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Abstract

The interactions of CO, COM{ Hp, Dy, and CHOH with t-ZrOy, m-ZrO,, Cu/t-ZrG,, and Cu/m-ZrQ were investigated by in situ
infrared spectroscopy with the aim of understanding the nature of species involved in methanol synthesis and the dynamics of the forma
tion and consumption of these species. With both phases of,ZH@ primary surface species observed during CO hydrogenation were
bidentate formate groups, b-HCOO-Zr, and methoxide groupgQcHr. Transient-response experiments indicated that the rate-limiting
step for each catalyst is the reductive elimination of methoxide species. Relative to 1.2 wt% Cu/k@n@ver, spillover of H atoms and
the formation and reduction of formate and methoxide species proceeded more rapidly on the more active 1.2 wt% &uBtezd®
state intensities of surface species were also larger on 1.2 wt% Cu/m-Zh@se differences are attributed to the higher reactivity of the
hydroxyl groups on the surface of m-ZgQncreasing the Cu surface area on m-Ziiicreases the rate of reductive elimination of methox-
ide species up to a maximum value, determined by the eventual saturation of thesuif@ce with H atoms via spillover from Cu. The
product of the apparent rate coefficient for reductive elimination of methoxide species and the surface concentration of these species in
creases linearly with increasing Cu surface area, which is consistent with the proportionality seen in the rate of methanol synthesis at steac
state.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction strong influence on catalyst activity and selectiyitg]. Cat-
alysts prepared with monoclinic Zpgdm-ZrO,) are nearly

Cu supported on Zr@with Cu is a very active catalyst ~an order of magnitude more active for methanol synthesis

for the synthesis of methanol from CO and i—12]. Pre- activities and exhibit higher methanol selectivities than cat-
vious studies have shown that both catalyst components play?YSts with the same Cu surface density deposited on tetrag-
a role in the hydrogenation of CO to methanol: Zr&d- onal ZrQ, (t-ZrOz) with the same surface area as m-£rO

These differences are attributed to the higher concentration
of anionic defects on m-Zrthan t-Zr&. Such defects,
when present adjacent to surface hydroxyl groups, readily
adsorb CO to form bidentate formate groups. It was also
shown that the methanol synthesis activity of Cu/Zi®
proportional to the surface area of the deposited Cu. Increas-
ing the overall Cu surface area increases the rate of H atom
* Corresponding author. spillover and, hence, the rate of hydrogenation of adsorbed
E-mail address: bell@cchem.berkeley.edi.T. Bell). CO to methanol.

sorbs CO and all carbon-containing intermediates, leading
to methanol, whereas supported Cu particles adserlaht
then H atoms spill over onto the surface of ZrQvhere
they participate in the hydrogenation of CO. In Part | of the
present study we demonstrated that the phase of BeQ a

0021-9517/$ — see front mattét 2005 Elsevier Inc. All rights reserved.
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In Part Il of this study, in situ FTIR spectroscopy was used tored by a thermocouple located just above the catalyst pellet
to investigate the dynamics of CO adsorption and CO hy- inside the cell.
drogenation on Cu/m-Zr9and Cu/t-ZrQ at reaction tem- The reactants used for the infrared experiments were pu-
perature. This work was undertaken to determine the naturerified before delivery to the sample cell;99.999%) (Air-
of the adsorbed species formed and their relationship to thegas) was purified with the use of Oxi-Clear (Alltech) traps
mechanism of methanol synthesis. These transient-responsé remove Q@ and HO. He (99.999%) was passed through
studies also provided insights into relative rates at which ele- a synthetic zeolite adsorbent (Alltech) to remove CO,CO
mentary processes occur on Cu/m-Zi&hd Cu/t-ZrQ. The 0o, and HO impurities. Another molecular sieve trap (All-
effects of the concentration of exposed Cu atoms on the dy-tech) was used to remove G@nd HO from 15% CO/He
namics of CO hydrogenation were also investigated. (99.99%) (Airgas). The purified gases were delivered to the
infrared cell with Tylan mass flow controllers. A stream of
0.5% CHOH/He (99%) was delivered with a needle valve

2. Experimental without further purification. Pressure in the cell was con-
trolled with a back-pressure regulator (Go).

The preparation and characterization of the CukZrO To remove any residual surface species before testing,
catalysts used in this study have been described previ-each sample was calcined in a 10%/I@e mixture flowing
ously [13]. Both t-ZrQ, and m-ZrQ have a surface area at 60 cni/min. The sample was heated from room tempera-
of ~145n?/g. Cu was deposited on each support by ture to 523 K at 2 Kmin and then maintained at 523 K for
deposition-precipitation, which was found to yield a higher 8 h. Next, the sample was cooled to 323 K, swept with He,
dispersion of Cu compared with incipient-wetness impreg- and reduced in a 10% J4He mixture flowing at a rate of
nation [14]. The surface areas of the dispersed Cu were 60 cn?/min while the temperature was increased at a rate of
determined by KTPR after MO titration [14]; the results 2 K/min to 523 K. The flow of 10% H/He was maintained
are presented imable 1 at 523 K for 1 h before the flow was switched to 100% H

The steady-state methanol synthesis activity of each sam-for an additional 1-3 h. The sample was then flushed with
ple was measured with a glass-lined microreactor. A 3:1 He for 1 h before the initiation of an experiment.
mixture of H and CO was supplied to the reactor from a
gas manifold, and the reaction products were analyzed by
gas chromatography. A more detailed description of the re- 3. Results
actor apparatus is given in R¢L3]. Steady-state rate data
were collected at 523 K, a total pressure of 3.0 MPa, and a3.1. 1.2 wt% Cu/t-ZrO,
feed flow rate of 60 cifymin.

In situ transmission infrared spectroscopy experiments  Fig. 1shows infrared spectra obtained during CO adsorp-
were conducted with a low-dead-volume infrared cell equip- tion at 523 K on 1.2 wt% Cu/t-Zr@exposed to a flow of
ped with Calz windows [15]. Samples were pressed into 15% CO/He at a total pressure of 0.50 MPa. Strong bands
pellets with a density of approximately 0.01%cg?. In- are observed at 1567, 1385, and 1367 &énwhich are at-
frared spectra were collected with a Nicolet Magna 750 tributable to theva(OCO), §(CH), and vs(OCO) modes,
series Il FTIR spectrometer equipped with a narrow-band respectively, of b-HCOO-Z[9,16-23] In the C—H stretch-
MCT detector. We obtained in situ absorbance spectra col-ing region, features at 2973 and 2892 ¢hbecome apparent
lecting either 32 or 128 scans at 2 thresolution, which after about 15 min and grow in intensity with time. The
were then referenced to a spectrum of the catalyst taken af-2892 cnt! band is assigned to the C—H stretching vibra-
ter pretreatment in flowing He at the same temperature astion of b-HCOO-Z1[9,16—22,25] and the 2973 cm! band
that used for reaction. The cell was heated by electrical re-is attributed to a combination of the asymmetric O-C-O
sistance heaters, controlled by a programmable temperaturestretching and C-H bending modes of the same species
controller (Omega), and the sample temperature was moni-[20,21,24,25] Virtually identical spectra were obtained

upon exposure of t-Zr@in the absence of Cu, confirming

Table 1 o that Cu does not influence the adsorption of CO as bidentate

Surface area and methanol synthesis activity for Cu/to2Z@dd Cu/ formate species on the surface of t-2tO

m-ZrO% : ; . .

Sample Cu surface Mass specific Formqte formation has been attrlbute_d to the interaction

area (R/9) rate (Mo} (goars)) Qf CO with hydr0>_<yl groups on _Zr@ dur_lng_CO adsorp-_

1.2 W% CultZiGy Lad 014 t|(_)n [18,26_—29] Evidence for this |r_1tera(_:t|on is presented in

1.2 Wi% Cu/m-21G 0.87 11 F|g: 2, wh|_ch shows spgctra obtained |n_the OH stretching

6.4 Wt% Cu/m-ZrQ 246 2.7 region during the experiment presented-ig. 1 Bands ap-

10 wt % Cu/m-ZrQ 2.70 3.0 pear at 3660 and 3738 cthwhich are due to Zr-OH groups

20 wt% Cu/m-ZrQ 1.88 15 on t-Zr&, [30,31] These bands are negative and increase in
a Reaction conditionsT = 523 K; P = 3.0 MPa; H/CO = 3; total flow intensity with the duration of CO exposure, indicating that

rate= 60 cr/min. ZrOH groups are consumed upon the adsorption of CO.
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Fig. 1. Infrared spectra (C—H and C-O stretching regions) taken for 1.2 wt% Cust&&23 K after switching feed from 0.50 MPa He to 0.05 MPa CO and
0.45 MPa He flowing at a total rate of 60 ?:mnin. Spectra referenced to 1.2 wt% Cu/t-Zr@Gnder 0.50 MPa He flow at 523 K.
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Fig. 2. Infrared spectra (O-H stretching region) taken for 1.2 wt% Cu/
t-ZrO, at 523 K after switching feed from 0.50 MPa He to 0.05 MPa CO
and 0.45 MPa He flowing at a total rate of GO%in. Spectra referenced
to 1.2 wt% Cu/t-ZrQ under 0.50 MPa He flow at 523 K.

3.2. 1.2 wt% Cu/m-ZrO,

Fig. 4 shows infrared spectra recorded during CO ad-
sorption on 1.2 wt% Cu/m-Zr@at 523 K. The catalyst
was exposed to a flow of 15% CO/He at a total pressure of
0.50 MPa. The features for b-HCOO-Zr (2969, 2883, 2748,
1563, 1386, and 1366 cm) are significantly more intense
than the analogous bands observed for 1.2 wt% Cu/tZrO
The small band in the C—H stretching region at 2745 tis
ascribed to a combination of ti€CH) andus(OCO) modes
of b-HCOO-Zr[21,24] Features attributable to GB—-Zr
(2934 and 2830 cmt) appear almost immediately, even in
the absence of gas-phaseg, ldnd continue to increase in in-
tensity for the duration of the experiment (L h). At the
same time, bands appear at 1039 and 1142'cand in-
crease in intensity at a rate similar to that for the bands
at 2936 and 2836 crit. These peaks are assigned, respec-
tively, to the C-O stretch of terminal (t-OGMHand bridged
(b-OCHs) methoxide species on Zp(}33,35,36] The fea-
tures at 1034 and 1142 crh were not observable with
1.2 wt% Cu/t-ZrQ because of strong sample absorptions
below 1200 cml. The shoulder located at approximately

After CO adsorption for 1 h, transient-response spectra 1320 cnv? is assigned to b-C§8~—Zr specie$23,26] Sim-

were recorded during CO hydrogenation at 523 Kk.\viths
introduced into the flowing 15% CO/He (total pressute
0.50 MPa) so as to achieve a/0 ratio of 3:1.Fig. 3

ilar spectra were recorded for m-Zs@ the absence of Cu.
The primary difference is that the intensity of the bands
for formate species in the spectra for 1.2 wt% Cu/m-ZrO

shows that the features for b-HCOO-Zr (2973, 2894, 1565, are less intense than those observed on myZp@ssibly

1384, and 1366 cmt) continue to increase in intensity up

because of the hydrogenation of some of these species to

to about 4 h, at which time they approach a steady-state methoxy groups in the former case. However, as with 1.2%

level. After about 4 min, bands at 2937 and 2837 ¢prat-
tributable to thev(CHs) modes of CHO-Zr [17,18,20,26,

Cult-ZrOy, all of the bands observed during the adsorption
of CO on 1.2% Cu/m-Zr@are ascribable to adsorption on

30,32,34] become apparent. These bands increase in inten-ZrO,.

sity, reaching a steady-state level after approximately 4 h.

A small band at approximately 1474 cthbecomes appar-
ent at longer times and is ascribed to #1€H) mode of
CH30-Zr specie$9,21,33]

Fig. 5 presents spectra obtained in the OH stretching re-
gion during the adsorption of CO on 1.2% Cu/m-2rQeg-
ative absorbance bands at 3730 and 3670%cane ascribed
to the consumption of Zr—OH groups on m-zZ{B0,31]
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Fig. 3. Infrared spectra taken for 1.2 wt% Cu/t-Zr&t 523 K after switching feed from 0.05 MPa CO and 0.45 MPa He to 0.05 MPa CO, 0.15 MRadH
0.30 MPa He flowing at a total rate of 60 émnin. Spectra referenced to 1.2 wt% Cu/t-ZrGnder 0.50 MPa He flow at 523 K.
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Fig. 4. Infrared spectra (C—H and C-O stretching regions) taken for 1.2 wt% Cu/ma&r&23 K after switching feed from 0.50 MPa He to 0.05 MPa CO
and 0.45 MPa He flowing at a total rate of 60%fmin. Spectra referenced to 1.2 wt% Cu/m-zr@nder 0.50 MPa He flow at 523 K.

Consistent with the larger amount of formate species de- 1367 cnt? rapidly decrease in intensity as soon agsi$iin-
tected on 1.2 wt% Cu/m-Zr§) a significantly greater de-  troduced, while, concurrently, peaks for @B-Zr at 1039
crease in Zr-OH was observed compared with that seenand 1142 cm? rapidly increase in intensity. In the C-H
during CO adsorption on 1.2 wt% Cu/t-ZsQFig. 2. Cu/  stretching region, the bands for GB-Zr are particularly
m-ZrO; at 1.2 wt% exhibits a larger consumption of lower- jnense and increase in intensity until they reach a steady-
frequency hydroxyl species relative to the higher-frequency qqie |evel after approximately 80 min. The corresponding

hydroxyl species, which is the oppos_lte of what is observed C—O stretching bands (1039 and 1142dincrease in a
on 1.2 wt% Cu/t-ZrQ. This observation suggests that the . . .
similar manner. As adsorption progresses, each C—H stretch

Zr—-OH groups responsible for the band at 3670 ¢rare . .
consumed by reaction with CO more slowly than those at red shifts by approximately 10-15 crh and each of the

3730 cnrl. C-0 stretches blue shifts by approximately 3—8énpos-

Fig. 6 shows transient-response spectra obtained duringSiPly because of interactions between surface species as sur-
CO hydrogenation on 1.2 wt% Cu/m-ZsGat 523 K. We face coverage increases. TheCH) feature for CHO-Zr
obtained spectra by introducingzHnto the flowing 15% (1446 cmr1) is evident initially but remains relatively small
CO/He (total pressure 0.50 MPa) so as to achieve al@0 throughout the transient. A comparison Bigs. 4 and 6
ratio of 3:1. The features for b-HCOO-Zr at 1564, 1385, and shows that the intensities of the bands fordCHZr are ap-
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Fig. 5. Infrared spectra (O-H stretching region) taken for 1.2 wt%
Cu/m-ZrQ, at 523 K after switching feed from 0.50 MPa He to 0.05 MPa
CO and 0.45 MPa He flowing at a total rate of 603t7mmin. Spectra refer-
enced to 1.2 wt% Cu/m-Zrounder 0.50 MPa He flow at 523 K.

proximately an order of magnitude larger on 1.2 wt% Cu/
m-ZrO, than on 1.2 wt% Cu/t-Zr@

3.3. Transient-response experiments

The temporal evolution of the principal surface species on
1.2% Cut-ZrO, and that on 1.2% Cu/m-Zriduring the CO
hydrogenation are comparedhig. 7. The band at 1564(5)
cm~! was used to follow the dynamics of b-HCOO-Zr, and
the band at either 2837 or 2821 tiwas used to follow
the dynamics of CBIO—-Zr. The peak areas for b-HCOO-Zr
and CH;O-Zr were normalized to the value observed after
approximately 12 h of exposure to CQ/HFor 1.2 wt% Cul/t-
ZrO5 the concentration of b-HCOO-Zr continues to rise af-
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ter 1 h of CO adsorption (represented by time @rig. 7).

In contrast, the concentration of formate species on 1.2 wt%
Cu/m-ZrQ, undergoes a rapid initial decrease relative to the
level observed in the absence of gas-phasgtéfore de-
creasing more slowly over the remainder of the transient.

The intensity of the band for G¥D—Zr increases with
the time of catalyst exposure to the CQ/mixture, but the
dynamics of band growth are quite different for 1.2% Cu/
t-ZrO, and 1.2% Cu/m-Zr@. For 1.2 wt% Cu/m-Zr@ the
intensity of the CHO-Zr band increases very rapidly over
the initial 25 min and then approaches a plateau after about
1 h. The dynamics of this feature are very similar to those
for the band associated with b-HCOO-Zr, but opposite in
direction, suggesting that on 1.2% Cu/m-2r®-HCOO-Zr
undergoes rapid hydrogenation to §b+Zr. In contrast, the
intensity of the HCOO-Zr band on 1.2 wt% Cul/t-Zr@-
creases with time, suggesting a slower conversion of formate
to methoxide species.

We probed the rate at which surface species are con-
sumed by removing CO from the feed at the conclusion of
the CO hydrogenation experiments showrfigs. 3 and 6
Fig. 8compares the dynamics of b-HCOO-Zr and4CHZr
consumption on 1.2% Cu/t-ZeCand 1.2% Cu/m-Zr@ We
obtained transient-response spectra by replacing the flow of
15% CO/He in the flow used for CO hydrogenation with an
equivalent flow of pure He, while maintaining a constaat H
partial pressure of 0.15 MPa. The intensity of the band for
b-HCOO-Zr decreased monotonically for both catalysts, but
much more rapidly for 1.2% Cu/m-ZgO The intensity of
the band for CHO-Zr also underwent a monotonic decrease
for both catalysts, but the rate of decrease was significantly
slower than that for b-HCOO-ZFig. 8 shows that imme-
diately upon cessation of the flow of CO, there was a short
period during which the surface concentration of {CHZr
remained relatively constant before it began to decline. This
observation suggests that formate species undergo rapid hy-
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Fig. 6. Infrared spectra taken for 1.2 wt% Cu/m-2r& 523 K after switching feed from 0.05 MPa CO and 0.45 MPa He to 0.05 MPa CO, 0.15 pMRadi
0.30 MPa He flowing at a total rate of 60 &imin. Spectra referenced to 1.2 wt% Cu/m-Zr@nhder 0.50 MPa He flow at 523 K.
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drogenation to methoxide species on both phases 0§, ZrO Table 2
but that the reductive elimination of methoxide species oc- Steady-state peak areas of §Ib+-Zr and apparent first-order rate coeffi-
curs at a slower raterigs. 8b and 8cshow that the rate cients for the removal of C§D-Zr from 1.2, 6.4, 10, and 20 wt% Cu/

of removal of CHO-Zr was initially more rapid on 1.2% m-2102 —
Cu/m-ZrQ than on 1.2% Cu/t-Zr@ but that for longer ~ Sample kapp (Min—™) fchgo (a.u.)
times the relative rates became comparable. 1.2 wt% Cu/m-ZrQ 41x10°3 12.9
6.4 Wt% Cu/m-ZrQ 82x 103 21.3
. —3
3.4. Effect of Culoading on Cu/m-ZrO; 10 wt% Cu/m-ZrQ 771070 21.6
20 wt% Cu/m-ZrQ 7.6 x 10 16.5

The results presented in Part | of this study demonstrated
that Cu/m-ZrQ exhibits a higher steady-state methanol syn- loading. The time scale of the rise in the concentration of
thesis activity than Cu/t-Zr@(seeTable J). Increasing the  CH3zO-Zr closely parallels the pattern of decrease in the sur-
Cu surface density on m-ZgQurther improves the activity.  face concentration of b-HCOO-Zr.
Experiments were carried out to investigate the effects of Cu  We examined the relative rate of consumption of sur-
loading on the dynamics of species formation and consump-face species by replacing the flow of CO used for CO
tion. Fig. 9 shows spectra for Cu/m-ZQOcatalysts taken  hydrogenation with an equivalent flow of He while main-
after 6 h of CO hydrogenation at 523 K with a 3:3%/80 taining the H partial pressurerig. 11compares the dynam-
ratio and a total pressure of 0.50 MPa. Comparison of theseics of b-HCOO-Zr and CkD-Zr consumption for each of
spectra reveals that although the intensity of the bands for b-the Cu/m-ZrQ catalysts. Peak areas for both b-HCOO-Zr
HCOO-Zr are relatively independent of Cu loading and Cu and CHO-Zr are normalized to the value observed at the
surface coverage, the intensity of the bands fogOHZr in- beginning of the transient. The initial rate of consump-
creases with Cu surface coveragalfle 2. tion of b-HCOO-Zr is independent of Cu loading. After

A comparison of the temporal evolution of b-HCOO-Zr approximately 20 min, however, the rate of b-HCOO-Zr
and CHO-Zr during the onset of CO hydrogenation af- consumption from the higher weight-loaded materials de-
ter CO adsorption for 1 h over each catalyst is presentedcreases significantly. This suggests the possible existence
in Fig. 10 Peak areas for both b-HCOO-Zr and £§tH-Zr of two distinct formate species present on the surface of
have been normalized to the value observed after reactionm-ZrO,. A similar distinction has been reported with for-
for approximately 12 h. The dynamics of b-HCOO-Zr con- mate species formed on ZnO in studies of CO hydrogena-
sumption are independent of Cu loading. Initially, the sur- tion on Cu/ZnO/A$Os [37]. In contrast to the removal of
face concentration of b-HCOO-Zr decreases rapidly from b-HCOO-Zr, a significantly greater portion of methoxide
the level observed before the introduction of, ldfter which species with a Cu weight loading higher than 1.2 wt% were
it declines more slowly over the remainder of the tran- removed from the surface of the catalyst. The apparent first-
sient. Although the absolute concentration of {THZr order rate constant for the removal of methoxide species
varies among Cu/m-ZrPcatalysts, the relative dynamics determined from the initial portion of the transient is given
of CH30-Zr formation are also virtually independent of Cu in Table 2 The decrease over the course of the experiment
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was approximately equivalent for 6.4, 10, and 20 wt% Cu/
m-ZrQy. Given that b-HCOO-Zr is a precursor to b+
Zr on the surface, it is unclear whether the slower relative
decrease in methoxide species on 1.2 wt% Cu/msZ<0
a reflection of a higher rate of methoxide group formation
through the hydrogenation of b-HCOO-Zr or an inherent
difference in the ability to reductively eliminate GB-Zr
on the surface.

To isolate the inherent dynamics of reductive elimina-
tion, CH;OH was dosed onto both 1.2 wt% Cu/m-Zrénd
10 wt% Cu/m-ZrQ at 523 K. In each case, the catalyst was
exposed to a flow containing 0.5% @BIH/He for 1 h at a
total pressure of 0.50 MPa. This process produced@+r
bands identical to those observed during CO hydrogenation
over both catalysts. The G@-Zr species produced in this
fashion were then exposed to flowing kh a manner iden-
tical to that used for the experiments presente&im 11
Fig. 12 shows the dynamics of consumption of gB+-Zr.
Peak areas for C¥#D—-Zr were normalized to the value ob-
served at the beginning of the transient after the removal of
physisorbed species-(2 min). For both catalysts the rate of
CH30-Zr hydrogenation is equivalent to that observed after
CO hydrogenation (sekig. 11), and the rate of CgD—-Zr
hydrogenation is higher on 10% Cu/m-Zr@an on 1.2%
Cu/m-ZrG.

The rate of CHO-Zr elimination is limited by the con-
centration of H atoms on the surface of Zr@vhich in turn
is limited by the supply of H atoms provided by spillover
from Cu. Consistent with this reasoning, it is observed that
in the absence of Cu, the rate of @b-Zr hydrogenation
is an order of magnitude slower than that observed on 1.2%
Cu/m-ZrQ,. As the surface concentration of Cu is raised, the
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[13]). CO is adsorbed reversibly in reacti¢h) to form a
bidentate formate species (b-HCOOZr). This species then
reacts with H atoms present on the surface of Z(8g),
ultimately forming methoxide species (G8-Zr) via reac-
tion (2). The reductive elimination of methoxide species in
reaction(3) leads to the formation of methanol. Reactions
(2) and(3) are taken to be irreversible, since under the reac-
tion conditions used in this study no evidence was found for
the dehydrogenation of methoxide or formate species.

As noted earlier, Klis provided by spillover of H atoms
from the dispersed Cu, which adsorbs Hissociatively.
Investigations of the rate of H/D exchange into hydroxyl
groups present on the surface of Zriddicate that at reac-
tion temperature the rate of H atom spillover is about an or-
der of magnitude more rapid than the rate of CO hydrogena-
tion and is significantly faster on Cu/m-ZsQhan on Cu/
t-ZrOg2 [12,38] Studies of methanol decomposition te H
and CQ indicate that the decomposition of methanol pro-
ceeds on Zr@ and that dispersed Cu is needed to facil-
itate the recombination of H aton{89]. Taken together,
these observations suggest that during CO hydrogenation
to methanol, the steady-state inventory of H atoms on the
surface of ZrQ is determined by the rates of forward and re-
verse H-atom spillover and the rate of H-atom consumption
for CO hydrogenation. When the rate of CO hydrogenation
is slow relative to the rates of forward and reverse spillover,
the concentration of KHwill reach an equilibrium level.

The effects of Zr@ phase on the hydrogenation of CO
over 1.2% Cu/t-Zr@ and 1.2% Cu/m-Zr@ can now be in-
terpreted in terms of the relative rates of individual steps
in the above schemd:ig. 7 shows that the adsorption of
CO on 1.2% Cu/t-ZrQis slow, and continues to occur over

surface concentration of H atoms increases up to the point at6 h, even after K has been added to the flow of CO and

which it reaches equilibrium with respect to the gas-phase
partial pressure of 1 When equilibrium is achieved, the
rates of H-atom spillover from Cu and reverse spillover back

to Cu become identical. The absence of a dependence of

the rate of CHO-Zr hydrogenation on Cu for Cu surface
concentration of 1.88 fYg suggests that at such Cu surface
concentrations, the H-atom concentration on the surface of
m-ZrO, has reached equilibrium with the gas phase.

4, Discussion
Previous studies suggest that the mechanism of CO hy-

drogenation over Cu/ZrPcatalysts can be described in
terms of the following sequence of reactigAsl3]:

COy + (Zr)20H < b-HCOOZr+ Zr, 1)
b-HCOOZr+ Hs — - — CHzO-Zr + Zr—OH, )
CH30-Zr + Hs — — CHgOH -+ (Zr),0H. ©)

(Zr)20H represents a hydroxyl group adjacent to a coordi-
natively unsaturated Zr cation produced upon creation of an
anionic vacancy at the surface of Zr(see Fig. 12 in Ref.

the hydrogenation of CO has begun. This suggests that the
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Fig. 12. Relative IR peak intensities of GB-Zr features for 1.2 and 10
wt% Cu/m-ZrQ at 523 K after switching feed from 0.0025 MPa ebH

and 0.4975 MPa He to 0.15 MPatdnd 0.35 MPa He flowing at a total rate
of 60 cn?/min. Areas normalized to the values observed at the beginning
of the transient.
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apparent first-order rate coefficient for reactidyis faster Table 3
than that for reactio2). In contrast, the rate of CO adsorp- Steady-state peak areas of &b-Zr and apparent first-order rate coeffi-
tion on 1.2% Cu/m-Zr@is very rapid and the surface of the cients for the removal of CED-Zr from 1.2 wt% Cu/t-Zr@ and 1.2 wt%

catalyst becomes saturated with CO within approximately Culm-2r%

1 h (seeFig. 4. When H is added to the flow of CO over ~ Sample kapp (min 1) fcrgo (au)
this catalyst, the surface concentration of b-HCOOZr species 1.2 wt% Cu/t-ZrQ 17x1073 0.9
decreases rapidly and the surface concentration afdEHr 1.2 wt% Cuim-ZrQ 41x107° 12.9

species increases at the same rate, as sd@g.ii. This pat-

tern suggests that the apparent first-order rate coefficient for
reaction(2) is faster than that for the reverse of react{ah 0.18
Itis also evident fronFig. 7that the apparent first-order rate
coefficient for the formation of CkD—Zr, determined from |
the initial slopes of the curves, is a factor of about 2.5 faster 0.144
for 1.2% Cu/m-ZrQ than 1.2% Cu/t-Zr@. A very similar 0.124
ratio in apparent first-order rate coefficients is seehin 8
for the reductive elimination of C§D—Zr as methanol. If X |
it is assumed that the intrinsic rate coefficients for hydro- <" 0.08

0.16

ecnp

0.10+

app

genation of b-HCOOZr and G40-Zr are independent of 0.064

the phase of Zrg then the ratio of apparent rate coeffi- : °

cients suggests that the concentration @fi$i~ 2.5-fold 0‘04'_

greater on 1.2% Cu/m-ZrO A higher concentration of H 0.02 4

on Cu/m-ZrQ relative to Cu/t-Zr@ would follow from the 0.00 . -
observation of a higher rate of H-atom spillover (and pre- 0.0 0.5 1.0 1.5 2.0 25 3.0

sumably for reverse spillover) for the former catalyst, as
noted above.

The order of magnitude higher rate of methanol synthe- Fig. 13. Product of apparent first-order rate coefficient forsOHZr re-
sis over 1.2% Cu/m-Zr®relative to 1.2% Cul/t-Zr@can be moval and CHO-Zr peak area versus Cu surface area for Cu/mpZrO
explained in the following manner. We note first that the con- c3@lysts.
centrations of all carbon-containing species on the former
catalyst are higher. Comparisonfés. 3 and Ghows that In Part | of this study it was shown that the methanol
after 6 h of reaction, the surface concentration of b-HCOOZr synthesis activity of Cu/m-Zr@catalysts is proportional to
is ~ 3 times higher on 1.2% Cu/m-ZgQhan on 1.2% Cu/  the surface area of exposed Cu atoms (seeTdbte 1. To
t-ZrOz, and, more important, the surface concentration of jnterpret this observation, it is necessary to consider what
CH3zO-Zris~ 14 times higher on 1.2% Cu/m-ZgOSince  happens as the surface concentration of Cu is incredsed.
the reductive elimination of C4#0—Zr is irreversible un-  pje 2 Jists the surface concentration of @8Zr and the
der the conditions of the experiments reported here, its yalues of the apparent rate coefficielip, for the reductive
rate is equivalent to the rate of methanol synthesis. Re-elimination of methoxide groups from the surface of m-ZrO
searchers reached a similar conclusion in an earlier studyas a function of Cu surface area. It is evident that the sur-
by following simultaneously the appearance of the infrared face concentration of C4#0—Zr increases with the surface
band for CHO-Zr and the appearance of methanol in the area of Cu up to the level of 2.5 n?/g, whereupon the
gas phas¢9]. Thus one can estimate the relative rates of concentration of CEO—Zr appears to become constant. The
methanol synthesis on 1.2% Cu/t-Zr@nd 1.2% Cu/m-  observed variation in the concentration of §+Zr groups
ZrO, by taking the product of the apparent rate coefficient is dictated by the balance between the formation and con-
for the reductive elimination of C#0-Zr and the surface  sumption of these species. Since the surface concentration
concentration of this species as measured by the intensity ofof b-HCOOZr species is essentially independent of the Cu
its infrared band (se@able 3. Based on this analysis, itis  surface area, the increase in the surface concentration of
concluded that the rate of methanol synthesis on 1.2% Cu/CHzO-Zr is attributed to a higher surface concentration of
m-ZrO, should be 34 times higher than that on 1.2% Cu/ Hg. If itis assumed that reactid@) is near equilibrium, then
t-ZrOy. Although this factor is greater than the observed one would expect the surface concentration of ZrQGsi
8-fold higher steady-state methanol synthesis activity of rise as the surface concentration qfikkcreases. The plateau
1.2% Cu/m-ZrQ over 1.2%Cu/t-Zr@, it supports the idea  in the surface concentration of ZrOGls attributed to sat-
that the higher rate of methanol synthesis on 1.2% Cu/ uration of the ZrQ surface by H when the surface area
m-ZrO, is due largely to the higher concentration of anionic of Cu is greater than- 2.5 n?/g. Table 2shows that the
vacancies on the surface of m-Zr('hese sites facilitate the  value ofkapp also increases with increasing Cu surface area
rapid adsorption of CO. but reaches an apparent plateau above a Cu surface area of

Cu Surface Area (m2/g)
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