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Abstract

The kinetics of the CO rH reaction over ZnAl O and Cu–ZnAl O catalysts at 2508C up to 0.3 MPa have been2 2 2 4 2 4

followed by in situ FT-IR spectroscopy. Both methanol and carbon monoxide formation were enhanced in presence of
Ž X .copper. They were also produced by independent routes through different adsorbed species. Formate type I, I and II ,

methoxy and carbonate species were identified on the support and, in addition, copper formate and copper carbonyl species
when copper was present. The hydrogenation of carbonate species to copper formate species was found rate determining in
methanol synthesis over the Cu–ZnAl O catalyst whereas type I formate species were shown to be the active intermediate2 4

for this reaction over the ZnAl O support. Carbon monoxide resulted from the water gas shift reaction probably through the2 4

same species as methanol formed over the Cu–ZnAl O catalyst whereas it seemed to stem from formate species of type II2 4

in the case of the ZnAl O support. Type II formate species were shown inactive in presence of copper whereas the methoxy2 4

species adsorbed on the support were found inactive in presence and in absence of copper. The comparison of these results
with those previously obtained with the COrH mixture showed that the nature and the role of the detected species strongly2

depended on the reactive atmosphere and on the presence or not of copper in the catalyst composition. q 1998 Elsevier
Science B.V. All rights reserved.

1. Introduction

Methanol synthesis from COrCO rH mix-2 2

tures using Cu–ZnAl O catalysts is an impor-2 4

tant reaction from both industrial and fundamen-
w xtal point of view 1–10 . Though a great number

of studies have been devoted to this reaction, its
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w xmechanism is still not well understood 6–9 .
Particularly the role of each carbon oxide in
relation with the detected reaction intermediates

w xis still debated 10–26 .
w xWe previously reported 27 the results of the

COrH reaction over a Cu–ZnAl O catalyst2 2 4

at 2508C up to 0.3 MPa using an in situ FT-IR
method. We observed the formation of several

Žadsorbed species: four formate species three on
.the support and one on copper , methoxy and

carbonate species adsorbed on the support and
carbonyl species adsorbed on copper. The study
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of species reactivity and kinetic investigations
showed the existence of two reaction paths for
methanol synthesis, involving as key reaction

Žintermediate formate species on the ZnAl O2 4
.support and copper carbonyl species respec-

tively. Inactive formate species adsorbed on the
support have been also evidenced. Carbon diox-
ide, also formed during the reaction, resulted
from the partial reduction of the support.

The present paper deals with the CO rH2 2

reaction on ZnAl O and Cu–ZnAl O cata-2 4 2 4

lysts at 2508C which is investigated by an in
situ FT-IR method. The observed reaction rates
and evidenced adsorbed species throw some
light on the involved chemical paths. The ob-
tained results are compared to those reported for

w xthe COrH reaction on the same catalysts 27 .2

2. Experimental

The catalyst preparation and characterization,
the in situ FT-IR device and the method used

w xwere described previously 27 . The operating
conditions were as following: before FT-IR ex-
periments the catalysts were reduced in situ at

Ž .2508C under a hydrogen flow 0.9 lrh at atmo-
spheric pressure; the CO rH mixture was then2 2

introduced. The pressure variation ranges were
0.01–0.3 MPa for CO and 0.2–0.9 MPa for2

H .2

3. Results

3.1. Characterization of the adsorbed species

The IR spectra of the catalysts under CO rH2 2

flow show the characteristic bands of the fol-
w xlowing species 28 :

Ž y1.– Carbonates species 1510, 1410 cm .
Ž– Carbonyl species adsorbed on copper 2100

y1.cm . Its wavenumber allowed one to follow
the copper oxidation state as a function of PCO2

Ž .Fig. 1 .

Fig. 1. Variations of the wavenumber of the surface carbonyl
species as a function of the partial pressure of CO in the case of2

the Cu–ZnAl O catalyst. P s0.7 MPa, T s2508C.2 4 H 2

– Methoxy species adsorbed on the support
Ž y1.2943, 2835, 1100 cm . No copper methoxy
species were detected.

Ž X– Three types of formate species type I, I ,
. Ž . ŽII adsorbed on the support: type I F 2881,I

y1. X Ž . ŽY2744, 1595, 1375 cm and type I F 1650,I
y1. Ž . Ž1320 cm . Type II species F 2895, 2767,II

y1.1590, 1390, 1370 cm was similar to that
detected on alumina.

Ž .– Formate species adsorbed on copper FCu
Ž y1.2925, 2847, 2692, 1352 cm .

The reference bands for quantitative FT-IR
w xanalysis are those underlined above 27 .

3.2. ZnAl O catalyst2 4

The spectrum of the ZnAl O sample acti-2 4

vated under H at atmospheric pressure shows2

characteristic bands of surface hydroxyl species
Ž y1free OH at 3680 cm and associated OH at

y1.3500 cm . An important amount of carbonate
and residual formate species is also present.
This spectrum has always been subtracted from
those obtained in the following experiments un-
der CO rH flow in order to follow the appari-2 2

tion of new bands due to the adsorbed species
formed. Under CO rH flow a stationary state2 2
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is rapidly reached. The IR spectra present bands
characteristic of the three types of formate

Ž X .species type I, I , II and of methoxy species.
Fig. 2 shows as a function of P , theCO2

amount variations of the adsorbed species and
of the reaction products in the gas phase respec-
tively.

The formate I species concentration increases
rapidly up to 0.1 MPa of CO and then much2

Ž .more slowly Fig. 2A . The amount of these
species is greater than that obtained under

w xCOrH atmosphere 27 . Contrarily, formate II2

species formation seems to be independent of
Ž . w xP Fig. 2A as it was for P 27 . As to theCO CO2

carbonate species, Fig. 2A suggests that they
arise at the expense of the methoxy species
when P is higher than 0.1 MPa whereas theyCO2

were not detected at all in the presence of
w xCOrH mixture 27 . We may speculate that a2

Fig. 2. Variation as a function of the partial pressure of CO in2
Ž .the case of the ZnAl O catalyst P s0.7 MPa, T s2508C of:2 4 H 2

Ž .A the intensity of the characteristic bands of the adsorbed
Ž .species formed; B the relative amount of products formed.

competitive adsorption occurs between carbon-
ate and methoxy species under CO rH over2 2

the ZnAl O support.2 4
Ž .From the analysis of the gas phase Fig. 2B

it appears that methanol and carbon monoxide
formation are quasi-independent of P in al-CO2

most the whole pressure range studied. The
Ž .amount of methanol formed Fig. 2B is greater

than that obtained from the COrH mixture2
w x27 .

In order to study the surface species reactiv-
ity, transient experiments were performed by
switching off the CO flow after the stationary2

state was reached and by maintaining the H 2
Ž .partial pressure P . The spectra recordedH2

Ž .with 10 min intervals Fig. 3 show the progres-
sive disappearance of formate I and IX species
accompanied by a sensible increase of the
methoxy species amount. As to formate II
species concentration it seemed unchanged.

3.3. Cu–ZnAl O catalyst2 4

On the H -activated Cu–ZnAl O catalyst2 2 4

spectrum, the intensity of the OH band at 3500
cmy1 is much more important than that ob-
served in the case of the ZnAl O catalyst. The2 4

amount of residual carbonate species is nearly
the same but that of residual formates is clearly
lower.

Under CO rH flow stationary states are2 2

rapidly reached. The IR spectra of the catalyst
Ž .under flow Fig. 4 show the appearance of the

characteristic bands of carbonate, formate and
methoxy species adsorbed on the support and of
formate species adsorbed on copper. Formate I
and IX adsorbed on the support, which were not

w xdetected under COrH atmosphere 27 , are2

here observed. In addition, the carbonate species
are in a higher amount than under COrH flow2
w x27 .

The variation of the amount of these ad-
sorbed species with increasing P is reportedCO2

in Fig. 5A where it can be seen that, as for the
ZnAl O catalyst, the amount of formate II2 4

species appears to be independent of P . Sim-CO2
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Fig. 3. Variation of the intensity of the characteristic bands of the adsorbed species formed with time on stream under H atmosphere in the2

case of the ZnAl O catalyst after switching off the flow of CO . Ts2508C.2 4 2

ilar formation amounts are observed for formate
Ž . Ž .I species F and copper formate species FI Cu

and these amounts increase in parallel to that of
Ž .methanol Fig. 5B .

The carbonate species amount increases with
P , contrarily to what happened on theCO2

ZnAl O support. This fact suggests either the2 4

formation of carbonate species directly adsorbed
on copper which, in addition, increases their
concentration, or the copper promoting effect on
carbonate species formed on the support. In
addition, the increase of the amount of the
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Fig. 4. Spectrum of the Cu–ZnAl O catalyst under CO rH flow at 2508C.2 4 2 2

Žcarbonate species on the catalyst surface Fig.
.5A is parallel to that of methanol in the gas

Ž .phase Fig. 5B .
The same amounts of methoxy species are

found on both ZnAl O and Cu–ZnAl O cata-2 4 2 4
Ž .lysts Fig. 2A and Fig. 5A under CO rH2 2

flow. However, in presence of copper, the
methoxy species amount is lower under CO rH2 2
Ž . w xFig. 5A than under COrH flow 27 .2

As to the carbonyl species, its corresponding
wavenumber increases from 2087 to 2104 cmy1

when P increases from 0.01 to 0.3 MPaCO2

Ž .Fig. 1 . The observed wavenumber range is

attributed to relatively reduced state of copper.
w xIndeed, according to Ghiotti et al. 29 nCO

varies in the range 2125–2115 cmy1 when CO
is adsorbed on Cuq species and in the range
2100–2090 cmy1 when CO is coordinated on
metal copper Cu0.

Fig. 5B shows that methanol and carbon
monoxide appear simultaneously and their for-
mation rates rapidly and similarly increase with
P up to 0.3 MPa and then seem to reach aCO2

plateau. The CO formation rate is an order of
Žmagnitude higher multiplied by 40 at P sCO2

. Ž .0.3 MPa on Cu–ZnAl O Fig. 5B than on2 4
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Fig. 5. Variation as a function of the partial pressure of CO in2
Ž .the case of the Cu–ZnAl O catalyst P s0.7 MPa, T s2508C2 4 H 2

Ž .of: A the intensity of the characteristic bands of the adsorbed
Ž .species formed; B the relative amount of products formed.

Ž .ZnAl O Fig. 2B . The presence of copper then2 4

substantially modifies the CO formation rate
since no rate variation is observed on ZnAl O .2 4

Moreover, the amount of water formed on Cu–
ZnAl O fits well with that expected to be2 4

produced in both the reverse water gas shift and
methanol synthesis reactions. Thus copper is
really involved in the reverse water gas shift
reaction as well as in methanol synthesis reac-
tion.

Transient experiments, performed in the same
conditions as for the ZnAl O support, show2 4

that under H atmosphere the formate II species2

concentration remained almost constant whereas
formate I and copper formate species rapidly
and simultaneously disappeared.

We have also studied the variation of the
Ž .amount of the adsorbed species Fig. 6A and of

the reaction products formed in the gas phase
Ž .Fig. 6B as a function of P at P s0.1H CO2 2

MPa. In the adsorbed phase, relatively little
Ž .variations are observed Fig. 6A : a slight de-

crease of the amount of F and F species and,I Cu

apparently, of carbonate species accompanied
by a sensible increase of that of the methoxy
species. Contrastingly, the variations observed
in the gas phase are clearly more important
Ž .Fig. 6B . The rate of formation of methanol
was very sensitive to P : its concentrationH2

sharply increased when P increased. CarbonH2

monoxide formation was also sensitive to P ,H2

although to a lesser extent: its concentration
sensibly decreased when P increased.H2

Fig. 6. Variation as a function of the partial pressure of H in the2
Ž .case of the Cu–ZnAl O catalyst P s0.1 MPa, T s2508C2 4 CO 2

Ž .of: A the intensity of the characteristic bands of the adsorbed
Ž .species formed; B the relative amount of formed products.
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4. Discussion

4.1. ZnAl O catalyst2 4

Fig. 2A shows that the amount of formate I
species increases with P . Since these speciesCO2

are reduced to methoxy species under H atmo-2
Ž .sphere Fig. 3 they can be considered as

methanol precursor:

Formate IrZn Al ™OCH rZn AlŽ . Ž .3

™CH OHqZn AlŽ .3

As to formate II species, they seem to be not
Ž .reducible under H atmosphere Fig. 3 and it2

may be concluded that they are not directly
involved in the methanol synthesis under
CO rH flow. They were also shown to be2 2

w xinactive under COrH flow 27 . However,2

they should be intermediate species in the for-
mation of CO as proposed in literature for the

w xreverse water gas shift reaction 21,23,30,31 . In
the present case, formate II species formation
Ž . Ž .Fig. 2A as well as CO formation Fig. 2B are
both independent of P , suggesting that theCO2

former could be indeed the precursor of the
latter.

4.2. Cu–ZnAl O catalyst2 4

When considering the behavior of the car-
Ž .bonate, F and F surface species Fig. 5A itI Cu

seems that their amount increases in parallel to
Žthat of methanol and carbon monoxide Fig.

.5B . This result indicates that all these species
are good candidate as surface precursor of the
products formed. Let us discuss in more detail
the observed trends during the CO rH reac-2 2

tion course.

4.3. Carbonate species adsorbed on the support

The curves for methanol presented in Fig. 5B
and Fig. 6B seem to indicate that its rate of
formation follows a kinetic mechanism of
Eley–Rideal type where CO adsorbed species2

Fig. 7. Variation of 1r r as a function of 1rP in theCH OH CO3 2

case of the Cu–ZnAl O catalyst. P s0.1 MPa, T s2508C.2 4 CO 2

should be reduced by molecular hydrogen in the
slow step of the reaction. The reaction rate
should be then expressed as below:

K PCO CO2 2r sk PCH OH H3 21qK PCO CO2 2

where k is the rate constant and K theCO2

adsorption constant for CO . Indeed, a linear2

curve is obtained for r as a function ofCH OH3

Ž .P at constant P Fig. 6B as well as forH CO2 2

1rr as a function of 1rP at constantCH OH CO3 2

Ž .P Fig. 7 .H2

The CO adsorbed surface species are most2

probably carbonate species here evidenced and
the parallel increase of concentration of both the

Ž . Žcarbonate species Fig. 5A and methanol Fig.
.5B strengthens this assumption. In addition, the

carbonate species concentration sensibly de-
creased when the partial pressure of H in-2

Žcreased at constant partial pressure of CO Fig.2
.6A , showing it is an active reaction intermedi-

ate in methanol synthesis.

4.4. F and F formate speciesCu I

It has to be said that the same rate law for
methanol formation as above was reported by
other authors in the case of the 5%CuO–

w x2.2%ZnO–Al O catalyst 32 , but the rate de-2 3
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termining step proposed was the hydrogenation
of surface copper formate species by gaseous

w xhydrogen 32 . Thus, the hydrogenation of FCu

as rate determining step in the case of methanol
synthesis over Cu–ZnAl O catalyst should also2 4

to be considered. The parallel increase of the
F concentration on the surface of the catalystCu
Ž .Fig. 5A and that of methanol in the gas phase
Ž .Fig. 5B confirms they are indeed potential
intermediates in the formation of methanol as it
was suggested in the case of the COrH reac-2

w xtion 28 . In addition, these species are reduced
under H atmosphere as demonstrated by the2

transient experiments and their concentration
Ž .decreases although slightly when P in-H2

Ž .creases Fig. 6A .
However, for a better fitting of the rate equa-

tion to the experimental curves in the hypothesis
of the hydrogenation of formate species as rate
determining step, it has to be assumed that, in
one hand, a strong hydrogen adsorption occurs
for the formation of the formate species and, in
the other hand, that gaseous hydrogen is in-
volved for the hydrogenation of the formate

w xspecies 32 . If the latter assumption is experi-
mentally justified — a quite linear curve is
obtained for the rate law of methanol formation

Žw x .as a function of P 32 , this study — theH2

former is rather speculative, more especially the
adsorption of hydrogen on copper materials is

w xcomplex 1,2,33 . Also we conclude that the
simplest kinetic model which explains our re-
sults is the Eley–Rideal mechanism involving
the hydrogenation of carbonate species in the
rate determining step. In such a case, formate
species are expected to be produced through the
hydrogenation of surface carbonate in the rate
determining step of the reaction and to react in
the faster subsequent steps. This conclusion is
in good agreement with previous work on the

w xsame catalytic system 34 showing that carbon-
ate species, besides their role in the dispersion
of the active copper phase, participate to the
overall mechanism of methanol formation via
their hydrogenation into formate species and
subsequently metoxide species.

Moreover, it is worth to note the similar
Ž .behavior of F and F species: i their concen-Cu I

tration increases in parallel to methanol forma-
Ž . Ž .tion in the gas phase Fig. 5 , ii it decreases

during the transient experiments under H at-2
Ž . Žmosphere, iii or when P is increased Fig.H2

.6A . These trends indicate that both species
should be associated in methanol formation.
However, the analysis of the results shows that
the role of F species in methanol synthesis isI

probably more complex. Indeed, if these species
adsorbed on the support were directly involved
in methanol synthesis, the reaction route should,
in turn, involve methoxy species also adsorbed
on the support: the concentration of the latter
should vary in the same way as that of the
former or as that of the rate of methanol appear-

Ž .ance. This seems to be not the case Fig. 5 and
we conclude that the route:

is not the main reaction path to methanol. The
desorption of methoxy species as gaseous
methanol is likely blocked: they accumulate on
the surface of the support where they seem to be
stable and then behave as spectator species. In
other words, the Cu–ZnAl O catalyst most2 4

probably catalyses the transformation of FI

species to methanol but this route should be
blocked. A possibility to overcome this block-
ing is the spillover of F species onto copper,I

thus explaining the parallel behavior of F andCu

F species.I

4.5. Other adsorbed species

The amount of formate II species is constant
Ž .in the whole range of P Fig. 5A whereasCO2

Žthe rate of methanol formation increased Fig.
.5B . In addition, formate II species do not seem

reducible under H atmosphere as shown by2

transient experiments. These results led us to
conclude that these surface species are not
methanol precursors. As to the carbonyl COrCu
species, no correlation was found between the
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variation of their concentration and that of
Ž .methanol Fig. 6B .

4.6. Reaction paths for methanol and carbon
monoxide

The kinetic results have shown that the slow
step of the reaction is the reduction of
chemisorbed CO by one H gaseous molecule2 2

whereas the IR spectra revealed the intervention
of carbonate and formate species as active inter-
mediates in methanol formation. The discussion
allows us to propose the following mechanism
for the methanol synthesis from the CO rH2 2

mixture over the Cu–ZnAl O catalyst:2 4

As to carbon monoxide, calculations have
shown that its formation reaction is at equilib-
rium in our conditions. Also no kinetic equa-
tions can be drawn from the activity curves
Ž .Fig. 5B and Fig. 6B . However, these curves
compared to that obtained from the IR spectro-

Ž .scopic study Fig. 5A and Fig. 6A throws some
light on the involved reaction paths. Indeed, the
trends of curves in Fig. 5A and B seem to
indicate that carbonate, F and F species areI Cu

also reaction intermediates of CO formation.
ŽSince copper enhanced CO formation compare

.Fig. 2B and Fig. 5B mainly surface copper
species have to be considered. Also, it is tempt-
ing to consider not only copper formate species
w x21,23,30,31 but also carbonate species as in-

termediates in the reverse water gas shift reac-
tion:

CO w xH2

O H ™ CO H ™ HCOOŽ . Ž .ads ads3 ads

w xH
™COqO H ™ H OŽ .ads 2

However, further work is needed to deter-
Ž .mine the real route s .

5. Conclusions

The study of the CO rH reaction at 2508C2 2

over ZnAl O and Cu–ZnAl O catalysts2 4 2 4

showed the formation of methanol and carbon
monoxide by independent chemical paths. Both
methanol and carbon monoxide formation rates
were enhanced in presence of copper. The use
of in situ IR spectroscopy permitted to detect
adsorbed species and to determine their reactiv-
ity and role in the formation of both methanol
and carbon monoxide. The species evidenced on

Ž . Ž .the support ZnAl O are symmetric F and2 4 I
Ž .Xunsymmetric F formates, formates adsorbedI

Ž .on alumina sites F , carbonate and methoxyII
Ž .species. In presence of copper Cu–ZnAl O ,2 4

copper formates and carbonyl species have been
detected in addition to the above species.

Carbonate species should be involved in
methanol synthesis and their hydrogenation is
most probably the rate determining step of the
reaction in the case of the Cu–ZnAl O cata-2 4

lyst. Both F and F formate species should beCu I

associated in methanol synthesis and the
spillover of F from the support onto copper isI

suggested. Formate II and methoxy species were
found to be inactive under H atmosphere in2

presence or in absence of copper.
In the case of the ZnAl O catalyst, the2 4

carbon monoxide formation seemed to be linked
to the decomposition of formate species of type
II. In the case of the Cu–ZnAl O catalyst2 4

copper participates to the CO formation through
the reverse water gas shift reaction where both
carbonate and formate species should be in-
volved.
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If we now compare the above results ob-
tained with the CO rH mixture to those previ-2 2

ous obtained with the COrH mixture in the2

same reaction conditions, it appears that the
nature and the role of the detected surface
species depend strongly on both the reactive
atmosphere and on the catalyst nature. For the
methanol synthesis on the ZnAl O support the2 4

active intermediates seemed to be formate I
species in both COrH and CO rH atmo-2 2 2

spheres. In the case of the Cu–ZnAl O catalyst2 4

copper carbonyl species was the reactive inter-
mediates under COrH atmosphere, whereas2

under CO rH atmosphere the reaction mecha-2 2
Žnism involved both carbonate and formate FCu

.and F species. The reduction of the formerI

species should be the rate determining step of
the reaction. In the COrH reaction, carbon2

dioxide is formed in large amount probably due
to some support reduction whereas carbon
monoxide is formed in the CO rH reaction2 2

through the reverse water gas shift reaction.
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