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A commercial Zn/Cr spinel methanol synthesis catalyst ob-
tained from Engelhard was promoted with potassium and tested
for methanol and isobutanol synthesis using a syngas feedstream
(1 : 1 H2 and CO). An equal molar mixture of methanol and isobu-
tanol would be an ideal feedstock for production of methyl tertiary
butyl ether (MTBE) for use as an additive to gasoline to increase
the octane number and reduce air pollution. Of the reaction con-
ditions examined, the higher temperature, 440◦C, and higher pres-
sure, 1500 psig, result in the highest isobutanol production rate over
most of the catalysts examined. The effect of the K promotor load-
ing also was examined. Increasing the amount of K from 0 to 1 wt%
increases the hydrocarbon by-product rate, but the addition of 3 or
5 wt% K decreases the hydrocarbon by-product rate consequently
increasing the selectivity to total alcohols. Increasing the K loading
above 3 wt%, however, raises the methanol-to-isobutanol mole ra-
tio. The use of the 3 wt% K-containing catalyst results in the lowest
methanol-to-isobutanol mole ratio of 1.5 which is near the desired
value of 1.0 for MTBE synthesis. An isobutanol production rate of
103 g/kg-cat/hr is attained using a 1 wt% K-promoted Zn/Cr spinel
catalyst. Surface-characterization studies were performed on the
3 wt% K-containing catalyst. Ion-scattering spectroscopy data re-
veal that the outermost surface layer of the fresh catalyst consists
of C, O, Cr, and Zn. Since the catalysts are reduced prior to testing
in the reactor, surface studies also were performed after reducing
the catalyst in 1× 10−7 Torr of H2 for 4 hr at 250◦C. The addi-
tion of the alkali is necessary for higher alcohol synthesis (HAS),
and the pretreatment results in migration of the K promotor to the
outermost surface layer where the catalytic reactions occur. X-ray
photoelectron spectroscopy (XPS) data are consistent with these re-
sults and also reveal that the near-surface regions of the nontreated
and H2-treated samples consist primarily of ZnO. The K is present
as K2Cr2O7 or K2CrO4. Although the outermost atomic layer of
the reduced catalyst contains a large amount of K, relatively little
is observed in the near-surface region using XPS, indicating that
most of the K is located at the surface. The catalytically active sur-
face for HAS consists of alkali species lying on top of a ZnO phase.
The chemical state of the Cr species is altered during reaction. The
K2Cr2O7 or K2CrO4 present on the fresh and reduced catalyst is con-
verted to Cr2O3, Cr(OH)x and Cr0 with age, but no other phases of

Zn other than ZnO are observable before or after aging. The Zn/Cr
spinel is not important for activity toward isobutanol production
and acts only as a high-surface-area support. c© 1997 Academic Press

INTRODUCTION

During the past 10 years, there has been considerable in-
terest in developing processes for the synthesis of higher
alcohols (C2 and higher) from syngas for use as additives
to gasoline (usually 2–5 wt%) to reduce air pollution and
increase the octane number (1). The need for an octane
enhancer stems from the phasing out of lead from the gaso-
line pool and a push for higher levels of pollution control.
The presence of oxygen in the fuel allows for combustion
to proceed to a greater extent, thus lowering the amount
of hydrocarbon emissions. Higher alcohols are useful as
additives to gasoline or substitute fuels such as methanol.
For example, combining a mixture of C2–C5 alcohols with
methanol helps overcome the problem of methanol phase
separation with water and lowers the overall vapor pres-
sure of the methanol fuel. An alcohol mixture produced
from syngas could be added to the list of (or be used to syn-
thesize) such established octane improvers such as methyl
tertiary butyl ether (MTBE), ethyl tertiary butyl ether, and
tertiary amyl methyl ether or be used directly as are alco-
hols such as methanol, ethanol, and tertiary butyl alcohol.
Besides their value as a source of acceptable octane en-
hancers, processes for producing a mixture of alcohols from
syngas could be of particular interest for the conversion of
remote natural gas to easily transportable, high-value prod-
ucts (2). A 50/50 mol% mix of methanol and isobutanol
would provide an ideal feedstock for the direct production
of methyl isobutyl ether (MIBE) via dehydration or the
indirect production of MTBE in two steps by (a) dehydra-
tion of the isobutanol to isobutylene, followed by (b) reac-
tion with methanol to produce MTBE. The second route
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is preferred because MIBE is not an octane-enhancing
agent.

Catalysts for higher alcohol synthesis (HAS) can be di-
vided into the following two classes (3) based on the alcohol
product distribution. One is modified Fischer–Tropsch (FT)
and the other is Group VIII metal-based catalysts.

Traditional Fischer–Tropsch catalysts produce apprecia-
ble amounts of oxygenates (alcohols, aldehydes, acids,
ketones, and esters) by addition of alkali. The products
obtained follow an Anderson–Schultz–Flory (ASF) dis-
tribution, typical of the well-known linear condensation
polymerization mechanism. Molybdenum sulfide catalysts
promoted with alkali also produce the ASF product dis-
tribution while Rh-based catalysts are similar but produce
more C2+ oxygenates.

HAS catalysts have evolved primarily from modified
methanol-synthesis catalysts. The original methanol syn-
thesis catalysts were based on a Zn/Cr spinel. A second
catalyst type which operates at substantially lower tem-
peratures (250–300◦C) is composed of a Cu–metal-based
formulation. In both cases the addition of alkali to the sys-
tems results in the formation of higher alcohols, albeit at
a substantially lower overall productivity. The reaction is
believed to proceed by a combination of hydrogenation
and carbon–carbon bond formation via aldol condensation.
This is in contrast to the modified FT catalysts which func-
tion through a classical CO insertion/hydrogenation mech-
anism. The result of this is the formation of branched al-
cohols with a non-ASF product distribution. The following
major reactions take place over the catalyst:

Alcohol formation

nCO+ 2nH2 → CnH2n+1OH+ (n− 1)H2O

Hydrocarbon formation

nCO+ (2n+ 1)H2 → CnH2n+2 + nH2O

Water–gas-shift reaction equilibrium

CO+H2OÀ CO2 +H2

The formation of methanol and isobutanol with the addi-
tion of Cs or K to the copper-based catalysts has been stud-
ied extensively (3–11). The alcohol distribution obtained
using these catalysts, however, is undesirable thus far for
the direct product application of MTBE synthesis because
the methanol-to-isobutanol mole ratio is too large. Further-
more, significant quantities of by-products are produced
and long contact times are necessary. In some cases the re-
action conditions result in catalyst instability possibly due
to catalyst sintering (12, 13). The alkali promotion of the
zinc–chromite catalysts also results in higher alcohol pro-
duction (3, 12–16). Less attention has been given to these
catalysts because more severe reaction conditions are re-
quired. Nevertheless, upon K addition the primary alcohol
formed using these catalysts is isobutanol. Again, however,

a larger amount of methanol is produced resulting in a poor
alcohol distribution. The advantage of these catalysts is that
better selectivities for isobutanol production are achieved
compared to the Cu-based catalysts. Beretta et al. (15) re-
cently examined the use of the two types of catalysts in
series and achieved a productivity of 138.8 g/kg-hr of isobu-
tanol and a methanol-to-isobutanol mole ratio of 3. These
values are the most promising published in the literature,
and the qualities of these catalysts may be enhanced further
through the use of reaction engineering. As noted above,
the detailed optimization of the zinc–chromite catalysts has
not been extensively examined or achieved.

The present study is the first of a series which focuses
on the optimization of isobutanol synthesis using modified
high-temperature, high-pressure methanol-synthesis cata-
lysts. The goal is to achieve a high production rate of isobu-
tanol, a methanol-to-isobutanol mole ratio of 1.0, and a
low hydrocarbon production rate. A commercially avail-
able Zn/Cr spinel methanol-synthesis catalyst, Engelhard
Zn-0312, which has been promoted with varying amounts
of K has been examined for HAS in this investigation. Reac-
tion studies were performed using each of the K-promoted
Zn/Cr spinel catalysts made in order to determine the
optimum promotor concentration and preferred operat-
ing conditions. X-ray photoelectron spectroscopy (XPS)
and ion-scattering spectroscopy (ISS) were used to exam-
ine the fresh, pretreated, and aged catalyst surfaces be-
fore and after sputtering in order to relate compositional
and chemical-state information regarding the near-surface
region of the catalyst to the catalytic behavior. This ap-
proach leads to a novel insight regarding how these catalysts
function.

EXPERIMENTAL

Reaction Studies

The Zn/Cr spinel support was purchased from Engelhard
Industries (Engelhard Zn-0312). The bulk Zn-to-Cr weight
ratio is this spinel is 3 : 1, and the O content is 21 wt%.
The catalysts were impregnated with 1, 3, and 5 wt% K as
a promotor using potassium nitrate and the incipient wet-
ness method. The reactor consisted of a 1

4 -in. copper tube
inserted into a 3

8 -in. stainless-steel tube. This arrangement
eliminates products which form due to feedstream reac-
tions with the stainless steel at the elevated temperatures.
One gram of catalyst powder was mixed with 3 g of glass
beads for catalyst dispersion and then placed into the re-
actor tubes. These tubes were placed into an air fluidized
sandbath which was used for heating uniformly. The feed
and pretreatment gases were passed through a molecular-
sieve-activated carbon trap to remove water and metal
carbonyl contaminants before entering the reactor tube.
The catalysts were calcined in air at 325◦C to stabilize the
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material and then reduced with a 5% hydrogen-in-nitrogen
mixture for 4 hr at 300◦C. The reactions were run using
a feed gas of 1 : 1 H2 and CO mixture at a space velocity
of 12,000. The reactions were run at two different tem-
peratures, 400 and 440◦C, and pressures, 1000 (6.9 MPa)
and 1500 psig (10.3 MPa). The product stream was ana-
lyzed using a Varian 3700 gas chromatograph. Inorganics
were detected by thermal conductivity measurements us-
ing a Carbosieve S-2 column purchased from Supelco. The
organic products were detected using a 12-ft, 1

8 -in., 80/100
Tenax column obtained from Alltech and detected using
flame ionization. The Tenax column was calibrated on an
absolute weight basis using quantified mixtures of C1–C6

normal hydrocarbons, normal and branched alcohols, and
normal aldehydes. Separation of branched and primary al-
cohols was therefore attained. The focus of this study was
the synthesis of isobutanol and therefore not all compo-
nents of the product steam are mentioned, although resid-
ual alcohols can be determined from the remainder of the
total alcohol rate. Argon was used as the carrier gas in both
columns. Carbon mass balances were performed through-
out the experiments by comparing the feed and product
stream compositions using the gas chromatograph system.
In some cases other oxygenates were detected but at levels
in the 1 to 2% ranges.

Characterization Studies

The fresh catalyst material (unreacted) was pressed into
an Al cup and inserted into an ultrahigh vacuum cham-
ber (base pressure of <10−10 Torr) to carry out the surface
characterization studies. XPS and ISS data were collected
using a double-pass cylindrical mirror analyzer (CMA)
(PHI Model 15-255 GAR). XPS data were collected by op-
erating the CMA in the retarding mode with pass energies
set at 25 eV for the high-resolution spectra and 50 eV for
the survey spectra. A Mg Kα X-ray generator was used as
the excitation source. Binding energy (BE) values were de-
termined by assigning the Fermi level to 0.0 eV and then
ensuring the Zn 2p peak of ZnO has a BE value of 1021.7 eV
(17). ISS was performed using 1-keV He+ defocused over a
spot size of 0.5 cm2. A total-ion current of 100 nA was used,
and each spectrum was collected in 66 sec. The collection of
an ISS spectrum using He+ and the selected operating para-
meters results in the sputter removal of less than one-tenth
of a monolayer. ISS spectra were collected by operating the
CMA in the nonretarding mode and both XPS and ISS data
were collected using pulse-counting detection (18).

After the initial surface characterization was accom-
plished, the fresh catalyst was reduced for 4 hr in 1×
10−7 Torr of flowing research-grade H2. The temperature
was ramped at approximately 2◦C per minute to 250◦C
and held at this temperature for the remaining time. The
pretreated catalyst was then reanalyzed using XPS and ISS
without exposure to air after the pretreatment. A depth

profile was obtained by sputtering the sample with a 1-keV
flux of 1 : 1 He+ and Ar+ for varying intervals of time while
ISS spectra were collected. XPS again was used to examine
the chemical states of the species present after sputtering.
The aged catalysts were retrieved from the reactor after
functioning for about 1 week under reaction conditions.
These samples also were characterized using XPS, ISS, and
depth profiling.

RESULTS AND DISCUSSION

A detailed listing of the product distribution using a non-
promoted and 1, 3, and 5 wt% K-promoted catalysts under
four sets of reaction conditions is shown in Table 1. Since the
highest isobutanol production rates and lowest methanol-
to-isobutanol mole ratios are attained using a pressure of
1500 psi and 440◦C for each catalyst except the 5 wt% K-
containing sample, these seem to be the most favorable con-
ditions of the four tested. The higher temperature, however,
results in a loss of selectivity due to a higher hydrocarbon
product rate. The higher pressure slightly increases the se-
lectivity of the nonpromoted and 5 wt% K-containing cata-
lyst and significantly increases the overall product rates over
each of the catalysts. Small amounts of other alcohols also
are produced, but isobutanol and methanol are consistently
the primary products. The product stream composition ob-
tained using the 3 wt% K catalyst at 400◦C and 1000 psi as a
function of time is given in Table 2. Little variation is noti-
ceable after 15 hr on stream, and no trends in the product
rates are evident other than the formation of n-propanol af-
ter 13 hr. Each catalyst was tested at each of the four operat-
ing parameters listed for a minimum of 24 hr. No significant
changes in catalyst activity or product stream compositions
were noted under any of the conditions tested.

The total alcohol production rate as a function of K load-
ing at 440◦C and 1500 psi is shown in Fig. 1a. The use of
the 1 wt% K-containing catalyst results in the highest al-
cohol production rate. The nonpromoted catalyst produces
significant quantities of alcohols, but the product stream is
composed primarily of methanol and very little isobutanol
as shown in Fig. 1b. The total alcohol production rate in-
creases initially upon the addition of K but decreases to
99 g/kg-hr with the addition of 3 wt% K to the spinel and
increases again to 130 g/kg-hr upon addition of 5 wt% K.
The addition of K increases the isobutanol rate, and a max-
imum in production is achieved with the 1 wt%-K catalyst.
A product stream flowrate of 103 g/kg-cat/hr of isobutanol
is greater than that attained by Beretta et al. (15) using a
Cs/ZnO/Cr2O3 catalyst. This catalyst yields a methanol-to-
isobutanol mole ratio of 1.9, while an even lower ratio of
1.5 is achieved using the 3 wt% K catalyst. The effect of the
addition of K on the selectivity to total alcohols is shown in
Fig. 2a. The highest selectivity to total alcohols is attained
using the 5 wt% K catalyst and decreases as the K load-
ing decreases. The use of the nonpromoted catalyst results
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TABLE 1

Catalytic Performance of the Zn/Cr Engelhard Spinel Containing

0% K 1% K 3% K 5% K

P (psig): 1000 1500 1500 1000 1000 1500 1500 1000 1000 1500 1500 1000 1000 1500 1500 1000
T (◦C): 400 400 440 440 400 400 440 440 400 400 440 440 400 400 440 440

Selectivity to 65 77 43 27 61 75 53 53 80 88 70 70 96 97 84 83
total alcohols (%)

Total alcohol 111 236 133 59 133 251 167 129 75 159 99 67 82 159 130 70
rate (g/kg-hr)

Methanol rate 105 223 102 41 78 170 49 70 38 92 26 8 59 123 47 16
(g/kg-hr)

Ethanol rate 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(g/kg-hr)

Isopropanol rate 0 0 0 3 0 0 6 5 0 1 6 2 0 1 9 5
(g/kg-hr)

n-Propanol rate 0 0 18 10 8 0 9 6 4 10 0 0 0 0 23 10
(g/kg-hr)

Isobutanol rate 6 13 13 5 47 81 103 47 34 57 67 57 23 34 51 38
(g/kg-hr)

MetOH/i-ButOH 73 68 31 36 6.6 8.4 1.9 6.0 4.5 6.4 1.5 0.54 10 14 3.7 1.7
mole ratio

Hydrocarbon rate 30 35 94 86 48 46 101 65 11 12 29 21 2 3 15 10
(g/kg-hr)

Conversion (%) 8 14 14 9 12 19 19 13 10 12 13 11 13 14 15 13

in the lowest selectivity of 43%. As shown in Fig. 2b, the
addition of 1 wt% K to the Zn/Cr spinel slightly increases
the formation of hydrocarbon by-products. Increasing the
amounts of K further results in a decrease in the amount of
hydrocarbons produced which accounts for the increase in
alcohol selectivity observed in Fig. 2a. Surface science anal-
ysis was performed on the Zn/Cr spinel catalyst containing
3 wt% K due to its low methanol-to-isobutanol mole ratio
under the reaction conditions used.

ISS is an important surface science technique (19–22) in
catalysis due to its extremely high surface sensitivity. Unlike

TABLE 2

Product Stream Analysis Obtained Using the Zn/Cr Engelhard
Commercial Spinel Support Plus 3 wt% K at 400◦C and 1000 psig
as a Function of Time

Time on stream (hr)

3 5 7 9 11 13 15

Sel. total alcohols (%) 78 80 79 77 76 79 80
Total alcohol rate (g/kg-hr) 70 77 76 67 65 76 75
Methanol rate (g/kg-hr) 33 37 38 40 40 39 38
Ethanol rate (g/kg-hr) 0 0 0 0 0 0 0
Isopropanol rate (g/kg-hr) 0 0 0 0 0 0 0
n-Propanol rate (g/kg-hr) 0 0 0 0 0 4 4
Isobutanol rate (g/kg-hr) 36 40 38 27 25 33 34
MeOH/i-ButOH mole ratio 3.7 3.8 4.0 5.8 6.3 4.7 4.5
Hydrocarbon rate (g/kg-hr) 12 12 12 11 11 12 11
Conversion (%) 10 10 10 10 10 10 10

AES and XPS this technique yields compositional informa-
tion about the outermost atomic layer, which is where cata-
lysis occurs. An ISS spectrum taken from the fresh 3 wt%
K-promoted catalyst is shown in Fig. 3a. A predominant

FIG. 1. The effect of K loading on (a) the total alcohol production
rate and (b) the isobutanol and methanol production rates of the product
stream when the reactor is operated at 440◦C and 1500 psig.
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FIG. 2. The effect of K loading on (a) the selectivity to total alcohols
(calculated on a mass basis) and (b) the total hydrocarbon production rate
when the reactor is operated at 440◦C and 1500 psig.

feature due to charging is present at an E/E0 of 0.46. Fea-
tures due to O and C also are apparent at E/E0s of 0.38
and 0.27, respectively. Upon expanding the higher E/E0 re-
gion by a factor of 5, Cr and Zn peaks become evident.
This spectrum indicates that the as-prepared catalyst sur-
face contains mostly O in the outermost atomic layer. The
charging feature which is present in these spectra is most
likely caused by the presence of large amounts of O at the

FIG. 3. ISS spectra taken from the 3 wt% K/Zn/Cr spinel catalyst
after (a) insertion into the UHV system, (b) pretreating in 1× 10−7 Torr
of H2 for 4 hr at 250◦C, (c) sputtering for 5 min with 1 keV He+, and (d)
sputtering for another 15 min with a 1-keV 1 : 1 He+ and Ar+ mixture.

surface. This results in an insulating surface layer which of-
ten leads to the observed charging features. Features due
to charging typically are present in the lower E/E0 portions
of ISS spectra and therefore may influence the C and O
peak positions, shapes, and intensities. The features due to
heavier elements lie at higher E/E0 values so these features
are less affected by charging features. However, they may
appear as small peaks due to the large size of the charg-
ing peak. After exposing the catalyst to 1× 10−7 Torr of H2

for 4 hr at 250◦C, the ISS spectrum shown in Fig. 3b was
taken. This treatment is similar to the pretreatment condi-
tions used on the catalysts before they are exposed to the
reaction stream. The charging feature is still large, but it
appears at a lower E/E0. One of the peaks in this charging
feature such as the large peak at an E/E0 of 0.32 may be
due to O. Many variables affect the peak shapes and posi-
tions of the charging features, and as of yet no research has
been accomplished on the development of models for un-
derstanding these features. After the reductive treatment
the K peak is quite prominent, and the Zn and Cr peaks
are not evident. The H2 treatment may remove some sur-
face O exposing underlying K and/or possibly some K may
migrate to the surface covering the underlying Zn and Cr.
The ISS spectrum shown in Fig. 3c was taken after the cata-
lyst was sputtered with 1 keV He+ for 5 min. A signifi-
cant Zn feature is now evident indicating that the sputter-
ing process removes some K from the surface, exposing a
small amount of Zn located beneath the K layer. The low
E/E0 feature is similar in shape to that shown in Fig. 3b, but
it is smaller relative to the higher E/E0 features indicating
that surface O has been selectively sputtered away. Another
ISS spectrum shown in Fig. 3d was taken after sputtering the
sample for 15 min with a 1-keV 1 : 1 He+ and Ar+mixture.
Most of the K layer has been sputtered away, the primary
feature is due to Zn, a smaller Cr feature is evident and a
feature due to Na contamination initially below the surface
is also apparent. The low E/E0 feature is reduced further
in size relative to the higher E/E0 features indicating fur-
ther removal of surface O. Its position and shape are also
changed. This probably is due to the fact that the surface
composition is quite different after this sputter treatment
so that the charging characteristics are altered.

Surface analysis was performed on the aged catalysts af-
ter they had been in the reactor for about 5 days. The reac-
tion data did not vary over this time period unless the op-
erating parameters were adjusted to test another setting so
the catalytic properties of these samples remain stable with
time during the intervals used. An ISS spectrum taken from
the aged 3-wt% K-promoted Zn/Cr spinel catalyst is shown
in Fig. 4a. The outermost surface layer is significantly differ-
ent from those of the as-prepared and pretreated catalysts.
Features due to K, Cr, and Zn are all present, and a large
Na peak is evident also. This indicates that the Na which is
present in the near-surface region, but not at the surface, of
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FIG. 4. ISS spectra taken from the aged 3 wt% K/Zn/Cr spinel cata-
lyst after (a) insertion into the UHV system, (b) sputtering for 5 min with
1 keV He+, and (c) sputtering for another 15 min with a 1-keV 1 : 1 He+

and Ar+ mixture.

the pretreated sample migrates toward the surface of the
sample as the reaction proceeds or that the K may have ag-
glomerated during reaction exposing the underlying Zn, Cr,
and Na. The low E/E0 feature is similar in shape to those in
Figs. 3b and 3c, but it is shifted to lower E/E0 and is reduced
in size relative to the higher E/E0 features indicating that
less O is present on this surface. Sputtering the sample re-
sults in an increase in the surface Zn concentration relative
to the K concentration as seen in Fig. 4b. The O concentra-
tion is reduced further, and the low E/E0 feature is more
similar in shape and position to those shown in Figs. 3b and
3c. A small peak at an E/E0 of approximately 0.64 is caused
by the presence of S contamination at the surface. The ISS
spectrum shown in Fig. 4c was taken after sputtering the
sample for an additional 15 min with a 1-keV 1 : 1 He+ and
Ar+mixture. Most of the K and Na is removed by the sput-
ter process indicating that these species lie near the surface.
The charging feature is reduced in size, and the spectrum is
similar to one obtained from a bare spinel surface. A pre-
vious study reported that the O/Ag ISS cross section ratio
is 0.05 (23). Although Zn is less massive than Ag, this value
implies that the presence of even small O peaks represents
significant amounts of O in the outermost atomic layer. The
higher lying features due to the heavier elements are less
affected by the charging as observed previously (24). The
primary peak in this spectrum is due to Zn while a small
shoulder due to Cr is present as well. This spectrum also is
similar to that shown in Fig. 3d.

An XPS survey spectrum taken from the fresh catalyst
is shown in Fig. 5. Predominant peaks due to Zn and O
are readily apparent, and small Cr and C features also are
present. The Cr features are much smaller than the Zn fea-
tures indicating that the near-surface region of the catalyst
is enriched in Zn with only a trace amount of Cr present.

FIG. 5. XPS survey spectrum taken from the nonreacted, nonpre-
treated, 3 wt% K/Zn/Cr spinel catalyst.

The carbon is a contaminant formed by exposure to air.
Similar survey spectra were obtained from the reduced and
aged catalysts and therefore are not presented. The most
significant difference in the survey spectra is that the Cr 2p
peaks are larger by a factor of about 2 after reduction of
the fresh catalyst, are larger by a factor of about 3 for the
aged catalyst, and doubled again after sputtering the aged
catalyst.

-1A high-resolution XPS Zn 2p spectrum taken from the
fresh catalyst is shown in Fig. 6a. ZnO appears to be the
only chemical state of Zn present in the near-surface region
(17). In fact, ZnO is the primary or only state of Zn present

FIG. 6. XPS Zn 2p spectra taken from the 3 wt% K/Zn/Cr spinel
catalyst after (a) insertion into the UHV system, (b) pretreating in 1×
10−7 Torr of H2 for 4 hr at 250◦C, (c) sputtering for 5 min with 1 keV He+

and 15 min with a 1-keV 1 : 1 He+ and Ar+ mixture, (d) the aged 3 wt%
K/Zn/Cr spinel catalyst, and (e) the aged catalyst after sputtering for 5 min
with 1 keV He+ and 15 min with a 1-keV 1 : 1 He+ and Ar+ mixture.
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in the near-surface region of all the catalyst surfaces exam-
ined (Figs. 6a–6e) in this study. An interaction between Cu
and Zn produces a peak with a BE value which is 0.7 eV less
than that of ZnO (25). A similar shift may occur if a Cr–Zn
alloy were present, but no such feature is noticeable. Also
a feature at 1022.1 eV due to ZnCr2O4 (26) is not apparent.
The FWHM of all the Zn 2p features in Fig. 6 are similar as
are their peak shapes. This supports the assertion that only
one chemical state of Zn such as ZnO is present. These
data also indicate that the Zn/Cr spinel does not play an
active role in the catalytic process in HAS since no Zn–Cr
spinel features are evident. The reaction process seems not
to be based on the presence of the spinel structure or Cr.

A high-resolution XPS O 1s spectrum taken from the
fresh catalyst is shown in Fig. 7a. The broad peak width in-
dicates that a mixture of chemical states is present. ZnO
and hydroxyl groups are the primary contributors to this
signal. A small amount of adsorbed water as well as some
chemisorbed O are also present. The assignment of this low
BE feature is based on previous studies of the thermal de-
composition of silver oxides (27, 28). After reducing the
sample, the O 1s spectrum shown in Fig. 7b was taken. The
contribution from OH is greatly diminished, but a small,
well-defined shoulder due to adsorbed H2O is apparent.
The removal of the OH groups contributes to the exposure
of more of the ZnO and possibly more catalytic sites. Sput-
tering the sample does not alter the O 1s peak significantly,
as shown in Fig. 6c, but the adsorbed H2O peak size is re-
duced. The O 1s spectrum taken from the aged catalyst is
shown in Fig. 6d. Significant changes have occurred due to
the reaction process. The primary feature still is assigned
to ZnO, but the size of the chemisorbed O feature is now

FIG. 7. XPS O 1s spectra taken from the 3 wt% K/Zn/Cr spinel cat-
alyst after (a) insertion into the UHV system, (b) pretreatment in 1×
10−7 Torr of H2 for 4 hr at 250◦C, (c) sputtering for 5 min with 1 keV He+

and 15 min with 1-keV 1 : 1 He+ and Ar+, (d) the aged 3 wt% K/Zn/Cr
spinel catalyst, and (e) the aged catalyst after sputtering for 5 min with 1
keV He+ and 15 min with a 1-keV 1 : 1 He+ and Ar+ mixture.

FIG. 8. XPS C 1s and K 2p spectra taken from the 3 wt% K/Zn/Cr
spinel catalyst after (a) insertion into the UHV system, (b) pretreating in
1× 10−7 Torr of H2 for 4 hr at 250◦C, (c) sputtering for 5 min with 1 keV
He+ and 15 min with a 1-keV 1 : 1 He+ and Ar+ mixture, (d) the aged
3 wt% K/Zn/Cr spinel catalyst, and (e) the aged catalyst after sputtering
for 5 min with 1 keV He+ and 15 min with a 1-keV 1 : 1 He+ and Ar+

mixture.

increased and the hydroxyl group concentration is in-
creased significantly. As shown in Fig. 7e, sputtering does
not alter the O 1s feature very much indicating that the com-
position of the near-surface region is fairly uniform with
respect to the O species present. The chemisorbed O fea-
ture is slightly larger. This is probably due to the sputtering
process which could cause the oxides to decompose leading
to a greater amount of chemisorbed O.

The XPS C 1s spectrum taken from the fresh catalyst is
shown in Fig. 8a. The primary feature has a BE of 284.4 eV
which is assigned as due to hydrocarbons. These catalysts
had been exposed to air which typically results in accumula-
tion of hydrocarbon contamination at the surface. A small
K 2p3/2 peak also is apparent at a BE of 293.0 eV. A previous
XPS study of K2Cr2O7 has shown that its K 2p3/2 peak has a
BE of 292.8 eV (29), and the BE value of the K 2p3/2 peak
obtained from K2CrO4 is 292.6 eV (30). The Cr 2p XPS
spectrum taken from the fresh catalyst is shown in Fig. 9a.
The primary peak has a BE of 579.6 eV which also can be
assigned as K2Cr2O7 (31, 32). These data indicate that a
K–Cr complex exists in the near surface region of the fresh
catalyst.

An XPS C 1s and K 2p spectrum obtained from the re-
duced catalyst is shown in Fig. 8b. The C 1s peak is greatly
reduced in size, and the K 2p peaks are increased in size.
The reductive pretreatment nearly eliminates the carbon
contamination in the near-surface region and causes K to
migrate toward the surface. Even though XPS is much less
surface sensitive than ISS, these data are consistent with the
ISS data discussed above which indicate that the outermost
surface layer of this sample is composed primarily of K after
the pretreatment. The BE values of both the K 2p features
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FIG. 9. XPS Cr 2p spectra taken from the 3 wt% K/Zn/Cr spinel cata-
lyst after (a) insertion into the UHV system, (b) pretreatment in 1×
10−7 Torr of H2 for 4 hr at 250◦C, (c) sputtering for 5 min with 1 keV He+

and 15 min with a 1-keV 1 : 1 He+ and Ar+ mixture, (d) the aged 3 wt%
K/Zn/Cr spinel catalyst, and (e) the aged catalyst after sputtering for 5 min
with 1 keV He+ and 15 min with a 1-keV 1 : 1 He+ and Ar+ mixture.

and Cr 2p features (Fig. 9b) can be assigned as potassium
dichromate or potassium chromate as discussed above. The
Cr 2p peaks are almost doubled in size due to this treatment
also. This increase in the Cr 2p peak sizes are apparent in
the XPS survey spectrum taken from this sample as well
(not shown). The reactivity data shown in Table 1 demon-
strate the necessity of K in order to produce isobutanol.
The XPS and ISS data both indicate that the K is present at
the surface, and the XPS data indicate that it is associated
with the Cr after the reductive pretreatment. Furthermore,
the XPS data indicate that C and some O contamination
is removed by this treatment as well which most likely ex-
poses a greater number of active sites. After sputtering the
catalyst with 1 keV He+ for 5 min and a 1-keV 1 : 1 He+

and Ar+ mixture for 15 min, the spectra shown in Figs. 8c
and 9c were taken. The K 2p peak is shifted to a lower BE
probably due to partial decomposition of the K2Cr2O7 or
KCrO4. The Cr 2p spectrum obtained after sputtering con-
tains features due to the presence of Cr(OH)x, Cr2O3 (33),
and potassium chromate. The former Cr species form upon
decomposition of the potassium chromate or by exposure
of Cr in the underlying substrate as the K-containing layer
is sputtered away.

A C 1s and K 2p spectrum taken from the aged cata-
lyst is shown in Fig. 8d. Features due to K and C are no
longer apparent before or after sputtering (Fig. 8e). The
XPS Cr 2p spectrum obtained from the aged catalyst is
shown in Fig. 9d. Significant changes in the near surface
region have occurred during the reaction process. The pre-
dominant peak due to potassium chromate present in the
spectra taken from the fresh catalyst is decreased signifi-
cantly in size. The primary peak is now assigned to Cr2O3

and Cr(OH)x, and a small Cr0 signal is also apparent. Sput-
tering the aged sample reduces some of the Cr2O3 to Cr0 as
shown by comparing Figs. 9d and 9e. Cr(OH)x species also
are exposed which initially are present beneath the out-
ermost surface layers. Although no significant changes in
catalytic activity occurred between the beginning and end
of the experimental runs, the XPS data indicate that little
K is present in the near-surface region of the aged catalyst.
However, both K and Na are present according to the ISS
data in Fig. 4a. K apparently is depleted by some undeter-
mined mechanism during the reaction, but it is replaced by
subsurface Na. Since alkali ions remain on the surface, the
catalytic activity does not decay. These surface characteri-
zation results indicate that a catalytically active phase for
HAS is alkali-promoted ZnO.

CONCLUSIONS

A commercially available Zn/Cr spinel methanol-
synthesis catalyst (Englehard Zn-0312) has been promoted
with various amounts of K and tested for isobutanol syn-
thesis. The best operating parameters for the 1 and 3 wt%
K catalyst are the higher temperature and pressure settings
of 440◦C and 1500 psig. The total alcohol production rate
initially increases upon adding K as does the isobutanol
production rate which achieves a maximum with the addi-
tion of 1 wt% K. The methanol and hydrocarbon produc-
tion rates also decrease with increasing K above 1 wt% al-
though the 5 wt% K catalyst does produce a slightly higher
amount of methanol than the 3 wt% K catalyst. The use of
the 3 wt% K catalyst at 440◦C and 1500 psi results in the
lowest methanol-to-isobutanol mole ratio of 1.5. An isobu-
tanol production rate as high as 103 g/kg-cat/hr is achieved
using the Zn/Cr spinel promoted with 1 wt% K. The near-
surface region of the fresh catalyst is found to be com-
posed primarily of ZnO and a small amount of hydrocarbon
contamination. Reducing the catalyst at 250◦C for 4 hr in
1× 10−7 Torr of H2 eliminates the C from the near-surface
region and induces the K to cover the ZnO. The K is asso-
ciated with Cr as potassium chromate or dichromate. The
active catalyst sites apparently are alkali ions on ZnO. No
Zn/Cr spinel structures were observed at the surface which
indicates it only acts as a high-surface-area support. The
aged catalyst, which was removed from the reactor after a
5-day test period, contains very little K in the near-surface
region according to XPS but a significant amount of both K
and Na in the outermost atomic layer according to ISS. The
Cr is present as Cr2O3, Cr(OH)x and Cr0, and K is present as
a chromate or dichromate after the reductive pretreatment.
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