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The effect of calcination temperature and Cs-promotion on the
ternary Cu–Zn–Cr oxide catalyst has been investigated in connec-
tion with both structural and catalytic properties in the high pres-
sure CO hydrogenation. As revealed by TPR and XPS, the reduction
of copper is inhibited by incorporation of Cs promoter. Under typical
reaction conditions, detectable copper phases are reduced to metal-
lic copper. The crystal size of copper particles tends to increase with
increasing reduction temperature and simultaneously Cs is segre-
gated to the catalyst surface. Activity results in CO hydrogena-
tion, with and without cofeeding methanol, ethanol, or 1-propanol,
showed that methanol or C2+OH yield increased upon Cs-doping
of the catalysts. By feeding a given CnOH alcohol, the Cn+OH yield
was enhanced, with the most difficult chain growth being for the
reaction CH3OH→CH3CH2OH. While a large surface area of the
catalysts, with ill-defined crystalline phases, is the key parameter for
an enhancement in the productivity and a low increase in the selec-
tivity to higher alcohols, cesium incorporation leads to substantial
improvement in C2+OH selectivity. c© 1996 Academic Press, Inc.

INTRODUCTION

An efficient process for the synthesis of higher alcohols
from synthesis gas (hydrogen and carbon monoxide) is of
evident interest, in the first place because alcohols (espe-
cially methanol and ethanol) are important in the synthesis
of several chemical products and in the second place alco-
hols can be used as additives to gasoline or as liquid fuel
of high octane number. Mixed alcohols are preferred to
methanol as a gasoline octane enhancer because of the co-
solvent effect of the higher alcohols. As straight liquid fuels,
the heat of combustion of alcohols on unit mass or unit vol-
ume basis increases with molecular weight. Moreover, the
addition of alcohols to gasoline not only increases the RON
(research octane number), but it also reduces the level of
CO, NOx, and unburned hydrocarbons in the exhaust.

On the other hand, the new more restrictive regulations
for the reformulate gasolines in USA and EU help to in-

1 To whom the correspondence should be addressed.

crease the incorporation of oxygenates into liquids fuels,
i.e., ethers, such as MTBE (methyl tert-buthyl ether), and
alcohols. The European regulation 85/536/ECC (1) speci-
fies that all country members of EU have to establish the
minimum level of oxygenates in gasolines up to the limits
showed in the Table 1.

Formation of higher alcohol on methanol synthesis cata-
lysts is enhanced by doping with alkali metal ions, as has
been shown to occur both over the high-pressure (20.3–
25.5 MPa) and high-temperature (673–723 K) zinc chromite
catalysts (2, 3) and the low-pressure (2–10 MPa) and low-
temperature (500–600 K) copper-based catalysts (4–7). One
of the earliest studies was conducted by Morgan et al. (8, 9),
who found cesium as an effective promoter of higher oxy-
genate synthesis over a Cr2O3/MnO catalyst. Several au-
thors (10–14) reported that over the copper-based cata-
lysts, heavy alkali ions are also effective promoters for
higher oxygenate synthesis. However, the effect of alkali
doping on the synthesis of methanol has been reported to
involve mainly a fall in catalytic activity and a decrease
of the selectivity to methanol (4, 8, 15). Over transition
metal catalysts such as palladium supported on silica (16),
alkali doping inhibited methanol formation, whereas over
copper-based methanol synthesis catalysts, the patent liter-
ature (17) specifies that the absence of alkali from catalyst
composition for the selective synthesis of methanol is re-
quired. However, it has been demonstrated that a heavy
alkali, particularly cesium, also promotes methanol synthe-
sis when used at optimum surface concentrations (19).

Numerous reaction mechanisms have been proposed
for methanol synthesis, and the development of mecha-
nistic concepts has been summarized and discussed else-
where (12–14, 20–23). The existence of formate, methoxy,
formyl, and aldehydic intermediates on the surface of the
Cu/ZnO-based catalysts have been firmly established by
using several techniques such as “in situ” infrared spec-
troscopy (24, 25), chemical trapping (26–28), isotope label-
ing (12–14, 29), and temperature-programmed desorption
(30–33). Formyl or aldehydic intermediates are significant
for higher alcohols synthesis, in view easily of mechanistic
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TABLE 1

Oxygenate Levels in Reformulated Gasolines

Limit

Accepted For required
Additive (vol%) labelling (vol%)

MTBE 10 15
Methanol 3 3
Ethanol 5 5
Isoproponol 5 10
t-Butanol 7 7
Isobutanol 7 10
Total oxygen content (wt%) 2.5 3.7

proposals put forward by Morgan et al. (8, 9), which suggest
that the synthesis occurs via aldol coupling of the C1 inter-
mediate with other aldehydic intermediates, followed by
partial dehydration and hydrogenation. A similar reaction
mechanism has been invoked by other authors (10–14) and
the promotional effect of heavy alkali metal ions, such as
cesium, for the synthesis of higher alcohols was explained
using it.

The synthesis of ethanol has been proposed to occur by
several paths. These can be divided into three principal cate-
gories: direct synthesis from CO/H2,

2CO+ 4 H2 → C2H5OH+H2O, [1]

homologation of methanol by CO/H2,

CH3OH+ CO+ 2H2 → C2H5OH+H2O, [2]

and coupling of two methanol molecules,

2CH3OH→ C2H5OH+H2O. [3]

Reaction [1] has been proposed for the synthesis of ethanol
over supported Rh catalysts (34, 35), while reaction [2] has
been employed to describe alcohol formation via Fischer–
Tropsch-type synthesis catalysts (3, 36). The synthesis of
ethanol over modified methanol synthesis catalysts has
been proposed (3, 12–14) to occur by reaction [3] or its
modification [4], and higher alcohols would be formed by
analogous surface-catalyzed coupling reactions,

2CH3OH
−2H2−−→ [H2C(CO)CHO]

+2H2−−→ C2H5OH+H2O.
[4]

The intention in undertaking this work was to concen-
trate attention upon the promotional effect of cesium in
Cu–Zn–Cr catalysts. In order to understand the structure
and properties of these catalysts, several characterization
techniques were applied, such as X-ray powder diffraction,
temperature programmed reduction, X-ray photoelectron
spectroscopy, temperature programmed surface reaction,
and catalytic activity measurements.

EXPERIMENTAL

Catalyst Preparation

The catalysts used in this study were prepared following
the coprecipitation method (37, 38). In this case, to an aque-
ous solution of the copper, zinc, and chromium nitrates of
appropriate concentration, a 0.5 M ammonium bicarbonate
(all Merck reagent grade) solution was gradually added
with stirring until a final pH approximately 7.5 was reached.
After filtration, the precipitate was repeatedly washed to
remove the major fraction of adsorbed NH+4 , CO2−

3 , and
NO−3 ions and then dried at 393 K. The dry precursors were
then calcined in air either at 673 K or at 553 K (samples
denoted A and B, respectively) for 24 h. Portions of the
catalyst were doped with cesium, wherein 25 ml of the ap-
propriate solution of cesium nitrate was added to obtain
a cesium concentration in the catalyst of 8 wt% and then
the solvent was evaporated to dryness. The final compo-
sition was determined 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 A
(or B), the catalyst calcined at 673 K (or 553 K) and as CsA
(CsB), the catalyst A (or B) doped with cesium.

Instrumental Techniques

X-Ray powder diffraction (XRD) patterns were
recorded from both calcined and used catalysts using an
APD 1700 automated powder diffractometer system 1, us-
ing nickel-filtered CuKα radiation (λ= 0.l538 nm), under
constant instrumental parameters. For each sample, Bragg’s
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 N2 adsorption isotherms,
measured at liquid nitrogen temperature on a Micromeri-
tics ASAP 2000 instrument and taking a value of 0.162 nm2

for the cross section of the adsorbed nitrogen molecule.
TPR experiments were carried out in a Cahn 2000 mi-

crobalance at a sensitivity of 10 µg. The samples (5–10 mg)
were heated in a flow (60 ml/min) of 5% volume of air in he-
lium (99.999% vol) up to 473 K in order to remove adsorbed
water and other gaseous contaminants. Following cooling
to room temperature in the same flow of helium, the gas
flow was switched to a reducing mixture (60 ml/min) of 5%
volume hydrogen (99.995% vol) in helium, and the sample
was again heated at a rate of 4 K/min up to 673 K while con-
tinuously recording the weight changes. The microbalance
was interfaced to a microcomputer that allowed accumula-
tion and processing of weight change–temperature curves.

X-ray photoelectron spectra were acquired with a
Fisons ESCALAB 200R spectrometer equipped with
a hemispherical electron analyzer and a MgKα 120 W
X-ray source. The powder samples were pressed into
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small aluminum cylinders and then mounted on a sample
rod placed in a pretreatment chamber 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 chamber and reduced in
situ by hydrogen at 473, 523, and 673 K. The pressure in
the ion-pumped analysis chamber was below 3× 10−9 Torr
(1 Torr= 133.33 Pa) during data acquisition. The inten-
sities were estimated by calculating the integral of each
peak after smoothing and subtraction of the “S-shaped”
background and fitting the experimental curve to a mix of
Lorentzian and Gaussian lines of variable proportion. All
binding energies (BE) were referenced to the adventitious
C 1s line at 284.9 eV. This reference gave BE values within
an accuracy of ±0.2 eV.

Temperature Programmed Surface Reaction (TPSR)

TPSR experiments were performed on aliquots of cata-
lysts (50 mg) placed in a glass reactor assembled to a vacuum
line and gas-handling system. The samples were reduced in
hydrogen at 473 K for 2 h and then outgassed at 10−6 Pa
for 1 h at 673 K. Subsequently, they were cooled to room
temperature and exposed to a methanol pulse (4.1 Pa) for
15 min. The methanol used was 99.9% pure (Riedel de–
Häen), and it was taken through several freeze-pump-thaw
cycles before use. Once the gas phase was removed, the
samples were heated to 673 K using a constant heating
rate of 5 K/min. A Balzers QMG 421C quadrupolar mass
spectrometer, connected in-line with the reactor was used
for analysis of the desorption products. The products were
identified by comparing their cracking pattern in the mass
spectrometer with the m/e values in the following list: H2

(2), CH4 (15, 16), H2O (18), CO (28), CH2O (28, 29, 30),
CH3OH (29, 31, 32), CO2 (28, 44), (CH3)2O (29, 45, 46),
C2H4 and C2H6 (26, 27, 28), C2H4O (29, 43, 44), C2H5OH
(29, 31, 45, 46), and (C2H5)2O (29, 31, 45, 59, 74).

Catalytic Activity Measurements

The activity tests were carried out using a semiautomatic
high pressure fixed-bed catalytic reactor. The reactor was a
copper lined stainless steel tube. The catalyst (2.45 g) was
held in place in the middle of the reactor by Pyrex beads,
with the top of the reactor filled with Pyrex beads serv-

TABLE 2

Chemical Composition, BET Specific Surface Areas, and Crystalline Phases Detected by XRD in the Catalysts

Chemical composition (%mol) Crystalline phases detected by XRD
SBET

Catalyst Cu Zn Cr Cs (m2/g) Calcined Tested

A 41 54 5 — 5.9 CuO, ZnO, Cr2O3, ZnCr2O4 Cu, ZnO, Cr2O3, ZnCr2O4

CsA 40 52 5 3 6.0 CuO, ZnO, Cr2O3, ZnCr2O4, CsNO3 Cu, ZnO, Cr2O3, ZnCr2O4

B 38 54 8 — 62.8 CuO, ZnO Cu, ZnO
CsB 37 52 7 4 64.4 CuO, ZnO, CsNO3 Cu, ZnO

ing as a preheater. A K-type thermocouple placed in the
catalyst bed was used to measure the reaction tempera-
ture. The composition of the feed stream, CO (69% vol)
and H2 (31% vol), was adjusted by electronic mass flow
controllers (Linde/Union Carbide) to yield a spatial ve-
locity of 3200 l(SPT)/gcat · h. The reaction was conducted
to 7.6 MPa overall pressure and reaction temperatures of
548 and 583 K (only the latter temperature for catalysts
calcined at 673 K). The reaction leading sequence started
with feeding the CO/H2 mixture, and after 6 h on-stream
alcohols were sequentially injected in the following order:
methanol, ethanol, and 1-propanol. The alcohols were in-
troduced into the synthesis gas at the inlet of the reactor
using a high-pressure continuous-feed Model 302 GILSON
pump at the rate of 0.4 mmol/min. All experimental data
were obtained under steady-state conditions that were usu-
ally maintained for 5–10 h before changing the reaction
conditions to obtain another set of data. The effluents of
the reactor were analyzed by GC, using an on-line auto-
mated sampling valve. To avoid condensation of the reac-
tion products, the outlet of the reactor was heated to 423 K.
A Hewlett–Packard 5730A gas chromatograph, coupled
with a Hewlett–Packard Model 3393, Series II integrator,
equipped with a Porapack Q column was used for product
separation. The analysis of the products, CO, CO2, C1–C6

hydrocarbons and C1–C4 alcohols, was carried out with a
thermal conductivity detector (TCD).

RESULTS AND DISCUSSION

Surface Areas

Table 2 compiles the chemical composition, crystalline
phases detected by XRD and BET areas of different cata-
lysts. The BET areas indicate clearly that an increase in cal-
cination temperature from 553 to 673 K causes the surface
area to decrease dramatically by one order of magnitude.
In addition, incorporation of the cesium promoter did not
seem to alter to a significant extent the BET area of the
base catalyst.

X-Ray Diffraction

The crystalline phases present in both fresh and used
catalysts were determined by X-ray powder diffraction. The
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XRD pattern of the calcined catalyst A exhibited the pres-
ence of the oxides of copper, zinc, and chromium and a
ZnCr2O4 spinel, whereas the same catalyst after catalytic
treating displayed the same phases, with the exception of
copper oxide, which had been reduced to metallic copper
(Table 2). The catalyst calcined at lower temperature (B)
was somewhat different; i.e., it was poorly crystallized and
only showed copper and zinc oxides, but in no case were
diffraction lines of the ZnCr2O4 spinel detected. The XRD
patterns of this catalyst after CO hydrogenation treating
were characteristic of unreduced ZnO and metallic copper,
wherein the corresponding diffraction peaks were less in-
tense and broader than those of the used catalyst A. This
observation suggests that copper particles in the used cata-
lyst were smaller than in the samples calcined at 553 K, due
very likely to a less intensive sinterization of the copper
particles under the conditions of CO hydrogenation in the
catalyst of large surface area. For the Cs-promoted cata-
lysts (CsA, CsB), the XRD patterns are complicated by the
appearance of phases other than those mentioned above.
Lines that appeared to be associated to cesium nitrate were
the new diffraction peaks observed in the pattern of cal-
cined Cs-promoted catalysts. These peaks disappeared after
CO hydrogenation, suggesting that cesium nitrate is decom-
posed into its oxide, which in turn was poorly crystallized, or
was highly dispersed among the other catalyst component.
As was seen via the XPS to be described the Cs compo-
nent became carbonated, either by the CO feed or by the
CO2 reaction product. An additional observation was the
appearance of broader and less intense diffraction lines of
copper metal in Cs-promoted (CsA, CsB) catalyst that in
the unpromoted catalysts (A, B).

Temperature-Programmed Reduction (TPR)

Figure 1 displays the TPR profiles of the catalysts. The ar-
bitrary unit value of 100 corresponded to the limiting value
expected for the weight loss due to reduction of the CuO
component to Cu. The weight loss above 100 was due to
decomposition of hydroxocarbonate residue. From an in-
spection of these profiles several clues related to catalyst
reducibility can be obtained. In the catalyst with high spe-
cific area (B), copper oxide was reduced at lower tempera-
tures than it was in the catalyst (A) calcined at higher tem-
peratures, and having lower surface area. It is noted that
the crystal size of CuO of calcined catalyst B, as measured
by XRD line broadening on the most intense diffraction
peaks of this phase, was substantially smaller than for the
parent catalyst A. These results, which are in accordance
with previous TPR studies of CuO (39), point to an eas-
ier reduction by hydrogen of the CuO crystals with smaller
average sizes. The comparison of TPR profiles for the un-
promoted catalysts (A and B) and for the Cs-promoted
homologous (CsA and CsB) indicates clearly that the pre-
sence of cesium retards CuO reduction by about 50 K. The

FIG. 1. Temperature programmed reduction profiles obtained in
flowing 5% H2/He of different catalysts: (———) A calcined at 673 K;
(– – –) Cs-doped catalyst A; ( ) B calcined at 553 K; ( ) Cs-doped
catalyst B.

retardation in the reduction of CuO might be associated to
a closer interaction between the CuO phase and promoter
which inhibited to some extent H2 dissociation and there-
fore the nucleation centers of Cu0. In addition, the onset
temperature for the reduction of catalyst CsA was 480 K,
the reduction was not completed until about 540 K. Al-
though the TPR profile for the catalyst CsB was in the same
temperature region, the window temperature for complete
reduction of CuO in CsB was appreciably narrower, i.e. al-
though some reduction continued to seem with both sam-
ples at higher temperature, the CuO reduction occurred
between the temperatures 490 K and 500 K. The origin of a
narrower temperature window for the reduction of CuO in
catalyst CsB could be more physical than chemical. As the
same hydrogen flow was maintained in all the experiments,
mass transfer limitations at the gas–solid interface can be
eliminated. However, diffusional effects of both hydrogen
(reactant) and water (product) across a thick layer of metal-
lic Cu on the outer surface of catalyst particles might well
be operative in the catalyst with larger CuO particles (cat-
alyst CsA) but not in its counterpart with smaller ones
(catalyst CsB).

X-Ray Photoelectron Spectroscopy (XPS)

Photoelectron spectroscopy (XPS) was used for both
qualitative and quantitative surface analysis of the catalysts.
The binding energies (BE) of core electrons for catalysts
A and B and their promoted counterparts CsA and CsB
subjected to evaluation and various reductions pretreat-
ments are compiled in Table 3. The binding energy of the
Zn 2p3/2 peak was essentially constant for all the catalysts
(ca 1021.7 eV), irrespective of the presence or absence of
the Cs promoter and of the catalyst pretreatments, suggest-
ing that Zn2+ ions were not reduced. Similarly, the BE of the
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TABLE 3

Binding Energies (eV) of Core Electrons and the Auger Para-
meter (eV) of the Catalysts Subjected to Evacuation and to Varied
in Situ Reduction Pretreatments

Auger
Catalyst Treatment Cr 2p3/2 Cs 3d5/2 Cu 2p3/2 param.

A Vacuum 577.9/575.5 — 933.4/935.2 —
Tr= 473 K 576.0 — 933.1/932.1 —
Tr= 523 K 575.9 — 932.1 —
Tr= 673 K 576.3 — 932.3 —

CsA Vacuum 578.2/575.7 726.7/724.5 935.0/933.4 —
Tr= 473 K 575.6 724.7 934.0/932.4 —
Tr= 523 K 575.6 724.5 933.8/932.2 —
Tr= 673 K 575.5 724.8 932.8/931.8 —

B Vacuum 578.9/576.4 — 934.2 1851.8
Tr= 473 K 576.1 — 934.7/933.0 1851.5
Tr= 523 K 576.4 — 932.6 1851.5
Tr= 673 K 576.3 — 932.4 1851.4

CsB Vacuum 579.2/576.8 726.7/724.6 934.0 1851.8
Tr= 473 K 576.2 725.3 934.7/932.5 1851.5
Tr= 523 K 576.0 725.5 932.4 1851.6
Tr= 673 K 576.4 725.6 932.5 1851.5

Cs 3d5/2 peak in Cs-promoted catalyst was characteristic of
cesium carbonate, which in turn appeared to be confirmed
by the observation of a C 1s peak at BE ca 290 eV. The
behavior of chromium was somewhat different. For all the
reduced catalysts, the Cr 2p3/2 peak shows a single peak
around 576 eV, typical of Cr3+ ions. However, the unre-
duced (both the unpromoted and Cs-promoted) catalysts
displayed two peaks separated by 2.4–2.5 eV, the high BE
peak which is dominant is associated to Cr6+ and the lower
BE one to Cr3+. The presence of both Cr6+ and Cr3+ species
in these calcined Cu–Cr–Zn catalysts has been observed
on fresh alumina-supported chromia catalysts, even for low
chromia contents, but the Cr6+ ions disappeared in a re-
ducing atmosphere, i.e., the oxidative dehydrogenation of
propylene (40).

The Cu 2p3/2 line profiles of the catalyst were complex and
changed dramatically upon reduction. This is illustrated in
Figs. 2A and 2B for catalysts B and CsB, respectively. All
outgassed catalysts showed the principal Cu 2p3/2 peak very
broad, somewhat above 934 eV, and a satellite peak (Cu2+

sa )
at ca 943 eV. Upon reduction at 473 K, the Cu 2p3/2 peak is
shifted to lower BE by 1.4–1.6 eV and simultaneously the
satellite peak disappeared. A small high BE component was
required in curve fitting of Cu 2p3/2 peak for catalysts A and
B, and this component was in the same ratio as that at the
lower BE for catalysts CsA and CsB (Fig. 2B, spectrum b).
This later observation agrees with the shift of the onset tem-
perature of reduction toward higher temperature in catalyst
CsB. Finally, after reduction at 523 and 573 K only a narrow
and symmetric peak at ca 932.4 eV is observed for all the
catalysts.

Metallic copper and Cu2+ ions can easily be identified by
XPS since the Cu 2p3/2 peak appears at a BE of 932.4 eV
for Cu0 and above 934.0 eV for Cu2+ ions. An additional
means of identifying Cu2+ ions is the prominent satellite
structure located at the high binding energy side. This satel-
lite has been attributed to shake-up transitions by ligand→
metal 3d charge transfer (41). This transfer cannot occur
in Cu+ compounds and Cu0 because of their completely
filled 3d shells. The identification of the reduced copper
species, i.e., Cu0 and/or Cu+, becomes extremely difficult
by XPS alone since the BE for Cu0 and Cu+ are almost the
same, appearing at ca 1.6 eV below that of Cu2+ ions (42–
44). This is only feasible through observation of the L3VV
X-ray induced Auger parameter of copper (see, e.g., 42,
44–47). The modified Auger parameter, α′A, defined by Eq.
(47) α′A=hv+KELMM−KE Cu 2p3/2, is generally used for
these analyses. KELMM and KE Cu 2p3/2 are the kinetic en-
ergies of the L3VV X-ray induced Auger-emitted electrons
and the Cu 2p3/2 photo-emitted electrons, respectively. The
X-ray induced Auger parameters determined for catalyst B
and its promoted CsB homologous are compiled in Table 3.
Both outgassed catalysts were found to have the α′A para-
meter at 1851.8 eV, which is characteristic of Cu2+ species
(46). However, the catalysts reduced at 473, 523, and 573 K
showed this parameter in the region of 1851.4–1851.6 eV,
which is expected for Cu0 (45–47). Since no other peak
was observed in the reduced catalysts at energies as low
as about 1849.7 eV, where Cu+ ions are expected to appear
(44–47), it can be inferred that the major reduced copper
species is Cu0 in both of the B and CsB reduced catalysts,
although a minor proportion of Cu+ cannot be completely
ruled out.

Temperature-Programmed Surface Reaction (TPSR)

TPSR profiles obtained after adsorption of methanol
on CuO, ZnO, and the multicomponent catalysts are dis-
played in Figs. 3–8. Every catalyst showed a desorption
peak of methanol at low temperature (T< 450 K), which
was accompanied by the additional two, corresponding to
formaldehyde and hydrogen. Over the pure single phase
the CuO and ZnO oxides methanol desorption occurred
as broad TPD peaks centered slightly higher than 400 K.
These were accompanied by very weak and broad desorp-
tion peaks for CH2O that exhibited the same thermal be-
havior, as shown in Figs. 3 and 4. At higher temperature,
TPSR also resulted in the appearance of H2 and CO2 over
CuO and H2 and CO (with small amounts of CO2) over
ZnO. Over the multicomponent catalysts, the temperatures
of the TPSR peaks resembled those observed with CuO,
rather than the high temperature behavior of ZnO. Over
these catalysts, the CH3OH, CH2O, and H2 desorption can
be explained by the following reaction scheme (48):

CH3OH(a)→← CH3OH(g) [5]
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FIG. 2. (A) Cu 2p3/2 core level spectra of catalyst B calcined at 553 K and subjected to several pretreatments within the preparation chamber of the
electron spectrometer: (a) outgassing at room temperature; (b) H2-reduction at 473 K for 1 h; (c) H2-reduction at 523 K for 1 h; and (d) H2-reduction
at 573 K for 1 h. (B) Cu 2p3/2 core level spectra of Cs-doped catalyst B subjected to several pretreatments: (a) outgassing at room temperature; (b)
H2-reduction at 473 K for 1 h; (c) H2-reduction at 523 K for 1 h; (d) H2-reduction at 473 K for 1 h.

CH3OH(a)→← CH3O(a)+H(a) [6]

CH3O(a)→← H2CO(a)+H(a) [7]

H2CO(a)→← H2CO(g) [8]

H(a)+H(a)→← H2(a) [9]

H2(a)→← H2(g). [10]

The relative quantities of desorbed methanol and
formaldehyde depended on the catalyst promotion. Over
copper oxide (Fig. 3), zinc oxide (Fig. 4), unpromoted
catalyst A (Fig. 5), and unpromoted catalyst B (Fig. 6),
formaldehyde/methanol ratios were lower than over the
cesium-promoted catalyst A (Fig. 7) and B (Fig. 8). It
seems that cesium modified the equilibrium of reactions
[6] and/or [7], shifting to the right. At temperatures be-
tween 400 and 500 K, a simultaneous desorption of hy-
drogen and CO2 was observed, which might well be at-
tributed to formate surface species (49). The amount of H2

and CO2 desorbed relative to the methanol peak was also

modified by cesium incorporation to the catalyst. Thus, the
CO2(H2)/methanol ratio was higher for undoped catalyst
A (Fig. 5) and B (Fig. 6) than for the cesium-promoted
counterparts CsA (Fig. 7) and CsB (Fig. 8). Therefore, it
appears that the formation of formate surface species from
adsorbed methanol is inhibited by the presence of cesium.
On zinc oxide (Fig. 4) a different mechanism seems to be op-
erative. Note that a simultaneous desorption of hydrogen
and carbon monoxide occurred at temperatures between
450 and 600 K, which may also arise from formate surface
species (49).

Other minor desorption products, including dimethyl
ether (DME) and acetaldehyde were also detected. DME
was desorbed from the copper sample (Fig. 3), and from
the unpromoted catalyst A (Fig. 5) and B (Fig. 6), in good
agreement with their selectivity to DME in CO hydrogena-
tion (see below), indicating surface acidity. The desorption
peak of acetaldehyde was found to be of very low inten-
sity, if any, in unpromoted catalysts, but more intense in the
cesium-promoted counterparts. This finding can be taken as
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FIG. 3. Desorption flux of different species as a function of tempe-
rature after methanol adsorption at room temperature on reduced CuO.
Magnification is given for each profile.

indicative of the formation of higher oxygenates by cou-
pling of two C1 surface species, such an effect being
enhanced by the presence of cesium. It can be noted that,
although acetaldehyde was not detected on copper (Fig. 3),
it was clearly observed on zinc oxide (Fig. 4), but at higher
temperatures than on promoted catalyst CsA (Fig. 7) and
CsB (Fig. 8). Therefore, cesium promotion on Cu–Zn–Cr
catalysts has a double effect: (i) elimination of surface acidi-
ty as revealed by suppression of DME formation (Figs. 7
and 8), and (ii) improving the carbon–carbon bond forma-
tion between surface species on basic centers, as detected
by the desorption peak of acetaldehyde. Accordingly, this
latter effect agrees with previous suggestions by Nunan
et al. (5, 12). The C–C bond formation on zinc oxide at
higher temperatures than on the cesium-promoted catalysts
could be related to the lower basicity of zinc oxide than of
cesium-promoted catalysts.

Catalytic Activity in CO Hydrogenation

Activity and selectivity results of CO hydrogenation with
and without cofeeding methanol, ethanol, or 1-propanol are
compiled in Tables 4–6. When the catalyst with high surface
area was doped with cesium (catalyst CsB), an increase
in the formation of methanol from CO/H2 is observed
(Table 4), as earlier reported by Nunan et al. (18). Fur-

thermore, an increase in the formation of higher alco-
hols (C2+OH) was noted, especially becoming larger for
1-propanol and isobutanol. In addition to this, larger quan-
tities of esters and a decrease in ether formation (DME)
are produced. As DME is formed on acid sites, its inhibition
could be explained by the neutralization of surface acid sites
by cesium incorporation. Ester formation over the cesium
doped catalyst is in agreement with the previous TPSR ob-
servations showing the desorption of aldehyde compounds,
wherein the esters may arise from the coupling reaction of
aldehyde species with surface alkoxide species, very likely
on surface sites involving cesium (10). When methanol was
cofed, a small increase in the formation of C2+OH was ob-
served. Instead, when the alcohol fed was ethanol, an appre-
ciable increase in the yield of C3 and C4 alcohols was appa-
rent. This observation provides an argument that adsorbed
ethanol species could be intermediate in the synthesis of
C3+OH alcohols. A similar effect on isobutanol formation
was observed when 1-propanol was cofed. Consequently,
from the selectivity toward higher alcohols obtained under
the conditions of CO hydrogenation with alcohol cofeed-
ing (Tables 4–6), it is evident that the most difficult step in
higher alcohol synthesis is C1OH→C2OH.

The comparison of activity data for catalysts A and B
(Tables 4 and 5) shows that the catalyst calcined at lower
temperature (catalyst B) is more active and more selective

FIG. 4. Desorption flux of different species as a function of tempe-
rature after methanol adsorption at room temperature on reduced ZnO.
Magnification is given for each profile.
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FIG. 5. Desorption flux of different species as a function of tempera-
ture after methanol adsorption at room temperature on reduced catalyst
A. Magnification is given for each profile.

to higher alcohols. Bearing in mind that conversion levels
are higher for catalysts with higher surface area (B and CsB)
than for that calcined at higher temperature (A and CsA),
the differences in selectivity can be attributed to changes in
concentration of surface species. On the other hand, as re-
cently reported, alcohol selectivities could be modified by
catalyst porosity (50, 51). In line with this, a more porous
catalyst produces more higher alcohols. As no ether forma-
tion was detected with catalysts A and CsA, the absence
of surface acidity may be explained by the formation of
zinc chromite spinel, as detected by XRD, during calcina-
tion at 673 K, which inhibits the acidity of chromium oxide.
Accordingly, the effect of cesium doping on sample A is
similar to that observed in sample B, confirming the role
of Cs promoter in the reaction. Comparison of Tables 5
and 6 provides a basis for establishing the effect of reac-
tion temperature on catalytic selectivity upon increasing
the reaction temperature with H2/CO= 0.45, a decrease
in methanol production and an increase in selectivity to-
ward higher alcohols selectivity was shown, in agreement
with previous studies (5, 7). Also, hydrocarbon formation is
observed at higher temperatures. It seems that the cesium
promotion is more pronounced at lower reaction tempe-
ratures, i.e., 548 K. This effect can be explained by kinetic
enhancement induced by Cs coupled with high conversion

of the reactants and equilibria that become important at
the higher reaction temperature.

CONCLUSION

The cesium promotion of the ternary Cu–Zn–Cr oxide
catalyst has been investigated in the high pressure hydro-
genation of CO to form alcohols. The structural investiga-
tion of the catalysts revealed that the reduction of copper
was inhibited by incorporation of cesium. Under typical
reaction conditions, both TPR and XPS revealed that de-
tectable copper phases were completely reduced to metal-
lic copper. The crystal sizes of copper particles tend to in-
creasing with increasing reduction temperature, and this
tends to be accompanied by simultaneous Cs segregation
to the catalyst surface. The catalytic activity results from
CO hydrogenation, with and without cofeeding methanol,
ethanol, or 1-propanol, showing that a large surface area of
the catalysts and ill-defined crystalline phases yields higher
activity and a slight increase in HAS selectivity. However,
cesium incorporation resulted in much higher methanol
and C2+OH productivities. By cofeeding a given CnOH
alcohol, the Cn+1OH yield was enhanced, thus suggesting
that the most difficult chain growth steps is the reaction
2CH3OH→CH3CH2OH.

FIG. 6. Desorption flux of different species as a function of tempera-
ture after methanol adsorption at room temperature on reduced catalyst
B. Magnification is given for each profile.
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TABLE 4

Steady State Space Time Yields Obtained with H2/CO= 0.45 Synthesis Gas and with Methanol (MeOH), Ethanol (EtOH), or
1-Propanol (1-PrOH) Injected into the Synthesis Gas; Reaction Conditions (P= 7.6 MPa, T= 548 K)

Catalysts B Catalysts CsB

Y CO/H2+ CO/H2+ CO/H2+ CO/H2+ CO/H2+ CO/H2+
(g/kgcat h) CO/H2 MeOH EtOH 1-PrOH CO/H2 MeOH EtOH 1-PrOH

CO2 39.8 64.5 33.5 37.3 53.0 73.1 85.0 43.0
MeOH 200.0 ∗ 85.6 76.9 270.9 ∗ 97.0 77.0
EtOH 3.0 4.7 ∗ 0.6 24.6 35.3 ∗ 3.0
1-PrOH — — 17.7 ∗ 13.3 14.8 22.8 ∗
IsoBuOH — — 17.3 19.8 13.7 18.2 23.1 40.3
Esters — 1.0 6.1 — 8.7 10.8 19.0 2.7
Ethers 32.8 55.4 — — 4.5 5.4 — —

∗ Alcohol fed into the synthesis gas stream.

TABLE 5

Steady State Space Time Yields Obtained with H2/CO= 0.45 Synthesis Gas and with Methanol (MeOH), Ethanol (EtOH), or
1-Propanol (1-PrOH) Injected into the Synthesis Gas; Reaction Conditions (P= 7.6 MPa, T= 548 K)

Catalyst A Catalyst CsA

Y CO/H2+ CO/H2+ CO/H2+ CO/H2+ CO/H2+ CO/H2+
(g/kgcat h) CO/H2 MeOH EtOH 1-PrOH CO/H2 MeOH EtOH 1-PrOH

CO2 — 4.2 48.7 6.8 2.4 6.2 48.5 35.8
MeOH 8.8 ∗ 10.7 5.2 84.2 ∗ 40.7 43.2
EtOH — 5.8 ∗ — 2.7 7.0 ∗ —
1-PrOH — — 6.0 ∗ — 0.4 16.7 ∗
IsoBuOH — — — 8.1 — — 13.9 16.6
Esters — — 40.0 — — — — —
Ethers — — — — — — — —

∗ Alcohol fed into the synthesis gas stream.

TABLE 6

Steady State Space Time Yields Obtained with H2/CO= 0.45 Synthesis Gas and with Methanol (MeOH), Ethanol (EtOH) or
1-Propanol (1-ProOH) Injected into the Synthesis Gas; Reaction Conditions (P= 7.6 MPa, T= 583 K)

Catalyst A Catalyst CsA

Y CO/H2+ CO/H2+ CO/H2+ CO/H2+ CO/H2+ CO/H2+
(g/kgcat h) CO/H2 MeOH EtOH 1-PrOH CO/H2 MeOH EtOH 1-PrOH

CO2 — 16.2 34.8 6.8 66.4 67.7 152.0 102.5
MeOH 8.2 ∗ 8.5 5.2 73.8 ∗ 65.5 60.7
EtOH — 16.8 ∗ 0 9.8 11.6 ∗ 0.1
1-PrOH — 0.4 39.9 ∗ 10.5 15.9 32.9 ∗
IsoBuOH — — 5.5 8.1 2.1 2.1 13.8 20.9
Esters — — — — — — 31.9 —
Ethers — — — — — — — —

∗ Alcohol fed into the synthesis gas stream.
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FIG. 7. Desorption flux of different species as a function of tempera-
ture after methanol adsorption at room temperature on reduced Cs-
promoted catalyst CsA. Magnification is given for each profile.
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