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Abstract

A Cu—ZnO-AlL,O; catalyst prepared via hydrotalcite-like hydroxycarbonate precursor, has been tested in the oxidative steam reforming of
methanol (MOSR) to produce hydrogen and CO, with poor CO content in a flow reactor. The conversion of methanol over oxidized, reduced and
hydrated catalyst has been investigated by IR spectroscopy. The reactions of CO over hydrated and reduced surfaces and of the CO, + H, mixture

has also been investigated by IR in the range 200400 °C.

It has been concluded that during methanol steam reforming the catalyst works in a partially oxidized state. Methoxy and formate groups are
intermediates in the reaction. The key step for low CO concentration in the products is the fast oxidation of adsorbed CO to CO,. Pure methanol
decomposition to CO and hydrogen, instead, occurs over highly reduced catalyst. The mechanism of the water gas shift reaction has also been

discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Catalysts belonging to the Cu—ZnO-Al, O3 system have been
applied for the synthesis of methanol from syngas promoted by
the presence of CO; [1,2] since ICI introduced the low temper-
ature methanol synthesis technology in 1966 [3]:

CO + 2H; —» CH3OH (D

Catalysts belonging to the same system have also been
applied since many years for the low temperature water gas shift
reaction (WGS) [2.,4]:

CO + H,O — CO,; +Hj; 2)
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to convert CO to CO; while further producing H» in processes
such as pure hydrogen production and ammonia synthesis, usu-
ally starting from methane steam reforming.

Hydrogen can also be produced by methanol simple decom-
position (i.e. the reverse of methanol synthesis)

CH30OH — CO + 2H; 3)
or by methanol steam reforming (MSR),
CH3;0H + H,O — CO; +3H» “)

so that methanol shows potentiality as an “hydrogen vector”.
More than 10 medium-size plants (100—1000 Nm?3/h) are in
operation worldwide for the stationary production of hydrogen
from methanol for chemical and electronic industry with the
Tepsoe “package hydrogen plants” [5,6]. Methanol and water
vapour are fed into a multitubular reactor heated externally by a
hot oil circulation. Although the T@psoe process is reported to be
“based on methanol decomposition”, the published data suggest
that the reaction mostly occurs through MSR. Cu—Zn0O-Al;03
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catalysts, prepared by coprecipitation, via malachite-
boehmite intermediates [7,8], are very likely applied for this
process.

In the scientific literature, the most frequently tested cata-
lysts for MSR and oxidative MSR (i.e. the coupling of methanol
selective oxidation and steam reforming) belong to this system
with quite an high copper content (30-50%, wt/wt as CuQ). The
commercially available industrial low temperature WGS cata-
lysts are mostly tested for MSR and MOSR [9-12] although they
have been optimized for WGS.

In recent papers we found that Cu—ZnO-Al;O3 catalysts
obtained by decomposition of hydrotalcite-type precursors, hav-
ing the formula [CuyZn; _,_yAl,(OH)2](CO3),2(1 — 3x/2) H,O
are active in methanol decomposition, MSR and OMSR even at
low Cu content [13-15].

The mechanisms of these reactions over Cu-ZnO-Al,03
catalysts are still incompletely defined. The mechanism of
the WGS equilibrium over these catalysts, either adsorptive
through formate ions or regenerative through a redox cycle
of copper centers, is still under debate [4,16]. According to
Chinchen and Spencer [17] the actual reactant for methanol
synthesis is CO,. The reaction should occur through formation
of formates and their hydrogenolysis to methoxy groups. Just
the reverse should occur for methanol decomposition. Some
authors suppose MSR to be due to a sequence of methanol
decomposition (producing CO) and WGS (converting CO into
COy) [18]. Other authors, however, provided evidence that
CO, may be the primary product under steam reforming con-
ditions, and that CO is likely produced from CO; by the
reverse WGS reaction [13-15,19-21]. It has been concluded
that the rate determining step in both methanol decomposi-
tion (giving rise to CO and hydrogen) and methanol steam
reforming (producing CO; and hydrogen) is the same, i.e.
the dehydrogenation of adsorbed methoxy groups [22]. How-
ever, the nature of the selectivity determining step allowing
the production of CO; under steam reforming conditions is
still far from clear. Additionally, the role of oxidized cop-
per ions, assumed to be active in methanol synthesis [23],
as well as the activating role of Zn oxide [24] are still not
defined.

In this paper we re-investigated the surface chemistry of a
low-Cu-content Cu—Zn—Al catalyst through IR spectroscopy.
The aim is to have further insight on the mechanism of the
mentioned reactions.

2. Experimental

Details on the preparation of the hydrotalcite precursor, with
Cu:Zn:Al ratios 5:52:43, have been reported elsewhere [25]. Its
phase purity (XRD, Philips PW 100) is 100% hydrotalcite-type,
its surface area is 63 m?/g obtained with the BET method from
N, adsorption isotherms at 77 K (Micromeritics 2010). After
calcination in air for 2 h at 450 °C the surface area is 149 m?/g.

The catalytic activity measurements were performed in a
fixed-bed flow microreactor using 45 mg of catalyst diluted with
a-AlpO3 powder in 1:10 ratio in order to obtain isothermal con-
dition. In each experiment, the catalyst was pre-treated with

100 cm?/min of 5% O, in helium for 2 h, and later reduced with
5% of Hy in He at 450 °C.

The MOSR tests were performed at atmospheric pressure
feeding the reactor (i.d. 1 cm with a coaxial centered thermo-
couple with its tip located in the middle of the catalytic bed)
with 16.11% CH30H, CH30H/H;0/O, molar ratios 1/1.1/0.12,
He balance, at T=0.03 gcm™ s contact time. Helium was used
as carrier gas. The methanol and water liquid mixture was fed
using a pump Sage Instruments Model 341 A.

The catalytic reaction products were analyzed on-line by a
Carlo Erba GC equipped with a TCD detector and an Hayesept
D column for the separation of H,, CO,, CH30H, H,O, DME
at 130°C and O, and CO when column was kept to 30°C.
Product gas composition was calculated from the concentra-
tion and flow rates of the gas stream excluding He used for the
dilution.

The IR spectra were recorded with a Nicolet Nexus Fourier
Transform instrument. A conventional manipulation/outgassing
ramp connected to the IR cell was used. For the analysis of the
skeletal vibrations KBr pressed disks were used. For adsorption
experiments pressed disks of pure catalyst powders (15 mg,2 cm
diameter) were used. The samples were thermally pre-treated in
the IR cell by heating in air at 450 °C for 2 h and later reduced
in pure H; two cycles with 400 Torr for 30 min each time. The
adsorption procedure involves contact of the activated sample
disk with CO at —140°C in the conventional IR cell cooled
with liquid nitrogen. Desorption is carried out by outgassing
upon warming from —140 °C to room temperature.

3. Results and discussion
3.1. Catalyst structure

XRD and IR spectra show that the fresh catalyst is a poorly
crystallized spinel-type phase mixed oxide. After catalytic tests
the features of the hydrotalcite-like hydroxycarbonate precursor
reappear confirming the well known memory effect of these
materials [26].

3.2. Catalytic activity in the oxidative steam reforming of
methanol

The catalytic activity is very weak in our conditions at
250 and 300 °C (conversion of methanol <3%). The catalytic
activity becomes significant for t=0.03gcm™?s at 350°C,
methanol conversion being above 90% at 400 °C and total at
450 °C. Hydrogen yield (Fig. 1, left) grows in parallel until near
2.7 moly, /molch,0n fed at 450 °C. The only detected carbon
containing products are CO,, largely predominant, and CO: no
traces of organic compounds (e.g. formaldehyde, dimethylether,
methylformate, formic acid) have been found under these con-
ditions. The conversion to CO (CO yield, curves on the right)
increases with reaction temperature but does not exceed 0.75%
at 450 °C. The ratio CO/CO; is much lower than expected from
thermodynamics showing that the WGS reaction is far from
equilibrium.
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Fig. 1. Methanol conversion, hydrogen yield and conversion to CO vs. reaction temperatures on the catalyst calcined at 450°C at 7=0.03 gcm ™ s.

3.3. IR study of the catalyst reduction

In Fig. 2 the spectra of a disk of the catalyst is reported after
two different pretreatments. Spectrum (a) has been recorded
after outgassing at 450 °C, while spectrum (b) has been recorded
after reduction in hydrogen at 450 °C and outgassing at 450 °C.
The difference spectrum reported in the inset in Fig. 2 shows
that reduction causes a partial growth of the sample’s absorp-
tion mainly due to a broad band centered more or less near
2000cm™~!. We previously found [15] that this absorption
becomes stronger by increasing copper content in reduced sam-
ples. So we attribute this absorption to copper metal particles.
Additionally, the bands due to carbonates residual from the
preparation method, found at 1550 and 1395 cm ™! on the simply
outgassed sample, decrease a little bit in intensity while the inten-
sity of the band at 2341 cm™!, due to trapped CO, molecules,
increases a little. Finally, adsorbed or trapped water, likely pro-
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Fig. 2. FT-IR spectra of the catalyst after simple outgassing at 450 °C (a) and
after previous reduction in hydrogen at 450 °C and outgassing at 450 °C (b). In
the inset b — a subtraction spectrum.
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duced by reduction of copper in hydrogen, is also observed
(stretching broad band at 3500-3000 cm™~!, sharp bending band
at 1625 cm™!). An extremely weak feature at 2180 cm™!, likely
due to trapped CO, can also be found. The band observed
at 1030cm™!, resembles that previously found on Cu—Zn—Cr
catalysts and attributed, according to H/D isotopic exchange
experiments, to vibrations involving adsorbed hydrogen species
[27], which persist after outgassing at 250 °C.

3.4. IR study of water adsorption on the reduced catalyst

In Fig. 3 the spectra relative to the adsorption of water on the
prereduced catalyst are shown. In the presence of water vapour
strong bands due to liquid-like water layers are observed (OH
stretching at 3470 cm™', bending at 1645cm™!). The strong
bands at 1110 and 1010 cm ™! are likely due in part to the libra-
tional modes associated to water adsorbed overlayers, that are
likely also responsible for the broad band centered at 2100 cm™".
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Fig. 3. FT-IR spectra of the adsorbed species formed after hydration of the
catalyst pre-reduced at 450 °C (a), after evacuation at r.t. (b) and at 200 °C (c).
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Outgassing at r.t. causes the almost complete disappearance of
molecular water. Outgassing at 200 °C leaves a broad adsorp-
tion in the region 3700-3000cm~! where a sharp peak is
observed near 3735 cm™! with a broad maximum at 3445 cm™!.
These features may be due to OH stretchings of free and
H-bonded hydroxyl groups, respectively. Together, some per-
turbation occurs in the region of carbonates (1600-1300 cm™!),
and a strong absorption persists at 990 cm™! with shoulders at
1120 and 1230cm™!, possibly associated to OH out of plane
deformations or to metal-oxygen modes. This experiment shows
that adsorption of water on the prereduced catalyst mostly gives
rise to surface hydroxylation.

3.5. IR study of methanol adsorption and conversion

In Fig. 4 the FT-IR spectra relative to the adsorption of
methanol at 250 °C on the catalyst outgassed at 450 °C with-
out any reduction treatment (except outgassing in vacuum) are
reported.

In the low-frequency side of the spectrum a complex band
with two main maxima at 1030 and 1081 cm™! is observed,
with an additional component at 1190 cm™". These features can
be assigned to adsorbed methoxy groups. The multiplicity of
the band in the region 1200-900 cm™", mostly due to the C-O
stretching, is due, very likely, to the presence of two or more
kinds of methoxy groups. As for comparison, we can note that
the C-O stretching of methoxy groups on y-Al,O3 is found
at 1095 cm~! [28], and those on ZnO and ZnO-based systems
[29] at 1060 cm™~!. Methoxy groups on CuO are reported to
be very labile, whose C-O stretching is found at 1070 cm™!,
and finally, those on Cu(11 1) [30] absorb at 1036 cm~!. The
complex weak band centered in the region 14701440 cm™!
(maximum at 1458 cm_l), and the component at 1190 cm—! are
most likely due to the bending and rocking modes, respectively,
of the CH3 of the methoxy groups. The relative intensity of the
C-0 stretching components do not seem to change very much
with Cu:Zn:Al ratio in different catalysts. This makes unlikely
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Fig. 4. FT-IR spectra of the adsorbed species formed upon adsorption on the
catalyst, previously outgassed at 450 °C, of methanol 10 Torr at 250 °C; in con-
tact with the vapour (a) and after outgassing at 250 °C (b), 300°C (c), 350°C
(d), 400°C (e), and 450 °C (f).

the possible assignment of species to Cu-methoxides, Zn- and
Al-methoxides. On the contrary, we believe that different cations
may participate to the overall coordination of methoxide groups.

The sharp strong bands at 1594 cm~! (having an evident com-
ponentat 1610 cm™1), at 1390 cm~! (shoulder), and 1374 cm ™!,
are typical of formate ions [31]: they are assigned to asymmetric
stretching of the O—C—O group (ca. 1600 cm™!), the CH defor-
mation mode (1390 cm™1), and finally, to the symmetric O-C-O
stretching (1374 cm™!). The splitting of the COO asymmetric
stretching, with two components which behave differently upon
heating, shows that two different kinds of formate groups exist.
We believe that different cations may participate to the overall
coordination also of formates, which are very likely bridging.
For this reason it is unlikely the real existence of Cu-, Zn- and/or
Al-formates.

In the CH stretching region, three weak sharp maxima at
2950, 2896 and 2830 cm™~! and a component at 2977 cm ™!, are
found: they are due to CH stretchings of formate (2896 cm™!,
CH stretching, 2977 cm™!, combination) and methoxy groups
(2950 and 2830cm™!). Weak bands due to surface carbonates
are also formed (ca. 1500 and 1400cm™).

The evolution under heating shows that methoxy groups
mostly disappear upon outgassing at 250 °C. Formate species
characterized by the asymmetric COO band at 1610cm™!
(mostly decomposing above 300 °C) are more stable than those
characterized by the same mode at 1594 cm™! (mostly decom-
posing between 250 and 300 °C). Part of carbonates disappear
at 450°C. The analysis of the gas phase evolved in the steps
shows that upon outgassing at 250 °C methanol and CO, mostly
evolve. During thermal treatment at 300 °C CO, mostly evolve
while at higher temperatures CO mostly evolve.

In Fig. 5 the results are reported of a similar experiment per-
formed on the catalyst after reduction in hydrogen. The intensity
of the spectra of the adsorbed species formed under these con-
ditions is much smaller (nearly one-tenth) than in the case of
the unreduced catalyst. The features of two kinds of formate
species (with the asymmetric stretching component split at 1621
and 1595cm™!, and the symmetric stretching at 1377 cm™")
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Fig. 5. FT-IR spectra of the adsorbed species formed upon adsorption on the
catalyst, previously reduced in hydrogen at 450 °C and outgassed at 450 °C, of
methanol 10 Torr at 250 °C; in contact with the vapour (a) and after outgassing
at 250 °C (b), 300°C (c), 350 °C (d), 400 °C (e), and 450 °C (f).
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are evident but weak, together with those of carbonates (1569,
1404 cm™"). The behavior of the bands of formates is similar to
that above described for the unreduced catalyst: they disappear in
the range 250-350 °C. The relatively stronger band at 990 cm ",
with several components at higher frequencies, might be due to
CO stretchings of different kinds of methoxy groups. This band
decreases in intensity above 350 °C down to disappear at 450 °C,
i.e. well later than those of methoxy groups on the unreduced
catalyst. These data can be correlated with the experiments con-
cerning methanol steam reforming and methanol decomposition
over similar catalysts [13]. In the absence of steam, methanol
decomposition occurs above 350 °C. This suggests that the band
at 990 cm™! is due to methoxy groups that decompose to CO.
The lower frequency for the CO stretching of such methoxy
groups, with respect to those observed on the oxidized catalyst,
might be due to the bond of the former ones to Cu metal parti-
cles. Formate and carbonate species are probably mostly located
over the “support” alumina—ZnO phase or on unreduced centers
and may not participate to the main methanol decomposition
reaction over the reduced catalyst.

The same experiment has been repeated, but after contact of
the reduced catalyst with water (Fig. 6). The results of this exper-
iment are very similar to those for the unreduced sample (Fig. 4).
This suggests that the adsorption of water in the range 30-250 °C
substantially reoxidizes the surface. This enhances the amount
of methanol adsorbed, forming methoxy and formate species,
which are in fact detected much stronger in the spectra. On the
other hand, the evolution of methoxy and formates is much faster
on the rehydrated sample, occurring already at 250 °C, in agree-
ment with the activity in methanol steam reforming starting in
the same temperature range.

These data provide evidence for the sequence methoxy—
formate—carbon oxides for the methanol steam reforming reac-
tion. It is clear that the decomposition step of formate ions
is the key for selective steam reforming of methanol (giv-
ing rise to CO,) versus methanol decomposition (giving rise
to CO).
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Fig. 6. FT-IR spectra of the adsorbed species formed upon adsorption on the

catalyst, previously reduced in hydrogen at 450 °C, put into contact with water

vapour and outgassed at 250 °C, of methanol 10 Torr at 250 °C; in contact with

the methanol vapour (a) and after outgassing at 250°C (b), 300°C (c), and
350°C (d).
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Fig. 7. FT-IR spectra of the adsorbed species formed upon adsorption on the
catalyst, previously reduced in hydrogen at 450 °C and outgassed at 450 °C, of
the mixture CO; +H, at 250 °C upon increasing contact times (a) 10 min, (b)
20 min, (¢) 40 min, (d) 60 min and (e) 90 min.

3.6. IR study of the reactivity toward CO2 + H) mixture

The contact of the catalyst at 250°C with the mixture
CO3 + H; has also been investigated on a reduced sample. This
contact (Fig. 7) causes the progressive growth of absorption
bands due to carbonates (1540, 1320cm™!) and bicarbonates
(1640, ca. 1400, 1228 cm’l) first, and to formate ions later
(1598, 1393 and 1378 cm™"). It seems clear that the bands of
formates form at the expense of those of carbonates and bicar-
bonates. Correspondingly, a further broad absorption grows with
the most prominent maximum near 1030 cm™!. The position of
this absorption is similar to that of some surface methoxy groups
and also to that observed for hydrogen-reduced sample possibly
associated to adsorbed hydrogen. A very broad absorption cen-
tered near 2000 cm™ ! also progressively grows (see the inset in
Fig. 7), assigned to massive catalyst reduction, associated to an
overall decrease of the light transmission by the sample.

These data agree with the very likely main mechanism of
methanol synthesis over Cu—Zn—Al catalysts where CO; is con-
sidered to be the actual reactant and, according to most authors
[32], the mechanism is via carbonates—formates—methoxides.

3.7. IR study of low temperature CO adsorption

Low temperature CO adsorption is applied to characterize
the surface of metal and oxide catalysts [33]. In Fig. 8a the
IR spectrum of CO adsorbed at low temperature (—140 °C) on
the reduced catalyst is reported. The main maximum is found
at 2150 cm™!, with smaller maxima at 2176 and 2120cm™!,
and an evident tail both towards lower and higher frequencies.
The lower frequency component at 2120cm™! is formed at
the highest coverages and has a complex behaviour. Its max-
imum shifts to higher frequencies, towards 2130 cm~ !, and
decreases in intensity by outgassing, but at higher temperatures,
—70—(—40) °C the band broadens and displaces to lower fre-
quencies again, to 2115cm™!. The position and stability of this
band strongly indicates that it is mainly due to the carbonyls
of Cu* ions or of small clusters of zerovalent copper. It is in
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Fig. 8. FT-IR spectra of the adsorbed species formed upon adsorption of CO
over the prereduced catalyst at —140°C (a) and desorption at —140°C (b),
—130°C (c), —100°C (d) and —90 °C (e). In the inset, outgassing at increasing
temperature (10 °C steps) from —140-(—40) °C.

fact well known that carbonyls on clean massive Cu metal are
very weakly adsorbed and usually responsible for absorptions
below 2100-2070 cm™~! [34-37]. It cannot be excluded that such
species exist at the lowest temperatures and are responsible for
the tail at lower frequency of this band. However, Cu metal parti-
cles may also present variable morphologies [38]. CO stretching
frequencies above 2100 cm™! have also been reported for CO
adsorbed on Cu small clusters and on copper particles containing
on-top oxygen atoms [39].

Upon outgassing during warming the band at 2150 cm™!
tends to disappear fast, showing that it is due, at least in part, to a
very weakly adsorbed species, possibly physisorbed on the sur-
face hydroxyl groups. However a component now at 2161 cm™!
persists under low temperature outgassing. This feature can
be assigned to CO adsorbed either on Zn** or on Cu?* ions,
although the assignment of at least part of this band to the higher
frequency component of the CO stretching of Cu* dicarbonyls
is also possible, in agreement with Kannan et al. [40]. The lower
frequency component of the CO stretching of Cu* dicarbonyls
is possibly near 2100 cm™!, at the lower frequency side of the
main band.

The highest frequency band decreases less in intensity and
shifts from 2176 to 2204 cm™! by decreasing coverage. Its posi-
tion and its behaviour agrees with an assignment to CO adsorbed
on AI** cations.

To discuss the bands due to adsorbed CO we have also to take
into account that during CO desorption at —130—(—100) °C a
strong absorption is formed and grows at 2340 cm™! certainly
due to adsorbed CO, (Fig. 7). By further warming upon out-
gassing the band decreases in intensity down to disappear at
—40 °C. In these conditions, however, a shoulder forms and dis-
appears at 2355 cm™!. The last components can be confidently
assigned to CO; adsorbed on A3 jons [41].

The formation, at so low a temperature, of adsorbed CO,
is certainly due to the existence of very active oxidizing sites,
in spite of the reduction pre-treatment. According to previous
studies [42,43], Cu?tis very active in the low temperature oxi-
dation of CO. We consequently conclude that at least part of

the band at 2160cm™! is due to Cu?* carbonyls that convert
into CO, complexes of Cu* or Cu’. Part of adsorbed CO jumps
to the new reduced centers and this is at the origin of the sud-
den downwards shift of the band of adsorbed CO observed after
the desorption of CO3, which is found in the gas-phase spectra.
Part of CO, during desorption readsorbs over the stronger Lewis
acidic AI** ions.

The analysis of the region 2000—-1100cm™"! does not show
any evidence of the formation of formate ions nor of bicarbonate
species. Very weak features at 1600 and 1300 cm~! show the
formation of traces of carbonate ions.

These data show that the oxidation of CO to CO; is a very fast
reaction over Cu—Zn-Al catalysts, occurring even well below
room temperature. The product of this oxidation is adsorbed
COs. It is also relevant to note that the molecular adsorption of
CO, is weaker than the molecular adsorption of CO over Cu”*
ions. Finally, it is also evident that desorption of CO, may occur
even without any formation of carbonate species. The formation
of carbonate species is evidently an activated process.

3.8. IR study of high temperature CO adsorption

In Fig. 9 the spectra observed after contact of the reduced
and rehydrated catalyst with CO at different temperatures are
reported. After contact atr.t. the strong band, assigned (in agree-
ment with the previous low temperature adsorption data) mostly
to Cu* carbonyls, is found at 2113 cm™~!. By increasing the con-
tact temperature the maximum of this band shifts progressively
up to 2120cm~! at 300°C.

Additionally, medium intensity sharp bands grow after con-
tact at 200 °C at 1592 and 1374 cm™!, assigned to formate ions.
These bands are still present, even more intense, after contact at
300 °C, but they are now superimposed to a broader absorption
(main maxima near 1550 and 1430 cm™! ), attributed to carbon-
ate ions. The analysis of the gas phase shows that carbon dioxide
is formed from CO starting from 100 °C. After contact at 400 °C
the band of adsorbed CO is no more observed and a very strong
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Fig. 9. FT-IR spectra of the adsorbed species formed upon interaction of CO
with a pre-reduced and hydrated catalyst atr.t. (a), 100 °C (b), 200 °C (c), 300 °C
(d) and 400 °C (e). The inset: negative band possibly due to the perturbation of
surface metal-oxygen bonds.
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Fig. 10. FT-IR spectra of the adsorbed species formed upon interaction of CO
at 250 °C with a pre-reduced catalyst (bold line) and a catalyst previously pre-
reduced and hydrated (thin line).

and broad absorption is now evident, centered near 2000 em~ L.
This absorption has been attributed to a full reduction of the
catalyst.

In Fig. 10 the spectra of CO adsorbed at 250 °C on a sam-
ple which has been previously reduced and on a sample which
has been previously reduced and hydrated are compared. In the
case of the simply reduced catalyst the bands of formate ions are
apparently much sharper and stronger, in part because the bands
of carbonate ions are less intense, if present at all. Moreover,
the CO stretching of the surface carbonyls is a little shifted at
higher frequencies (2125 cm™!), with respect to what observed
with the sample which has been also hydrated. This suggests that
hydration could increase the coordination sphere of Cu* ions so
making them more electron dense, so increasing the backdona-
tion to the CO antibonding orbitals. Finally, it is worth noting that
a positive absorption is found in the region below 1200cm™!,
with two distinct maxima at 1113 and 1026 cm™!, and a com-
ponent at 950 cm™!. The components at 1026 and 950 cm ™! are
similar to those observed upon methanol adsorption on oxidized
and hydrated catalyst. These absorptions are associated to C-O
stretchings of surface methoxy groups. This shows that, under
these conditions, the reduced catalyst provides some hydrogen
to CO giving rise to most steps of methanol synthesis. The com-
ponentat 1113 cm™! may be associated to the CO stretching of a
dioxymethylene species [44,45], which may be an intermediate
in methoxy groups formation.

The adsorption of CO on the reduced and hydrated catalyst
gives rise to smaller bands of formates and stronger absorption
associated to carbonates, as well as a negative absorption in
the region near 1000 cm™!. This absorption is frequently found
after adsorption of different species on aluminas and different
aluminates [46], and has been assigned to the perturbation of
surface metal oxygen bonds of oxides by adsorbed species. This
feature is not observed if vibrational modes of adsorbed species
are superimposed on it, like in all previous experiments reported
here. The spectra reported in Fig. 10 confirm that the surface of
the hydrogen-reduced sample is strongly reducing (giving rise
to methoxy groups from CO), whereas that of the rehydrated
sample is more oxidizing (giving rise to carbonates and CO; in
the gas phase).

These data show that the surface pretreated in water is more
oxidizing than that simply reduced. While in both cases formate
species are formed by CO reaction likely with hydroxy groups,
the ratio between carbonates and formates is by far higher on
the prehydrated surface.

4. Discussion
4.1. Methanol (oxidative) steam reforming

The experiments described in this paper give indications con-
cerning the possible mechanisms of methanol steam reforming
and related reactions over Cu—ZnO-Al, O3 catalyst. The IR data
concerning the adsorption and conversion of methanol provide
evidence for the mechanism involving surface methoxides and
formate species, in agreement with the previous literature. Our
data also show that at relatively low temperature the main C-
containing product of methanol decomposition is CO,, while at
higher temperatures CO is mostly formed, over an unreduced
catalyst.

Just the same result is obtained over a catalyst that has been
prereduced in hydrogen and then treated with water vapour at
250 °C. Instead, the interaction of a simply reduced catalyst with
methanol is different. The intensities of the bands relative to
the adsorbed species is greatly decreased by reduction and re-
increased by hydration. This is an evidence of the ability of water
vapour to oxidize reduced copper centers, producing copper ions
and hydrogen gas. Dissociative adsorption of methanol should
mostly occur on the dispersed and oxidized copper sites present
on at least partially oxidized surfaces.

Methoxides over these surfaces first transform into formates.
It is worth noting that this is an oxidation reaction and conse-
quently implies a reduction of the previously oxidized surface
sites:

CH30H + Ogsurn>~ — CH30(ufy” + OHsurp) ~
— HCOOgurfy~ + H(Surf)+ +H, +2e™ (@)

The successive decomposition of formates occurs, giving rise
to evolution of CO, at relatively low temperatures, while at
higher temperatures CO is evolved. The decomposition of for-
mates to CO; does notimply any change in the catalyst oxidation
state:

HCOOgur) ™ + Hsurpt — CO2 +Hp (6)

Thus, the sum of reactions (5) and (6) is, as far as the cata-
lyst is concerned, a reduction semireaction. Water is in fact an
oxidizing co-reactant needed to convert methanol to CO; and
hydrogen (i.e. making steam reforming) through the following
reaction:

H,0 + 2¢~ — Hj + Ourn’~ @)

MSR, reaction (4), occurring through methoxide and for-
mate species, should consequently be the sum of reactions
(5) +(6) + (7). Our data and their interpretation allow us to con-
clude that MSR is a redox reaction with methanol acting as a
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reductant for the catalyst and water acting as an oxidant for the
reduced catalyst.

Formate species may also decompose giving rise to gas-phase
CO:

HCOO(surfy ™ + Hesurp ™ +2¢~ — CO + Hy 4+ Ogupy®™  (8)

Thus, the question arises whether the primary gas phase prod-
uct upon methanol steam reforming is CO (through reaction (8)),
which is later converted to CO, through the water gas shift reac-
tion (2), or CO» is directly formed by formates decomposition
(through reaction (6)). It has already been discussed that the pro-
duction of CO upon MSR is much lower and that of CO, much
higher than those forecast on the basis of the WGS equilibrium.
This implies that CO; is the primary gaseous product of MSR,
CO gas being possibly produced by the reverse-WGS reaction:
CO; +H; - CO + H,O C))
or by a secondary reaction path.

However, it is not excluded that CO is formed in large
amounts by reaction (8) but remains adsorbed on the surface.
We have in fact shown that CO is adsorbed strongly and very
easily and rapidly converted into CO; over oxidized copper cen-
ters. This seems to be the most likely mechanism on the basis of
our data. Our data seem also to exclude that carbonate species
may play an important role in the MSR reaction. In fact, CO»,
just after being formed either by direct formate decomposition
or by CO oxidation, may either leave rapidly the surface at low
temperature, or reversibly adsorb in the form of carbonates. In
Scheme 1 a mechanism for the MSR reaction is proposed, which
is actually the sum of reactions (5) + (6) + (7), with the interme-
diate formation of adsorbed CO which is converted to CO, over
oxidized copper centers.

The presence of oxygen in the oxidative steam reforming
reaction obviously also allows relatively high oxidation state of
copper centers so finally favouring the CO oxidation step.

CHzOH
- ?H;;
0= 0= o= O
H
& —
_ /N - _
HO O © HO
2¢
e |
I —
0= 0=

—O0
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4.2. Water gas shift equilibrium

Our data indicate that very likely both the redox mecha-
nism and the associative mechanism through formate species
are active for the WGS equilibrium. In fact we confirm that for-
mate species are actually formed both from CO on the hydrated
surface and from CO» + Hj, in agreement with a previous IR
study [32].

CO,+Hy + O(surf)z_ - CO3<surf>2_ +Ha

— HCOgsurf)” + OHsur) (10)

CO + OH(Surf)_ — HCO2(surD_ (11)

On the other hand, the effect of water vapour in oxidizing the
surface is quite evident too, and the high velocity of CO oxidation
is also well proved. We suggest that the associative mechansim
is likely predominant at low temperature where the equilibrium
favours the WGS reaction, while the associative mechanism is
more likely at higher temperature, where the reverse-WGS is
less unfavored. In this case in fact to activate CO; its strong
adsorption in the form of carbonates is possibly needed and the
further conversion to formates likely becomes necessary.

This conclusion does not conflict with that reported by Fujita
et al. [47] that support the redox mechanism for the reverse-
WGS reaction over Cu/ZnO. These authors work at very low
temperature (165 °C) even if at this temperature the reverse WGS
is unfavoured (AG® for the WGS equilibrium is 0 at 830 °C).

Our conclusion is just the opposite of the conclusion of
Callaghan et al. [48] who studied the WGS reaction over
Cu(1 1 1) monocrystal surface by a theoretical approach and, by
comparison, with experimental data. These authors concluded
that the associative mechanism is predominant at low tempera-
tures while the redox one is predominant at high temperature.
We believe, however, that the real catalyst for this reduction is
not metallic copper. The support on which oxidized copper ions

Hz T
/C\HZ
o= 0O O
—_—
HO™
2e
Hy |
co, |
HO
— " >
o= o=
2e

Scheme 1. Proposed mechanism for the MSR reaction over Cu—Zn—Al catalyst.
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may disperse may play a relevant role and may change very
much the stability and the nature of the adsorbed species.

The inhibiting effect of the product CO,, emphasized by
Trimm [4], on the WGS reaction may be just explained by the
strong adsorption of CO; in the form of carbonates.

4.3. Methanol synthesis and decomposition

The aim of this work was not to study the mechanism of
methanol synthesis. In any case, our data do not disagree with
those previously reported on similar catalysts [41,49,50]. Our
data show that methoxy groups are formed both by reaction
of CO; + H; mixture and by adsorption of CO over a reduced
surface where adsorbed hydrogen is present, at 250 °C. Formate
species are likely intermediates in both cases.

Formate species are later hydrogenated to methoxy groups
and to methanol,

HCOx(surf)” + OHsurry” +Ha +2e™
i CHSO(surf)_ + OH(surf)_ + O(surf)z_
— CH30H 4 20>~ (12)

It seems interesting to remark that the synthesis of methanol
from CO and hydrogen, if occurring through formate ions,
implies the reduction of the catalyst by hydrogen:

20(surn®>” +Ha — 20Hqurp) ™ + 26~ (13)

to produce the sequence of reactions (11) +(12) + (13). In prac-
tice, the catalyst also undergoes redox cycles.

Methanol decomposition to CO and hydrogen is just the
reverse of methanol synthesis from CO, and likely occurs
through the sequence of reactions (5) + (8). We believe that the
reaction of methanol decomposition (due to the absence of any
oxidizing species among reactants and products) occurs on a
highly reduced catalyst, where copper metal is in fact the real
catalyst. This agrees with recent data for methanol synthesis,
where it has been found that the more reducing the gas the more
active the catalyst, and the more dispersed the zerovalent cop-
per particles [38,51]. For this reason the formate species convert
to CO through reaction (8). The formation of small amounts of
CO upon MSR, in our case, may be just related to the higher
reduction degree of the catalyst at high-temperatures, that tends
to favour step (8) or to limit CO oxidation to CO,. So, it is more
likely due to a parallel path than to the successive reverse-WGS
reaction over the main product CO5.

5. Conclusions

IR spectroscopy experiments of adsorption and coadsorp-
tion of methanol, water, CO, CO; and hydrogen allowed us to
propose a mechanism for the methanol steam reforming and
oxidative steam reforming and to add some consideration on the
mechanisms of the water gas shift equilibrium and of methanol
synthesis and decomposition.

Our conclusions are that methanol steam reforming
occurs over Cu—Zn-Al catalysts via the adsorbed methoxy

groups/adsorbed formate ions/adsorbed CO/CO, sequence.
Water oxidizes part of Cu species and forms hydroxyl groups.
Our data also support the redox mechanism for WGS at low tem-
perature. These reactions probably occur with partially oxidized
copper centers. Methanol decomposition and its synthesis from
pure CO +Hp, instead, occur likely over fully reduced copper
catalysts.
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