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A coprecipitated Cu—Zn0O/AlLO; catalyst [Cu/(Cu + Zn) = 0.3] was prepared and characterized
by XRD, XPS, N,O chemisorption, and its activity in methanol synthesis at 220°C, 1 atm. The size
of the copper particles deduced from XRD line broadening agreed with that measured by N,O
chemisorption (16-20 nm). Moreover, XPS showed that the composition of the surface, slightly
enriched in zinc in the reduced catalyst, was similar to the composition of the bulk in the oxidized
catalyst. Catalytic activity was similar to the activity already reported for this type of catalyst
under similar conditions. Isotopic exchange of #0, and of C80 was performed on this catalyst to
evaluate the surface mobility as well as the reactivity of the oxygen species on the support. Some
experiments were also carried out on a Rh/ZnO catalyst. Cu'®0 was active in exchange with
gaseous 80, but did not promote exchange with the oxygen of ZnO. By contrast, with Rh/ZnO,
180, could be exchanged with the 0O of ZnO at a significant rate. These results show that the
surface oxygen species are mobile on ZnO but only in the direction ZnO to Cu: once they are
bonded on the copper, oxygen atoms can no longer leave the metal particles. Oxygen transfer in
both directions (metal to support and vice versa) being possible with rhodium, the rate of oxygen
migration on ZnO could be measured by isotopic exchange of 80, with Rh/Zn!60. With C!30 the
most striking feature was the formation of large amounts of CO,, first C'*0®0 and C'0,, then by
C*80,. The formation of C'0, initially very fast, was interrupted as soon as the partial pressure of
CO, became significant. These results concerning isotopic exchange, either with 0, or with C'%0,
show that oxygen species (probably OH groups) can migrate from ZnO to the copper particles
during methanol synthesis. This is discussed in the light of the different reaction mechanisms. ZnO
can play a role in mechanisms with formate intermediates, especially in the synthesis with CO,/H,
mixtures. © 1990 Academic Press, Inc.

INTRODUCTION

The system Cu-ZnO/Al,Os is one of the
most selective catalyst in the synthesis of
methanol from CO/CO,/H, mixtures (/-3).
During the synthesis, three main reactions
are possible:

CO + 2H; — CH;0H (1
C02 + 3H2 — CH3OH + H20 (2)
CO + H,0 — CO; + H,. 3)

Numerous studies have been devoted to de-
termine the reaction intermediates, to char-
acterize the active sites, and to define the

! To whom correspondence should be addressed.

role of CO; in the synthesis. In particular,
many studies quoted by Klier () and by
Bart and Sneeden (2) have shown that cop-
per—zinc catalysts were more selective and
more stable during methanol synthesis in
CO; + H, than in CO + H,. Nevertheless, a
significant rate of the water—gas shift reac-
tion [Eq. (3)] is always observed so that,
whatever the reactant composition, the cat-
alyst operates in a mixture of carbon ox-
ides, hydrogen, and steam.

The surface species involved in methanol
synthesis can be classified as (i) the species
bonded to active sites by the carbon, par-
ticularly carbonyl Q=C=*, formyl O=
CH—=, hydroxycarbene OH—CH=%,
and hydroxymethylene or ‘‘carbinol”
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OH—CH,—=*, where the asterisk signifies
the surface site; (ii) the species bonded to
active sites by the oxygen, such as methoxy
CH;—O—*, oxycarbinol OH—CH,—
O—=, formate O=CH—O—=*, and hy-
droxyl OH—#; and (iii) the hydrogen spe-
cies H—#*. Most of these intermediates
have been detected and characterized by IR
and UV-visible spectroscopy (4-7), by
thermodecomposition of adsorbed reac-
tants (8, 9), and by use of either labeled
molecules (4, 10) or a specific reactant dur-
ing the reaction (4¢) or a specific reactant
after the reaction (chemical trapping) (/1,
12). On the basis of the most probable inter-
mediates, three mechanisms have been pro-
posed:

Mechanism I (Main Intermediate:
Formyl Species)

0 H 0

I

I
* *® *

Formyl species are then hydrogenated,
step by step, into hydroxycarbene, carbi-
nol, and finally methanol. In this mecha-
nism, originally proposed by Klier (1), all
the intermediates are bonded to the surface
by the carbon.

Mechanism Il (Main
Intermediate: Formate)

H O
N/
O OH C
n .
C+ — O —
[ l
* * *
CH,OH CH;
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| +H; |
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This mechanism, proposed by Kung (13),
requires the presence at the surface of OH
groups probably generated by the water

produced in the third step. Recently,
Bowker et al. (14) have proposed, for the
synthesis from CO,/H, mixtures, a type II
mechanism in which CO, and H, would be
coadsorbed on the copper component of
the catalyst, forming a formate species,
whose hydrogenation/hydrogenolysis
would be the rate-determining step in the
synthesis. In the formate mechanisms, the
intermediates are bonded to the surface by
the oxygen.

Mechanism III (Main Intermediates:
Formate and Formyl)

Vedage et al. (4) have proposed a mecha-
nism which takes into account the water—
gas shift reaction in methanol synthesis.
The mechanism starts in the same way as
mechanisms II but the formates are trans-
formed into methoxy via a series of steps
involving the formation and transposition
of formyl species. This mechanism explains
the promoter effect of water and the forma-
tion of methanol CH,DOH when D,O is
added to the reactant mixture.

In the latter two mechanisms, hydroxyl
species play a key role since the synthesis
requires continuous insertion of CO in
these OH groups and permanent rehy-
droxylation of the surface by water pro-
duced in the reaction (or added to the reac-
tants). In Cu-ZnO/AlL,O; catalysts, zinc
oxide and alumina could be active in the
production of OH species and probably of
other oxygen species such as the formates.
All these species have to migrate to the
copper sites, where most of the reaction
steps occur. Most probably, the surface
mobility of the oxygen species depends on
the mobility of the oxygen atoms (or ions)
on the catalyst. We have studied, by ex-
change of 0, with the 0 of a Cu-ZnO/
AL O; catalyst in various states (oxidized
and reduced), the mobility of these oxygen
species. For measuring the intrinsic oxygen
mobility on zinc oxide, Rh/ZnO was also
studied. Rhodium instead of copper was
chosen because it was shown to be the best
promoter of the exchange reaction between
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180, and the '°O of conventional supports,
e.g., ALO; and SiO, (I15).

EXPERIMENTAL

The Cu-ZnO/Al,O; catalyst was pre-
pared by precipitating at 85°C aqueous so-
lutions of copper and zinc nitrates (1 mol
Cu + Zn liter~!) with an aqueous solution of

disodium carbonate (1 mol liter~!). The sup-

port (Oxyd C Degussa alumina) was added
at the end of precipitation. After it was
carefully washed with twice-distilled water,
the precipitate was dried at 100°C and then
calcined in a flow of air at 350°C for 3 h. The
oxidized catalyst contained 26.2 wt% CuO,
59.4 wt% ZnO and 7.89% Al,O; (the re-
mainder being water held by the solid) and
the Cu/(Cu + Zn) atomic ratio was 31.1%.
This catalyst is referred to as Cu-30. The
same method was used to prepare a pure
zinc oxide on which 0.25 wt% Rh was intro-
duced by impregnating the support with an
aqueous solution of rhodium nitrate. This
metal precursor was chosen because chlo-
rine was shown to be a serious inhibitor of
oxygen exchange on alumina (/6).
Catalysts were characterized by XRD
and N,0 decomposition (Cu-30) and by hy-
drogen chemisorption (Rh/ZnO). XRD
measurements were carried out in a powder
diffractometer (Co source, A = 0.179026
nm) on the copper—zinc catalyst in the oxi-
dized and in the reduced forms (H, flow, 4
K min~!, 300°C, 3 h). This showed that cop-
per was present mainly as CuQ in the oxi-
dized catalyst and as metallic copper in the
reduced catalyst. No trace of Cu,O was de-
tected. Zinc oxide was the only form of zinc
evidenced, even in the reduced catalyst.
The sizes L of the crystallites deduced
from XRD line broadening were calculated
by the Debye-Scherrer equation with a
shape parameter of 0.9 (spherical particles).
N,O decomposition and H, chemisorption
were carried out in a pulse chromato-
graphic apparatus described elsewhere
(17). The catalysts were reduced in a hy-
drogen flow (4 K min~! from 25 to 300°C, 3
h at 300°C), flushed by helium (Cu-30) or by

argon (Rh/Zn0), and then cooled to room
temperature. Pulses of N,O or of H, (0.288
cm?) were injected every other minute until
saturation. The nitrogen formed by decom-
position of N,O was analyzed on a Porapak
T column (1 m). The surface stoichiome-
tries were taken as equal to 1:2 for
N,O:Cug and to 1:1 for H:Rh,. The cop-
per surface area Sc, was calculated on the
basis of 1.46 x 10" atoms m~2 (I8, 19) and
the particle size dc, was obtained from the
equation dcy = 673/Scy where Sc, was
given in m? gc! (19).

The Cu-30 catalyst was also character-
ized by X-ray photoelectron spectroscopy
in a Riber spectrometer using the K« radia-
tion of magnesium at 1253.6 eV. The cata-
lyst sample was analyzed in its oxidized
form and in its reduced form. In the latter
case, the catalyst was prereduced in a flow
reactor (H; 300°C) and then rereduced in an
annex chamber of the spectrometer before
transfer into the analysis chamber.

Catalytic activities in methanol synthesis
from CO, + H, mixtures (1:4) were mea-
sured at 220°C in a dynamic reactor at at-
mospheric pressure. The catalyst was re-
duced at 300°C in H, flow and then cooled
to the reaction temperature. Reaction prod-
ucts were analyzed by GC on a Porapak R
column at 110°C. Besides methanol, only
traces of methane and methyl formate were
detected, in agreement with the previous
work of Bardet ef al. (20) showing that
Cu-Zn0/Al0; was remarkably selective to
methanol in CO, + H, mixtures. After a
short period of apparent activation, the cat-
alyst became very stable: it is this steady-
state activity that was taken into consider-
ation.

180/160 exchange reactions were carried
out at 350°C in a recycling reactor coupled
via a calibrated leak to a mass spectrometer
for isotopic analysis (/4). The reaction vol-
ume was 46.9 cm?® and the recycle flow rate
was 170 cm? s~1. To avoid fluidization phe-
nomena, the catalysts were pressed so as to
obtain wafers of about 25 mg. Experiments
were carried out on oxidized and reduced
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TABLE 1

Characteristics of the Reduced Cu-30 Catalyst

XRD N,O decomposition Catalytic activity
[mmol h=! g~ (220°C)]
Cu metal Zn0O molec g=!'  mi, g7!  de (A)
200 d@A) LA 200 d@A LA
50.24  2.115 160 55.53 1912 204 5.21 x 10¥® 7.14 197 1.18

samples. In the latter case the catalysts
were reduced ex situ at 300°C in a H, flow
and rereduced in situ under 150 mbar H; at
300°C for 1 h and then evacuated at 1073
mbar for 15 min. Exchange experiments
were carried out either with 0, to deter-
mine oxygen mobility at the catalyst sur-
face or with C'80 to characterize the sur-
face reactivity of oxygen-containing
species formed on carbon monoxide chemi-
sorption.

RESULTS

The main characteristics of the reduced
Cu-30 catalyst are given in Table 1. The
average size of the copper particles de-
duced from XRD spectra is similar to the
average size deduced from the amounts of
N,O decomposed. This shows that the cop-
per microcrystals are relatively isolated on
the ZnO/ALO; matrix and that their surface
is almost entirely accessible to gases. It can
thus be stated that these microcrystals are
not agglomerated, each of them constitut-
ing a particle of copper. The catalytic activ-
ity in methanol formation is similar to that
reported by Denise and Sneeden (27) under
similar conditions: H,/CO, = 4, 1 atm. Liu
et al. (22) also found activities of the same
order of magnitude (0.4 to 1.6 mmol per
gram catalyst and per hour) with CO/CO,/
H, mixtures at 17 bar and 225°C, whereas
Klier et al. (23, 24) reported, for similar
catalysts, activities of about 75 mmol
CH;0H per gram catalyst and per hour at
75 bar and 250°C. This value is very close to

those reported by Chinchen et al. (3) for
some recent industrial catalysts. Moreover,
the kinetic equation of Szarawara and
Reychman (25), in the case of synthesis
from CO, 20%/H, mixtures, leads to an
activity of 45 mmol CH;OH per gram at
250°C and 75 bar (10% conversion) and pre-
dicts that this activity will be reduced by
two orders of magnitude if the total pres-
sure is decreased by 10. We can thus con-
clude that the activity found for the Cu-
Zn0/AlL, O, catalyst is consistent with that
of conventional copper—zinc catalysts.
XPS results are given in Table 2. In the
oxidized catalyst, a very small peak of car-
bon 1s appears. Oxygen ls appears in the

TABLE 2
XPS Data of the Cu-30 Catalyst

Peak Oxidized Reduced
Binding Relative Binding Relative
energy?  intensity® energy“ intensity?

(eV) (eV)
O ls 529.2 11,454 530.4 11,963
531.3 157,319 532.2 5,850
281.2 960
Cls 285.0 Weak {285.0 2,191
931.8 11,599
Cu 2ps; 933.3 13,264 {933.6 1,508
941.7(sat) 4,877
951.5 5,876
Cu 2py 953.3 7,776 {95375 970
961.5(sat) 2,802
Zn2ps, 10204 28,850 1020.1}
1022.4 71,150 1022.0f 100,000
Zn 2pip 1043.6 14,498 1043.4} 48.010
1045.6 31,375 1045.3 ’

2 Reference C 1s at 285.0 eV.
5 Based on Zn 2p3; = 100,000.
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TABLE 3

Characteristics of the Rh/ZnO Catalyst,
Reduced (H,) and Flushed (Ar Flow) at

350°C

Rh Hc % D
(pmol g~ (pmol H g1)

24.3 11.4 47

form of a double peak which can be as-
cribed to oxygen anions (529.2 eV) and to
hydroxyl or residual carbonates (531.3 eV).
The Cu 2ps; and Cu 2py,; peaks are present
in the spectrum with their satellites at +8.3
+ 0.1 eV characteristic of the copper in the
oxidized form. The surface composition
percentage Cu/(Cu + Zn) deduced from the
peak intensities of copper and zinc (ratio of
the sensitivity factor of zinc to that of cop-
per: 1.24) amounts to 29%, a value close to
the atomic ratio in the bulk (31%). Some
significant changes are observed on reduc-
tion: (i) the C 1s peak intensity increases;
deconvolution of this peak shows a princi-
pal component at 285 eV (elementary car-
bon), and the presence of a minor compo-
nent at 281.2 eV could be indicative of a
special form of carbon; (ii) the high-energy
component of the O 1s peak decreases by a
factor of 27, suggesting that a significant
part of this oxygen was associated with
copper in the oxidized catalyst; (iii) the sat-
ellites of the Cu 2p peaks disappear, but the
shapes of the principal peaks prove the
presence of a secondary component at +1.8
eV which could correspond to a special
form of copper (11-14%); (iv) the percent-
age of copper atoms on the surface de-
creases and reaches 19% in the reduced cat-
alyst.

The characteristics of the Rh/ZnO cata-
lyst are given in Table 3. Although the stoi-
chiometry of hydrogen chemisorption has
not been definitely established in the case of
rhodium deposited on ZnO, it seems that
the metal is relatively dispersed.

BO/1$0 Exchange on the Oxidized
Cu0-30 Catalyst

Prior to exchange experiments, the cata-
lyst was heated from 25 to 350°C and out-
gassed at this temperature. During this
treatment, large amounts of water (820
pmol g~1) and carbon dioxide (160 wmol
g~ 1) were desorbed from the catalyst. How-
ever, the rate of desorption rapidly de-
creased at 350°C and no traces of H,O and
of CO, were detected after evacuation for
15 min at 350°C. The carbon dioxide was
certainly formed via decomposition of re-
sidual carbonates.

Upon admission of 80, on the degassed
catalyst, the most striking reaction was a
decarbonation: Fig. 1 shows the change
with time of the CO, formed during oxida-
tion of the surface carbon. The rate of CO,
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F1G. 1. Changes in the partial pressures of the iso-
topes of CO, (a) and O, (b) during exchange and reac-
tion of !0, at 350°C on the oxidized Cu-30 catalyst,
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production, initially very high, decreases
with time and drops to zero after 30 min;
simultaneously the rate of O, exchange
starts slowly increasing (appearance of
180160 in the gas phase). It can thus be con-
cluded that the oxygen of oxidized CuO-
Zn0O/Al,O; catalysts is exchangeable at a
very low rate after decarbonation of the
solid. During the initial period, the rate of
C160180 formation is almost as high as that
of C¥0, although there is practically no 10
in the gas phase. This shows that surface
oxygen atoms can participate in carbon oxi-
dation.

The surface carbon leading to CO, most
probably results from carbonaceous impuri-
ties introduced at different stages of the
preparation (starting materials, drying, cal-
cination) and not from residual carbonates
which could still have been present on the
catalyst after outgassing. This is supported
by the fact that the initial rate of C'*Q, for-
mation is very high and is confirmed by the
following experiment: if argon, instead of
180,, is brought into contact with the out-
gassed catalyst, there is no formation of
CO,. It is interesting that the amount of sur-
face carbon detected by XPS in the oxi-
dized catalyst is very low, which suggests
that a large part of the carbon is carbon
species desorbable under the UHV condi-
tions prevailing in the photoelectron spec-
trometer. These carbon species could be el-
emental carbon or strongly chemisorbed
carbon oxides which can desorb under
UHYV conditions or be displaced by O,.

80)/160) Exchange on the Reduced
Cu-30 Catalyst

Exchange was studied at 350°C on the
nondecarboned catalyst. The results are
shown in Fig. 2. The main reaction remains
the surface carbon oxidation, which implies
that the carbon species are not eliminated
on reduction. The distributions of the iso-
topes of CO, produced by carbon oxidation
are relatively similar for the reduced and
the oxidized catalysts. Even so, the iso-
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F1G. 2. Changes in the partial pressures of the iso-
topes of CO, (a) and O, (b) during exchange and reac-
tion of 80, at 350°C on the reduced Cu-30 catalyst.

topic distributions of oxygen on the surface
are very different: in particular, whereas
copper is in the form of Cu'®O in the oxi-
dized catalyst, metallic copper is rapidly
reoxidized into Cu'®0 as soon as the re-
duced catalyst comes into contact with
180,. This corresponds to the quasi-instan-
taneous drop in 80, pressure recorded at
zero time (Fig. 2b). As the two solids (oxi-
dized and reduced) have practically the
same behavior as far as the isotopic distri-
bution of CO, is concerned, it is very likely
that the carbon is located on the support
and not on the copper. These results can
also be explained if a significant source of
160 was in the carbon species as carbon 0x-
ides: the CO; isotope distribution is then
linked to the ratio C: CO : CO, of the differ-
ent carbon species present both on the
oxidized and the reduced catalysts. Direct
180/160 exchange does not seem to occur:
180160 appears at a very low rate only after
30 min.
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80/160Q Exchange on the
Decarboned Catalyst

The carbon was eliminated by successive
oxidations (*0,) and outgassing until there
were no traces of CO,. The catalyst was
finally reoxidized by 160, outgassed, and
brought into contact with ¥O,. The results
presented in Fig. 3 show that the decar-
boned oxidized catalyst is able to exchange
oxygen at a significant rate at 350°C.

If the decarboned catalyst is first reduced
at 350°C, 800 does not appear in the gas
phase. These results prove that only oxy-
gen atoms of CuO are exchangeable with
1802'

Mobility of Oxygen Species on ZnO

Zinc oxide, which is not able to dissoci-
ate dioxygen at 350°C, cannot exchange di-
rectly with gaseous oxygen. This was con-
firmed by complementary experiments
carried out on a ZnO/Al,O; catalyst pre-
pared in the same way as CuO-ZnO/Al,0;.
Whatever the state of the sample (oxidized
or reduced, decarboned or not) the ZnO/
ALO; catalyst cannot exchange with 130,.

—~ 20

- 18,

(=} 02

us

«

>
W
o«
w
P 10
a

%%
M
10 20 30

TIME (min)

F1G. 3. Changes in the partial pressures of the iso-
topes of O, during exchange of 0, at 350°C on the
decarbonated oxidized Cu-30 catalyst.

As CuO can exchange with O, under the
same conditions, it could be concluded that
oxygen is not mobile on the ZnO surface.

A second hypothesis can be put forward
to explain the results of exchange, namely,
that surface %0 is mobile on ZnO but the
80 atoms are strongly bonded to copper
particles. In this case, ZnO would not be
active in exchange because oxygen atoms
cannot leave the copper particles to migrate
onto the support. To confirm this, similar
experiments were carrier out on the Rh/
ZnO catalyst. Rhodium was chosen be-
cause it is very active in 80/1%0 exchange:
first, interexchange of the oxygen isotopes
is extremely fast on rhodium, and, second,
oxygen atoms can easily leave the rhodium
particles to exchange with oxygen of the
support (15). The results concerning the re-
duced Rh/ZnO catalysts are shown in Fig.
4. It is obvious that the solid contains a
significant amount of carbon, with probably
the same origin as in the Cu-30 catalyst.
This carbon is oxidized at a much higher
rate than in Cu-ZnO/ALO;. Even in the
presence of this carbon, the catalyst was
able to exchange 1#0,: a significant increase
in the partial pressure of %00 was ob-
served. The same rate of exchange was
measured on the decarboned catalyst.
These results show that ZnO possesses
some oxygen species having a significant
mobility at 350°C.

CBO/0 Exchange and Reaction on
CL[—ZI’LO/AbOg

In this experiment, C80 was substituted
for 180, to evaluate the rate of ¥Q/1°0 ex-
change with a carbon-containing molecule
and the reactivity of the adsorbed species.
The catalyst was reduced and outgassed
at 300°C, then decarboned by successive
160, treatments and outgassing until there
were no traces of CO,, and finally reduced.
Exchange and reaction with 50 mbar C'®0O
were carried out at 200°C. The results (Fig.
5) show that there was formation of C'°O
and of different molecules of labeled carbon
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F1G. 4. Changes in the partial pressures of the iso-
topes of O, during exchange of 0, at 350°C on the
Rh/ZnO catalyst.

dioxide. This implies the following reac-
tions at the catalyst surface:

exchange of CO

CBO + *0 — C*0 + B0 4)
oxidation of CO

CB0O + 10 — C80™*0 &)

CB0O + B0 — CI80, (6)

C'0 + %0 — C!%0, )

CI60 + 180 — C160180 ®)

We note that the initial formation of C'*O
was extremely fast, which shows that ex-
change of 0O was more rapid with C'®0
than with O,. This is consistent with the
previous results of Vedage et al. (4) who
showed that equilibration of PBC!0 with

12C180 could be carried out at 25°C on simi-
lar catalysts.

Nevertheless, in our case, C8OQ/C¥0 ex-
change was interrupted after 2 min,
whereas oxidation of CO continued. The
reactive oxygen involved in this exchange
and in the oxidation of CO could be either
oxygen or hydroxide ions of ZnO (and
Al,Os) or oxygen atoms resulting from the
dissociation of CO on copper. Participation
of surface oxygen ions of ZnO in the oxida-
tion of CO is relatively unlikely at 200°C;
but the high activity of copper—zinc cata-
lysts in water—gas shift reactions suggests
that the hydroxyl groups of ZnO are ex-
tremely reactive. Nevertheless, no desorp-
tion of H,'®0O was observed, whereas slow
desorption of H,'%0 occurred during the ex-
periment (about 2 Torr after 30 min). This
proves that the number of #OH remains rel-
atively small and that a significant part of
reactive 130 results from the dissociation of
C180. However, the mere dissociation into
carbon and oxygen has never been ob-
served on copper, and the molecule of
C18Q,, for instance, could be formed via an

PRESSURE (torr)

TIME (min)

Fi1G. 5. Changes in the partial pressures of the iso-
topes of CO and of CO, during exchange and reaction
of CB0 at 200°C on the decarboned reduced Cu-30
catalyst.
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interexchange between molecules of CO,
already formed and molecules of CO:

CBO0 + C#O — C#0, + C0. (9)

Another explanation suggested by Jackson
(26) would be the scrambling of the isotopes
of CO, via the formation of an intermediate
COs(ads). However, this hypothesis im-
plies that a significant fraction of the cata-
Iyst has been exchanged to enable the for-
mation of C'8Q80 to occur.

DISCUSSION

The results of #0,/%0 exchange, sum-
marized in Table 4, show that oxygen spe-
cies are mobile on ZnO but only in the di-
rection ZnO — Cu crystallites. Once it is
bonded to copper, oxygen can no longer
leave the particles: no exchange was ob-
served in the Cu'®0Q/Zn'%0 system. The mo-
bility of oxygen on ZnO was shown by sub-
stituting, for copper, a metal (rhodium)
which allows the transfer of oxygen from
the metal to the support.

A similar study carried out with deute-
rium (27) showed that hydrogen transfer is
possible in both directions: ZnO — Cu and
Cu —> ZnO. Moreover, a strong synergy
was found between copper and ZnO which
can store considerable amounts of hydro-
gen as well as hydroxyl or hydride species
(14, 28). It is interesting that the rate of D,
exchange with the hydrogen of the catalyst
at 220°C was found to be close to 2 x 1020
atoms H per minute and per gram, a value

eight times higher than the rate of oxygen
exchange on ZnO at 350°C. Assuming that
the activation energy for oxygen migration
is 20-25 kJ mol~!, the rate of hydrogen mi-
gration would be about 25 times more rapid
than that of oxygen under the conditions of

- methanol synthesis (220°C) on copper/zinc

oxide catalysts. These results contrast with
those obtained on y-alumina (29): for this
support, in a hydroxylation state represen-
tative of what is currently encountered in
catalysis (one to three OH groups per
square nanometer), similar rates of H and O
migration were obtained.

Possible role of oxygen species migration
in methanol synthesis. First we can remark
that the rate of reaction (1.2 x 10! mole-
cules CH;OH per minute and per gram) is
quite close to the rate of oxygen migration:
this is a kinetic argument in favor of the
occurrence of oxygen species migration in
the mechanism of the reaction. Moreover,
hydrogen and probably oxycarbon species
can migrate at a much higher rate. Kinnaird
et al. (30, 31) have recently proposed
models of adsorption for CO and CO, on
ternary copper—zinc—alumina catalysts: ac-
cording to these authors, copper is the main
center for the catalytic steps because it can
adsorb and desorb CO and CO, at relatively
high rates. Moreover, only copper can dis-
sociate CO; into CO and adsorbed oxygen.
However, the results of Kinnaird et al. sug-
gest that ZnO can promote the activation of
CO; (and this molecule only: CO is practi-
cally not chemisorbed on ZnO). This is cor-

TABLE 4

Summary of the Experiments on Exchange with 180, at 350°C

Catalyst

State of catalyst

Exchange 80/10

after contact with 80,

Cu/Zn oxidized
Cu/Zn reduced
Cu/Zn decarboned and

oxidized Cul®0/Zn'%0Q/ Al,'$05
Cu/Zn decarboned Cu0/Zn!%0Q/Al,1%0,
Rh/ZnO Rh,804/Zn'S0

Cu'®Q/Zn%0/AL1%0; + carbon
Cu'80/Zn'%0/Al,'%0; + carbon

Slow only after decarbonation
Very slow only after decarbonation

Rapid (4 x 10¥ at. 0 min~! g~)
Very slow
Rapid (2.5 x 10 at. 0 min~! g™
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roborated by the results of Chaumette et al.
(32) and Burch et al. (33), who showed that
the synergetic role of ZnO, i.e., the in-
crease in the intrinsic rate of methanol syn-
thesis on copper when ZnO is added to the
catalyst, was observed only when CO, was
present in the synthesis gas. The key role of
CO, was also established by Bowker et al.
(34), who showed that polycrystalline ZnO,
prereduced in H,, was active in methanol
synthesis only with CO,/H,; methanol is
not formed by interaction of CO with H, on
ZnO. Another synergetic effect between
copper and zinc oxide concerns hydrogen
storage: in the presence of copper, zinc ox-
ide can store considerable amounts of hy-
drogen which become quite mobile under
the reaction conditions (27, 28). Finally, we
have shown here that oxygen species can
migrate from zinc oxide to copper at a rate
close to that of the methanol synthesis. All
these results suggest that zinc oxide can
participate in the generation or storage of
hydroxyl, hydrogen, and certain oxycarbon
species created by CO,. Zinc oxide thus ap-
pears as an active support which can inter-
vene directly in the mechanisms of metha-
nol synthesis and particularly in formate
mechanisms (referred to as types II and III
in the Introduction), which require the
presence of OH groups on the reaction cen-
ters. Nevertheless, even in the formyl
mechanism, which requires hydrogen spe-
cies, ZnO can play an active role in storing
and providing large amounts of these spe-
cies. Accordingly, the role of ZnO would be
to stabilize ionic species of copper at the
1+ valence, particularly in the presence of
CO,, and to bring to the copper particles a
continuous flow of OH and H species cre-
ated by water and hydrogen and most prob-
ably certain oxycarbon species created by
CO,.
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