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ARTICLE INFO ABSTRACT

Keywords: Cu-ZnGaMO (M = Al, Zr) catalysts prepared by a surfactant-free sol-gel method were characterized and tested
CO, reduction in the reverse water-gas shift (RWGS) reaction. Their catalytic behavior was analyzed under 0.1-3 MPa at
RV(\;GS 250-325 °C and using a reactant mixture of CO,/H, = 1/3. The catalytic results are analyzed in the light of the
ZrO,

Ga,03
Cu-ZnO-based catalysts

characteristics of the catalysts. The Cu-ZnGaZrO catalysts were highly selective for the RWGS reaction; amajor
role of surface copper and interface oxygen vacancies is proposed. CO, conversion and CO selectivity increased

on increasing the reaction temperature. CO, conversion reaches 16.8% with 99.7% selectivity for CO under
0.1 MPa at 325 °C over the Cu-ZnGaZrO1 catalyst. It is suggested that CO and methanol production proceed via

independent reaction pathways.

1. Introduction

Effective technologies for CO, capture and storage that are currently
under development are predicted to be operative in a near future [1].
Therefore, abundant CO, could conveniently be available to be recycled
through catalytic processes. In this context, the use of large-scale CO,
conversion into strategic chemicals or fuels could be of particular in-
terest [2,3]. One of the key steps in CO, conversion by reduction is its
catalytic conversion to produce CO through the reverse water-gas shift
(RWGS) reaction:

CO, + Hy < CO + H,0 AH = 41.2 kJ/mol

The RWGS reaction is a promising process for CO, utilization, since
it can be performed at relatively low pressures. From this process, the
resulting mixture (H,/CO/CO,) could be further used as feedstock for
well-known processes, like the Fischer-Tropsch process or methanol syn-
thesis.

Cu- and Cu-ZnO-based catalysts have been widely used in the field
of CO, hydrogenation reactions [2-7]. However, most work related to
the use of Cu-ZnO-based catalysts in the CO,/H, reaction focuses on

methanol synthesis, and usually under methanol synthesis conditions,
CO production through the RWGS reaction is detrimental to methanol
selectivity. Besides the reaction conditions, the presence of different pro-
moters and the preparation method are key factors in the catalytic be-
havior of Cu-ZnO-based catalysts in the CO,/H, reaction. For Cu/ZnO
catalysts prepared by coprecipitation, the CO, conversion has recently
been correlated with the total amount of chemisorbed hydrogen which
is the result of hydrogen spillover on ZnO, and ZnO [8]. The theoret-
ical concentration of Cu-ZnO contacts has been directly linked to CO,
conversion [8]. However, the active sites for methanol and CO forma-
tion are believed to be different. In this context, catalysts constituted of
Cu-ZnO, core-shell structures are highly selective for CO-free methanol
synthesis [8]. DFT analysis of the RWGS reaction on Cu (111) has shown
that Cu tends towards the CO, dissociation mechanism for the con-
version of CO, to CO rather than the COOH-mediated mechanism [9].
Meanwhile, the bonding capacity of atomic O with cations at the Cu—ox-
ide interface could be the key for the increase in the selectivity for CO
with respect to that of methanol when the CO,/H, reaction takes place
[10].

For different Cu-based catalysts used in methanol synthesis via CO,
hydrogenation, a promoter effect of Ga,0; in terms of catalyst stabil-
ity has been reported [11-13]. Small particles of Ga,O5 have been re-
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ported to favor the formation of an intermediate oxidation state of cop-
per, probably Cu* [11,14].

Although the stabilization of Cu/SiO, catalysts used in the RWGS
reaction at a high temperature (600 °C) by introduction of different
promoters has been reported [15,16], the development of highly ac-
tive Cu-based catalysts for low-temperature operation is very attrac-
tive. We recently reported the use of CuOZnOGa,0O5 catalysts for H,
production from methanol steam reforming (MSR) at low tempera-
tures. We analyzed the effect of the addition of Al,O; and ZrO, on
the catalytic performance of CuOZnOGa,O; catalysts for MSR; under
MSR conditions at 250-275 °C, it has been suggested that CO forma-
tion on these systems would take place through the RWGS reaction
[17]. In this paper, we report a study of multicomponent Cu-ZnO cat-
alysts usedin the RWGS reaction. Cu-ZnO-based catalysts, containing
Ga,05 and Al,04, and Ga,05 and ZrO,, and prepared using a surfac-
tant-free sol-gel method [17], were studied in the CO,/H, reaction in
the 0.1-3 MPa and 250-325 °C ranges. The catalysts were characterized
using X-ray diffraction (XRD), temperature programmed H,-reduction
(H,-TPR), temperature programmed desorption of H, (H,-TPD) and CO,,
(CO,-TPD), X-ray photoelectron spectroscopy (XPS) and N,O chemisorp-
tion.

2. Materials and methods
2.1. Catalyst preparation

Multicomponent catalysts containing Cu, ZnO, Ga,O; and either
ZrO, (Cu-ZnGaZrO) or Al,0; (Cu-ZnGaAlO) were synthesized by a
sol-gel method following a procedure described elsewhere [17,18].
Briefly, metal nitrate salts were separately dissolved in an aqueous solu-
tion of ethylene diamine tetraacetic acid (EDTA) and ethylene diamine
(ED) mixtures; only the ZrO(NOs), precursor was dissolved in deion-
ized water. Appropriate amounts of these solutions were then mixed in
a beaker and kept in a thermostated bath at 60 °C to obtain a gel. Fi-
nally, this gel was heated under air, in an oven, at 200 °C for 4 h and
subsequently at 500 °C for 4 h. Before use, the samples were reduced at
300 °C (for catalytic tests at 250-270 °C) or 325 °C (Cu-ZnGaZrO1 for
the catalytic test at 275-325 °C) under a Hy/Ar (12% vol/vol) flow for
3 h. For comparative purposes, Cu-ZnO, ZnGaAlO and ZnGaZrO cata-
lysts were also prepared using the same method.

2.2. Catalyst characterization

The chemical composition of the catalysts was determined by in-
ductively-coupled plasma atomic emission spectroscopy (ICP-AES) using
Perkin Elmer Optima 3200RL apparatus.

N, adsorption-desorption isotherms were recorded at —196 °C using
a Micromeritics Tristar II 3020 equipment. Prior to the measurements,
the samples were degassed at 250 °C for 5 h. The specific surface area
(Sger) was calculated by multi-point BET analysis of the nitrogen adsorp-
tion isotherms.

The XRD analysis was performed on a PANalytical X'Pert PRO MPD
Alphal powder diffractometer equipped with CuKa, radiation. The XRD
profiles were collected between 20 =4° and 20 =100°, with a step width
of 0.017° and counting 50 s at each step. The mean crystallite sizes were
calculated using the Debye-Scherrer equation.

H,-TPR as well as both H,-TPD and CO,-TPD were carried out us-
ing a Micromeritics AutoChem HP2950 analyzer. For the H,-TPR exper-
iments, each calcined catalyst was pretreated at 90 °C under a flow of
He. After cooling to room temperature, the samples were exposed to a
H,/Ar (12% vol/vol) flow, and the temperature was linearly increased
at 10 °C/min up to 800 °C. For the H,-TPD experiments, the samples
were first treated under a He flow at 90 °C, then reduced at 300 °C for
2 h in a Hy/Ar (12% vol/vol) mixture. Then the catalysts were cooled
to 50 °C and maintained for 0.5 h under the same H,/Ar flow, and then
flushed with Ar for 1 h. Finally, the temperature was linearly increased
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up to 500 °C at 5 °C/min. The outlet gases were monitored by massspec-
trometry (MS). Prior to the CO,-TPD, the catalysts were first reduced
under a Hy/Ar flow (12% vol/vol, 50 mL/min) for 2 h at 300 °C, and
then cooled to 35 °C. The adsorption of CO, was carried out at 35 °C
with a feed of CO,/He (10% vol/vol) for 1 h. Then, the samples were
flushed with He for 2 h and the temperature was increased under a He
flow up to 500 °C at 5 °C/min.

The N,O chemisorption experiments were carried out in a Mi-
cromeritics AutoChem II chemisorption analyzer. The catalysts were
first reduced in a Hy/Ar (12% vol/vol) mixture at 275 °C, and then they
were purged with He and cooled to 50 °C. The samples were flushed
with a N,O/He (6% vol/vol) mixture at 50 °C for 0.5 h, and then they
were cooled under a He flow to room temperature to determine the H,
consumption.

The XPS was performed in a Perkin Elmer PHI-5500 Multitechnique
System (Physical Electronics) with an Al X-ray source (hv = 1486.6 eV
and 350 W). All the measurements were carried out in an ultra high vac-
uum chamber with a pressure in the 5-107°-2-108 torr range during
data acquisition. The binding energy values were referred to that of Cls
at 284.8 eV.

2.3. Catalytic tests

The RWGS reaction tests were performed in a Microactivity-Ref-
erence unit (PID Eng&Tech) with a tubular fixed-bed reactor, using
150 mg of sample diluted with inactive SiC up to a total volume of 1 mL.
The reaction temperature was measured by a thermocouple in direct
contact with the catalyst bed. Before reaction, the catalysts were sieved
at 0.2-0.4 mm, they were in-situ reduced in a H,/Ar (12% vol/vol)
stream at 300 °C for 2 h under atmospheric pressure and then at 3 MPa
for 1 h. Afterwards, the pressure was kept at 3 MPa and the temperature
was decreased to 240 °C; then the samples were exposed to a reactant
mixture of CO,/H,/N, (1/3/1 molar ratio) under a gas hourly space ve-
locity (GHSV) of 3000 h~! and the reaction temperature was increased
to 250 °C. After a period of ca. 15 h, the reaction temperature was con-
secutively increased to 260 °C and 270 °C and maintained for ca. 5 h at
each temperature. The influence of contact time over the Cu-ZnGaZrO1
catalyst was analyzed in separate experiments carried out at 270 °C and
3 MPa by varying the GHSV in the range 48,000-10,000 h~!; the in-
fluence of pressure over the Cu-ZnGaZrOl1 catalyst was studied in the
range 0.1-3 MPa at 270 °C and GHSV of 3000 h~!. The catalytic be-
havior of Cu-ZnGaZrO1 was also studied at 0.1 MPa in the 275-325 °C
range under GHSV = 3000 h~!. The Cu-ZnGaZrO1 sample was pre-re-
duced at 325 °C for 3 h at atmospheric pressure before being exposed
to the CO,/H,/N, (1/3/1 molar ratio) reactant mixture. In all cases, af-
ter each change the system was stabilized for 1 h before the first analy-
sis was carried out. The products were analyzed on-line using a Varian
450-GC-MS equipped with a methanizer and TCD, FID and mass detec-
tors. CO and CO, were separated and converted into methane using an
appropriate methanizer, and then the CH, formed analyzed by FID.

The CO, conversion (XCO,) and selectivity (S;) for each product was
defined as follows:

XC02 (%) =11- (CCOZ )Outlet .
(CC02 Joutler + 1 ¥ Z (C)outet
x 100
Gi
S, (%) = Dok 109
E (Cl)outlet

Where (C;)oue; is the molar concentration of the product “i” in the efflu-
ent, and n is the number of carbon atoms in the product.
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3. Results and discussion

As stated in the experimental section, in this work the performance
of Cu-ZnO-based catalysts containing Ga,O; and either ZrO,
(Cu-ZnGaZrO), or Al,05 (Cu-ZnGaAlO) was studied in the CO,/H, reac-
tion over the 0.1-3 MPa and 250-325 °C ranges. Moreover, two samples
of ZnGaAlO and ZnGaZrO, without Cu, and the bare catalyst Cu-ZnO
were studied for comparison. Table 1 shows the chemical composition
and Sggr values of the catalysts. The Sgpr of the Cu-ZnGaMO (M = Al,
Zr) catalysts is higher than that of bare Cu-ZnO. Moreover, for a simi-
lar Ga,05 content, the corresponding Sgpy of the Cu-ZnGaZrO is higher
than that of the Cu-ZnGaAlO catalyst. Fig. 1 shows the corresponding
H,-TPR profiles up to 500 °C; only the samples CuO containing show
H, consumption peaks in this range of temperature. The amount of H,
consumed appears in Table 1. From the results of the H, consumed, the
total reduction of Cu?* species can be proposed. However, a minor con-
tribution related to the reduction of other species in the catalysts could
not be ruled out. The H, consumption peaks of the Cu-ZnGaZrO and
Cu-ZnGaAlO catalysts were broader than that of Cu-ZnO. The presence
of several relative maxima in the H,-TPR profiles of the Cu-ZnGaZrO
and Cu-ZnGaAlO catalysts could be related with the existence of differ-
ent interactions between the CuO particles and the various oxide com-
ponents of the catalysts. The peaks at about 190-195 °C could be re-
lated to the reduction of small CuO particles with a moderate strength
interaction with the support; the presence of oxygen vacancies at the
CuO-oxide interface could facilitate the reduction of CuO species. From
the H,-TPR profiles in Fig. 1, mainly the presence of small CuO parti-
cles in Cu-ZnGaZrO catalysts can be inferred, the shoulder at 190 °C in
the pattern of Cu-ZnGaAlO2 could also be indicative of the presence of
a smaller amount of small CuO particles in this catalyst. Meanwhile, the
Cu-ZnGaAlO1 catalyst shows the maximum of the H, consumption peak
at the highest temperature, suggesting the presence of larger CuO parti-
cles or a stronger interaction between Cu?* and the corresponding ox-
ides in this catalyst.

The XRD patterns of the reduced catalysts containing Cu appear
in Fig. 2a. In all cases, characteristic peaks of cubic Cu (JCPDS
00-004-0836) are observed. As in the case of the calcined samples (XRD
patterns not shown), except for Cu-ZnGaAlO2, the presence of hexag-
onal ZnO (JCPDS 03-065-3411) can be deduced from the XRD pat-
terns. The XRD pattern of Cu-ZnGaAlO2 shows peaks which could be
assigned to the presence of ZnAl,0, (JCPDS 00-005-0669) or CuAl,O,
(JCPDS 01-076-2295) with a spinel structure (MAl,0,); both ZnAl,O,
and CuAl,O, show similar XRD patterns. However, the presence of
CuAl,0, in Cu-ZnGaAlO2 can be ruled out in accordance with the
H,-TPR results [19]. Peaks related to the presence of crystalline Ga,O5
were not detected in any case. The shoulder of a low intensity at
about 20 = 30.2° in the patterns of the Cu-ZnGaZrO catalysts could
be related to the most intense diffraction peak of tetragonal (JCPDS
01-080-0784) or cubic (JCPDS 00-027-0997) ZrO,. Meanwhile, from
the XRD patterns of

Table 1
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the Cu-ZnGaAlO catalysts, no presence of crystalline Al,O; can be de-
duced.

Table 2 presents the crystallite sizes of the Cu and ZnO phases calcu-
lated from the XRD patterns using the Scherrer equation and the (111)
Cu and (110) ZnO diffraction peaks at 20 = 43.3° and 20 = 56.6°, re-
spectively. For Cu-ZnGaAlO2, it was not possible to estimate the Cu
crystallite size due to the proximity of the (111) Cu peak and (400) peak
of ZnAlO,. Before reduction, the crystallite sizes of CuO and MAIL,O, in
Cu-ZnGaAlO2 calculated using the Scherrer equation and the (111) CuO
and (511) MAL,0, peaks were 21.7 nm and 13.1 nm, respectively.

After reduction of the catalysts, N,O chemisorption was performed.
Although N,0O chemisorption has been extensively used for the quan-
tification of the Cu® on the surface of catalysts, it has recently been
demonstrated that this method quantifies not only the Cu® surface area,
but also the oxygen defects which are present at the Cu-ZnOx inter-
face of the Cu/ZnO/Al,0; and Cu/ZnO/MgO catalysts [20]. Table 2
shows the values of H, consumption after N,O chemisorption. The bare
Cu-ZnO catalyst shows the lowest value of H, consumption, indicating
that after N,O chemisorption, this is the catalyst with the fewest re-
ducible species (Cu,O from surface Cu and reducible oxide species at the
Cu-support interface). For Cu-ZnGaAlO and Cu-ZnGaZrO, an increase
in the Ga content up to 6%-7% produces an increase in the H, con-
sumption. For a similar content of Ga, the corresponding Cu-ZnGaZrO
shows a higher H, consumption than Cu-ZnGaAlO. As stated above,
Cu-ZnGaZrO materials show very well-defined peaks at lower reduc-
tion temperatures than their Cu-ZnGaAlO counterparts (Fig. 1). These
findings indicate that Cu particles of a smaller size could be present in
Cu-ZnGaZrO in which ZrO, and Ga,0; could favor the Cu dispersion and
enable CuO species to be more easily reduced [21]. Moreover, the pres-
ence of ZrO, and/or Ga,05 could increase the number of oxygen defects
at the Cu-support interface and therefore the H, consumption after N,O
chemisorption.

Fig. 3 shows the H,-TPD profiles of the reduced catalysts. Studies of
the H, interaction with Cu have shown that Cu can dissociatively adsorb
H, on its surface and subsurface; the desorption of surface H has been
reported to take place at about 27 °C [20,22] while subsurface H des-
orbs at about 287 °C [22]. For Cu-ZnO-based catalysts, peaks at about
100-120 °C have been related with atomic H on highly defective ZnO
at the Cu/ZnO interface [22], and peaks at 350-500 °C with desorption
of H, from bulk Cu particles or the ZnO surface [23,24]. Moreover, the
dissociative chemisorption of H, on Ga,05 has been observed at temper-
atures above 227 °C; heterolytic adsorption of H, at Ga-O-Ga sites pro-
duces OH and Ga-H, which can recombine and desorb as molecular H,
at temperatures of 400 °C or higher [25].

Cu-ZnGaZrO and Cu-ZnGaAlO show two zones of H, desorption with
maxima at 104-125 °C and 352-382 °C (Fig. 3). Meanwhile, ZnGaZrO
and ZnGaAlO do not show peaks in the low-temperature zone. Peaks
with a maximum at 104-125°C could be related to the

Chemical composition and Sggy of reduced catalysts. Hydrogen consumption during H,-TPR experiments of calcined catalysts.

Sper H,/Cu
Catalyst Wt% (m?/g) (mol/mol)
Cu Al,O5 or ZrO, Ga,04

Cu-ZnO 34.3 - - 12.7 0.982
Cu-ZnGaAlO1 30.4 19.3 3.0 21.0 1.15
Cu-ZnGaAlO2 23.1 38.3 6.0 40.9 1.18
Cu-ZnGaZrO1 33.2 25.0 3.0 45.5 1.08°
Cu-ZnGaZrO2 23.6 36.2 7.2 52.2 1.09°
ZnGaAlO - 36.1° 2.3 - -
ZnGazZrO - 37.6° 2.4° - -

a From Ref. [17].
b Determined for calcined samples.
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Fig. 1. H,-TPR profiles of calcined catalysts. Data for Cu-ZnO, Cu-ZnGaZrOl and
Cu-ZnGaZrO2 from Ref. [17].

presence of Cu, probably with atomic H on highly deficient oxide (ZnO,
Ga,05 or ZrO,) at the Cu-support interface. Peaks with a maximum in
the zone 352-382 °C could be ascribed to the adsorption of H, on the
support. The intensity of the peaks corresponding to Cu-ZnO was very
much lower than those of Cu-ZnGaZrO and Cu-ZnGaAlO (Fig. 3), in-
dicating a higher capacity of the multicomponent catalysts for H, ad-
sorption. Moreover, for Cu-ZnGaZrO and Cu-ZnGaAlO, an increase in
the Ga content produced an increase in the corresponding intensity of
the peaks; both the capacity of Ga,05 for H, adsorption [25] and the

aZn0 +ZnALO, VCu

m

Cu-ZnGahlo1 & a * a A

(a)

ICu-ZnO

-'- Y
Cu-ZnGaAIO2 | - Vi 4 *
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Cu-ZnGaZrO2 % A A
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change of the Cu-support interface with the variation of Ga,05 content
could account for.

Fig. 4 shows the CO,-TPD profiles corresponding to the different cat-
alysts. Cu-ZnGaZrO and Cu-ZnGaAlO showed a higher number of sur-
face basic sites of weak and medium strength than Cu-ZnO.

The surface atomic composition determined by XPS of the reduced
Cu-containing catalysts is shown in Table 3. The Cu-ZnGaAlO catalysts
showed significantly lower surface Cu concentrations than the other cat-
alysts, while Cu-ZnO and Cu-ZnGaZrO showed similar surface Cu con-
centrations. The main component on the surface of the reduced Cu-Zn-
GaAlO catalysts is related with species containing Al.

Table 4 shows the behavior of the catalysts in the hydrogenation
of CO, at 3 MPa and 250-270 °C. Results corresponding to ZnGaAlO
and ZnGaZrO are also included in Table 4; however, they will not be
further discussed due to the low values of CO, conversion achieved
with them. For Cu-containing catalysts, in all cases, the CO, conver-
sion increased with the increase in temperature. CO, CH;O0H and mi-
nor amounts of CH, were obtained as products. CO was always the ma-
jor product and its yield depended on the catalyst. As expected, for a
given catalyst, the CO selectivity increased and the CH;OH selectivity
decreased with the increase in temperature (Table 4). The Cu-ZnGaZrO
catalysts were more active than their Cu-ZnGaAlO counterparts. As dis-
cussed above, the XPS and N,O chemisorption results indicate that the
Cu-ZnGaZrO catalysts presented much higher % mol Cu on the sur-
face (Table 3) and a larger amount of reducible oxide species at the
Cu-support interface than the Cu-ZnGaAlO catalysts (Tables 2 and 3).
Cu-ZnGaZrO also showed a higher CO yield than Cu-ZnO in the over-
all temperature range analyzed. Although Cu-ZnGaZrO and Cu-ZnO
showed similar %Cu on the surface (Table 3), the Cu-ZnGaZrO cat-
alysts have much higher BET surface area values and much larger
amounts of reducible oxide species at the Cu-support interface than

Cu-ZnO. We propose that synergy involving the surface Cu and the
4Zn0O &ZnALLO, VCu +CuO

T (b)

AW 'y
lCu-zn0 X x s

Cu-ZnGaAlO1

Cu-ZnGaAlO2
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Cu-ZnGaZrO L)

Cu-ZnGazr02 A & 4
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Fig. 2. XRD patterns: (a) Hy-reduced catalysts, (b) post-reaction catalysts. (#), ZnO; (#), ZnAl,0, and/or CuAl,04; (V/), Cu; (), CuO; X signals correspond to impurities of SiC.
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Table 2
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Crystallite size of Cu and ZnO calculated from XRD of reduced and post-reaction catalysts. H, consumption after N,O chemisorption.

Catalyst Reduced Post-reaction

XRD H, consumption after N,O (pmol/g.,) XRD

deu dzno dey dzno

(nm) (nm) (nm) (nm)
Cu-ZnO 46.8 35.3 197 39.4 34.2
Cu-ZnGaAlO1 32.2 38.5 258 27.9 33.4
Cu-ZnGaAlO2 n.d. (14.7)2 292 n.d. (14.6)*
Cu-ZnGaZrO1 30.0 24.6 415 31.5 23.8
Cu-ZnGaZrO2 25.9 19.2 421 29.5 23.0
ZnGaAlO - (4.0)2> - - (4.2)
ZnGazZrO - 16.1° - ~ 13.8

n.d.: not determined.
a ZnAl,O, phase.
b Determined for calcined samples.

Intensity (a.u.)

ZnGaAlo
¥ ZnGazro

T T T T T T T

T
450 500

L L | T T T T T
50 100 150 200 250 300 350 400
Temperature (°C)

Fig. 3. H,-TPD profiles of reduced catalysts as a function of desorption temperature.

oxygen vacancies at the Cu-support interface is responsible for the bet-
ter performance in the RWGS reaction of Cu-ZnGaZrO with respect to
the Cu-ZnO or Cu-ZnGaAlO samples. For binary Cu/ZnO catalysts, an
important role of optimized Cu/ZnO interfaces in the activation and dis-
sociation of CO, as the rate determining step of the RWGS reaction has
recently been proposed [26].

The post-reaction catalysts were analyzed by XRD. As shown in
Fig. 2b, for all Cu-containing samples, metallic Cu and ZnO were ob-
served. Moreover, for the Cu-ZnGaAlO catalysts, the presence of CuO
and ZnAl,O, phases cannot be ruled out. The calculated crystallite sizes
for the different phases are presented in Table 2.

There were no large differences observed in the particle size of the
different phases for the post-reaction catalysts compared to the corre-
sponding reduced fresh catalysts.

The Cu-ZnGaZrO1 catalyst, which showed the highest CO produc-
tion, was chosen for further analysis of different aspects of the reaction.
In order to study on the relationship, if any, between CO and methanol
formation, we analyzed the influence of the contact time during the
RWGS reaction on the catalytic performance of Cu-ZnGaZrO1 at 270 °C
under a total pressure of 3 MPa. This new experiment was carried out

Cu-ZnGaZrO2

Cu-ZnGaZrO1

Cu-ZnGaAlO2

Intensity (a.u.)

Cu-ZnGaAlO1

Cu-ZnO

T T T T T T T T

T~ T T T 7T 7T 7T 1
150 200 250 300 350 400 450 500

Temperature (°C)

T T
50 100
Fig. 4. CO,-TPD profiles of reduced catalysts as a function of desorption temperature.

Table 3
Surface atomic concentration of reduced catalysts determined by XPS analysis.

Catalyst mol/mol (%)

Cu Zn Ga Al or Zr
Cu-ZnO 11.6 88.4 - -
Cu-ZnGaAlO1 4.5 24.1 2.8 68.6
Cu-ZnGaAlO2 6.6 14.6 3.3 75.5
Cu-ZnGaZrO1 11.6 45.5 4.9 37.9
Cu-ZnGaZrO2 12.7 27.9 7.5 51.9

by varying the GHSV from 10,000 h~! up to 48,000 h~1. Fig. 5 shows
the CO, conversion and the CO and methanol selectivity values as a
function of the contact time. CO, conversion increased from 5.5% to
12.6% with the increase in contact time, while only slight changes on
CO and methanol selectivities were observed. These results suggest that
CO and methanol are primary products formed through independent re-
action pathways. However, we cannot rule out that a small fraction of
the CO formed could come from the decomposition of methanol (Fig. 5).
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Table 4
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Catalytic behavior in RWGS reaction. CO, conversion (Xco,), CO yield, and CH;0H (Sch;on) and CH, (ScH,) selectivity values. Reaction conditions: T = 250-270 °C, P = 3 MPa,

CO,/Hy/N, = 1/3/1, GHSV = 3000 h~1.

Sch,0n Scw,
Catalysts T(°C) Xco, (%) CO yield mmol/Kg h (%) (%)
Cu-ZnO 250 2.4 3354 14.0 <0.01
260 3.9 5817 8.6 0.01
270 5.3 8098 6.8 0.01
Cu-ZnGaAlOl 250 15 1634 33.9 1.1
260 1.9 2141 28.3 1.3
270 2.6 3319 21.9 1.4
Cu-ZnGaAlO2 250 2.6 3879 9.4 0.03
260 4.6 7061 6.4 0.03
270 7.5 11,788 4.2 0.04
Cu-ZnGaZrO1 250 6.5 9226 12.7 0.2
260 7.9 11,635 10.1 0.1
270 11.2 17,047 6.9 0.1
Cu-ZnGaZr02 250 5.8 8050 14.5 0.01
260 7.0 10,133 11.8 0.02
270 9.5 14,321 8.2 0.02
ZnGaAlO 250 0.1 137 18.9 1.9
260 0.2 207 19.1 1.7
270 0.2 317 18.7 1.4
ZnGazrO 250 0.1 82 28.9 4.0
260 0.1 118 28.0 3.8
270 0.2 179 27.8 3.5
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Fig. 5. Effect of GHSV variation on CO, conversion (Xco,), and CO (S¢o) and CH;OH
(Scu;0H) selectivity values over Cu-ZnGaZrOl. Reaction conditions: T = 270 °C,
P = 3 MPa, GHSV = 10,000-48,000 h~1.

We also studied the effect of the total pressure on the catalytic be-
havior of Cu-ZnGaZrO1. Fig. 6 shows the results as a function of pres-
sure from 0.1 MPa to 3 MPa; the new experiment was performed at
270 °C under a GHSV of 3000 h~!. As can be seen in Fig. 6, CO, conver-
sion and CH3OH selectivity increased with increasing reaction pressure.
Although the increase in pressure from 0.1 MPa to 3 MPa increased the
yield of both methanol and CO, the increase in the yield of methanol
was very much greater than that of CO, in agreement with the expected
effect of pressure in the RWGS and methanol synthesis reactions. Under
these conditions, selectivity for CH, was always below 0.2%.

Finally, the RWGS reaction was also studied over Cu-ZnGaZrO1 in
the 275-325 °C range at 0.1 MPa under a GHSV of 3000 h~1. As can
be observed in Table 5, CO production increased with the increase in
temperature. Moreover, at temperatures higher than 275 °C, negligible
selectivity for methanol was obtained while CO selectivity approached
100%. At 325 °C, the Cu-ZnGaZrO1 catalyst achieved a CO, conversion

Fig. 6. CO, conversion @), and CO () and CH,OH ({[[T[]) selectivity values as a func-
tion of reaction pressure (0.1 MPa-3 MPa) over Cu-ZnGaZrO1; T = 270 °C.

Table 5
Catalytic behavior in RWGS reaction at 0.1 MPa of Cu-ZnGaZrO1l. Reaction conditions:
GHSV = 3000 h~1, CO,/Hy/N, = 1/3/1.

Xco, CO yield Sco Scu,on Scw,
T(°C) (%) mmol/Kg h (%) (%) (%)
325 16.8 27,415 99.7 <0.01 0.3
300 9.6 15,612 99.8 <0.02 0.2
275 4.6 7472 99.7 0.2 0.1

of 16.8%, compared to the expected CO, equilibrium conversion of
26.5%. For CO production over Cu-ZnGaZrO1, an apparent activation
energy of 70.9 + 3.7 kJ/mol was determined from the corresponding
Arrhenius plot in the 275-325 °C range; this value is similar to that pre-
viously reported for CuZrO,CeO, catalysts with similar Cu content [27].
For Cu/ZnO:Al and Cu/ZnO:Ga catalysts with a lower Cu content (ap-
prox. 10 wt%) and prepared by impregnation, apparent activation en-
ergy values of 112 kJ/mol in the 190-250 °C range have recently been
reported [28].



X. Liu et al.

4. Conclusions

Multicomponent Cu-ZnO-based catalysts, containing Ga,O; and ei-
ther Al,O5 (Cu-ZnGaAlO) or ZrO, (Cu-ZnGaZrO), prepared using a sur-
factant-free sol-gel method are highly efficient in the RWGS reaction
at 250-270 °C and 3 MPa using a CO,/H, = 1/3 reactant mixture. Be-
sides CO as the major product, CH;0H and minor amounts of CH, were
found. An increase in temperature from 250 °C to 270 °C produced an
increase in both the conversion of CO, and selectivity for the RWGS re-
action. Over the Cu-ZnGaZrO1 catalyst, CO and methanol are proposed
to be the primary products formed through independent reaction routes.

The Cu-ZnGaZrO catalysts are more active in the RWGS reaction
than the Cu-ZnGaAlO catalysts. This is related to a higher % mol Cu on
the surface and a higher amount of surface reducible oxide species on
Cu-ZnGaZrO than Cu-ZnGaAlO; the presence of more interface oxygen
vacancies on Cu-ZnGaZrO is suggested.

The RWGS reaction carried out at 0.1 MPa and 325 °C over the
Cu-ZnGaZrO1 catalyst achieves 16.8% CO, conversion and approaches
100% CO selectivity; an apparent activation energy of 70.9 + 3.7 kJ/
mol was determined at 275-325 °C.
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