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Zn0O/Al,03, CuO/Al,O3, and CuO/Zn0O/Al,O3 xerogels and
aerogels have been prepared by a sol-gel route using propyl-
ene oxide as gelation initiator. For aerogel preparation, the
solvent was extracted with supercritical CO,. Calcination of
these xerogels and aerogels was followed by thermogravime-
try (TG), and the microstructure of these calcined xerogels
and aerogels was investigated by TEM, powder XRD, EX-
AFS, and nitrogen physisorption (BET, BJH). The oxide mix-
tures CuO/Al,O3 and CuO/Zn0O/Al,O3 were also studied by
temperature-programmed reduction (TPR), and their cata-

lytic activity in the formation of methanol from CO/CO,/H,
synthesis gas was measured. The aerogels have a higher spe-
cific surface area and a higher Cu surface area than the cor-
responding xerogels, which results in a higher catalytic ac-
tivity for methanol synthesis. The presence of ZnO signifi-
cantly increases the catalytic activities of both the xerogel
and the aerogel.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Cu/ZnO/Al,0O5 catalysts are widely used for the indus-
trial synthesis of methanol, for methanol reforming, and for
the water-gas shift reaction, and have therefore been inten-
sively investigated in the last few decades.[!3! Various meth-
ods have been developed for the preparation of Cu/ZnO/
Al,O5 catalysts. The differences in preparation methods,
synthesis conditions, and pre-treatment have a considerable
influence on the structure of the catalysts, which finally
leads to disparities in the catalytic performance. It is gen-
erally accepted that a large specific Cu surface area leads
to an active methanol synthesis catalyst.l'*¥l In addition, the
metal-support interaction plays a key role in this catalytic
reaction,[!-2:3-61

Catalyst preparation usually involves complex processes
and the performance of the final product is very sensitive
to rather subtle changes in the synthetic procedures.’!'!]
Copper/zinc oxide nanocomposites are usually prepared by
co-precipitation from aqueous solutions. Typically, a mixed
solution of copper and zinc salts (frequently nitrates or ace-
tates) is prepared and the precipitation of both carbonates
is induced by the addition of sodium or ammonium carbon-
ate whilst stirring, followed by drying and calcination.®°-12]
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The particle size and crystallinity of the products can be
adjusted by varying the pH, the reactant concentrations, the
stirring rate, the duration of precipitation and aging, and
the calcination conditions.['3] Giinter et al. have investigated
binary Cu/ZnO catalysts with varying Cu/Zn molar ratios
(90:10 to 10:90) and found that the precursor phase compo-
sition directly influences the resulting Cu microstructure
and, in turn, the performance of the Cu/ZnO catalyst.[®!
The effect of pH on the composition of the precursors and
the activity of the Cu/ZnO/Al,O5 catalysts for methanol
synthesis has been studied by Fang et al.,'"¥ and Deng et
al. have prepared ultra-fine Cu/ZnO/Al,O; catalysts by an
oxalate gel co-precipitation.['> The obtained catalysts show
a high activity in methanol synthesis. A non-aqueous orga-
nometallic route has been developed by Fischer et al. and
uniform copper/zinc nanoparticles (“nanobrass®) were ob-
tained with [Cu{OCH(Me)CH,NMe,},| and Et,Zn as pre-
cursors.['9 Schiith et al. have reported that colloidal copper
nanoparticles prepared by reduction of copper acetylace-
tonate with trialkylaluminum are highly active for quasi-
homogeneous methanol synthesis.l'”! We have reported the
preparation of copper/zinc nanocomposites by the thermol-
ysis of dimetallic copper/zinc cyanide coordination com-
pounds under mild conditions."® 2! For instance, the cop-
per/zinc cyanide compound [Zn{Cu(CN);}] was precipi-
tated by both a batch-wise and a continuous synthesis
method. Depending on the ligands in the complex and the
thermolysis conditions, the activity towards methanol syn-
thesis could be controlled.l?!

The sol-gel route can be considered as a very interesting
way of preparing catalysts because of the possibility to con-
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trol many variables involved in the synthesis.*?l Tradition-
ally, the sol-gel method has involved the use of metal alk-
oxide precursors that readily undergo catalyzed hydrolysis
and condensation to form a sol of metal oxide particles
with nanoscale dimensions (1-100 nm).l*?! This route has
proven to be an efficient, easy, and successful approach for
the preparation of SiO,-, Al,O3-, and ZrO,-based porous
materials.””! A novel sol-gel technique was recently devel-
oped for the preparation of transition and main-group
metal oxide aerogels, xerogels, and nanocomposites.**! This
method involves the use of epoxides as gelation initiators in
the preparation of porous metal oxides such as Fe,Os,
Al,03, and Cr,05.12>2] Here we report the sol—gel prepara-
tion and catalytic performance of Cu-, Zn-, and Al-based
di- and trimetallic nanocomposites by this method.

Results and Discussion

Synthesis

Metal oxide aerogels and xerogels can be prepared di-
rectly from metal salts using epoxides as gelation initia-
tors.?”-281 These initiators, which act as irreversible proton
scavengers, induce the hydrolysis and condensation of hy-
drated metal cations. The initiators consume the protons
from the hydrated metal species and enhance the sol-gel
condensation reaction. The protonated epoxide is ulti-
mately consumed during gelation by a ring-opening reac-
tion with a suitable nucleophile. In this work, propylene
oxide was used as gelation initiator and the gel formed
within 30-60 min in ethanol solution. No shrinkage was
observed either during the gelation process or in the drying
process with supercritical carbon dioxide. However, shrink-
age was observed after drying in air to a xerogel. As a re-
sult, the obtained oxide xerogels and aerogels exhibit very
low densities, especially the latter. Different combinations
of metals were realized.

Thermolysis of the Zn/Al and Cu/Zn/Al Xerogels and
Aerogels

The thermal decomposition of the air-dried xerogels and
the aerogels to the corresponding oxides was studied by
thermogravimetry (TG).*?’! The decomposition behavior
showed only a small dependence on the composition of the
gel, i.e. the ratio of Cu/Zn/Al or the drying procedure (air-
drying or extraction with supercritical CO,). Figure 1 shows
the TG and DTA curves of a Cu/Zn/Al air-dried xero-
gel (1:1:1) under dynamic oxygen atmosphere. The first
peak is a broad endothermal one with a maximum at about
92 °C, which is probably due to the loss of residual volatile
solvent (ethanol or water). The subsequent exothermal
peaks at 160, 245, and 260 °C can be attributed to the oxi-
dation of residual organic compounds, which is in good
agreement with the literature.’®) The total weight loss is
about 60%. A similar behavior has been observed for the
other samples, although with slight temperature variations
of the exothermal peaks.
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Figure 1. TG and DTA analysis of the Cu/Zn/Al dried xerogel
(1:1:1) under dynamic oxygen atmosphere (5 Kmin!), leading to
an intimate mixture of CuO, ZnO, and Al,O;.

ZnO0/Al,O3 Xerogels

TEM images of the calcined ZnO/Al,O; xerogel with dif-
ferent Zn/Al ratios are shown in Figure 2. The particles in
Figure 2a have a typical particle diameter of 10 nm. When
the Zn/Al ratio was increased to 2:1, the homogeneity de-
creased, with particle sizes up to 30 nm (Figure 2b).

Figure 2. TEM images of ZnO/Al,O5 calcined xerogels (400 °C)
with different Zn/Al molar ratios: a) Zn/Al = 1:2; b) Zn/Al = 2:1.

The structure of the sol-gel products depends on the type
and concentration of the polyoxometalates present during
the formation of the condensed gel.[*®! The nature of these
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transient species is determined by a number of synthesis
parameters, such as the reaction pH, solvent, temperature,
ionic strength of the solution, as well as the compositions
in the case of mixed species. XRD studies showed that the
crystallinity of the Zn/Al oxides is strongly affected by the
Zn/Al ratio (Figure 3). ZnO/Al,O;5 is X-ray amorphous for
a Zn/Al ratio of 1:2, thus indicating the absence of long-
range order. However, for a 2:1 ratio the crystallinity in-
creases significantly, as indicated by peaks originating from
ZnO nanocrystals corresponding to the presence of larger
particles in the TEM image. The Al,O; phase is always X-
ray amorphous.

Zn:Al=2:1

Intensity —

Zn:Al=1:2

10 20 30 40 50 60 70 80
28/° —

Figure 3. XRD patterns of ZnO/Al,O; calcined xerogels
(400 °C) with different Zn/Al molar ratio. All peaks in the upper
diffractogram correspond to ZnO.

A closer look at the structure of the ZnO/Al,O5 calcined
xerogel (400 °C) was obtained by EXAFS (Figure 4 and
Table 1). In the Zn K-edge Fourier transform magnitudes,
the first shell of Zn—O in ZnO is clearly present in both
samples. The Zn-Zn shells at about 3 A, however, are dif-
ferent for different Zn/Al ratios. For the sample with a Zn/
Al ratio of 1:2 the Zn—Zn peak is almost invisible. The ab-
sence of Zn neighbors around Zn suggests a high structural
disorder or a dispersion of ZnO in Al,Oz on the atomic
scale. This dispersion can be beneficial when these ZnO/
Al,O5 oxide mixtures are used as a support for metallic Cu
catalysts in methanol synthesis. The Zn-Zn peak is much
stronger for the 2:1 sample, thereby indicating the presence
of ZnO nanocrystals; this is in good agreement with the
XRD and the TEM results. In both cases, the coordination
number of the Zn-Zn shell is much less than 12, which is
the crystallographic coordination number of crystalline
ZnO. We conclude that an appropriate concentration of
Al,O5 can effectively disperse ZnO and inhibit the forma-
tion of crystalline ZnO.

wh)E >

Zn:Al=1:2

a)

IFT(x(k)-k’)} —

R/IA> b)

Figure 4. Zn K-edge EXAFS raw data (a) and Fourier transform
magnitudes (b) of ZnO/Al,O5 calcined xerogels (400 °C) with dif-
ferent Zn/Al molar ratio. Solid line: experimental data; dotted line:
fit data.

Nitrogen physisorption isotherms and the corresponding
pore-size distributions of porous ZnO/Al,O5; samples are
shown in Figure 5. The isotherms of both samples have
significant hysteresis loops that are associated with the fill-
ing and emptying of mesopores by the condensate. ZnO/
Al,O3 with a Zn/Al ratio of 1:2 has the smallest pore size
and the narrowest distribution (Figure 5b). The pore sizes
are in the range of 5-10 nm. With increasing Zn concentra-
tion, the pore size increases and the distribution is broad-
ened considerably. When the Zn/Al ratio is 2:1 the pore
sizes are in the range of 5-25 nm.

Table 1. Results of EXAFS fits of ZnO/Al,0O;5 calcined xerogels (Zn K-edge; 9659 eV).

Zn/Al molar ratio R(Zn-0) N(Zn-0) *(Zn-0) R(Zn-Zn) N(Zn—Zn) a*(Zn-Zn)
[A] [A2 % 10] [A] [A2x 10%]

1:2 1.95 3.5 7.7 3.52 0.6 1.97

2:1 1.96 3.7 6.1 3.21 7.3 13.2
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Figure 5. Nitrogen physisorption isotherms (a) and pore-size distri-
bution (b) of ZnO/Al,O3 calcined xerogels (400 °C) with different
Zn/Al ratios.

The BET surface area and the pore volume derived from
nitrogen physisorption are listed in Table 2. An increase of
the Zn concentration leads to a decrease of the BET surface
area. A maximum surface area of 144 m?g~! was obtained
for ZnO/Al,O5 with a Zn/Al ratio of 1:2, and this material
also exhibits a smaller pore size and a narrower size distri-
bution. The pore volume was found to be 0.42 cm3g™! for
the sample with a Zn/Al ratio of 2:1. Baumann et al. have
prepared Al,O3 aerogels by the same method and obtained
a specific surface area of 289 m?g!, an average pore dia-
meter of 32 nm, and pore volume of 2.6 cm?g!.[261 We con-
clude that the presence of Zn leads to smaller pores and a
smaller specific surface area than with Al,O3 alone.

Table 2. BET surface area and pore volume of ZnO/Al,05 calcined
xerogels (400 °C).

Zn/Al molar ratio BET surface area Pore volume

[m?g ] [em?g ]
12 144 0.36
2:1 116 0.42

Copper-Containing Xerogels and Aerogels (Cu/Al and
Cu/Zn/Al Systems)

The industrial catalyst in methanol synthesis contains
metallic copper, zinc oxide, and aluminum oxide, therefore
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the synthesis was extended to copper as the third compo-
nent. Xerogels were obtained by simple drying in air. Aero-
gels were also prepared with these systems to obtain sam-
ples with a high specific surface area. Supercritical point
drying of the wet gels with CO, gave highly porous, fluffy
materials with an effective density of about 0.9 gcm . The
aerogels are blue and then turn black after calcination at
400 °C. The Al,O; phase is X-ray amorphous in both the
calcined xerogels and the aerogels. The XRD patterns of
both the CuO/Al,O; and the CuO/ZnO/Al,O5 calcined
xerogels show strong CuO peaks, as shown in Figure 6a,
with ZnO as a crystalline phase in the latter case. The ZnO
peaks are weak, thereby indicating a good dispersion and a
small crystallite size. The decrease of the CuO peak inten-
sities can be attributed to an improved dispersion due to
the presence of ZnO. Compared to the calcined xerogels,
the calcined aerogels exhibit weaker CuO and ZnO contri-
butions characterized by broad peaks (Figure 6b). We con-
clude that the dispersions of both Cu and Zn are improved
by the drying process with supercritical CO,.

CuO/ZnO/ALO,
Cu:Znm:Al=1:1:1

Intensity —

CuO/ALO,
Cu:Al=1:1
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Cu0/ZnO/ALO,
Cu:Zn:Al=1:1:1

Intensity —

CuO/ALO,
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Figure 6. XRD patterns of CuO/Al,O3 and CuO/ZnO/Al,O5 cal-
cined xerogels (a) and calcined aerogels (b). The marked peaks
correspond to CuO (*) and ZnO (o), respectively.

Nitrogen physisorption of the CuO/Al,O; and the CuO/
ZnO/Al,O5 aerogels gave their pore-size distributions,
which are broad in both cases (Figure 7). A narrow distri-
bution in the range of 5-10 nm was obtained for the Zn/
Al xerogel (see above). However, the Cu/Al aerogel gave a
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distribution from 2 nm up to more than 30 nm. The pres-
ence of Zn narrows the pore-size distribution slightly and
reduces the average pore size, as indicated by the shift of
the peak maximum to smaller pore diameters.
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Figure 7. Pore-size distribution of CuO/Al,O3; and CuO/ZnO/
AL O; calcined aerogels derived from nitrogen physisorption iso-
therms.

The CuO particle size and size distribution have a con-
siderable influence on the reduction behavior.*% For large
CuO particles, the reduction of near-surface Cu'' species
can occur at lower temperature.l®!l The reduction of the
bulk then appears at higher temperature. For small par-
ticles, the reduction may be very fast so that separate peaks
or shoulders cannot be observed. In addition, the reduction
behavior becomes even more complex due to the presence
of CuZnO,[*? and CuAl,0,.B3

The TPR spectra of the calcined CuO/Al,O3 xerogels
and aerogels are shown in Figure 8. In both samples the
reduction of CuO occurs in three steps, presumably due to
intermediate phases like Cu,OP# and the broad particle-
size distribution. The first reduction step of the xerogel is
characterized by a broad shoulder. The reduction starts at
about 140 °C for both aerogel and xerogel. The peak maxi-
mum of the aerogel appears at 176 °C, a lower temperature
than that of the xerogel, for which it appears at 220 °C. The
shift of the peak to higher temperature can be attributed to
an increased particle size of CuO. The reduction of the
CuO/Zn0O/Al,05 xerogel occurs in two steps, as indicated
by a peak and a shoulder on the left-hand side (Figure 8c),
although the aerogel gave only one peak (Figure 8d). The
peak maxima appear at 166 °C and 197 °C for the aerogel
and xerogel, respectively. The reduction temperature is
lower than those of the corresponding CuO/Al,O5 aerogel
(176 °C) and xerogel (220 °C), which can be attributed to
an increased dispersion of CuO. Obviously, ZnO plays a
key role in the dispersion of CuO by increasing the metal—
support interaction. The intermediate phases during the re-
duction are clearly different with or without ZnO, as re-
flected by the different reduction behaviors. The CuO con-
tents of the samples were derived from the TPR spectra.
The results were found to be in good agreement with the
results obtained by AAS elemental analysis (Table 3). This
confirms that the reduction of CuO during TPR is com-
4778
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Figure 8. TPR patterns of CuO/Al,O5 (1:1) and CuO/ZnO/Al,O5
(1:1:1) calcined xerogels and aerogels at a heating rate of 1 Kmin™!
in Ho/He: a) CuO/ZnO (1:1) xerogel; b) CuO/ZnO (1:1) aerogel; c)
CuO/ZnO/Al,05 (1:1:1) xerogel; d) CuO/ZnO/Al,O5 (1:1:1) aero-
gel.
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Table 3. CuO contents in the CuO/Al,O3 and CuO/ZnO/Al,O5 samples.

Samples CuO/Al,O4 CuO/Al,0O4 CuO/Zn0O/Al,04 CuO/Zn0O/Al,04

calcined xerogel calcined aerogel calcined xerogel calcined aerogel

CuO [geat '] Cu/Al = 1:1 Cu/Al = 1:1 Cu/Zn/Al = 1:1:1 Cu/Zn/Al = 1:1:1
by TPR 50.9 wt-% 52.7 wt-% 39.3 wt-% 34.2 wt-%
by AAS 50.4 wt-% 50.5 wt-% 38.6 wt-% 34.2 wt-%

Table 4. BET surface area, Cu surface area and catalytic activity for methanol synthesis of Cu/Zn/Al calcined xerogels and aerogels.

Sample BET surface area Pore volume  Specific Cu surface area Catalytic activity in methanol synthesis[®!
[m*g '] [em’g ] [m*g ']
CuO/Al,O4 xerogel 34 - 3.7 2.0%
(Cuw/Al = 1:1) aerogel 222 1.03 5.2 4.0%
CuO/Zn0O/Al,04 xerogel 57 — 2.6 4.9%
(Cu/Zn/Al = 1:1:1)  aerogel 175 0.85 6.0 22%

[a] The activity of the industrial standard catalyst (ICI) was used as reference and set to 100 %.

plete, and that the consumption of H, by other phases can
be excluded.

Catalytic Activities of Cu-Containing Xerogels and
Aerogels

The specific surface area of the samples was determined
by nitrogen physisorption. Different drying methods (air or
supercritical CO,) have a significant influence on the sur-
face area (Table 4). The porous microstructure of the wet
gel is better preserved by supercritical drying, resulting in a
higher specific surface area. High specific pore volumes (as
much as 1 cm3g!) were found, compared to about
0.4 cm3g! for the ZnO/Al,O5 calcined xerogel (Table 2).
The specific Cu surface area,[ as determined by N,O reac-
tive frontal chromatography, is given in Table 4. The higher
Cu surface area of the Cu/Al or Cu/Zn/Al calcined xerogels
leads to a higher catalytic activity, and both aerogels show
a much higher activity in methanol synthesis than the corre-
sponding xerogels. The presence of ZnO also improves the
catalytic activities. In the 1:1 Cu/Al xerogels, the catalytic
activity increases from 2.0% to 4.9% despite a smaller spe-
cific Cu surface area. The higher activity of the ternary aero-
gel can be attributed to a strong metal-support interaction,
as supported by the XRD and TPR investigations. We note
that the presence of Zn?* or Cu?* leads to a smaller specific
surface area and a lower pore volume, but also to a smaller
average pore size.

Conclusions

A sol-gel route has been employed to prepare Cu/Zn/
Al xerogels and aerogels with propylene oxide as gelation
initiator. ZnO can be atomically dispersed in Al,O3 in xero-
gels in a wide range of Zn concentrations. A higher Cu dis-
persion is found in the aerogels than in the xerogels, which
leads to a higher specific surface area, a higher Cu surface
area, and a higher catalytic activity in methanol synthesis.
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The presence of ZnO increases the catalytic activities in
both the xerogel and aerogel, which we attribute to a strong
metal-support interaction. The sol-gel method is easy to
apply and well suited to the preparation of binary or ter-
nary catalysts for methanol synthesis.

Experimental Section

Preparation of ZnOJ/AlL,O;, CuO/AL,O;, and CuO/ZnO/Al, O3
Xerogels and Aerogels: Cu(NOs),-3H,O (Merck, 98%), Zn(NO3),*
6H,0 (Merck, 98 %), and AI(NO3);'9H,O (Merck, 98 %) were used
as metal precursors, and propylene oxide (Acros, 99%) was used as
gelation initiator.’??) Metal nitrates of different compositions
were dissolved in absolute ethanol (typically 10-20 mL) to give a
clear solution with a total metal ion concentration of 1 M. Propyl-
ene oxide was then added to the solution. The molar ratio of pro-
pylene oxide to the molar sum of the metal ions was 10:1. After
stirring at room temperature for 10 min, the reaction mixture was
transferred into a closed vessel. A wet gel formed within 30-60 min.
This wet gel was allowed to age at room temperature for 24 h in
the closed vessel and then soaked in a bath of absolute ethanol for
24 h to exchange the water from the pores of the gel. Note that the
water is the water of crystallization of the starting salts. The ex-
change of water with ethanol was performed twice. The air-dried
xerogel was then obtained by drying of the gel under air at room
temperature for 5-6 d. For the preparation of an aerogel, the ob-
tained wet gel was soaked in a bath of acetone for 24 h to exchange
the ethanol and water from the pores. The exchange was repeated
twice. A CO, critical point dryer (BAL-TEC, CPD 030) was then
used to dry the wet gel. The acetone in the pores was extracted
with liquid CO, 6-8 times at 10 °C and 5.0 MPa. After that, the
temperature was increased to 40 °C and the pressure to 7.5 MPa
to give supercritical CO,. The autoclave was then depressurized
over about 1 h to give the aerogel. For calcination, the air-dried
xerogel or aerogel was heated to 400 °C at a rate of 3 Kmin ! under
a dynamic air atmosphere in a tubular reactor to give an intimate
mixture of CuO, ZnO, and Al,O;. The reactor was held at that
temperature for 3 h, and then cooled to room temperature. After
calcination, all copper-containing samples were black due to CuO
formation and the other ones were white. Table 5 lists all prepared
samples.
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Table 5. Prepared samples of different compositions and molar ra-
tios.

Xerogel  ZnO/Al,O; ZnO/Al,O; CuO/Al,O;  CuO/ZnO/Al,O4
Zn/Al =2:1 Zn/Al=1:2 Cu/Al=1:1 Cu/Zn/Al = 1:1:1

Aerogel CuO/Al,O;  CuO/ZnO/Al,O4
Cu/Al = 1:1 Cu/Zn/Al = 1:1:1

Characterization: Thermogravimetry was carried out with a
Netzsch STA 409 TG-DTA/DSC instrument. Samples were heated
from room temperature to 1000 °C at a rate of 5 Kmin ' under
dynamic O, atmosphere at a flow rate of 50 mLmin™!. The struc-
ture of the resulting products was studied by TEM with a Philips
CM 200 FEG instrument. Powder XRD was carried out at room
temperature in transmission mode at the B2 beamline at HASY-
LAB with monochromatic radiation or with a Siemens D5000 in-
strument with Cu-K,, radiation. EXAFS was carried out at the E4
beamline at HASYLAB/DESY in transmission mode at 77 K. The
programs SPLINE and XFITP! were used for quantitative data
evaluation. Theoretical standards were computed with the program
FEFF 6.01a.3¢ The amplitude reduction factor, S,2, was fixed to
1. Variation parameters were the bond lengths, the coordination
numbers, the Debye-Waller factors (¢°), and the zero-energy cor-
rection (E,). The specific surface area was determined by nitrogen
physisorption at 77 K (BET method). The pore-size distribution
was obtained using the BJH method from the desorption branch
of the isotherms. Temperature-programmed reduction (TPR) was
carried out for the calcined xerogels and aerogels. About 0.1 g of
the sample was placed in a quartz reactor. The reduction was per-
formed under flowing diluted H, (4.2 vol-% H, in He) by increasing
the temperature to 240 °C at 1 Kmin™ and maintaining that tem-
perature for 1 h. The active surface area of Cu was determined by
N,O reactive frontal chromatography at 300 K.7! Atomic absorp-
tion spectroscopy (AAS) was performed with a Thermo Electron
Corporation instrument (M series) to determine the copper content
of the samples.

Catalytic Activity Measurements: Catalytic measurements were per-
formed in a high-throughput 49-parallel channel reactor.’¥! The
catalyst (100 mg diluted with 200 mg of quartz per well) was placed
in a sample holder consisting of a stainless-steel cartridge closed at
the bottom by a stainless-steel sinter metal frit. Prior to the cata-
lytic measurements, the catalysts were reduced with H, at 245 °C
according to the procedure for the commercial benchmark catalyst
ICI Katalco 51-8. Before measuring the catalytic activity, all sam-
ples were equilibrated for 3 h (reaction pressure: 4.5 MPa; reaction
temperature: 245 °C; analytic flow: 20 mLmin'). The reaction gas
consisted of 70 vol-% H,, 24 vol-% CO, and 6 vol-% CO». A double
GC system (HP GC 6890) equipped with a methanizer FID was
used for online gas analysis. Oxo product separation (H;COH,
HCOOCH;, H;CCOOCH;, H;CCH,OH) was carried out on a
SuppelcoWAX 0.53 mm column and CO, CO,, and CH4 were sepa-
rated on a Carboxen 1006 column. Methanol productivities for all
measured samples were compared to the productivity of the indus-
trial benchmark catalyst ICI Katalco 51-8.
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