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Cu/Zn0 and Cu/ZnO/Al,03 ultrafine particle catalysts have been
prepared by a novel oxalate gel coprecipitation method. XRD, TEM,
TG/DTG, and EXAFS were used to characterize the phases, mor-
phology, and particle sizes of the precursors of the catalysts and re-
duced catalysts. The results showed that isomorphous substitution
took place between copper and zinc in the precipitates. The addition
of Al to the binary system made the copper and zinc in the catalyst
exist in much smaller crystallites and exhibit an amorphous-like
structure. The effects of composition, structure, and surface prop-
erty of the catalysts as well as the reaction condition on the activity
and selectivity to methanol for methanol synthesis from CO; + H;
were investigated. The activity was found to increase with the in-
crease of surface area of metallic copper in the range of 10-60%
of copper content, but it decreased as the copper content exceeded
60%, although the metallic copper surface area was higher. This was
explained by the strong synergy between copper and zinc oxide. The
effect of contact time on the relative selectivity (y = Sch,0H/Sco)
and selectivity of methanol was also investigated. The results in-
dicated that methanol was formed directly from hydrogenation of
COz. (© 1997 Academic Press

INTRODUCTION

Methanol synthesis from syngas has been an important
chemical process since the invention of a high-pressure
method by BASF in 1920s (1, 2). The low-pressure process
for synthesis of methanol using Cu/ZnO/Al,O; catalyst was
investigated by ICI in the late 1960s (3, 4). A high catalytic
activity of the catalyst employed in their work was observed
at 5-10 MPa and 230-300°C. However, it was reported that
the composition of feed gas had a significant effect on the
productivity and selectivity of methanol (5-13). Klier et al.
(7, 14) studied the influence of carbon dioxide on the activ-
ity of Cu/ZnQO catalyst and observed a maximum synthesis
rate at CO,/CO ratio of 1/14. By isotopic studies using C**
or other methods, some authors (6-8, 10, 15-18) have con-
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firmed that methanol was mainly formed from CO, rather
than CO in the hydrogenation of the mixture of CO and
CO.. Since the rate of CO; hydrogenation to methanol was
much greater than the rate of CO hydrogenation, CO;, was
the main direct carbon source of methanol synthesis. On
the other hand, Chanchlani et al. (19) have measured the
formation rates of methanol at different synthesis gas com-
positions and reaction temperatures; the results indicated
that methanol could be formed from either CO or CO..
When both reactants were present in the syngas, the rates
from either reactant were additive, with a further contribu-
tion to methanol arising from interconversion, mainly CO
to CO,, via the water—gas shift, utilizing water formed in
the methanol synthesis. At temperatures lower than 250°C,
methanol synthesis rates exhibited monotonical increase
with increasing CO; concentration, while a maximum rate
was observed at higher temperatures. This observation was
interpreted as being due to a change in the importance of
CO and CO; as the source of methanol in the synthesis.
However, Vedage et al. (20) concluded that CO was the
dominant reactant for producing methanol, while CO; was
aminor reactant. In spite of this rather convincing evidence,
the controversies for the direct carbon source of methanol
synthesis have not yet been completely settled.

Recently, the effective utilization of CO; has been catch-
ing great attention due to its environmental relevance. In
addition, synthesis of methanol from CO,+ H; is one of
the most economic processes. However, Inui et al. (21) re-
ported that the activity was very low when the commercial
Cu/ZnO/Al,O3 catalyst was used in the process of methanol
synthesis from CO, + H,. Therefore, it is important to syn-
thesize and develop new catalysts with a higher activity and
better selectivity to methanol.

However, many studies have been focused on the struc-
ture of the active surface, the nature of the active sites, and
the reaction mechanism. It was suggested that the active
centers for methanol synthesis were Cu—Zn pair (14, 22),
Cu™ ions (7, 13, 23-28), Cu®-Cu* (11, 29-32), or copper
metal (30, 31, 33, 34). But it was also found that, in all
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cases, the methanol productivity of the individual metals
or oxides were of some orders of magnitude lower than
the metal/oxide combination. The explanation for this re-
markable synergy has remained controversial. Klier (14)
proposed that the active site was the partly oxidized copper
dissolved in the ZnO lattice. Herman et al. (13) suggested
that the methanol synthesis activity could be attributed to
the concentration of Cu™ dissolved in ZnO. Frost (35) pro-
posed that the interaction between small particles and an
encapsulating oxide would give rise to an increase in the
concentration of surface oxygen vacancies, which were re-
garded to be the active sites for methanol synthesis.

In this work, a novel process for the preparation of
Cu/zZn/Al,O3 ultrafine catalysts by means of gel-copre-
cipitation of oxalates was utilized. These catalysts showed
higher catalytic activity for the synthesis of methanol from
CO, + Hj. The structure and morphology of the precipi-
tates and their calcined and reduced forms were studied
by transmission electron microscopy (TEM), X-ray diffrac-
tion (XRD), thermogravimetry and differential thermo-
gravimetry (TG/DTG), N,O-decomposition adsorption,
and extended X-ray adsorption fine structure (EXAFS).
The effects of composition, structure, surface property of
the catalysts, and reaction condition on the activity and se-
lectivity of methanol for methanol synthesis from CO, + H;
were investigated.

EXPERIMENTAL

Preparation of Catalysts

Cu/ZnO and Cu/ZnO/Al,O3 catalysts with various com-
positions used in this study were prepared by an oxalate
gel coprecipitation method similar to that described previ-
ously (36). The mixed nitrates and 20% excess of oxalic acid
were dissolved in ethanol (provided by Shanghai Chemical
Reagent Institute, >99.7%), individually. The two solutions
were mixed at room temperature with vigorous stirring.
The precipitates were formed and separated by centrifuge
and then dried at 110°C overnight. The volume of the pre-
cipitates shrank to less than 1/5 of their original volume
after drying. Obviously the precipitates showed gel-like
properties. This novel method was designated as oxalate
gel coprecipitation. Some catalysts were also prepared by a
conventional method, in which the mixed aqueous solution
of copper nitrate, zinc nitrate, and aluminum nitrate (each
0.1 M) was precipitated by aqueous solution of oxalic acid
(0.1 M) at room temperature with vigorous stirring. How-
ever, the volume of the precipitates did not shrink during
the drying process. This was referred to as conventional ox-
alate coprecipitation method. The precipitates of oxalates
were calcined inamuffle ovenat 150°C for 1 h, 200°C for 1 h,
250°C for 1 h,300°C for 1 h, and 360°C for 4 h. Subsequently,
the ultrafine particles of CuO/ZnO and CuO/ZnO/Al,O3
catalysts were obtained.

Catalyst Characterization

XRD determination was recorded using a Rigaku,
Dmax-rA X-ray powder diffractometer with CuKe radi-
ation, graphite monochromator. The mean crystallite size
was calculated using Scherrer equation from half-width of
the diffraction lines of Cu(111) and ZnO(100). The TEM
micrographs were obtained with a Hitachi H600 scantrans-
mission electron microscope. Thermogravimetric and dif-
ferential thermogravimetric analyses were carried out in
the air with a heating rate of 5°C - min~* using a Dupont-951
thermal gravimetric analyzer. The specific surface area of
metallic copper was measured by the decomposition of N,O
(20, 37-39) on the surface of metallic copper as follows:
2Cu + N,O=Nj3 + (Cu—O—-Cu)s. The pulse titration tech-
nique was employed in our experiment. N, was used as
the carrier gas and a thermal conduct detector was used
to detect the amount of the consumption of N,O. The spe-
cific area of metallic copper was calculated from the total
amount of N,O consumption with 1.46 x 10'°-m~2 Cu (37,
39). The accuracy of the metallic copper surface area mea-
surement was higher than 95%.

XAFS spectra of both Cu and Zn K-edges were recorded
on the BL-10B in the National Laboratory of High Energy
Physics (KEK, Tsakuba). The electron beam energy of the
storage ring was 2.5 GeV and the stored current was in the
range of 360-260 mA. The monochromator was channel-cut
Si(311). The energy calibration was monitored using Cu foil
and was set at 89803 eV at the K absorption edge. Data were
collected in the transmission mode using ion chambers at
room temperature. The data analysis was conducted using
the EXAFS analysis program EXAFS(II) (40).

Measurement of Catalytic Activity

The catalytic activity was tested in a pressurized contin-
uous tubular flow fixed-bed microreactor as described pre-
viously (36). The catalyst (40-60 mesh, 0.5 ml) was packed
into a stainless-steel reactor (i.d., 6.0 mm) and reduced in
flowing premixed H/Ar(5/95) flow of 40 ml- min~t (NTP).
The temperature was increased to 250°C with a heating
rate of 2°C-min~! and then kept at this temperature for
10 h. After reduction, the gas flow was switched to pre-
mixed CO,/H,(1/3). The reaction was carried out under a
pressure of 2.0 MPa, a temperature in the range of 180 to
300°C, and at an hourly space velocity (SV) of 3,600 to
25,000 h~1. Checks were made for heat and mass transport
interference employing various criteria (for gradients of
temperature and concentration with the catalyst and within
the film surrounding it) proposed in the literature (41). All
of these tests were strongly negative, indicating the absence
of transport masking. From these calculations, particle sizes
and gas flow rates at which masking would be eliminated
were selected, and these conditions were used in the sub-
sequent experiment. All experimental data were obtained
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under steady-state conditions that were usually maintained
for several hours before changing the reaction conditions
to obtain another set of data. The products were analyzed
by an on-line gas chromatograph with a thermal conduc-
tivity detector, in which two parallel connected columns,
Porapak-Q and TDX-01, were used to separate reaction
products.

RESULTS AND DISCUSSION

Structure of the Precipitates of Oxalate

The XRD patterns of the precipitates prepared by the
oxalate gel-coprecipitation are shown in Fig. 1. Only two
phases («¢-ZnC,0, - 2H,0, CuC,0, - xH,0) were observed
in the patterns. No 8-ZnC,0,4 phase, which appeared in the
conventional oxalate coprecipitation process (36), was de-
tected. This indicates that the structure and morphology
of the precipitates formed by the novel process is differ-
ent from the precipitates formed by the conventional pro-
cess. It can also be seen from Fig. 1 that the proportion of
a-ZnC,0, - 2H,0 to CuC,04 - xH,0O varied with the change
of molar ratio of Cu to Zn. The fraction of «-ZnC,0, - 2H,0
decreased with the decrease of Zn content. When
Cu/Zn =1, the peak of CuC,0,-xH,O was much stronger
than that of ZnC,0,-2H,0, when Cu/Zn=2, only the
diffraction line of CuC,0,-xH,0O was observed. This in-
dicates that a single-phase precipitate was formed and a
considerable amount of the zinc was incorporated in the
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FIG.1. XRD patterns of the gel oxalate precipitates with various
compositions. (&) CZA02 (Cu/Zn/Al = 30/60/10); (b) CZA03 (Cu/Zn/Al =
45/45/10); (c) CZA04 (Cu/Zn/Al=60/30/10). (A) CuC,04-xH,0; (A)
a-ZnC,04 - 2H,0.
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FIG.2. DTG ofthegel oxalate precipitates with various compositions.
(a) CZA01 (Cu/Zn/Al=10/80/10); (b) CZA02 (Cu/Zn/Al=30/60/10);
(c) CZA03 (Cu/Zn/Al = 45/45/10); (d) CZA04 (Cu/Zn/Al = 60/30/10).

structure of CuC,0,-xH,O by isomorphous substitution
between copper and zinc under such conditions.

The isomorphous substitution of zinc and copper in
the catalyst precursor was further demonstrated by the
TG/DTG analysis of the oxalate precipitates having var-
ious compositions. In DTG spectra shown in Fig. 2, three
peaks for the loss of weight were observed at 110, 322, and
358°C. The peak at about 110°C was due to the desorption
of physically absorbed water. The peaks at 322 and 358°C
were ascribed to the decomposition of oxalate precipitates.
We denote them as «(322°C) and B(358°C) peaks, respec-
tively. With the increase of copper content, the « peak in-
creased while the g peak decreased. Obviously, the « and
B peaks could be assigned to the decomposition of CuC,04
and ZnC,04 phases, respectively. Only the g peak was ob-
served when Cu/Zn < 1/8, and only the « peak was observed
at Cu/Zn > 2. This indicates that the precipitates were sin-
gle phase under these two conditions. Namely, only the
ZnC,04phase was formed at lower copper contentand only
the CuC,0,4 phase was formed at higher copper content.
This is consistent with the result from XRD. Table 1 lists
the total loss of weight for decomposition of CuC,0,4 and
ZnC,04to CuO, ZnO (the desorption of physical absorbed
water was not included), and fractions of the «, 8 peak. It
can be seen that although total loss of weight was approxi-
mate to the theoretical loss of weight (meaning the loss of
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TABLE 1

Results of DTG Analysis for the Precursors of the
Catalysts with Various Compositions

Composition (atom) Loss of weight (%)

Catalysts? Cu/Zn/Al Total a B
CZA01 10/80/10 49.7 0.0 49.7
CZA02 30/60/10 50.0 25.7 243
CZA03 45/45/10 49.9 41.6 8.3
CZA04 60/30/10 48.4 48.4 0.0
CZA05° 45/45/10 46.2 27.2 19.0

@ The catalyst with Cu/Zn/Al=10/80/10 was assigned as
CZA01, Cu/Zn/Al =30/60/10 as CZA02, Cu/Zn/Al = 45/45/10
as CZAO03, Cu/Zn/Al=60/30/10 as CZA04, and Cu/Zn/Al =
80/10/10 as CZAW06 (in Table 3), respectively.

b Prepared by the conventional coprecipitation.

weight during the decomposition of CuC,0,4 and ZnC;04
to CuO and Zn0, i.e., Cu(C,04) or Zn(C,04)=CuO or
ZnO + CO*T 4 CO,1, the theoretical loss of weight equal-
ing (Mco + Mco,)/Mcu(or znc,0, (here M is molar mass)),
there was a remarkable disparity between the fraction of
the «, 8 peaks and the composition of the precursors of the
catalysts. This reveals the degree of isomorphous substitu-
tion between copper and zinc to some extent.

Figure 3 shows the DTG spectra of the precipitates with
Cu/Zn/Al = 45/45/10 prepared by both the conventional
and the novel coprecipitation of oxalate. It can be seen
that there was a great difference between the two kinds
of precipitates. Although both the « and the g peaks were
observed in both precipitates prepared by the conventional
and the novel method, the intensity of the 8 peak for the
precipitates prepared by the novel method decreased so
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FIG.3. DTG of the precursors before calcination for Cu:Zn:Al=
45:45:10. (a) Gel-precipitate prepared by the move gel oxalate coprecip-
itation method (CZA03); (b) crystal-precipitate prepared by the conven-
tional oxalate coprecipitation method (CZAQ05).
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FIG. 4. XRD of the calcined CuO/ZnO and CuO/ZnO/Al,O3 cata-
lysts. (a) CZAO03 (Cu/Zn/Al=45/45/10); (b) CZ02 (Cu/Zn=50/50).
(®) CuO; (O) ZnOo.

rapidly that only a shoulder peak could be observed. This
indicates that the fraction of ZnC,0, structure in the pre-
cipitates prepared by the conventional method was much
higher than that in the precipitates prepared by the novel
method. The explanation for this can be attributed to the
possibility that there was less zinc incorporated into the
CuC,04 phase during the former precipitation.

Characterization of Calcined Catalyst

The XRD patterns for the binary (Cu/zZn=50/50) and
ternary (Cu/Zn/Al = 45/45/10) calcined catalysts (assigned
as CZ02 and CZAQ03, respectively) prepared by the oxalate
gel coprecipitation are shown in Fig. 4. The results indi-
cate that copper and zinc were present in the CuO and
ZnO phase in the calcined catalyst. This observation from
XRD is consistent with the DTG results mentioned above.
For the ternary catalyst, the diffraction peaks of ZnO and
CuO were broadened remarkably and overlapped. Further-
more, no lines from an aluminum phase could be identified.
In contrast to the ternary catalyst, the binary CuO/ZnO
catalyst showed much narrower and sharper diffraction
and a resolvable peak at 260 = 35.3°. The results show that
the addition of Al,O3; had a significant influence on the
particle size distribution and the structure of the catalyst.
The copper, zinc, and aluminum phases were present in
an amorphous-like or microcrystalline state in the ternary
catalysts. The transmission electron micrographs of a binary
catalyst (CZ02) with Cu/Zn=1/1 and a ternary catalyst
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FIG.5. TEM of the calcined binary and ternary catalyst. (A) CZ02 (Cu/Zn =50/50); (B) CZA03 (Cu/Zn/Al = 45/45/10).

(CZA03) with Cu/Zn/Al = 45/45/10 are shown in Fig. 5. The
morphology of the two calcined catalysts clearly demon-
strates that the binary catalyst consisted of larger particles
of similar shape, which often appeared in larger agglomer-
ates, than the ternary catalyst did.

However, since the broadening of CuO and ZnO diffrac-
tion lines are due to their much finer particle size and the
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most intense ZnO diffraction line overlaps with the diffrac-
tion line from CuO phase (see Fig. 4), itis difficult to identify
whether or not some copper species were substituted in the
ZnO phase. In order to shed further light on this question,
XAS (X-ray absorption spectroscopy) and EXAFS were
employed. Figure 6A shows the Cu absorption K-edge for
the calcined binary (CZ03) and ternary (CZAO04) catalysts
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Cu K-edge absorption spectra and Fourier transforms of the Cu EXAFS (B) of (a) model CuO, (b) calcined binary catalyst (CZ03) with

Cu/Zn =67/33, and (c) calcined ternary catalyst (CZA04) with Cu/Zn/Al =60/30/10.
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TABLE 2

Curve-Fitting Results of Cu and Zn EXAFS
for the Calcined Catalysts

Cu EXAFS Zn EXAFS
Catalyst R(A) N R(A) N
Ccz03 Cu-O 19 45 2ZnO 1.97 45
Zn-Zn 323 115
CZA04 Cu-O 196 44 Zn-O 1.97 4.4
Zn-Zn 323 8.6

and model CuO. It is found that they are essentially the
same. The first near-neighbor peaks for the catalysts in the
Cu EXAFS results (shown in Fig. 6B) coincide with the
peak from the four nearest-neighbor oxygen atoms in CuO.
Curve-fitting results (listed in Table 2) show that both the
binary and the ternary catalysts gave a Cu—O bond length
of 1.96 A and a coordination number of about 4.5 oxygen
atoms. These values are close to the local structural param-
eter of CuO (two Cu—O bonds of 1.95 A and two bonds of
1.96 A). Furthermore, we can find from Fig. 7A that the Zn
absorption K-edges for the binary and ternary catalyst and
model ZnO exhibited essentially the same features too. The
Fourier transformed Zn EXAFS of the catalyst is shown in
Fig. 7B, and curve-fitting results are given in Table 2. It is
found that the first near-neighbor peaks of both binary and
ternary catalysts are also consistent with the peak from the
Zn—0 pair in ZnO (one ZnO bond of 1.99 A and three
bonds of 1.97 A). These XAS and EXAFS results indicate

Absorption intensity (Arb. units)
| O% |

9650 9660 9670

Energy (eV)

9640 9680 9690 9700

that Cu was present as CuO and Zn was present as ZnO in
both the binary and the ternary catalyst.

By comparing the second and third near-neighbor peaks
of Cu EXAFS, it can be found that their corresponding po-
sitions were the same, while their intensities were slightly
reduced for the catalysts, especially for the ternary catalyst.
In the Zn EXAFS, ZnO exhibites a particularly intense
second-shell peak at about 2.8 A due to 6 Zn at 3.21 A
and 6 Zn at 3.25 A. However, the peaks at about 2.8 A for
the calcined catalyst are much smaller. Curve-fitting results
show that the coordination number for the peaks of binary
and ternary catalysts are 11.5 and 8.6, respectively. All of
these differences in the structure features of the K-edge ab-
sorption and fitted EXAFS results between binary, ternary,
and CuO indicate that there were some differences in the
local surroundings between the catalysts and those well-
crystallized CuO.

In Fourier transforms of the Cu EXAFS for calcined cata-
lyst (Fig. 6B), an unnegligible scatter peak at 3.09 A was
present and it seems to be ascribed to the Cu—-Zn scattering
of the catalyst just as previously suggested (42). Accord-
ing to this result, Sankar (42) believed that the calcined
catalysts contained two copper species, Cu?* in a CuO-
like phase and Cu?* occupying substitutional sites in the
ZnO lattice. However, it is unfortunate that in our experi-
ment, the backscatter peak at 3.09 A was also present for
the model CuO. Therefore, we cannot obtain the conclu-
sion that some of the copper species were substituted in the
ZnO lattice. In fact, both XAS and EXAFS results of Cu
and Zn K-edge show that, in the calcined catalysts, copper
existed mainly as separate microcrystallite CuO particles,
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FIG.7. Zn K-edge absorption spectra (A) and Fourier transforms of the Zn EXAFS (B) of (a) model ZnO, (b) calcined binary catalyst (CZ03)
with Cu/Zn=67/33, (c) calcined ternary catalyst (CZA04) with Cu/Zn/Al =60/30/10, (d) reduced binary catalyst (CZ03) with Cu/Zn=67/33, and

(e) reduced ternary catalyst (CZA04) with Cu/Zn/Al = 60/30/10.
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while zinc existed as separate ZnO particles. The EXAFS
reveals that the addition of Al to a CuO-ZnO binary sys-
tem prevented the formation of any ordered zinc phase
and made the copper and zinc in catalyst appear in much
smaller crystallites and exhibit an amorphous-like or less
well-ordered structure feature. This is in agreement with
the XRD results mentioned above and reported previously
(43) and is approximately the same as the EXAFS results
reported by Clausen et al. (44).

Characterization of Reduced Catalysts

When the ternary Cu/ZnO/Al,O3 catalysts were reduced
by an Hy/Ar(5/95) mixture at 240°C, it can be found from
Fig. 8 that XRD lines for CuO were absent for the re-
duced sample while diffraction lines for Cu® were present.
This indicates that CuO in the ternary CuO/ZnO/Al,O3
was completely reduced to metallic copper. The mean crys-
tallite sizes were determined using the Scherrer equation,
d=kx/B cosf, and the results are listed in Table 3. This
shows that the mean crystallite size of ZnO was smaller than

25 30 35 40 45 50
20 (degree)

FIG.8. XRD of the reduced Cu/ZnO/Al,O3; catalysts. (a)
CZA01(10/80/10); (b) CZA02(30/60/10); (c) CZA04 (Cu/Zn/Al=
60/30/10); (d) CZA06 (Cu/Zn/Al =80/10/10). (A) ZnO; (@) Cu.

TABLE 3

Properties of Reduced Ternary and Binary
Cu/ZnO/Al,03 Catalysts

Metallic  Copper Copper

copper metal ZnO metal
surface  crystallite crystallite crystallite

Composition area size size size

Cu/Zn/Al (N20) (XRD) (XRD) (NL0)?
Catalysts (at.%) (m?.g7h (nm) (nm) (nm)
CZA01 10/80/10 5.8 <7.9 8.4 115
CZA02 30/60/10 19.1 7.9 6.3 105
CZA03 45/45/10 28.8 10.7 5.5 10.5
CZA04 60/30/10 36.3 10.7 3.9 11.0
CZA06 80/10/10 38.5 14.3 3.6 13.9
CZz02 50/50/0 6.9 46.8 16.3 485

2 dcu(N2O) was calculated from specific surface area of metallic copper
with a spherical particle model.

that of the metallic copper and that it increased with the in-
crease of zinc content. The mean particle sizes of metallic
copper determined by X-ray diffraction are consistent with
those calculated by the specific area of metallic copper de-
termined by N,O decomposition over metallic copper (see
Table 3). No spinel CuAl,O,4 phase is found in Fig. 8. The
diffraction lines of Cu and ZnO are broadened, especially
at lower Cu content, suggesting that Cu atoms were highly
dispersed and exhibited *“X-ray amorphous” features due
to the formation of amorphous and/or microcrystallites dur-
ing reduction. Klier et al. (13, 45) have also observed the
broadening or the absence of X-ray diffraction lines and
suggested that Cu was highly dispersed and a considerable
amount of amorphous phase was formed. It is consistent
with our observations.

Photographs of the transmission electron microscope of
the reduced catalysts with various composition are shown
in Fig. 9. These show that the reduced catalysts consisted of
clusters of interconnected particle with sizes of 10-15 nm.
Thefine ZnO particles adhere to the surface of metallic cop-
per, hence the sintering of copper particles was obstructed.
It was observed that the particle sizes of metallic copper
increased with the increase of copper content. This is in
agreement with the results from XRD and metallic cop-
per surface area measurement. At a lower Cu content (see
Figs. 9a and 9b), the copper particles were isolated and form
spherical particles. At a higher Cu content (see Figs. 9c and
9d), the copper particles were agglomerated into clusters
larger than 25 nm in size, but the metallic copper was still
highly dispersed.

Figure 10A shows the X-ray absorption edge spectra of
the reduced binary and ternary catalysts and model Cu and
Cu,0. By comparing Figs. 6A and 10A, it is found that
absorption edge shifted to lower energy after reduction
of the calcined catalysts and there is essentially no differ-
ence in the structure and position of K-edges between the
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FIG.9. TEM of the reduced Cu/ZnO/ALO; catalysts. (a) CZA01 (Cu/Zn/Al=10/80/10); (b) CZA02 (Cu/Zn/Al=30/60/10); (c) CZA04

(Cu/zn/Al = 60/30/10); (d) CZA06 (Cu/Zn/Al = 80/10/10).

reduced catalysts and metallic copper, while there is a re-
markable discrepancy between Cu,O and the reduced cat-
alysts. This indicates that the copper in the catalysts was
reduced to metallic copper. This is further supported by
the Cu EXAFS results. Figure 10B shows the Fourier trans-

formed Cu EXAFS of reduced binary and ternary catalysts
and metallic copper. The only strong peaks for reduced
catalysts and metallic copper are the backscatter peaks at
2.55 A corresponding to the Cu—Cu first coordination shell
feature. The reduction in peak amplitude for the reduced
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FIG. 10. Cu K-edge absorption spectra (A) and Fourier transforms of the Cu EXAFS (B) of (a) reduced CZA04 catalyst with Cu/Zn/Al = 63/30/10;
(b) reduced CZ03 catalyst with Cu/Zn = 2/1; (c) model metallic copper; and (d) model Cu,O.

catalysts indicates that copper was highly dispersed in the
catalysts. Curve-fitting results (listed in Table 4) show that
the Cu—Cau first coordination number is 7.0 in the reduced
binary catalyst and 6.0 in the reduced ternary catalyst. The
values are much less than 12 as is expected in bulk cop-
per. The smaller Cu—Cu first coordination number for the
reduced catalyst reveals that some amorphous-like copper
existed in the reduced catalyst and the Cu in the reduced
ternary catalyst was present in a much smaller Cu cluster
than in the binary system. This part of amorphous-like cop-
per could not be detected by XRD.

Figure 8 shows that only X-ray diffraction peaks of
metallic copper and ZnO phases were present for the re-
duced catalysts while no diffraction line of metallic zinc
(20 = 42.4°) was observed. Furthermore, by analyzing and
comparing Figs. 7A and 7B and the curve-fitting results (see
Tables 3 and 4), we also find that there is no observable
variation in the structural features of Zn K-edge absorp-
tion and fitted EXAFS results between model ZnO and re-

TABLE 4

Curve Fitting Results of Cu and Zn EXAFS
for the Reduced Catalysts

Cu EXAFS Zn EXAFS
Catalyst R (A) N R (A) N
Ccz03 2.55 70  ZnO 1.98 4.1
Zn-Zn 3.22 10.0
CZA04 2.55 60  ZnO 1.96 4.3
Zn-Zn 3.22 7.9

duced binary and ternary catalysts. In addition, there was no
backscatter peak at about 2.32 A corresponding to Zn—Zn
first coordination shell feature. According to the results
above, it can be concluded that no ZnO in the catalysts was
reduced to Zn under the reduction condition. However, the
backscatter peaks at about 2.8 A and the coordination num-
ber of more distant coordination shell of the reduced cata-
lystare smaller than those of the calcined catalyst, and those
of reduced ternary catalyst are smaller than those of the
reduced binary catalyst.This indicates that ZnO was further
dispersed and much smaller crystallites and amorphous-like
structures were formed after reduction and addition of Al.
This is in agreement with previous observations by X-ray
diffraction (13, 25, 45) and EXAFS (24).

Effect of the Composition and Copper Surface Area
of the Catalyst on the Catalytic Activity

The catalytic activity and selectivity to methanol for
methanol synthesis on the catalysts with various compo-
sitions are listed in Table 5. Comparing the Cu/ZnO/Al,O3
ternary catalysts with the binary Cu/ZnQ catalysts, it can be
found that the former shows a higher conversion of CO; and
higher yield of methanol. This can be attributed to the fine
particle size of metallic copper and higher copper metal sur-
face areainthe ternary catalyst. In addition, the catalytic ac-
tivity of the Cu/ZnO/Al,O3 ternary catalyst increased with
the increase of Cu/Zn ratio until it reached a maximum at
a Cu/Zn ratio of 1-2.

To avoid the influence of the limitation of the thermo-
dynamic equilibrium on the catalytic activity results of the
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TABLE 5

Performance of Methanol Synthesis from CO, + H; over Various Catalysts?

Composition Reaction CO, co MeOH MeOH TOF of
Catalyst Cu/Zn/Al (at.%) temperature (°C) conversion (%) selectivity (%) selectivity (%) yield (%) MeOH®.10° (s™1)
Czo1 30/70/0 220 5.9 52.5 475 2.8 2.58
240 124 68.4 31.6 3.6 331
260 17.2 80.8 19.2 33 3.04
CZ02 50/50/0 220 7.7 57.2 42.8 33 2.20
240 139 65.5 345 4.8 3.20
260 18.3 814 18.6 34 2.27
CZ03 60/30/0 220 7.2 54.8 452 33 1.13
240 12.2 63.9 36.1 4.4 1.50
260 18.2 77.5 225 4.1 1.40
CZA01 10/80/10 220 4.6 51.3 48.7 23 2.03
240 111 69.2 30.8 3.4 3.00
CZA02 30/60/10 220 104 58.1 41.9 4.4 1.18
240 17.0 713 28.7 4.9 1.31
CZA03 45/45/10 220 155 57.9 42.1 6.5 1.15
240 19.3 66.7 333 6.4 1.14
CZA04 60/30/10 220 147 53.3 46.7 6.9 0.97
240 16.8 64.2 35.8 6.0 0.85
CZA06 80/10/10 240 16.1 69.8 30.2 49 0.65

2 Reaction conditions: P = 2.0 MPa, SV = 3600 h*, CO,/H; = 1/3 (molar ratio).

Formed molecular number of methanol (N) _ (Yieldci,01% SV -1/4-6.02 x 10%) /22.4

b _
TOFchzon = time(S) - number of metallic copper atom (N) —

ternary Cu/ZnO/Al,Oj3 catalyst, a catalytic activity test was
also carried out under higher hourly space velocity (i.e.,
25,000 h~1) and the results are shown in Fig. 11. It can be
found that the yield of methanol reached a maximum at
about 60% copper content. The difference of the optimized
composition between our results and the literature’s re-
ports (13, 46-48) is due to the difference of the preparation
method, as it has been proposed that the optimized compo-
sition is related to the preparation method (46). For exam-
ple, with the ternary Cu/ZnO/Al,O3 catalyst, the novel gel

Yield of methanol(mol%)
w
T
1

1 i 1 n

1 PR T SR AN TN SN T S TR S S N
0 10 20 30 40 50 60 70 80 90
Cu content (atom%)

FIG. 11. Effect of Cu concentration of the ternary catalyst on yield
of CH3;OH at 240°C, 2.0 MPa, and hourly space velocity of 25000 h~%;
COy/H;, =1/3 (molar ratio).

3600 Sy - 1.46 x 100 (Nergon - Ney -57).

oxalate coprecipitation method derived an optimized com-
position of about Cu/Zn ratio of 1-2, 10 Al%. This is con-
sistent with the results obtained by acetate rout (47) as well
as those of commercial catalyst prepared by conventional
carbonate coprecipitation (6). The most favorable copper
content of a Raney catalyst (39) is 97% (after extraction)
obtained from a CuzZnAl alloy of composition 30-36/20-
14/50%. For the binary Cu/ZnO catalyst, the conventional
carbonate coprecipitation gave an optimized composition
of Cu/Zn=3/7 (13). However, our results show that the
best composition is about Cu/Zn=1/1.

Various compositions and different preparation methods
of Cu-containing catalysts can strongly influence their cata-
Iytic activity for methanol synthesis. It has been proposed
(30-33) that the yield of methanol is directly proportional
to the surface area of metallic copper for Cu/ZnO/Al,O3
or supported copper catalysts in the synthesis of methanol
from the hydrogenation of CO/CO,. However, there are
also conflicting reports (7, 49, 50) which suggest that the
yield of methanol is not proportional to the surface area of
metallic copper for the Cu/ZnO and Cu/ZnO/Al,O; cata-
lysts. There are fewer studies on the relations of catalytic
activity for methanol synthesis from hydrogenation of CO,
to the surface area of metallic copper.

In our experiment, the effect of the surface area of metal-
lic copper on the activity of synthesis of methanol from the
hydrogenation of CO, over Cu/ZnO/Al,Oj3 catalysts was
studied at different SV and the results are shown in Fig. 12.
It can be seen that the catalytic activity increased with the
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FIG. 12. The relationship between the yield of CH3;OH and Cu spe-
cific surface area at 240°C, 2.0 MPa, and hourly space velocity of (@)
3,600 h~*and (O) 25,000 h~1.

increase of the surface area of metallic copper, but it was not
a linear relationship. The catalytic activity at 60% of cop-
per content (Cu surface area is 36.3 m%g) deviated from
the linear trend of variation of the activity within 10-45%
of the copper contents (corresponding to Cu surface area of
5.8-28.8 m?/g) and decreased at 80% of the copper content
though the copper surface area is the largest (38.5 m?/g).
This indicates that the catalytic activity of the catalysts de-
pends on both the metallic copper surface area and the
powerful synergy between copper and zinc oxide.

In order to further clarify this point, we calculated the
TOF (turnover frequency, which means formed molecular
number of methanol per second per metallic copper atom) of
methanol formation over various catalysts according to the
literature (51, 52). The TOF results are listed in Table 5 and
are also plotted versus metallic copper surface area (shown
in Fig. 13). Itis important to note that the TOF of methanol
formation decreased with the increase of metallic copper

9.00
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000 - ! L | 1 L L L
0 5 10 15 20 25 30 35 40 45

Copper metal surface area (m’*- g

3

TOF of CH,OH “10’(Nyy; 0y Ne, *S™)

FIG. 13. The relationship between the TOF of methanol formation
and Cu specific surface area at 240°C, 2.0 MPa, and hourly space velocity
of (@) 3,600 h~* and (W) 25,000 h~2,
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surface area under different hourly space velocity. Accord-
ing to Boudart’stheory (51, 52), if the catalytic activity of the
catalyst only depends on the metallic copper surface area,
then the plot of TOF versus metallic copper surface area
should be a horizontal line. However, TOF of methanol
formation decreased with the increase of metallic copper
surface area as shown in Fig. 13, which indicates that the cat-
alytic activity for methanol synthesis not only depends on
the metallic copper surface area but also on the interaction
between copper and zinc oxide (that could be a powerful
synergy). This means that the interaction between copper
and zinc oxide promoted the catalytic properties of the cat-
alysts for methanol synthesis. This could be ascribed to the
fact that when the concentration of the copper was lower,
the fractions of microcrystalline or amorphous-like CuO
were relatively higher. In this kind of structure, some of
the copper species are incorporated substitutionally in the
ZnO lattice. This point has been demonstrated vigorously
by previous EXAFS (24, 42) and XPS (29) results though
we did not carry out the detailed research in this paper.
However, in our detailed study on the surface structure of
Cu/ZnO/Al,O3 catalysts and chemical state of copper by
in situ XPS has also provided much identical evidence (53).
The Cu?* ion in the ZnO lattice has a slightly distorted
tetrahedral symmetry (54, 55) (while in the case of CuO,
the Cu?* ion is surrounded by four oxygen ions in a nearly
square-planar symmetry (29). Thus, it led to the changes
of coordination environment and electronic properties of
Cu and Zn atoms in the catalyst. This change is exhibited
as a powerful syngergy which benefited the methanol syn-
thesis. In addition, it is also noteworthy in Table 3 that
the CuP crystallite size determined by N,O-decomposition
adsorption method seems to be about the same in all of
the Cu/ZnO/Al,O3 catalyst. Surprisingly, the Cu® crystal-
lite size of the catalyst containing 10% copper (molar ra-
tio) seems to be larger than that of the catalysts containing
20-45% copper. This is because for the catalysts contain-
ing lower copper content, some of the copper was incor-
porated substitutionally in the ZnO lattice. However, only
microcrystalline copper species can be detected by XRD or
N,O-decomposition adsorption while the copper speciesin-
corporated in the ZnO lattice cannot be done. As a result,
the Cu® crystallite size calculated according to the metallic
copper surface area determined by N,O-decomposition ad-
sorption method using the spherical model could be larger
than the real values. However, when the concentration of
copper exceeds the maximum, a considerable amount of
copper species was present mainly in relative well-ordered
crystalline and larger particle size CuQO, and the synergy was
weakened, so the catalytic activity decreased slightly.

Effect of Reaction Condition on Catalytic Behavior

The variation of catalytic activity for methanol synthesis
with differenttemperatures shown in Fig. 14 reveals that the
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FIG. 14. Effect of temperature on the catalytic activity of methanol
synthesis at 2.0 MPa, space velocity of 3600 h! on catalysts: (@) CZAO01;
(O) CZA02; (O) CZA04; (- — -) calculated formation rate of methanol
based on thermodynamic equilibrium.

yield of methanol has a maximum. It is well known that the
rate of reaction increases with the increase of temperature
kinetically, so the yield of methanol should increase with the
increase of temperature. However, the yield of methanol
declines with the increase of temperature due to the limi-
tation of the thermodynamic equilibrium. Therefore, it can
be concluded from the existence of the maximum vyield of
methanol that the control factor of the reaction transforms
from kinetics to thermodynamics. The maximum yield of
methanol should be reached at a lower temperature if a
catalyst is active enough. We can see from Fig. 14 that the
maximum is obtained at 220°C for the highly active cata-
lyst (CZA04) and at 240°C for the lower active catalysts
(CZA01, CZA02). Because of the limitation of the ther-
modynamic equilibrium, the yields of methanol for various
catalysts under higher temperature conditions are close to
the yields of methanol for thermodynamic equilibrium.

In order to clarify whether methanol is produced directly
by carbon dioxide hydrogenation or via the intermediate
formation of carbon monoxide, the influence of the con-
tact time (reciprocal of space velocity) on the methanol
selectivity was investigated (as shown in Fig. 15). It is well
known that the reverse water gas-shift reaction (RWGS)
and methanol synthesis reaction coexist in carbon dioxide
hydrogenation presented as (56)

CO2(9) + 3H2(9)=CH30OH(g) + H20(9)
AHyeg = —49.47 kJ - mol~*

AGjgs = 3.30 kJ - mol~? [1]
COz(9) + H2(9)=CO(9) + H0O

AHpgg = 41.17 kJ - mol~?

AGogg = 28.64 kJ - mol L. [2]

Carbon monoxide is an unavoidable intermediate precur-
sor. If the catalyst is highly active and the contact time of
reaction gas with the catalyst is long enough, the decom-
position of methanol (produced in reaction [1]) or the hy-
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drogenation of carbon monoxide (produced in reaction [2])
will take place. The possible secondary reaction is

CH3;OH = CO + 2H;, AHags = 90.64 kJ - mol~*

AGjes = 25.34kJ-mol~t.  [3]
The selectivity to methanol (S) and relative selectivity (y)
are presented in Fig. 15as functions of the contact time
(z) for CZA04 catalyst. Both curves tend toward the fi-
nite values as the contact time t approaches zero, suggest-
ing that parallel routes to methanol and carbon monoxide
exist under enough high hourly space velocity condition.
However, it is noted that the selectivity to methanol in-
creases and selectivity to carbon monoxide decreases with
the increase of the space velocity. It is well known that, if
both carbon monoxide and methanol are formed merely
from primary reaction simultaneously, the ratio of selectiv-
ity to methanol and carbon monoxide will remain constant
with the change of the space velocity. The decreasing of
selectivity to methanol and the increasing of that to car-
bon monoxide with the decreasing of the space velocity
indicates that part of the carbon monoxide is formed from
the secondary reaction under our experimental conditions.
This is because when the gas hourly space velocity is low
(or the contact time of reaction gas with the catalyst surface
was long), secondary reaction of methanol decomposition
or hydrogenation of carbon monoxide (reaction [3]) will
be an unnegligible process. The increasing of selectivity to
CO indicates that the methanol decomposition could be a
major secondary reaction. As a result, the decreasing of se-
lectivity to methanol and the increasing of that to CO were
found with the decreasing of the gas hourly space velocity.
In other words, only methanol and CO were primary prod-
ucts when the gas hourly space velocity was high enough;
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FIG.15. Carbon dioxide hydrogenation over Cu/ZnO/Al,O3
ternary catalyst (CZA04). Variation of (O) relative selectivity y =
X(CH3OH)/X(CO)(x=molar fraction) and (@) selectivity to methanol
as a function of the catalyst mass-related contact time t[s]. Conditions:
CO,/H; = 1/3(molar ratio), 220°C, 2.0 MPa.
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the contact time of reaction gas with the catalyst surface
was short enough and all of the secondary process were de-
pressed completely. This indicates that methanol and CO
can be formed viareactions [1] and [2] simultaneously. From
the analysis above, it can be concluded that the formation of
methanol is a primary process of reaction [1]. The methanol
formation from hydrogenation of carbon monoxide (reac-
tion [3]) formed from the reverse water gas shift reaction
is negligible. Some previous kinetic studies (15) suggest
that methanol and carbon monoxide are formed by par-
allel routes from carbon dioxide. From radiotracer studies
using a Cu/ZnO/Al,O3 catalyst under industrial conditions,
Chinchen et al. (6) suggest that methanol synthesis pro-
ceeds from carbon dioxide, even in the presence of car-
bon monoxide. Koeppel and Baiker (57) conclude from
the investigation of the influence of the residence time on
the relative rate of product formation (CH3;OH, CO) us-
ing Cu/ZrO; catalyst that methanol is formed from carbon
dioxide via a reaction pathway parallel to that of the forma-
tion of gaseous carbon monoxide, possibly via a common
surface intermediate. These conclusions are basically con-
sistent with ours.

CONCLUSIONS

Cu/ZnO/Al,O3 catalysts with fine particles, high surface
area, and high activity for synthesis of methanol from CO,
hydrogenation have been prepared by the novel oxalate
gel coprecipitation method. Copper, zinc, and aluminum
were coprecipitated and isomorphous substituted oxalates
were formed. The addition of Al led to a decrease in crys-
tallite sizes of the catalyst, prevented the formation of any
ordered zinc phase, and made the copper and zinc in the
catalyst exhibit amorphous-like or less well-ordered struc-
ture features.

The optimized composition is Cu/Zn =1-2, 10% Al. The
catalytic activity increases with the increase of the cop-
per content below 80%. The yield of methanol increases
with the increase of specific area of metallic copper, but
it is not a linear relationship. This indicates that the syn-
ergy for the synthesis of methanol exists between copper
and zinc oxide. The selectivity of methanol increases with
the increase of space velocity, suggesting that methanol is
the primary product and is formed directly from CO; + H,.
The secondary process of hydrogenation of carbon monox-
ide via the route of the reverse water-gas shift reaction is
not significant for methanol synthesis from CO; hydrogen-
ation.
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