydroxyl (t-OD) and bridged hydroxyl
(b-OD), respectively.

Figure 5 shows the rate of H/D exchange of bridged hy-
droxyl groups at 348, 378, and 398 K on both Cu/ZrO, and
ZrO,. It is evident that the rate of exchange increases with
temperature and is much higher for Cu/ZrO; than for ZrO,.
Table 1 shows apparent activation energies obtained from
an Arrhenius plot. The apparent activation energies are
50 kJ/mol for Cu/ZrO, and 53 kJ/mol for ZrO,. Also listed
in Table 1 is the dependence of the rate of hydroxyl group
H/D exchange determined at 398 K. The partial orders in
deuterium are 0.25 for Cu/ZrO; and 0.74 for ZrO..

To investigate the effect of adsorbed water on the rate of
H/D exchange of hydroxyl groups, the catalyst was purged
in He at 523 K for at least 1 h following H, reduction,
cooled to 323 K, and then exposed to H; saturated with H,O

TABLE 1

Apparent Activation Energies and H, (D) Partial Pressure De-
pendence for the H/D Exchange of HO-Zr Groups on the Surface
of ZrO, and Cu/ZrO,

Catalyst Ea (kJ/mol) Partial order in D,
ZrO; (without formate) 53 0.74
ZrO, (with formate) 66 1.24
Cu/ZrO, (without formate) 50 0.25
Cu/ZrO, (with formate) 72 0.54
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(Pn,0 =3.2 kPa) at 323 K for 10 min. Finally, the catalyst
temperature was raised to the desired reaction temperature
at the rate of 5 K/min. During this phase of the experiment
and during the subsequent exposure of the catalyst to D,
the supply of H,O was discontinued. Figure 6 shows the nor-
malized intensity of the OD band with the reaction time for
Cu/ZrO, (at 373 K) and ZrO; (at 423 K). The reaction rate
is slightly enhanced by the presence of adsorbed H,O for
Cu/ZrOg, but is significantly suppressed for ZrO..

H/D Exchange in the Presence of Formate Species

To investigate the effects of formate species on the dy-
namics of H/D exchange on the surface of zirconia, the
catalyst was exposed to CO/He (1/3) mixture, after it had
been purged at 523 K and 101 kPa for 1 h with He to
remove any adsorbed hydrogen. As seen in Figs. 7 and
8, features are observed for b-HCOO-Zr at 2968, 2888,
1568, 1388, and 1371 cm~! on Cu/ZrO, and at 2970, 2882,
1568, 1386, and 1370 cm~! on ZrO,. Terminal Zr-OH
groups are observed at 3755 cm~! on Cu/ZrO; and at
3733 cm~ton ZrO,. Bridged Zr-OH groups are observable
at 3650 cm~* on both Cu/ZrO; and ZrO,. Traces of CH30-
Zr are evident at 2836 and 2936 cm~! on both Cu/ZrO,
and ZrO,. For both catalysts, the concentrations of termi-
nal and bridged hydroxyl groups decrease during the reac-
tion with CO to produce b-HCOO-Zr. After a few minutes,
weak bands characteristic of CH3O-Zr start to appear. One
possibility for the appearance of CH3zO-Zr is that b-
HCOO-Zr is hydrogenated by latent hydrogen, which is
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FIG. 6. Intensity of DO-Zr band during exposure of Cu/ZrO, and

ZrO, at 423 K to 488 kPa D, and 162 kPa He flowing at a total rate of
60 cm®/min after water treatment at 323 K. Intensities are normalized to
that of DO-Zr after total H/D exchange.
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FIG. 7. Infrared spectra taken during exposure of Cu/ZrO; at 523 K to 488 kPa He and 162 kPa CO flowing at a total rate of 60 ml/min. Spectra

are referenced to Cu/ZrO, under 650 kPa He flow at 523 K.

not removed during the He purge. On ZrO,, the peak at
1568 cm~* for C=0 stretching is separated into two peaks
at 1589 and 1556 cm~!. The peak at 1568 cm™, assigned
to m-HCOO-Zr, seems to be formed by repulsion among
b-HCOO-Zr at high concentration.

Figure 9 shows the changes as a function of time in the
normalized intensities of the bands associated with hy-
droxyl and formate species observed over Cu/ZrO, and
ZrO;, during CO adsorption. The intensities of the hydroxyl
bands are normalized to the maximum intensities observed

prior to reaction (see Figs. 7 and 8) and the intensity of the
formate band is normalized to its maximum intensity after
reaction. On Cu/ZrO,, 78 and 62% of available terminal
and bridging hydroxyls, respectively, are consumed to form
formate groups up to the reaction time of 538 min. On ZrO,,
all terminal hydroxyl groups are reacted with CO to form
formate, while 38% of bridged hydroxyls are consumed.
The effects of formate groups on the dynamics of H/D ex-
change of hydroxyl groups on the surface of Cu/ZrO; are
presented in Fig. 10. Prior to initiation of H/D exchange,
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referenced to ZrO, under 650 kPa He flowing at 523 K.

b-HCOO-Zr species are formed by allowing CO to react
with the hydroxI groups at 523 K and 654 kPa. The coverage
of formate groups is f=0.30 (f is the fraction of the maxi-
mum coverage) after 5 min of reaction and 0.8 after 20 min
of reaction. After exposure, the catalyst is purged at 523 K
and 101 kPa with 60 cm®/min of He for 30 min to remove
gaseous and adsorbed CO. The feed is then switched from
He to D,/He (1/3) at 423 K and a total pressure of 654 kPa.
Half of the Zr—OH groups are changed to Zr—OD groups
within 30 s of exposure to D, in the absence of formate

Infrared spectra taken during exposure of ZrO, at 523 K to 488 kPa He and 162 kPa CO flowing at a total rate of 60 cm®/min. Spectra are

species. In the presence of formate species this level of ex-
change occurs in 2 min when f=0.3 and in 18 min when
f=0.8. As the formate coverage increases, the rate of H/D
exchange of Zr-OH groups decreases and the exchange
now occurs in two distinct stages.

To investigate the effect of formate presence on the ex-
change reaction of hydroxyls further, the effects of temper-
ature and D, partial pressure are studied in the presence
of formate. Formates are formed by reacting hydroxyls and
CO at 523 K and 650 kPa for 20 min to maximize the surface
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concentration b-HCOO-Zr while minimizing the forma-
tion of CH3O-Zr. Before the H/D exchange was initiated,
the catalyst was purged for 30 min with He of 60 cm®min
at 523 K and 101 kPa.

Normalized Intensity of DO-Zr
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Reaction time (min)

FIG. 10. Effects of formate groups (f=0.0, 0.3, and 0.8) on the inten-
sity of the DO-Zr band during exposure of Cu/ZrO, at 423 K to 488 kPa
D, and 162 kPa He flowing at a total rate of 60 ml/min. Intensities are
normalized to OD after total OH are changed to OD.

Figure 11 shows plots of normalized OD band intensi-
ties as functions of time for temperatures of 398, 423, and
448 K and D, partal pressure of 488 kPa. Data for both
Cu/ZrO; and ZrO, are shown. Similarly to the situation in

Catalysts T (K)

CQu/Zrdz 398
Cu/Zr0z 423
Qu/Zr0: 448
ZrO2 398
Zr0 423
ZrOn 448

Normalized Intensity of DO-Zr

0 20 40 60 80 100

Reaction time (min)

FIG. 11. Effects of formate groups (f=0.8) on the intensity of the
DO-Zr band during exposure of both Cu/ZrO, and ZrO, at 398 K, 423 K,
and 448 K to 488 kPa D, and 162 kPa He flowing at a total rate of
60 cm®/min. Intensities are normalized to that for DO-Zr after complete
H/D exchange.
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Fig. 10, the exchange of hydroxyls proceeds in two steps on
Cu/ZrO,. For ZrO; the first step is again visible but the sec-
ond is much less pronounced than in the case of Cu/ZrO:..
Comparison of Figs. 5 and 11 reveals that the ratio of initial
H/D exchange rates for hydroxyl groups without formate
to initial rate with formate is 107 at 398 K for Cu/ZrO, and
2.5 for ZrO,. These results indicate that the inhibiting ef-
fect of formate on the exchange reaction is more severe on
Cu/ZrO; than on ZrO..

The apparent activation energies for H/D exchange of
hydroxyl groups are presented in Table 1. The apparent ac-
tivation energies are 72 kJ/mol on Cu/ZrO, and 66 kJ/mol
on ZrO,. These values are about 20% higher than those
found in the absence of formate species (see Table 1).
Table 1 also lists the dependence on D, partial pressure
of the rate of H/D exchange observed in the presence of
formate groups (f =0.8). The order is 0.54 for Cu/ZrO; and
1.24 for ZrO..

H/D Exchange of Formate Groups

During the exchange reaction of hydroxyls in the pres-
ence of formate, HCOO-Zr can also undergo isotopic ex-
change. Figure 12 shows the spectra obtained during the
isotopic exchange reaction on Cu/ZrO, at 423 K. Peaks
are observable at 2968-2974 and 2876-2888 cm™! for b-
HCOO-Zr, at 2172-2181 cm™~* for b-DCOO-Zr, and at
2054-2062 cm~! for CD3O-Zr (20, 34). A band for C-H
stretching vibrations of CHD,O-Zr can be observed at
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2888 cm~! (20), but it overlaps a similar band associated
with b-HCOO-Zr. During the exchange reaction, the peaks
at 2888 and 2974 cm~! shifted to 2875 and 2876 cm?. Sim-
ilarly, the peak at 2181 cm~! for b-DCOO-Zr shifted to
2172 cm™!, and the peak at 2062 cm~! for CD30/CHD,0O-
Zr shifted to 2054 cm~l. The intensity of the peak at
2888 cm~! for HCOO-Zr increases as the peak position
shifts, while the intensity of the peak at 2974 cm~! decreases
monotonically. The intensiy of the peak at 2888 cm~? for
b-HCOO-Zr should not decrease, since b-HCOO-Zr is
converted to b-DCOO-Zr and CD3;O/CHD,0O-Zr. The ob-
served increase suggests that the extinction coefficient for b-
HCOO-Zr increases as the peak shifts to lower frequency.

Figure 13 shows the spectra obtained during H/D ex-
change on ZrO; carried out at 423 K and in the pres-
ence of adsorbed formate species (f =0.8). Peaks are ob-
served at 2881 and 2970 cm ™! for b-HCOO-Zr and at 2176—
2172 cm~1for b-DCOO-Zr. Features were not observed for
CD3;0/CHD,0O-Zr. As in the case of Cu/ZrO,, the peak at
2881 cm~! for b-HCOO-Zr shifted to 2873 cm~* during the
course of isotope exchange.

Figure 14 shows the normalized intensities of b-DCOO-
Zr and CD30/CHD,O-Zr on Cu/ZrO, and ZrO, calcu-
lated on the basis of the spectra presented in Figs. 12 and
13. The peak intensities are normalized to the intensity of
b-HCOO-Zr before the exchange reaction. For Cu/ZrO,
the transients for both b-DCOO-Zr and CD3;0-Zr exhibit
two branches, similar to what was observed for the cor-
responding transient in HO-Zr seen in Fig. 11. It is also
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Infrared spectra taken during exposure of Cu/ZrO; in the presence of formate species (f=0.8) at 423 K to 488 kPa D, and 162 kPa He

flowing at a total rate of 60 cm®/min. Spectra are referenced to Cu/ZrO, purged in flowing He at 650 kPa and 423 K.
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Infrared spectra taken during exposure of ZrO; in the presence of formate species (f=0.8) at 423 K to 488 kPa D, and 162 kPa He flowing

at a total rate of 60 m1/min. Spectra are referenced to ZrO; purged in flowing He at 650 kPa and 423 K.

observed that the initial rate of H/D exchange is faster
for formate than for methoxy groups. The transient for
b-DCOO-Zr for ZrO, also resembles the correspond-
ing transient in HO-Zr seen in Fig. 11. In this case, the
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FIG. 14. Intensities of b-DCOO-Zr and CD30O/CHD,0O-Zr bands

during exposure of Cu/ZrO, and ZrO; in the presence of formate species
(f=0.8) at 423 K to 488 kPa D, and 162 kPa He flowing at a total rate of
60 cm®min. Intensities of b-DCOO-Zr and CHD,/CD3;0-Zr are normal-
ized to the intensity of the b-HCOO-Zr band observed at the beginning
of the transient.

first branch of the transient is clearly evident but not the
second.

Figure 15 compares the change in the position of the
b-HCOO-Zr band with the change in the normalized
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FIG. 15. Relationship between the intensity of the HO-Zr band
and the position of the b-HCOO-Zr band obtained during exposure of
Cu/ZrO; in the presence of formate species (f =0.8) at 423 K to 488 kPa
D, and 162 kPa He flowing at a total rate of 60 cm®min. The intensity
of the DO-Zr band is normalized to that observed after complete H/D
exchange.
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intensity of the band for DO-Zr during the course of H/D
exchange at 423 K. It is seen that the two functions plotted
on the ordinate are correlated. As discussed below, the ac-
celerated changes in both the position of b-HCOO-Zr and
the intensity of the DO-Zr band, occurring during the pe-
riod of 20-40 min into the H/D reaction, can be attributed
to the formation of water via the process b-HCOO-Zr +
2 Dy — CD30-Zr + HDO. The adsorbed water formed via
the hydrogenation of formate species leads to hydrogen
bonding with the adsorbed formate species, and this, in
turn, results in a downscale shift in the frequency of the
b-HCOO-Zr band position (35). As was shown above, ad-
sorbed water also accelerates the rate of H/D exchange
of surface hydroxyl groups, and as will be shown below,
adsorbed water accelerates the rate of H/D exchange of
formate groups.

Effects of Water on H/D Exchange of Hydroxyl
and Formate Species

To investigate the effects of adsorbed water on the dy-
namics of H/D exchange in the presence of formate groups,
the Ha-reduced catalyst is first exposed to a CO/He mixture
(1/3) at 523 K and 650 kPa for 20 min. The catalyst is then
purged with He, cooled to 323 K, and exposed to 3.3 kPa of
H,O in flowing He. Finally, after another purge with He, the
temperature is raised to 423 K and D, is introduced over the
catalyst. Figure 16 shows plots of the normalized intensity of
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FIG. 16. Intensity of the DO-Zr band during exposure of Cu/ZrO,
and ZrO; in the presence of formate (f=0.8) at 423 K to 488 kPa D, and
162 kPa He flowing at a total rate of 60 cm®/min. Prior to formate formation
the samples were treated in water at 323 K (see text). The intensity of the
DO-Zr band is normalized to that observed after complete H/D exchange.
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the DO-Zr band as a function of time. The presence of ad-
sorbed water has opposite effects on the rates of exchange
for Cu/ZrO, and ZrO,. In the former case, adsorbed water
strongly accelerates the rate of H/D exchange, but in the
latter case the rate of H/D exchange in strongly retarded.
These effects are similar to those observed in the absence
of formate species (see Fig. 6).

Figure 17 shows spectra obtained at 423 K during the H/D
exchange reaction on Cu/ZrO; pre-exposed to water vapor.
When the surface is pretreated in water vapor, the peaks
for b-HCOO-Zr occur at 2969 and 2875 cm~* and do not
shift over the course of exchange, as was seen in the absence
of water vapor pretreatment (see Fig. 12). The reason for
the absence of any shift in band position is that all formate
groups experience hydrogen bonding from the outset of the
exchange reaction. Similar effects of water vapor were also
observed for H/D exchange occuring over ZrO, containing
adsorbed formate species.

Figure 18 shows the effects of water vapor on the nor-
malized intensity of b-DCOO-Zr and CD3;O/CHD,0O-Zr
bands at 423 K during the isotope exchange on Cu/ZrO,.
Water vapor suppresses the formation of CD3;O/CHD,0O-
Zr relative to what is observed in the absence of wa-
ter vaopr, but significantly enhances the rate of H/D ex-
change with b-HCOO-Zr (see Fig. 14). This suggests that
adsorbed water inhibits the hydrogenation of formate
species to methoxy species, but adsorbed water through hy-
drogen bonding accelerates the rate of H/D exchange with
formate species.

Formate Migration

Experiments were undertaken to study the migration
of formate species from Cu to ZrO,. Since evidence of
formate species associated with Cu cannot be observed
for Cu/ZrO, catalysts or Cu/SiO; catalysts heavily pro-
moted with ZrO; (17), these experiments were carried out
with a Cu/ZrO,/SiO; catalyst in which the components are
present in the weight ratio of 5/15/80. The catalyst was
exposed to CO,/H, (1/3) at a total pressure of 650 kPa.
As seen in Fig. 19, features are observable at 2938, 2856,
and 1352 cm~! for b-HCOO-Cu and at 2981 and 1364 cm*
for m-HCOO-Cu. Peaks for b-HCOO-Zr are observed
at 2972, 2893, 1586, 1388, and 1373 cm~! for b-HCOO-
Zr, at 1624 cm~! for b-HCO3-Zr, and at 1448 cm™ for
i-COs-Zr. The peak at 2952 cm™! can be assigned to
H,CO,-Zr (16, 17). These spectra demonstrate that the for-
mate groups associated with Cu and ZrO, can readily be
differentiated.

After reaction has occurred for 90 min, the catalyst is
exposed to He flowing at 60 cm®min for 40 min. Reaction
for 90 min followed by purge for 40 min is then repeated.
Figure 20 shows the spectra obtained during the reac-
tion and He purge cycle at 373 K and 650 kPa. During
He purge after the reaction, the peaks for b-HCOO-Cu
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Infrared spectra taken during exposure of Cu/ZrO, in the presence of formate (f=0.8) at 423 K to 488 kPa D, and 162 kPa He flowing

at a total rate of 60 cm®min. Samples were treated with water vapor at 323 K prior to the initiation of H/D exchange (see text). Spectra are referenced

to Cu/ZrO; purged under 650 kPa He flowing at 423 K.

decrease while the peaks for b-HCOO-Zr increase. Re-
peated cycling shows the same results. While it is pos-
sible that the decrease in the intensity of b-HCOO-Cu
is due to decomposition into H, and CO,, this process
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FIG. 18. Intensities of b-DCOO-Zr and CD3O/CHD,0O-Zr bands
during exposure of Cu/ZrO; and ZrO; in the presence of formate (f=0.8)
at 423 K to 488 kPa D, and 162 kPa He flowing at a total rate of 60 cm®/
min after water treatment. The intensities of the b-DCOO-Zr and CHD,/
CD30-Zr bands are normalized to that of the b-HCOO-Zr band observed
at the beginning of the transient.

only starts to occur at 400-430 K (36-38). A more plausi-
ble interpretation is that formate species migrate form Cu
to ZrO.,.

DISCUSSION

H/D Exchange of Zr-OH Groups in the Absence
of Formate Species

In the absence of formate groups on the surface of zir-
conia, the rate at which Zr-OH groups undergo H/D ex-
change is strongly dependent on the presence of dispersed
Cu (see Fig. 5). This observation is similar to that reported
earlier for the effects of dispersed Rh on hydroxyl group
H/D exchange on the surface of zirconia and other metal
oxides (21). The strong enhancement in the rate of H/D ex-
change in the presence of the dispersed metal is attributed
to an increase in the ease with which gas-phase H; or D,
can be adsorbed dissociatively, since it is assumed that the
availability of some form of atomically adsorbed H(D) is a
prerequisite for isotopic exchange of the hydrogen atoms
associated with the hydroxyl groups (39).

While dissociative adsorption of Hy(D>) is presumed by
the authors of all previous studies of H/D exchange of hy-
droxyl groups on ZrO,, the nature of the rate-limiting step
is not clearly identified. For example, Domen and co-
workers (19, 20) assume that isotopic exchange of hydroxyl
groups on ZrO; is controlled by the intrinsic rate of the pro-
cess D* + Zr-OH — H* + Zr-OD, where H*(D*) is some
form of mobile atomic hydrogen and Zr-OH(Zr-OD) is
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a hydroxyl group on the surface of zirconia. In contrast,
Martin and Duprez (21) assume that above 348 K, H/D ex-
change of hydroxyl groups on Rh/ZrQO is controlled by the
diffusion of hydrogen (i.e., H*(D*)). Since neither set of
authors provides any justification for their assumption, it is
necessary to develop a criterion by which one might make a
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reasonable assessment of the controlling factors for a given
set of circumstances.

The mechanisms by which H/D exchange of hydrogen in
Zr—OH groups might occur in the presence and absence of
Cu on the surface of ZrO, can be envisoned in the following
manner. In the absence of Cu, H,(D;) has been reported to
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Infrared spectra taken after exposure of Cu/ZrO,/SiO, at 373 K to (a) 488 kPa H, and 162 kPa CO,, (b) 650 kPa He, (c) 488 kPa H, and

162 kPa CO,, again, and (d) 650 kPa He, again, flowing at a total rate of 60 cm®min. Spectra are referenced to Cu/ZrO, reduced in 650 kPa H, flowing

at 373 K.
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adsorb dissociatively either homolytically (40, 41) or het-
erolytically (41). The literature does not establish clearly
which of these two processes predominates, and arguments
have been made for each extreme (40-42). When Cu is dis-
persed on the surface of ZrO,, dissociative adsorption of
H(D,) is presumed to occur predominantly on the Cu sur-
face. Previous studies have shown that the activation barrier
for H; adsoption is ~34 kJ/mol and the heat of dissociative
adsorption is ~46 kJ/mol on Cu (43). It seems reasonable
to assume that the processes of dissociative adsorption and
recombinative desorption are at equilibrium with respect to
the gas partial pressure of Hy(D.) for the temperatures used
in the present study. The species that diffuses across the sur-
face of ZrO, and is ultimately involved in H/D exchange is
designated H*(D¥*). While the bonding of such a species to
metal oxides has been discussed, no definitive conclusion
as to its charge or mode of bonding has been established
(42). For the sake of this discussion, we assume that the
surface concentration of H*(D*) in the immediate vicinity
of the H(D>) dissociation centers is at equilibrium with the
surface concentration of atomically adsorbed H(D). For a
hydroxyl group to undergo H/D exchange, H*(D*) must
diffuse across the surface of ZrO, and then react with an
OH(OD) group. The issue then, is to ascertain whether sur-
face diffusion is a rate-limiting step. A useful criterion for
this purpose is that developed by Weisz and Prater (44) to
determine whether intraparticle mass transfer affects the
overall rate of reaction occurring within a catalyst parti-
cle. The Weisz—Prater analysis requires that the dimension-
less parameter @ be less than unity, where &y is defined as
follows,

Fex R?

(bs =
0 s
2. D,

(1]

where rey is the experimentally observed rate of H/D ex-
change, R is one-half of the average distance between
H(D;) dissociation centers, C2. is the maximum surface
concentration of H*(D*), and D; is the surface diffusion
coefficient for H*(D¥*).

To determine whether the Weisz—Prater criterion is satis-
fied, we consider first the conditions under which the fastest
rate of exchange occurs. This corresponds to exchange oc-
curring in the presence of Cu at 398 K. The apparent first-
order rate coefficient for this case determined on the ba-
sis of the data shown in Fig. 5 is 4 x 1072 s~%. If we take
the concentration of OH groups on the surface of ZrO,
to be 10 molecules/cm? (21), then the maximum rate of
exchange at t=0 is 4 x 10'> molecules/cm? s. The average
distance between Cu crystallites is estimated to be 1074 cm
on the basis of the Cu loading and dispersion; therefore,
R =5 x 10~° cm. Neither the surface concentration nor the
diffusion coefficient for H*(D*) is known; hence, the mag-
nitudes of these quantities can only be estimated. Previous
studies suggest that D will lie within the broad range of
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107 cm?/s to 10~* cm?/s (21, 39). The lower bound seems
unrealistically low, and may be a consequence of the au-
thors’ assumption that the observed rate of H/D exchange
on the surface of Rh/ZrO, is controlled by surface diffusion.
If the results of this particular work are excluded, then the
range of values for Ds narrows to 1071°-10~* cm?/s. Taking
this range of values for Ds leads to the conclusion that C2.
must be greater than 10® atoms/cm? for rate of isotopic ex-
change to be unaffected by diffusional transport across the
surface of ZrO,. While it cannot be proven, it is suspected
that the surface concentrations of H*(D*) are more than
adequate for the Weisz—Prater criterion to be satisfied. If
this is true, then virtually all of the observed rates of H/D
exchange reported here are governed by the intrinsic rate
of the process D* + Zr-OH — H* + Zr-OD. Indirect sup-
port for this conclusion is provided by the observation that
the activation barriers for H/D exchange obtained in the
absence and in the presence of Cu are essentially the same
(see Table 1). If the nearly thousand-fold faster rate of H/D
exchange observed in the presence of Cu were influenced
significantly by surface diffusion but the rate of H/D ex-
change over ZrO; in the absence of Cu were controlled by
the rate of the intrinsic Kinetics, then one would anticipate
different values for the apparent activation energies. Some
evidence for the influence of diffusional limitations on the
rate of isotopic transport will be noted below when the ef-
fects of water vapor are discussed.

The higher rate of H/D exchange of hydroxyl groups on
ZrO, observed when dispersed Cu is present is attributed
to a higher surface concentration of H*(D*). If, as was
assumed earlier, gas-phase Hz(Dy) is in equilibrium with
the dissociative adsorption centers present on the surface
of ZrO, or Cu and the maximum surface concentration of
H*(D*) is in equilibrium with the surface concentration of
dissociatively adsorbed Hy(Dy), then one might expect the
dependence of the surface concentration of H*(D*), Cy+,
to take the form

Apii?

(1 + Bp'a/zz) ’

where py, is the partial pressure of H, and A and B are
constants. Consistent with this model, the partial pressure
dependence should lie between 0.5 and 0. Table 1 shows
that the observed values of the partial pressure dependence
are 0.25 in the absence of formate species and 0.54 in the
presence of formate species, which is in agreement with the
proposed model of H; activation and spillover.

As noted earlier, water adsorbed on the surface of ZrO,
has completely opposite effects on the rate of H/D exchange
of hydroxyl groups present on the surface of Cu/ZrO, and
Zr0O,. The significant retardation in the isotopic exchange
rate observed in the absence of Cu (see Fig. 6) can be at-

tributed to the suppression of Hy(D>) dissociative adsorp-
tion. IR and EPR studies show that both water and carbon

CH* =
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dioxide inhibit the dissociative adsorption of H, on Zr**
centers (45). By contrast, H,O does not adsorb strongly on
the surface of Cu and, hence, does not affect the dissociative
adsorption of Hy(D>). Figure 6 shows that the presence of
water vapor slightly enhances the rate of H/D exchange in
the case of Cu/ZrO,. This can be attributed to an enhance-
ment in the rate of H*(D*) migration across the ZrO, sur-
face via hydrogen-bonded water bridges. These structures
enable the facile transfer of isotopically labeled hydrogen as
a consequence of the exchange of hydrogen atoms between
water molecules, a mechanism similar to that suggested pre-
viously for the role of water in enhancing H/D exchange in
zeolites (46). The observation of a small increase in the rate
of H/D exchange when Cu is dispersed on the ZrO, surface
suggests that the rate of isotopic exchange in the absence of
water is on the borderline of being influenced by diffusional
transport.

H/D Exchange of Zr-OH Groups in the Presence
of Formate Groups

During the hydrogenation of CO; to methanol the most
abundant surface species are formate groups adsorbed on
ZrO, (17). As was shown in Figs. 10 and 11 these groups
inhibit H/D exchange of Zr-OH groups. The initial rates
at which hydroxyl groups undergo H/D exchange are com-
parable for ZrO, and Cu/ZrO,; however, in the case of
Cu/ZrO, the rate of H/D exchange undergoes an acceler-
ation after a period of time. The onset of accelerated H/D
exchange comes at a progressively earlier time as the tem-
perature at which exchange begins increases. During the
period of accelerated H/D exchange the position of the for-
mate bands shift to slightly lower frequencies (see Figs. 13
and 14). As was observed in the absence of formate species,
the presence of water vapor on the surface of ZrO; retards
the rate at which Zr—OH groups undergo H/D exchange
over ZrOg, but has the opposite effect on the rate of isotopic
exchange over Cu/ZrO;. Moreover, the period of acceler-
ated exchange is completely eliminated. When water vapor
is present the frequencies of the formate bands are identi-
cal to those observed during the accelerated H/D exchange
over Cu/ZrO,.

Itis proposed that the presence of formate groups on the
surface of ZrO, decreases the number of sites where Hy(D3)
can dissociate as well as partially blocking (frustrating) the
path for H*(D*) transport. Both effects reduce the rate of
H/D exchange on ZrO,. When Cu is present, only the sec-
ond of these effects is relevant, since Hy(D>) dissociation
occurs primarily on Cu. It is surprising though that the inhi-
bition of H/D exchange of hydroxyl groups is significantly
greater for Cu/ZrO; than for ZrO, (see above). This may
imply that surface transport limitations play a more impor-
tantrole in the former case than in the latter. The beneficial
effects of water are again due to the formation of hydrogen-
boded chains of water molecules on the surface of ZrO,.
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Comparison of the Dynamics of H/D Exchange
with the Dynamics of Methanol Synthesis

As noted in the Introduction, previous studies of
methanol synthesis over Cu/ZrO,/SiO, and Cu/ZrO; have
demonstrated that Cu and ZrO; play separate functions
during the synthesis of methanol from either CO/H; or
COy/H;, (16, 17). CO or CO; is adsorbed on the surface
of ZrO; via reaction with Zr—-OH groups to form formate
or bicarbonate species, which then undergo subsequent hy-
drogenation to produce methanol. The hydrogen required
for the latter process is supplied by dissociative adsorption
of H, on Cu followed by spillover of atomic H onto ZrO..
The results of the present investigation support this view.
Examination of the spectra shown in Fig. 9 shows that the
adsorption of CO results in the loss of OH groups and the
concurrent appearance of HCOO-Zr groups. The pseudo-
first-order rate coefficients for this processare 1.8 x 10°s~*
and 3.5 x 10~°s~* for ZrO, and Cu/ZrO,, respectively. The
somewhat higher value of the rate coefficient for Cu/ZrO,
may be due to the higher rate of CO accumulation on the
surface of ZrO, as a consequence of CO spillover from the
surface of Cu (18). However, for both catalysts HCOO-Zr
groups are formed primarily via the process COg) + Zr-
OH — HCOO-Zr. Since previous work (18) has shown that
the rate of formate formation on the surface of Cu is much
slower than the rate at which these species are formed on
the surface of ZrO,, the possibility of formate spillover to
ZrO; can be excluded as a signficant contributor to the dy-
namics of formate formation on Cu/ZrO..

By contrast, the dynamics of formate formation from
COg/H; is much faster on Cu/ZrO; than on ZrO,, as can
be seen by examination of Fig. 3. This can be attributed to
the following factors. The adsorption of CO, on ZrO, pro-
duces HCO3-Zr species that are converted to HCOO-Zr
by hydrogenation (17). In the absence of an adequate sup-
ply of atomic hydrogen on the surface of ZrO,, this process
is slow. As discussed above, the presence of dispersed Cu
ensures the supply of atomic hydrogen via the process of
spillover. Yet another process may also contribute to the
accelerated formation of formate species on the surface of
ZrO; when Cu is present. The experiments presented in
Fig. 20 demonstrate that formate species can form on the
surface of Cu via direct hydrogenation of adsorbed CO,
and that such formate groups can spill over onto the ZrO..
While the dynamics of this latter process have not been
established quantitatively, it is felt that the spillover of for-
mate species from Cu to ZrO; is not an important contrib-
utor to the overall dynamics of formate species formation
on ZrO,.

Having established the role of hydrogen spillover on the
synthesis of methanol over Cu/ZrO,, it is important to as-
sess whether the rate of spillover is rapid or slow relative to
the rate of formation of methanol and intermediates leading
to the formation of methanol. The pseudo-first-order rate
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coefficient for H/D exchange of Zr-OH groups will be used
as a measure of the lower bound on the rate of hydrogen
spillover. The reason that this rate represents a lower bound
is that in the absence of diffusional mass transfer limitation,
the rate of H/D exchange of Zr—-OH groups is dictated by the
rate of the process D* 4+ Zr-OH — H* + Zr-OD. However,
the rate of spillover can be faster than this rate. Since previ-
ous studies have shown that the rate of methanol synthesis
from both CO and CO; parallels the rate of appearance of
CH30-Zr species on the surface of ZrO,, the pseudo-first-
order rate coefficient for the formation of CH;O-Zr can be
used as a measure of the rate of methanol synthesis (17, 18).

At 523 K and under the conditions shown in Fig. 3,
the pseudo-first-order rate coefficient for the formation of
CH30-Zris 7 x 1072 571, The pseudo-first-order rate coef-
ficient for H/D exchange of HO-Zr groups in the presence
of formate groups is estimated from Fig. 16 as 8 x 1074 s™1
for 373 K. Assuming an activation energy of 17.2 kcal/mol
(see Table 1) leads to an estimate of 6 x 10~ts~* at 523 K for
this pseudo-first-order rate coefficient. This means that the
rate of hydrogen spillover is at least an order of magnitude
faster than the rate of methanol synthesis and thus will not
constitute a rate-limiting step under the conditions of the
experiments reported here. It is important to note that the
rate of hydrogen spillover from the supported Cu crystal-
lites is expected to scale with the Cu loading and dispersion.
In fact, the product of these two quantities is proportional
to the Cu surface area. Thus, it would appear that the rate
of methanol synthesis might not be affected by a reduction
in the amount of exposed Cu surface relative to that used
in the present studies. Such a change should to lead to an
improvement in the methanol selectivity for synthesis from
CO,/H;, mixtures, since it has been shown that the reverse
water—gas shift reaction (CO;+ H; — CO + H,0) occurs
on the surface of Cu but not on ZrO; (17).

CONCLUSIONS

The dynamics of H/D exchange on the surface of ZrO;
are found to depend on a number of factors including the
presence of dispersed Cu, the Hy(D;) partial pressure, the
temperature, and the presence of adsorbed water. The rate
of H/D exchange of HO-Zr groups is much more rapid in
the presence than in the absence of Cu dispersed on the
surface of ZrO,. This effect is attributed to the higher ef-
fectiveness of Cu to dissociate Hy(D;). The rate of H/D
exchange increases with temperature and the apparent ac-
tivation energies for ZrO, and Cu/ZrO; are 50 kJ/mol and
53 kJ/mol, respectively. Consistent with the similarity in the
activation energies and with an estimate of the degree of
mass transfer limitation on the exchange process, it is con-
cluded that the rate of H/D exchange is controlled by the
process D* + HO-Zr — H* + DO-Zr. The apparent partial
pressure dependence on Hy(D,) is 0.74 for ZrO, and 0.25
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for Cu/ZrO,, which reflects the differences in the types of
sites involved in the dissociative activation of H,(D;) on the
two types of catalyst. While adsorbed water significantly in-
hibits the rate of H/D exchange on ZrO,, the opposite effect
is observed for Cu/ZrQO,. The reason is that adsorbed water
inhibits the dissociation of Hy(D2) on the surface of ZrO,
but not on the surface of Cu. Adsorbed water facilitates
the transport of H(D) atoms formed on the surface of Cu
across the surface of ZrO; as a consequence of hydrogen
bonding between adsorbed H,O and HO-Zr groups. For-
mate groups are formed on the surface of ZrO, primarily
viathe process CO(g) + HO-Zr — HCOO-Zr. Such groups
can also form on the surface of Cu and spill over onto the
surface of ZrO,. The presence of formate groups inhibits
the rate of H/D exchange of HO-Zr groups. As in the ab-
sence of formate groups, adsorbed water inhibits the rate
of H/D exchange for ZrO, but enhances it for Cu/ZrO..
The dynamics of H/D exchange are compared with the dy-
namics of methanol formation as measured by the rate of
CH30-Zr formation on Cu/ZrO;. On the basis of this anal-
ysis it is concluded that the rate of hydrogen spillover from
Cu is more than an order of magnitude faster than the rate
of methanol formation, and, hence, not a rate-limiting step
in the synthesis of methanol over Cu/ZrO,.
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