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A series of copper-zinc—chromium catalysts of different
compositions and calcination temperatures has been prepared,
characterized by several techniques (BET specific surface area,
XRD, gravimetric TPR, TPD-CO, and XPS), and tested under
high alcohol synthesis (HAS) conditions. CO hydrogenation
was carried out at reaction temperatures of 523-598 K and
50 bar total pressure. The influence of catalyst composition,
calcination temperature, and surface characteristics on the
HAS selectivity was studied. The optimum HAS yields were
found in the low Cr content region, but chromium was needed.
Although chromium oxide does not seem to be involved in the
catalytic site, its presence in the catalyst composition is essen-
tial, owing to the larger specific surfaces and catalyst stability
obtained at the highest reaction temperatures. For low Cr con-
tent composition, the temperature-programmed reduction
(TPR) profiles were shifted to higher temperatures and simulta-
neously larger CO, amounts were found in the temperature-
programmed desorption profiles of adsorbed CO (TPD-CO).
Photoelectron spectra (XPS) revealed that the oxidation state
of copper is Cu?* in the calcined catalysts and Cu® in the
reduced ones; Cu* was only stabilized in a CuCr,0, spinel
in the Cr-rich catalysts. These features derived from catalyst
characterization are discussed in the framework of the catalytic
behaviour for HAS synthesis. © 1995 Academic Press, Inc.

INTRODUCTION

Methanol synthesis from CO/CO,/H, mixtures is an ex-
tremely useful technological option that has been explored
for many years and developed on the industrial scale by
ICI. Although there are excellent reviews (1-7) on this
subject covering the general aspects of the catalysts and
processes, more specific problems relevant to industrially
important methanol synthesis ternary oxide CuO-ZnO-
MeO, catalysts have also been reviewed (8-14). In the last
decade the chemical and petrochemical industries have
shown renewed interest in the use of methanol and higher
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aliphatic alcohols. The reasons for this lie in: (i) decreasing
the dependence on oil by synthesizing alternative clean
fuels from synthesis gas (CO + H,), which can be obtained
from natural gas (15) or coal (16), which are more abundant
carbon sources than oil; (i) using alcohols to synthesize
other oxygenates such as methyl-tert-butyl ether (MTBE)
as high octane blending stock for gasoline. Points (i) and
(ii) are fulfilled by high molecular weight alcohols. Thus,
isobutanol instead of MTBE could be used as an additive
for gasolines, the production of the latter being almost
restricted to FCC units and steam crackers. Another incen-
tive for incorporating oxygenates in liquid fuels lies in the
general acceptance of more restrictive new regulations for
the reformulated gasolines. As the combustion of oxygen-
ates reduces the level of contaminants in the exhaust (17),
an interesting option would be to incorporate higher alco-
hols into gasoline because a mixture of branched C, to C¢
alcohols possesses ROM values and properties (18, 19),
and price (20), similar to the more conventional MTBE
additive. As a liquid fuel, methanol displays several advan-
tages: (i) low price, like gasolines; (ii) CO, NO,, and un-
burned hydrocarbons emissions are lower than gasolines;
(iii) its chemical properties lead to more efficient combus-
tion. However, it still suffers from incomplete combustion
with the subsequent emission of traces of formaldehyde
(22). Without doubt the principal problem resides in the
engine itself, which is designed to operate with gasoline
but not with methanol. In California, a strategic plan has
been put into practice to slowly increase the proportion
of methanol until the full replacement of gasoline in fifteen
years time (23). As this use of methanol suffers from the
increased solubility of water up to unacceptable levels, the
substitution of methanol by higher alcohols appears very
promising (24). Accordingly, many recent activities in syn-
thesis gas conversion deal with the higher alcohol synthe-
sis (HAS).

Considerable disagreement exists in the literature con-
cerning the valence state of copper in the sites of Cu-Zn-
Me-O systems possessing the requisite activity and selec-
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tivity for CO hydrogenation under typical reaction
conditions, namely, 50-100 bar overall pressure and 500-
570 K for reaction temperature. The broad range of dis-
agreement may be appreciated by noting that research
groups have argued for a central role of metallic Cu® sites
in activating hydrogen and for a close relationship between
copper metal area and activity in methanol synthesis (25—
29), while others have argued for a central role of Cu’
ions dispersed in the zinc oxide phase in the adsorption
and activation of carbon monoxide (9, 30-33). Besides
that, EXAFS studies appear controversial because several
authors found no evidence on the stabilization of Cu* ions
(34-36), whereas the stabilization of Cu~ within the ZnO
lattice has been recently documented by others (37-39).
Moreover, the HAS seems to occur from methanol ac-
cording to the equation (2CH,OH — C,H;OH + H,O)
(40) and by adding intermediate C; oxygenates to the alco-
hol molecule (41). The coupling of methanol molecules
and/or addition of C, species in the alcohol chain appears
to be inhibited by the presence of CO; in the feed.

Our intention in undertaking this work was to concen-
trate attention upon the selection of the optimal composi-
tion of the Cu-Zn-Cr-~O catalysts, which yield the maxi-
mum HAS products from syngas, by making detailed
comparisons of catalytic performances.

EXPERIMENTAL
Catalyst Preparation

The catalysts used in this study were prepared following
the coprecipitation method (30, 42). For such a purpose,
to an aqueous solution of the copper, zinc, and chromium
nitrates of appropriate concentration a 0.5 M ammonium
bicarbonate (all Merck reagent grade) solution was added
until a final pH close to 7.5 was reached. After filtration, the
precipitate was repeatedly washed, to remove the major
fraction of adsorbed NH;, CO3 ., and NOj ions, and dried
at 393 K. The dry precursors were then calcined in air at
either 673 or 553 K (samples denoted by B) for 24 h.
The final composition was obtained by atomic absorption
spectrometry. The calcined catalysts were subsequently
pelleted, ground, and sieved to particle sizes of 0.59-0.42
mm. For the sake of simplicity, the catalysts will be referred
to hereafter as xCuyZnzCr, where x, y, and z denote the
molar percentage of copper, zinc, and chromium elements,
respectively. The catalyst calcined at low temperature will
be denoted by the same nomenclature but adding B at
the end.

Experimental Techniques

X-ray diffraction patterns were recorded from both cal-
cined and used catalysts using a Seifert 3000P vertical dif-
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fractometer and nickel-filtered CuKa radiation (A = 0.1538
nm), under constant instrumental parameters. For each
sample, Bragg angles between 5° and 75° were scanned at
a rate of 2°/min. Specific surface areas of the catalysts
were calculated by applying the BET method to the N,
adsorption isotherms, measured at liquid nitrogen temper-
ature on a Micromeritics ASAP 2000 equipment, and tak-
ing a value of 0.162 nm* for the cross section of the ad-
sorbed nitrogen molecule.

Temperature-programmed reduction (TPR) experi-
ments were carried out in a Cahn 2000 microbalance work-
ing at a sensitivity of 10 ug. The reduction process was
followed by monitoring the weight loss of the sample. The
samples (5-10 mg) were heated in a flow of helium (99.999
vol%) (60 ml/min) up to 473 K in order to remove adsorbed
water and other gascous contaminants. Following cooling
to room temperature in the same flow of helium, a switch
was made to a mixture of 2 vol% hydrogen (99.995 vol%)
in helium (60 ml/min) and again heated at a rate of 4 K/min
up to 673 K while the weight changes were continuously
recorded. The microbalance was interfaced to a microcom-
puter, which allowed accumulation and processing of
weight change temperature curves.

Temperature-programmed desorption (TPD) experi-
ments were performed on aliquots of catalyst (70 mg)
placed in a quartz reactor attached to a vacuum line and
gas-handling system. The samples were reduced in hydro-
gen at 473 K for 2 h and then outgassed at 10~° Torr (1
Torr = 133.33 N/m?) for 1 h at the same temperature.
Subsequently, they were cooled down to room temperature
and exposed to a CO pulse for 30 min. Once the gas phase
was removed, the samples were heated to 673 K at a con-
stant heating rate of 4 K/min. A Balzers QMG 125 quadru-
pole mass spectrometer, capable of monitoring 16 masses
simultaneously, connected in line with the rcactor, was
used for the analysis of the desorption products.

Photoelectron spectra were acquired with a Fisons ES-
CALAB MKII 200R spectrometer equipped with a hemi-
spherical electron analyzer and a MgKa (v = 1253.6 eV,
1 eV = 1602 X 107" J) 120 W X-ray source. A PDP 11/
04 computer from Digital Equipment Co. was used for
collecting and analyzing the spectra. The powder samples
were pressed into small aluminum cylinders and then
mounted on a sample rod placed in a pretreatment cham-
ber and heated under vacuum at 373 K for 1 h prior to
being moved into the analysis chamber. After analysis,
the same catalyst sample was moved to the pretreatment
623 K. The pressure in the ion-pumped analysis chamber
was below 3 X 107 Torr during data acquisition. The
spectra were collected for 20 to 90 min. depending on the
peak intensities, at a pass energy of 20 ¢V, which is typical
of high resolution conditions. The intensities were esti-
mated by calculating the integral of cach peak after the
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smoothing and subtraction of the S-shaped background
and the fitting of the experimental curve to a mixture of
Lorentzian and Gaussian lines of variable proportion. All
binding energies (BE) were referenced to the adventitious
C lsline at 284.9 eV. This reference gave BE values within
an accuracy of *0.2 eV.

Activity Measurements

The activity tests were carried out using a semiautomatic
high-pressure fixed-bed catalytic reactor. The reactor was
a 7 mm i.d. U-shaped titanium (grade 3) tube. The catalyst
(1.5 g) was held in place in the middle of the second arm,
the leading arm serving as a preheater. A chromel-alumel
thermocouple placed on the outer wall of the reactor near
the catalyst bed was used to measure and control the reac-
tor temperature. The composition of the feed stream, CO
(69 vol%) and H, (31 vol%), was adjusted by electronic
mass flow controllers (Unit) to yield a spatial velocity of
3200 I(SPT)/kgca + b. The reaction was conducted to 50 bar
overall pressure and reaction temperatures of 523, 548,
573, and 598 K with on-stream times of 20 h at each temper-
ature. The effluents of the reactor were analyzed on line
by GC. To avoid condensation of the reaction products,
the outlet of the reactor was heated to 423 K. A Hewlett
Packard 5890 Series 1I gas chromatograph equipped with
Poraplot Q (25 m, 0.75 mm o.d.) and SA molecular sieve
(10 m,0.75 mm o.d.) capillary columns was used for product
separation. The analysis of the products was carried out
with thermal conductivity (TCD) and flame ionization
(FID) detectors which cover the analysis of CO, CO,, and
C,—C, hydrocarbons, and C;—Cs alcohols.

RESULTS AND DISCUSSION
Surface Areas

The BET areas of the calcined catalysts are compiled
in Table 1. From these results, it is evident that the BET
areas for the binary (54Cu46Zn and 64Cu36Cr), and more
specifically for the ternary (xCuyZnzCr) systems are much
larger than those for the single oxides. This effect is more
clear for the Cr-containing catalysts even in the region of
low chromium contents. On the other hand, the precursors
calcined at 553 K yield BET areas substantially higher
than those calcined at 673 K. Moreover, the N, adsorption
isotherms at 77 K show that samples calcined at 553 K
have higher contributions of mesoporosity, which was de-
tected by the larger quantities of N, adsorbed between
relatives pressures 0.1 and 0.7.

X-Ray Diffraction

Bulk structures in both calcined and used catalysts have
been revealed by XRD. The crystalline phases detected
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by XRD on calcined and H,-reduced and used catalysts
are compiled in Table 1. The fresh catalysts show diffrac-
tion lines of CuQ and ZnO individual oxides and ZnCr,0,,
whereas those used in CO hydrogenation display only ZnO
and ZnCr,0, phases and metallic Cu. This is due to the
relative ease with which CuO becomes reduced at typical
reaction temperatures and in the CO + H, environment.
CuCr,0, spinel is found in the binary and ternary chro-
mium-rich catalysts. This phase can still be observed in the
catalysts after use on-stream due to its high stability in a
reducing atmosphere. Finally, poorly crystalline oxides are
obtained upon calcination at 553 K, as revealed by the
observation of broad and low intense diffraction peaks of
CuO and ZnO in calcined samples or metallic Cu and ZnO
in reduced counterparts, which contrasts with the intense
and narrow peaks recorded for their homologues calcined
at higher temperatures.

Temperature-Programmed Reduction

TPR profiles are shown in Figs. 1A, 1B, and 1C. The
figures show the weight loss as a function of temperature.
Although mainly due to reduction of CuO to Cu, some
weight loss is due to decomposition of hydroxycarbonate
precursor residue. The arbitrary unit value of 100 corres-
ponds to the limiting value expected for the weight loss
due to reduction of the CuO component to Cu. The
profiles show that the reduction temperature depends
markedly on the catalyst composition. For the Zn-rich
catalysts, the onset temperature for CuO reduction is
higher, whereas the opposite is observed for the Cr-rich
compositions. Extended TPR profiles for the Cr-rich
catalysts reveal weight loss tails still continuing at temper-
atures above 673 K. As copper chromite was found on
the XRD patterns of the Cr-rich compositions, and as
this compound is more difficult to reduce than CuOQ, it
is inferred that the tails at higher temperatures present
with these catalysts can be ascribed to the reduction of
copper chromite. For the catalysts calcined at 553 K

- (Fig. 1C) the weight loss considerably oversteps the

stoichiometric reduction of CuO to Cu’. This is due to
marked overlapping of residual precursor decomposition
and the reduction itself. Another interesting finding de-
rived from the profiles in Fig. 1C is the evident retardation
of catalyst reduction for samples calcined at 553 K
compared to 673 K. This behaviour agrees with the
findings of Sermon et al. (43-46), who showed that
amorphous copper catalysts are reduced at substantially
higher temperatures than the crystalline ones. The lower
the calcination temperatures of the precursors, the higher
the temperatures needed for catalyst reduction. As can
be seen below, the retardation of copper reduction either
by the formation of a rather stable copper chromite or
by obtaining some poorly crystalline copper-containing
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TABLE 1

BET Specific Surface Areas and Crystalline Phases in the Catalysts

Crystalline phases detected by XRD
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Catalysts (m?/g) Calcined Tested
35CuS0Zn15Cr 41.5 CuQ, ZnO, ZnCr,O4 Cu, ZnO, ZnCr,0y4
64Cu21Zn15Cr 32.8 Cu0O, ZnO, ZnCr,0,4 Cu, ZnO, ZnCr,0,
55Cu8Zn37Cr 435 CuO, ZnCr,0,, CuCr,0, Cu, ZnCr,0,, CuCr,0,
38Cu41Zn21Cr 39.2 CuO, Zn0O, ZnCr,0, Cu, ZnO, ZnCr,0,
60Cu10Zn30Cr 42.7 CuQ, ZnCr;0, Cu, ZnCr,0O4
36Cu7Zn57Cr 36.4 CuQ, ZnCr,0y4, CuCr,0Q, Cu, ZnCr,0,, CuCr,0,
54Cu46Zn 123 CuO, ZnO Cu, ZnO
64Cu36Cr 30.4 CuO, CuCr,0, Cu
100Cu 6.1 CuO Cu
100Cr 17.8 Cr,0; Cr,0,
100Zn 04 ZnO ZnO
35CuS0Zn15CrB 68.6 Zn0O Cu, ZnO
64Cu21Zn15CrB 68.2 CuO Cu
55Cu8Zn37CrB 79.2 — Cu

phase yields, in general, more selective catalysts for HAS
from syngas.

Temperature- Programmed Desorption of CO (TPD-CO)

TPD profiles after CO adsorption on prereduced sam-
ples are displayed in Fig. 2. It can be observed that CO
desorption occurs in a narrow temperature window (315-
475 K) (Fig. 2A). In addition, surface reaction of CO yields
CO,; at temperatures above 375 K (Fig. 2B). The participa-
tion of the water—gas shift reaction as a source of CO,
seems to be excluded as no molecular water (m/z = 18)
was detected at significant levels. It is worth noting that
chromium oxide alone gives rise only to the observation
of CO, but never CO,. However, both CO and CO, are

observed among the desorption products upon CO adsorp-
tion on sample 64Cu36Cr. For the ternary oxides
xCuyZnzCr the changes are dramatic. While a strong CO
desorption, with very low amount of CO,, is observed on
sample 36Cu7ZnS7Cr, practically all CO is desorbed as
CO; from samples 38Cu41Zn21Cr and 63Cu22Zn15Cr,
practically all CO is desorbed as CO, from samples
38Cu41Zn21Cr and 63Cu22Zn15Cr. From these results it
appears that CO desorbs as such from chromium oxide,
whereas from the other samples CO, is also evolved (Fig.
2B). This CO, can originate from strong interaction of
the CO with surface oxygen atoms of ZnO (xCuyZnzCr
catalysts) (47) or with the surface of CuCr,0, (64Cu36Cr
and 36Cu7Zn57Cr samples). Note that these two last
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FIG. 2. Temperature-programmed desorption (TPD) profiles for CO (A) and CO, (B) after CO chemisorption at room temperature on Ha-

reduced catalysts.

catalysts exhibit a notable spinel content as described
by XRD.

Photoelectron Spectroscopy

The surface composition of the catalysts and the chemi-
cal state of their components have been evaluated by XPS
in outgassed and in situ H,-pretreated catalysts at 423, 523,
and 623 K. The BEs of the most abundant elements for
all samples and pretreatments are summarized in Table 2.
Only for the sake of comparison, the Cu 2ps,; core level
spectra of the two representative catalysts 38Cu41Zn21Cr
and 54Cu46Zn, both outgassed and reduced at the three
above-mentioned temperatures, are compiled in Figs. 3A
and 3B, respectively. From these spectra it is evident that
the line profile changes dramatically upon H, reduction,
in particular at temperatures above 423 K. The outgassed
samples display the principal Cu 2pi,» peak somewhat
above 934.1 eV, which is characteristic of Cu®' species. In
several instances, a slight shift towards lower BE of the
principal Cu 2p5,, peak and the simultaneous observation
of two components, the proportions of which depend on
the X-ray irradiation time, were observed suggesting some
photoreduction of the surface copper oxide layer. An addi-

tional means of identifying Cu®* ions is the satellite peak,
due to shake-up transitions by ligand — metal 3d charge
transfer, at ca. 8 eV on the high BE side. Such a transfer
cannot occur in Cu,O and Cu® because of their completely
filled 3d shells. The disappearance of the satellite peak
and the simultaneous shift of the principal Cu 2p;,» peak
towards lower BE upon H, reduction at temperatures
above 423 K are conclusive evidence that the copper spe-
cies are Cu® or Cu', but in no case Cu?®*. Since the photo-
electrons from the core levels and the valence band do not
allow differentiation between these species, one has to turn
to the X ray induced Cu L;VV Auger electrons for a clear
distinction (48). The modified Auger parameter, wy,, is
defined by the equation ax = hv + {KE Cu LMM - KE
Cu 2 p;,). where the difference in parentheses represents
the difference between the kinetic energy of the Cu LMM
Auger electron and the Cu 2p;;; photoelectron. From the
data in Table 2, it is clear that the as- parameter for CuO
and most of the Cu-containing catalysts at values close to or
somewhat above 1851 eV for both outgassed and reduced
samples corresponds to Cu®* or Cu’®. The exceptions are
the catalysts with high chromium content in which the
o parameter is close to or somewhat below 1850 eV,
indicative of the presence of Cu*. The stabilization of such
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TABLE 2

Binding Energies of Core Electrons and Auger Parameter of Mixed Oxides
Subjected to Various in situ Pretreatments

Catalyst Treatment BE Cr 2pin» BE Cu 2ps» Auger parameter (¢V)

35CuS0Zn15Cr Yacuum 579.3/576.3 934.1 1852.0
T, =423 K 576.3 9339 1851.9
T, =523K 576.0 932.5 1852.0
T, =623 K 576.3 932.3 1851.5
64Cu21Zn15Cr Vacuum 578.8/575.1 935.4/933.7 1851.8
T, =423 K §575.2 934.6/933.6 1851.7
T, =523K §575.6 934.1/932.6 1851.6
T, =623 K 575.6 932.5 1851.7
55Cu8Zn37Cr Vacuum 579.9/576.4 935.1/933.1 1850.5
T, =423 K 576.1 932.8 18S1.5
T, =523K 576.4 932.8 1851.5
T, =623K 576.3 932.7 [851.5
38Cud1Zn21Cr Vacuum 579.0/575.2 935.8/933.7 1851.7
T, =423 K 576.7 934.2 1851.5
T, =523 K 576.7 932.5 1851.4
T, = 623K 576.5 932.5 1851.1
60Cul10Zn30Cr Vacuum 579.3/576.3 935.1/933.5 1850.8
T, =423 K 576.5 935.3/933.6 1850.9
T, =523 K 576.4 935.3/933.6 1851.5
T, =623 K 576.5 9328 1851.5
36Cu7Zn57Cr Vacuum 579.4/576.3 935.3/933.1 1850.4
T, =423 K 576.6 935.3/933.3 1850.6

T, =523K 576.6 932.9/931.1 1851.4/1849.6

T, = 623K 576.7 932.9/931.6 1851.6/18500.3
54Cud6Zn Vacuum — 933.8 1852.0
T, = 423K — 933.8 1851.4
7, =523K — 9325 1851.6
T, = 623K — 9325 1851.6
64Cu36Cr Vacuum 579.3/575.8 934.9/933.0 1850.6
T, =423 K 576.0 935.0/933.0 1850.7

T, =523K 576.9 932.8/931.3 1851.6/1850.1
T, =623K 576.9 932.7 1851.4
35Cus50Zn15CrB Vacuum 579.2/1576.7 934.1 1851.5
T, =423 K 576.8 934.2 1851.3
T, =523K 576.9 932.6 1851.2
7, = 623K 576.4 932.6 1851.4
64Cu21Zn15CrB Vacuum 576.6 934.8/933.1 1851.8
7, = 423K 576.4 934.8/933.1 1850.9
7, = 523K 576.6 932.4 1851.5
T, = 623K 576.3 932.4 1851.6
55Cu8Zn37CrB Vacuum 579.1/576.4 934.6 1851.9
7, =423 K 576.4 934.5 1851.9

. =523 K 576.7 933.2/932.1 1851.5/1850.4

T, =623 K 576.5 932.9/931.7 1851.5/1850.3

a species in a Cu chromite by solid state reaction is consis-
tent with the TPR results, which showed long extending
tails at high temperatures of reduction {cf. Fig. 1).
Finally, the binding energy of the Zn 2p;,; peak was essen-
tially constant irrespective of sample composition and pre-

treatments. Accordingly, accurate BE values could also be
calculated by taking the Zn 2p;,, value as an internal stan-
dard. Moreover, rather high BE values were observed for
the Cr 2p;,» peak in calcined samples, suggesting than sur-
face Cr®* was formed during calcination. However, reduc-
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ment chamber.

tionin hydrogen under mild conditions, i.e.,423 K, isenough
to remove Cr®*, generating exclusively Cr** species.

From peak areas, photoelectron cross sections, and mean
free paths, the Cu/Zn atomic ratios have been calculated
(49). The change in this ratio brought about by the reduc-
tion temperature is illustrative because it allows one to
monitor the sintering of copper particles. The influence
of the reduction temperature on the XPS Cu/Zn ratio is
displayed in Fig. 4 for three ternary catalysts and compared
with that of the Cr-free catalyst 54Cu46Zn. The decrease
in Cu/Zn ratio with increased temperature of reduction is
clearly visible for all samples, presumably because little
Cusurface is exposed for photoelectron emission; however,
in the temperature window at which CO hydrogenation is
operative the Cu/Zn ratio for the ternary catalysts is almost
twice that for the Cr-free counterpart. This result supports
the general belief that chromium oxide is a structural pro-
moter (9, 12, 14) which retards sintering of copper by
thermal effects.

Relevant chemical information on the nature of surface

oxygen species can also be revealed by XPS. After curve
fitting procedures, all catalysts displayed two O 1s compo-
nent peaks at ca. 529.9 and 531.7 eV, assigned to O?" lattice
and OH" species, respectively. The OH /O ratio has
been calculated for all the catalysts and pretreatments (see
Table 2). In general, the relative surface concentration
of hydroxyl groups for the catalysts increases with the
temperature of reduction, reaching maxima at ca. 500 K
and then decreasing at higher temperatures. This effect
can be explained in terms of surface hydroxylation as a
result of the reaction between water molecules generated
in the reduction process of CuO (and Cu chromite). Only
when temperatures are high enough, typically above 500
K, are the surface OHs thermally decomposed into water
molecules. Even considering that the desorption process
is much more stringent within the XPS spectrometer than
in the catalytic reactor, it can be concluded from these
results that an important fraction of the catalyst surface is
covered by hydroxyl groups, mainly at the lower reaction
temperatures.
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FIG. 4. Influence of the temperature of reduction on the surface
(XPS) Cu/Zn atomic ratios for several catalysts: ( ) 54Cud6Zn,
(-++) 63Cu22Zn15Cr, (—®—) 38Cud41Zn21Cr, (—B—) 36Cu7Zn57Cr.

Activity Measurements

Stationary state activity data were taken at reaction tem-
peratures of 523, 548, 573, and 598 K. The relationship
between the reaction temperature and the specific activities
shown in Fig. 5 is not straightforward. In principle, the
specific activity increases with increasing temperature,
reaches a maximum at intermediate temperatures and then
decreases at the highest reaction temperatures. The activity
decreases at the highest temperatures may be associated
with the parallel decrease of exposed copper surface by
sintering of metal particles under the severe reducing atmo-
sphere imposed by the H,/CO mixture in the feed and
the overall high pressure in the reactor. In favor of this
explanation are the Cu/Zn XPS ratios of H,-reduced cata-
lysts (Fig. 4) which decreased markedly above 400 K.

The temperature at which the maximum activity is at-
tained depends on the catalyst composition and seems to
be associated with the reduction temperature observed on
the TPR profiles. For instance, for the catalysts with the
lowest onset temperature for reduction, the maximum spe-
cific activity also occurs at lower reaction temperatures.
Consistently, the sintering of copper particles may well
occur first on those catalysts which are reduced at lower
temperatures. As pointed out in the section on TPR (Fig.
1), the presence of ZnO in the catalysts plays a key role
in the stabilization of copper particles under the reaction
conditions (Fig. 4), thus maintaining its active surface. The
single-component catalysts, i.e., CuQO, ZnO, and Cr,O;,
are not included in Fig. 5 because of their extremely low
activity under the experimental conditions used in this
work. Moreover, the catalyst calcined at low temperature
have only been tested at the two lowest temperatures (523
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and 548 K) but, still displaying a higher surface area, they
show a similar activity and a similar variation of activity
with temperature than their homologues calcined at higher
temperatures.

Selectivity results of CO hydrogenation are compiled in
Tables 3 and 4. On all the catalysts and at the different
reaction temperatures, the major product is methanol.
Moreover, in agreement with literature reports (13, 14),
both HAS and hydrocarbon selectivities increase and
methanol selectivity decreases with increasing reaction
temperature. The HAS selectivities for all the catalysts are
shown in Fig. 6. The selectivity to higher alcohols is favored
in the Zn-rich compositions whereas chromium contents
are needed only in low proportions. As both the Auger
parameter of copper and the observation of CO; in the
TPD spectra of CO chemisorbed on reduced catalysts point
to the formation of small Cu® crystallites, it is inferred that
in this composition range metallic copper well-dispersed
or interacting on the ZnO active surface constitutes the
active sites for HAS formation. The strong interaction of
CO at the ZnO surface leads to generation of oxygen
vacancies at the ZnO surface. These vacancies increase its
basic character which appears to stabilize a C, oxygenated
intermediate species under the reaction conditions, which
reacts witha C,, (n = 1,2, ...) aldehyde or ketone to form
keto-alkoxide. Upon hydrogenation this releases water and
is further hydrogenated to the C, ., alcohol product (50,
51). In fact the HAS yield is much higher for the catalysts
38Cu41Zn21Cr and 63Cu22Zn15Cr than for the binary
64Cu36Cr and ternary 36Cu7Zn57Cr counterparts. There-
fore, it is tempting to suggest that the ability of a given
catalyst to generate oxygen vacancies on the ZnO surface
with the subsequent formation of CO; can be related with

Specific Activity (mmoles/kg*s)

FIG. 5.

Specific activities (mmol of CO total converted/kg,,, -
the catalysts under HAS conditions at four different reaction tempera-
tures: (&) 523 K, (£4) 548 K. () 573 K, (&) 598 K.

s) of
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TABLE 3

Steady State Selectivities and Conversions (Free of CO,) in CO Hydrogenation (H,/CO = 0.45
and P = 50 bar) for Catalysts Calcined at 673 K at Different Reaction Temperatures

Selectivity (% based on C atoms)

% Conv.

Catalysts T (K) HC CH;0H C,.OH DME Others CO
35Cu50Zn15Cr 523 0 100 0 0 0 7.0
548 0 96.9 2.8 0.3 0 7.5

573 30 91.9 32 0.2 0 7.3

598 9.7 74.8 10.7 0.1 1.6 6.4

63Cu22Zn15Cr 523 0 99.2 0.5 03 0 9.0
548 03 97.0 24 0.6 0.7 115

573 13 88.4 9.7 2.4 1.1 13.2

598 5.6 701 18.2 33 32 10.5

55Cu8Zn37Cr 523 0 100 0 0 0 11.3
548 1.4 93.9 1.0 38 0 15.0

573 4.7 88.5 1.9 49 0 13.7

598 14.4 72.4 5.6 7.5 0.1 12.6

38Cu41Zn21Cr 523 0 98.2 1.5 0 0.3 58
548 6.7 834 8.6 0 1.3 6.6

573 15.7 65.1 15.7 0.7 2.8 12.7

598 25.8 472 20.5 14 4.1 13.8

64Cu36Cr 523 0 94.8 0 5.0 0.2 8.4
548 0 92.6 14 5.8 0.2 9.6

573 39 833 35 8.5 0.8 8.1

598 12.8 62.2 6.5 17.8 0.7 6.4

Note. HC, hydrocarbons; C,,OH, higher alcohols (ethanol, 1-propanol, and isobutanol); DME, dimethyl ether;

“Others” are aldehydes, ketones, and esters.

its selectivity to HAS. The increase in HAS selectivity is
simultaneous with an increase in ester production (espe-
cially methyl esters) (Table 3). Taking into account that
the esters arise from the coupling reaction of aldehyde
species with surface alkoxide species (52), it is possible
to speculate on whether the equilibrium alcohol-aldehyde

over the catalyst surface could take place in reaction
conditions, indicating that higher alcohols are intermedi-
ate in the ester formation. Moreover, it can be observed
(Table 3) that Cr-rich catalysts and low-zinc contents
give high selectivity to ethers (DME). This effect could
be explained considering the acid character of chromium

TABLE 4

Steady State Selectivities and Conversions (Free of CO,) in CO Hydrogenation (H,/CO = 0.45
and P = 50 bar) for Catalysts Calcined at 553 K at Different Reaction Temperatures

Selectivity (% based on C atoms)

% Conv.

Catalysts T (K) HC CH;0OH C,.OH DME Others CO
35Cu50Zn15CrB 523 11.2 82.2 43 21 0.2 1.0
548 21.5 414 27.5 31 15 52

63Cu22Zn15CrB 523 0 94.0 0.6 44 1.0 6.6
548 0.7 90.9 38 42 0.4 9.6

55Cu8Zn37CrB 523 39 84.2 35 7.2 12 5.8
548 7.8 74.0 10.5 6.0 1.8 9.2

Note. HC, hydrocarbons; C,,OH, higher alcohols (ethanol, 1-propanol, and isobutanol); DME, dimethyl ether;
“Others” are aldehydes, ketones, and esters.
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FIG. 6. Higher alcohol (C,,OH) selectivities (% C) of total of prod-
ucts on the catalysts calcined at 673 K at four different reaction tempera-
tures: (B) 523 K, ((4) 548 K, () 573 K, (N) 598 K.

oxide which favours dimethylether (DME) formation
from methanol.

On the other hand, as shown in Fig. 7. low calcination
temperatures (Catalysts denoted by B at the end) induce
increased HAS selectivities in comparison with the re-
spective counterparts calcined at higher temperatures.
This particular behaviour may be explained in terms of
two alternate explanations. The first is based on the
assumption that a less crystalline material develops a
larger concentration of copper crystals interacting on
the ZnO surface. Line broadening analysis of copper
diffraction lines in the XRD patterns of the catalysts
after use on-stream demonstrated clearly that the samples
calcined at high temperatures show very narrow diffrac-
tion peaks, whereas those calcined at low temperatures
display broad and diffuse diffraction peaks. The second
explanation is more physical in nature. As the catalysts
calcined at lower temperatures exhibit substantially
higher surface areas and porous structure, transport limi-
tations of the methanol product within the pores may
well be operative under the experimental conditions (53),
which would favour formation of higher alcohols. A
comparison of Tables 3 and 4 (catalysts calcined at
673 and 553 K) shows that catalysts calcined at low
temperatures have higher selectivity to DME. This fact
can be attributed to a decrease in surface acidity when
samples were calcined at 673 K, probably induced by solid
state reaction, which inhibits the chromium oxide acidity.

CONCLUSION

The ternary system Cu-Zn-Cr gives useful catalysts for
the production of higher alcohols from syngas. The compo-
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sition was found to be very critical on both activity and
HAS selectivity. As chromia does not seem to participate
in the catalytic sites, its beneficial effect, even in small
amounts, can be understood in terms of a structural pro-
moter because it increases the BET area of the catalysts
and also inhibits the sintering of copper particles. More-
over, as revealed by XPS and XRD, the Cr-rich catalysts
develop a CuCr,O, spinel. The role of chromium in the
catalyst formulation can be sumarized as follows: (i) to
decrease the onset temperature for the reduction of segre-
gated copper oxide; (ii) to stabilize partially oxidized cop-
per in the reduced catalysts, the Cu(I) species being de-
tected by XPS only in those catalysts in which CuCr,0,
was present in calcined catalysts; (iii) to stabilize catalyst
activity, in particular at higher reaction temperatures; (iv)
to increase surface acidity when present at high loadings,
which is relected in an increase in DME selectivity.

Copper oxide interacts strongly with the zinc oxide, as
evidenced by the shift of TPR profiles toward higher tem-
peratures of reduction with respect to that of the pure
CuO counterpart. Such a requirement seems to play a
key role in the formation of higher alcohols as the best
selectivities to HAS were found in the low Cr content
compositions. In addition to this, the CO chemisorbed on
the low Cr content catalysts is essentially desorbed as CO,.
This property may be related to the ability of the catalysts
to generate oxygen vacancies on the ZnO surface in the
presence of gaseous CO. Accordingly, such an ability might
well be connected, in a first approximation, with the selec-
tivity to produce higher alcohols by reaction of generated
C, oxygenated intermediate species stabilized on ZnO with
C, aldehyde or ketone intermediates.

Low calcination temperatures yield poorly crystallized

20

«

Selectivity to C+0H
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FIG.7. Comparison of HAS selectivities (% C) of total of products
on catalysts calcined at 673 K and 553 K at two different reaction tempera-
tures: (B) 523 K, (E4) 548 K.
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catalysts. These catalysts are reduced at higher tempera-
tures than the homologues calcined at 673 K and display
high selectivities to higher alcohols. This effect may be
explained on the basis of chemical and physical arguments.
On the one hand, the amorphous structure of the catalysts
may favour the interaction of small copper particles with
the zinc oxide surface, thus increasing the proportion of
the active sites. On the other, as these catalysts develop a
porous structure diffusional control of the methanol mole-
cules produced within the catalyst pores towards the outer
catalyst surface is expected to occur, thus increasing the
chain growth probability.
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