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CO hydrogenation was investigated over perovskites with the composition LaMn; _,Cu,0;., (x =
0, 0.2, 0.4, 0.5, 0.6, 1.0); Cu supported on SiQO,, unpromoted and promoted with La,0;; Cu
supported on La,0; and on MnO,/1.2,0;; and unsupported Cu metal powder containing traces of
sodium (NaQ,/Cu). The x = 0 perovskite (LaMnO; »,) was weakly active for CO hydrogenation and
produced only hydrocarbons, whereas all other perovskites were more active and displayed >90%
selectivity to alcohols (~80% methanol, ~10% C,. alcohols). The C,, alcohols followed a distribu-
tion characteristic of alkali-promoted copper catalysts. Cu/SiO, was >80% selective to hydrocar-
bons, and =5% selective to methanol. Introduction of La,0; or NaO, into the copper catalyst
increased the CO hydrogenation activity and the selectivity to alcohols. The activities and product
distributions of the Cu-containing perovskites (x > 0) are similar to those of NaO,/Cu and the
La,0;-containing catalysts, suggesting that the active sites in all of the catalysts are similar. It is
proposed that hydrocarbon synthesis occurs at Cuf sites, but that Cu® and Cu* sites are required for
the formation of methanol and C,, alcohols. It is also proposed that Cu* sites are stabilized at the

adlineation between metallic copper and lanthana (or soda).

INTRODUCTION

Copper/zinc oxide catalysts (Cu/ZnO)
have been in use for the synthesis of metha-
nol from CO and CO; under mild conditions
(P < 200 atm, T < 623 K) since the incep-
tion of the ICI process in the 1960s (/).
These catalysts are prepared coprecipita-
tion methods and typically contain alumina
or chromia for thermal stability. Structural
and compositional analysis of copper/zinc
oxide catalysts has revealed that the copper
is present both as metallic copper particles
and as Cu™ ions dispersed in the zinc oxide
(2). On the basis of extensive studies, Klier
and co-workers (2, 3) have concluded that
the Cu™ ions are responsible for conversion
of CO to methanol. They observed the
methanol synthesis rate to be maximum in
feeds containing small amounts of CO, and
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conclude that CO, helps maintain the active
copper sites in the +1 oxidation state but is
not a direct source for methanol (3). On the
other hand, researchers at ICI (¢4-8) have
proposed that the copper metal crystallites
are the active phase, and that the surface of
these crystallites is partially oxidized dur-
ing reaction by adsorbed oxygen resulting
from hydrogenation of CQO,. Using radio-
tracer techniques, they showed that in CO,/
CO mixtures, methanol is made directly
from CO, rather than from CO and that the
main function of CO is to scavenge the ad-
sorbed oxygen to produce surface CO, (¢).

It has been observed that the copper/zinc
oxide system can be promoted with alkali
metal, transition metal, or rare earth oxides
to increase the methanol yield and/or shift
the product distribution to include C,~Cs
oxygenates (9-15). For example, promo-
tion of a Cu/ZnO catalyst with K;CO; in-
creases its activity for methanol formation
and enhances its selectivity for the forma-
tion of C,,0xygenates, particularly ethanol
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and isobutanol (11). Other additives such as
oxides of Cr, Mn, La, and Ce have been
used in conjunction with alkali to give simi-
lar results (12, 14).

Zinc-free systems have also been stud-
ied. Owen et al. (16, 17) have investigated
alloys of copper with various rare earth ele-
ments (Ce, La, Nd, Th). Exposure of these
alloys to CO/H,, produced a catalyst con-
taining a bulk copper crystal phase and a
rare earth oxide in which copper was highly
dispersed. These catalysts were more ac-
tive per unit surface area than Cu/ZnO/
Al O; catalysts, particularly at tempera-
tures below 523 K. The activity showed no
correlation with the dispersion of the bulk
copper phase and was instead attributed to
the copper phase associated with the rare
earth oxide. The authors suggested that this
phase could be either ionic copper in the
lanthanide oxide lattice or extremely small
metallic particles.

Sheffer and King (I8) have recently re-
ported that promotion of an unsupported
copper catalyst with potassium increases
the activity for methanol formation from
CO/H, almost tenfold. In a subsequent
study, the same authors (19) reported that
the activity of unsupported copper pro-
moted with a group IA metal (Li—Cs) corre-
lates linearly with the presence of Cu* ions
at the catalyst surface. From results of
NMR and XPS characterization, it was de-
duced that treatment of these catalysts with
CO/H, created an alkali carbonate phase,
and this was proposed to be responsible for
stabilization of the Cu™ ions.

The addition of group IA metals has also
been found to enhance the formation of
higher alcohols, particularly at low H,/CO
ratios (10, 11, 20). Results of an extensive
study of the action of Cs on Cu/ZnO sug-
gest that the base enhances the surface con-
centration of oxygen-containing intermedi-
ates (RCO~ and RCOO™), thereby
increasing the probability of these species
reacting with adsorbed C; intermediates
(HCO~ or H,CO) to form longer chains
(10). Xiaoding et al. (21) have suggested

that basic promoters may suppress the hy-
drogenation activity of Cu/Zn0O, thereby in-
creasing chain growth relative to chain ter-
mination.

Copper-containing lanthanum perov-
skites have also been studied for oxygenate
synthesis. Broussard and Wade (22) have
noted that the substitution of Mn by Cu in
LaMnO; shifted the product distribution
from 100% hydrocarbons to significant
amounts of methanol and small amounts of
C,. oxygenates. These authors concluded
that Cu is the active metal for oxygenate
formation and suggested that it exists at the
catalyst surface in an oxidation state
greater than zero, stabilized by the
perovskite lattice.

The aim of the present study was to in-
vestigate the effects of lanthanum and man-
ganese oxides on the activity and selectiv-
ity of Cu for CO hydrogenation. Three
types of catalyst were investigated:
(i) perovskites of the stoichiometry
LaMn;_,Cu, 054y (0 = x = 1); (ii) Cu sup-
ported on SiO,, unpromoted and promoted
with La,0;; and (jii) Cu supported on La;0O,
and on MnO,/La,0;. For comparison, ex-
periments were also carried out with unsup-
ported copper powder. The catalysts were
characterized by X-ray diffraction and
X-ray photoelectron spectroscopy after use
under reaction conditions to assess the
state of Cu in the working catalyst. Either
direct or indirect evidence was found for
Cu particles in the majority of the catalysts
following use. The activity and selectivity
of Cu were found to be strongly affected by
the presence of lanthana. Lanthana present
as either a support or a promoter increased
the overall CO hydrogenation activity and
shifted the product distribution from hydro-
carbons to methanol and C,, alcohols.

EXPERIMENTAL
Catalyst Preparation

A series of LaMn;_,Cu, 03, (0 =x = 1)
perovskites were prepared as follows (22).
La(NOs); - 6H,0, Mn(NO;), - 4H,0, and
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Cu(CH;COQ), - H,O were mixed together
in desired proportions to give a concen-
trated solution to which was added suffi-
cient citric acid (monohydrate) such that
the number of gram equivalents added
equaled the total number of metal gram
equivalents. The solution was evaporated
at 343 K and 10 Torr to produce a viscous
syrup and then evacuated further at 373 K
for 5 h to produce a totally amorphous
solid. This product was calcined at 973 K in
He (99.998%) for 5 h, thereby effecting de-
composition of the citrate complex (23, 24).
For x < 1, calcination produced shiny black
crystals which exhibited no change in color
after reduction and use for CO hydrogena-
tion. For x = 1, a dull black powder was
obtained, which took on a reddish tinge af-
ter reduction. No further change in the
color of this catalyst was observed after
use.

Unsupported copper was prepared ac-
cording to the method of Herman et al. (2).
A solid precipitate was formed from a 1 M
aqueous solution of Cu(NOs), 3H,0
(Baker Chemical Co.) by dropwise addition
of a 1 M aqueous solution of Na,COs (anhy-
drous, Mallinckrodt) under constant agita-
tion, until the pH increased from 2.6 to 7.1.
The temperature was held at 361 K
throughout the entire process. Approxi-
mately 500 ml of the sodium carbonate so-
Iution was required to fully treat 500 ml of
the copper nitrate solution. The slurry was
cooled over 2 h to room temperature, then
washed and filtered in batches before dry-
ing at 353 K in nitrogen at 1 atm. The result-
ing fine green powder was calcined in air by
raising the temperature from 423 to 623 K in
50 K increments over a period of 2 h. The
final temperature was held for 3 h, before
cooling to 323 K. The black copper oxide so
produced was ground to 30-60 mesh (600-
246 um) and stored in a desiccator until
further use. After reduction the catalyst
turned a shiny brick red color characteristic
of copper metal. This color remained the
same even after the catalyst had been used
for a reaction.

A silica-supported copper catalyst was
prepared by incipient wetness impregnation
of amorphous silica (M-5, Cab-O-Sil, 250
m?/g, Cabot Corp.) with an aqueous copper
nitrate solution of the desired concentra-
tion. The resulting paste was dried at 125
Torr and 343 K for 10-15, ground, pressed,
and sieved to yield granules of 30-60 mesh
(600-246 um). The entire catalyst batch
was then calcined in air at 573 K for 3-4 h.
Calcination was essentially complete in 2 h
or less, at which point the light blue copper
nitrate was entirely converted to black cu-
pric oxide. After being cooled to 320 K in
air, the batch was discharged and stored in
a desicator until further use. Reduction pro-
duced a reddish-brown catalyst, the color
of which was unchanged by reaction.

Lanthana-promoted copper/silica was
prepared by impregnation of ground unre-
duced CuO/Si0Q, with an aqueous solution
of La(NO;);  6H,0 (Fisher Chemical Co.).
The resulting gray paste was dried, pellet-
ized, calcined, and stored, as described
above for Cu/SiO,. Upon calcination the
catalyst turned black; reduction and use for
reaction did not change the color.

Lanthana-supported copper catalysts
were prepared as follows. La,0O; (99.9%,
Union Molycorp) was hydrated by reflux-
ing for 15 h at 343 K to increase its surface
area (10.9 m?%/g) (25, 26). After being dried
under vacuum at 353 K, the powder was
impregnated gradually (over 5 days), with
an aqueous copper nitrate solution of the
desired concentration. The resulting blue
paste was dried slowly at 343 K and 1 atm,
as drying under vacuum tended to form a
solid that was very difficult to grind. The
catalyst was then sieved before calcination
in air at 573 K. Upon calcination the cata-
lyst turned black. No further change in the
color of this catalyst occurred after reduc-
tion or use for CO hydrogenation.

The incorporation of manganese oxide
was achieved by incipient wetness impreg-
nation of hydrated lanthana with an aque-
ous solution of Mn(NO3), (50-52% aq.,
Baker Chemical Co.). The product was
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then dried, sieved, and calcined at 723 K to
ensure formation of MnO,. The resulting
gray pellets were ground, then impregnated
with copper nitrate and treated as described
above for Cu/Lay0;. Upon calcination the
color did not change, but reduction and use
for reaction produced a reddish-gray color.
While the presence of stoichiometric MnQO,
could not be identified, the catalysts con-
taining manganese oxide on lanthana are
designated as Cu/MnQ,/1.a,0; for the sake
of convenience.

Catalyst Characterization

The perovskite catalysts were character-
ized by X-ray diffraction after oxidation, af-
ter reduction, and after use for CO hydro-
genation. Characterization of the oxidized
and reduced samples was performed on a
Phillips Model PW 1716/30 diffractometer,
whereas characterization of the samples af-
ter use for catalysis was performed on a
Siemens Model D-500 diffractometer. The
oxygen content of the oxidized perovskites
was determined by TPR/TGA analysis (23).
XPS analysis of the perovskites after reac-
tion was carried out on a PHI Model 5300
ESCA spectrometer. Integrated areas for
the observed lines were adjusted by the
sensitivity factors recommended by the
manufacturer (27) and used to calculate
surface atomic ratios. The BET surface
area of the oxidized perovskites was deter-
mined by N, adsorption.

The metal contents of the supported cata-
lysts and of the unsupported copper pow-
der were determined by atomic absorption
spectrometry and by X-ray fluorescence
wherever possible. The BET area of these
catalysts was determined by N, adsorption.
All catalysts were characterized after reac-
tion using XRD and XPS, to determine
their bulk structure and surface composi-
tion, respectively.

Determination of the copper metal sur-
face area for the supported copper catalysts
proved to be difficult. Attempts to use O,
adsorption at 77 K according to the method
described by Parris and Klier (28) gave irre-

producible and unreasonable values, i.e.,
ones that implied the available surface cop-
per to be three orders of magnitude greater
than the total amount of copper in the cata-
lyst. Consequently, it was decided to use
CO chemisorption. The stoichiometry of
CO adsorption was determined by first
measuring the N, BET isotherm of reduced
unsupported copper at 77 K. A CO iso-
therm, measured on the same sample at 298
K, was then compared to the BET area to
yield a calibration value of 5.06 pmol
CO/m? Cu, or # = 0.18 monolayer, assum-
ing 1.7 x 10" atoms Cu/m?> Cu (29). This
value agrees well with previous work:
Parris and Klier (28) obtained 8 = 0.18 for
CO chemisorption and Dell e al. (30) ob-
tained values in the range 6 = 0.2-0.25. CO
isotherms of the silica-supported catalysts
were measured after reduction, and again
after use and rereduction. After measure-
ment of the first isotherm, the sample was
evacuated at 298 K for up to 12 h and then
exposed again to CO at 298 K. No CO was
taken up under these conditions, indicating
that evacuation at 298 K did not remove the
initially adsorbed CO. However, evacua-
tion at 423 K for 10 h or more was found to
restore the original CO uptake capacity.
For the lanthana-containing catalysts, it
was not possible to determine the Cu metal
area since lanthana adsorbs CO with un-
known stoichiometry. With use, the copper
area of Cu/Si0, was reduced to almost half
of its original value, whereas the area of
unsupported copper was essentially un-
changed.

Catalytic Testing

All tests of catalytic activity were carried
out in a stainless-steel microreactor (6.4-
mm i.d.) heated by a tube furnace. The re-
action pressure was maintained by means
of a back-pressure regulator, in the range of
7.5-14 atm. The reactants were supplied
from a pressurized manifold via individual
flow controllers. Carbon monoxide (UHP,
Matheson) was purified further by passage
through a column of glass beads maintained
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at 388-400 K and a subsequent column of
molecular sieves at 298 K. Hydrogen
(UHP, Matheson, and Amerigas, 99.999%)
was purified by passage through a catalytic
oxygen remover (Matheson Model OR-10-
641010). This unit consists of a column of
platinum catalyst, which converts any oxy-
gen in the hydrogen to water. The water is
then removed upon passage through a
column of molecular sieves at room tem-
perature (298 K).

The reactor effluent was analyzed by gas
chromatography using a Varian Model 3700
GC, equipped with an automated on-line
gas sampling valve maintained at 434 K.
The transfer line between the reactor and
the valve was Teflon lined and kept above
397 K to eliminate any product loss due to
absorption and/or condensation. Blank
runs performed with an empty reactor
showed no evidence of product formation.

Methanol, CO,, and H,O were separated
using a 1.83-m-long, 2.16-mm-i.d. column
packed with Chromosorb 107 (80-100
mesh) and connected to a TCD. The
column temperature was held at 303 K for 2
min after sample injection and then raised
at 25 K/min to a final temperature of 493 K.
Quantitative analysis of all organic prod-
ucts was achieved using a 1.83-m-long,
2.16-mm-i.d. column packed with Porapak
PS and connected to a FID. The column
temperature was held at 303 K for 2 min
following sample injection, and then in-
creased at 15 K/min to a final temperature
of 413 K. By this means resolution was
achieved of C;—C7 hydrocarbons and C,-C,
oxygenates. Paraffins and olefins could not
be resolved beyond C,.

The procedure used to evaluate catalytic
activity was the same for all catalysts. Typ-
ically, 0.5-2 g of catalyst was charged into
the reactor. A flow of H, was then passed
through the reactor at 80 mi/min/g catalyst
and the temperature raised to the desired
reduction temperature at a rate of 4-8
K/min. Throughout reduction, the evolu-
tion of water in the reactor effluent was
monitored by gas chromatography. Reduc-

tion conditions were maintained for 2 h be-
yond the point where no further water
could be detected, before initiating reac-
tion. To initiate reaction, the temperature
and pressure were set to desired values;
then the H, flow was adjusted and the CO
flow introduced to give the desired partial
pressures. After a break-in time of about 15
h on stream, the first data point was taken.
Following a change in reaction conditions,
2-4 h was allowed for the catalyst to come
to steady state. Repetition of the initial con-
ditions after 1-2 weeks of testing showed
little deactivation of any of the catalysts.

RESULTS
Catalysts Characteristics

The composition and physical character-
istics of the catalysts used in this study are
listed in Table 1. The BET areas for the
perovskites lie in the range 7-25 m?/g. The
BET surface areas of the lanthana-sup-
ported catalysts are also in this range but
those for the silica-supported catalysts are
much higher, reflecting the BET area of the
silica (250 m?/g). The Cu surfaces areas for
Cu powder and Cu/SiO, are similar in mag-
nitude. The copper surface area reported
for lanthana-promoted Cu/SiO, is based on
the assumption that the Cu particle sizes for
the promoted and unpromoted catalysts are
equivalent. This assumption is supported
by both XPS and XRD observations.

Examination of the perovskites by XRD
prior to reduction and use revealed the
presence of a single orthorhombic
perovskite phase in all but one case (23).
This exception was for x = 1, in which case
La,CuO, and CuO were found.? The oxy-
gen stoichiometry (A) of the calcined

2 This catalyst is thought to consist of layers of
perovskite sheets of LaCuQ;, each separated by a
layer of LaO; however, the catalyst is referred to as
the ““x = 1 perovskite” for the sake of convenience.
LaCuQ, as a single perovskite phase has been made
(31), but is unstable. In the present case it is believed
that during calcination, the oxygen-deficient
perovskite LaCuQ, s formed, then disproportionated
into La, CuO, and CuO (23).
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TABLE 1

Catalyst Characteristics

Catalyst BET area (m*/g)  Crystallite size?  Cu area ©
(A) (m? Cu/g)
LaMH03_24 11.0 -_ —
LaMl’l()»gClloAZoy,_B 17.1 — —
LaMn()»GCUOAO}_M 24.5 - —
LaMng sCugs0; g 17.8 — —
LaMny 4Cug 40, 03 21.4 — —
LaCu0, 4 6.6 — —
(= La,CuO4 + Cu0O)
NaQ,/Cu powder 0.7 230 0.13
(0.3 wt% Na)
Cu/Si0, 9.3 wt% Cu) 258.0 250 0.08
La,05/Cu/Si0, 205.0 240 {0.08}¢
(2.1 wt% La, 8.6 wt% Cu)
Cu/La,0; (9.8 wt% Cu) 11.9 ~100 —
Cu/MnO,/La,04 6.3 330 —
(9.6 wt% Cu, 12.3 wt% Mn)
4 Determined from FWHM of Cu(111) XRD line.

® Based on CO chemisorption.

< Taken as intrinsic copper area, i.e., that of Cu/SiO, if no lanthana were added.

perovskites was determined by TPR/TGA
as follows. Each catalyst was subjected to
temperature-programmed reduction up to
973 K. The reduced catalyst was then ana-
lyzed by XRD and found to contain only
La,0;, MnO, and Cu metal (LLa;O; and
MnO in the case of LaMnOs ). The ob-
served weight loss was ascribed to loss of
oxygen from the lattice and catalyst sur-
face. Assuming the metal atomic ratios to
be those of the original preparation, the ox-
ygen content of the final products was cal-
culated. Combining this with the oxygen re-
moved by reduction gave the total amount
of oxygen present in the unreduced sample.

Table 1 shows that as x increases, the
oxygen content (A) decreases, reflecting the
substitution of Mn** and Mn** by Cu?*.
This results in an increased number of oxy-
gen vacancies in the perovskite lattice,
making it less stable and easier to reduce.
Thus at x 1, calcination produces the
more stable mixed oxide La,CuQ, instead
of the perovskite LaCuQ;, and the excess

copper forms CuO. Rojas er al. (23) also
observed that under reducing conditions,
the perovskites with x = 0.6 maintain the
lattice structure at temperatures as high as
800 K. For x = 1, reduction below 500 K
reduces CuQO to Cu metal but La,CuQ, is
unaffected; reduction above 600 K pro-
duces copper metal and lanthana.

The two perovskites for which x = 0.2
and x = 1 were investigated by XRD after
reduction at two different temperatures and
use for reaction. The XRD patterns of the
x = 0.2 perovskite reduced at 573 and 723
K showed the structure of each sample to
be the same as that of the fresh catalyst.
XRD of the used x = 1 perovskite reduced
at 523 K revealed the presence of L.a,CuO,
and metallic copper, whereas a sample re-
duced at 723 K was found to contain only
metallic copper and a mixture of lanthanum
species such as La(OH); and L.a)(COs)s.
The FWHM of the Cu® lines in the diffrac-
tion pattern for the sample reduced at 723 K
were narrower than those in the sample re-
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Fi. 1. X-ray photoelectron spectra of the spent
perovskites LaMn,_,Cu,0;: Cu 2p region. Catalysts
reduced at the temperature shown in parentheses.
Spectra taken after transfer in air. Peak positions ref-
erenced as described in Table 2a.

duced at 523 K, indicative of a lower dis-
persion.

Microchemical analysis of copper pow-
der revealed that sodium was present on
the order of 0.3 wt% in the catalyst after
reduction and use for reaction. The pres-
ence of Na in the catalyst surface was con-
firmed by XPS (see below) and is doubtless
a remainder of the Na,CO; precipitant used
in the preparation. For comparison, sodium
was not found in the surface of Cu/SiO,.

The size of the Cu crystallites for the sil-
ica-supported catalysts and copper powder
are close in magnitude, lying in the range
230-250 A, whereas Cu/MnO,/La,0; has a
larger crystallite size of ~330 A. For Cu/
La,0; the copper lines in the diffraction
pattern were very broad and of low inten-
sity. The crystallite size is estimated to be
on the order of 100 A, indicating that the
copper dispersion is almost three times

greater for this catalyst compared to that of
the others. The XRD patterns for La,0s/
Cu/SiO, and Cu/MnO,/La,0; showed no
evidence for La,O3; or MnO,, respectively.
This implies that the dispersed metal oxide
in both cases is present as particles smaller
than 30-50 A.

Figure 1 shows the Cu 2p region of the
X-ray photoelectron spectra for the
perovskite catalysts. The binding energies
for Cu and Mn and the ratios of Cu/La and
Mn/La are reported in Table 2a. The corre-
sponding information for the remaining cat-
alysts is presented in Fig. 2 and Table 2b.
All of the binding energies listed in Tables
2a and 2b are referenced to the 3ds, peak of
lanthana at 834.9 eV or are as noted in the
tables. Identification of the oxidation state
of copper was complicated by the fact that
the binding energies for Cu® and Cu™ are
essentially the same and differ from that
for Cu** by ~1.5 eV. Cu?" can be distin-
guished, however, by the presence of

] ! I

Cuzp,,

-
i
Cu2py,
Cursio,
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F1G. 2. X-ray photoelectron spectra of spent copper
catalysts: Cu 2p region. All catalysts reduced at 573 K.
Spectra taken after transfer in air. Peak positions ref-
erenced as described in Table 2b.
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TABLE 2a

XPS Results: Perovskites?

Catalyst Binding energy (eV) Surface atomic ratio
Cu Mn Cu/La Mn/La

LaMnO; ,, (573, 723 K) — 642.0 0.00 0.79

LaMn, Cuy,0; 45 (723 K) 932.2 640.7 0.32 0.46

1.aMng sCuyg,0;.3 (573 K) 934.0 642.0 0.09 0.54
930.0 (23% total Cu)

LaMng ¢Cug 40z 4 (573 K) 933.3 641.5 0.56 0.38
929.9 (10% total Cu)

LaMny sCug 50z 99 (723 K) 933.1 641.2 0.46 0.16

LaMng sCuy sO3 o0 (523 K) 932.8 641.6 0.47 0.22

LaMny 4Cuq 40, 05 (523 K) 932.1 641.5 0.64 0.18

LaCuO,¢ (723 K) 932.6 — 1.11 —

LaCuO, 4 (523 K) 932.7 — 0.71 —

@ Data taken after reduction at the temperature in parentheses and subsequent reaction. Binding energies

referenced to La 3d at 834.9 eV.

shake-up satellite peaks ~10 eV above the
major lines in the Cu 2p region of the spec-
trum.

The Cu 2p region of the X-ray photoelec-
tron spectrum of all the perovskites (x =
0.2-0.6) displays shake-up satellites, giving
evidence for the presence of Cu?*. TPR and
XPS characterization of these catalysts by
Rojas et al. (23) suggests that, under the
conditions used in the present study, the
copper in these catalysts would be reduced

to either Cu* or Cu’. The XPS results pre-
sented in Fig. 1, however, indicate that the
copper is only partially reduced. The bind-
ing energies for the Cu 2p;, peak all lie
within 1.8 eV of each other and show no
trend with increasing values of x.

The X-ray photoelectron spectra for the
two samples of the x = 1 perovskite also
show shake-up satellites, attesting to the
presence of Cu?" ions in the catalysts after
reduction and use. However, in contrast to

TABLE 2b

XPS Results: Copper Catalysts®

Catalyst Binding energy
V) Surface atomic ratio

Cu Mn Cu/La Mn/La Cu/Si
Cu/Si0, 933.1 — — — 0.015
La,05/Cu/SiOy¢ 932.0 — — — 0.018

929.2 (40% total Cu)

Cu/Lazo3 932.5 — 0.21 - —_
Cu/MnO,/La,05 931.1 645.8 0.25 0.108 —_

NaQ,/Cu powder

934.2 (Na: 1072.7 V)

(Na/Cu =~ 0.11)

@ After reduction at 523 K and use for reaction. Error in BE is ~1 eV. Data referenced to Si 2p (103.4 eV) for
silica supported catalysts, to La 3ds;, (834.9 eV) for lanthana-supported catalysts, to unaltered for Cu powder.

5 No La signal observed for this sample.



60 BROWN BOURZUTSCHKY, HOMS, AND BELL

the other perovskite catalysts, XRD clearly
indicates the presence of Cu® crystallites in
both samples. The existence of metallic
copper in the catalysts used is also sug-
gested by their reddish tint, which contrasts
with the color of the other perovskites,
which all remain black. For the sample re-
duced at 523 K, the presence of Cu?* in the
La,Cu0, phase is expected; however, as
reduction at 723 K eliminates both CuO and
La,CuO, (see XRD results above), the Cu?*
in this catalyst must exist only at the sur-
face.

The surface atomic ratios of the
perovskites (Table 2a) generally follow the
trend of the bulk composition; i.e., the
Cu/La ratio increases with x. For x = 0.2
and 1 the Cu/La ratio was higher for sam-
ples reduced at 723 K than at 523 K,
whereas for x = 0.5 the ratio barely
changed.

Figure 2 shows the Cu 2p region of the
X-ray photoelectron spectra of the sup-
ported catalysts and copper powder, taken
after use and exposure to air. None of the
spectra contain shake-up satellites, indicat-
ing that Cu?* ions are not present in any of
the catalysts. Since the XRD pattern of the
spent catalyst indicates Cu® crystallites to
be present in all cases, the Cu 2p,; lines
seen in Fig. 2 are attributed primarily to
Cu’. However, as discussed below, the pos-
sible presence of Cu™ ions cannot be ruled
out completely.

The Cu/La surface atomic ratios of the
lanthana-supported catalysts are closest to
the values for the x = 0.2 perovskite, al-
though the latter catalyst has a lower bulk
copper content. It was not possible to ob-
tain a Cu/La ratio for La,03/Cu/SiO,, as no
bands for La 3d could be discerned in the
X-ray photoelectron spectrum of this cata-
lyst. This suggests that lanthanum consti-
tutes 1% or less of the catalyst surface. The
Mn/La ratio of Cu/MnO,/La,0; is similar
to that of the x = 0.6 perovskite. The BE
for Mn in Cu/MnO,/La,0; is very high
compared to those for the perovskites. This

could be due to differences in catalyst for-
mulation and, hence, differences in the
electronic environment and oxidation state
of the manganese ion. Cu/MnO,/La,0; was
reduced at 523 K, which is not sufficient to
begin reduction of MnO, (23).

For four catalysts (the x = 0.2 and x =
0.4 perovskites, L.a;0;/Cu/SiO;, and cop-
per powder) a second XPS band for copper
can be seen, ~4 ¢V below the major line.
Interaction of copper with lanthana, e.g.,
electron donation, may result in a more
electronegative copper species and a de-
crease in binding energy of copper elec-
trons. This explanation can also apply to
the NaQO,/Cu catalyst for copper in the
neighborhood of sodium. Similar effects
have been observed for such catalysts as
Pd/La,0; and copper powder promoted
with lithium. In a study of Pd/La,0;, Hicks
et al. (32) found the BE for Pd 3d in
Pd/1.a,0; catalyst to be generally 0.1-0.9
eV lower than the BE value for either me-
tallic Pd or Pd in Pd/SiO,. In these cata-
lysts, partially reduced LaO, species are
believed to be closely associated with the
Pd phase, and the decrease in BE was at-
tributed to electron donation from these
lanthanum species to the Pd centers. Simi-
larly, Sheffer and King (19) have found that
the Cu 2p binding energy in Li-promoted
copper powder is 1.5 eV below that of un-
promoted copper and attribute this to elec-
tron donation from lithium to copper.

As noted earlier, it was not possible to
discern lanthana in La,03;/Cu/SiO, by XRD
or XPS. However, the presence of lanthana
is suggested by simple visual observation.
After reaction unpromoted Cu/SiO;, is red,
whereas La;0,/Cu/SiO, remains black.
Similarly, Cu/La,0; and the perovskites for
which x = 0.6 were also black, whereas
Cu/MnO,/La,0s and the x = 1 perovskite
were tinged with red after reduction and
use for reaction. The most likely source of
the black color is ionic copper dispersed in
the lanthana. Herman ez al. (2) have noted
that cationic substitution of Cu' into ZnO
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causes the Cu/ZnO catalysts to be black,
even though ZnO is white and metallic cop-
per is red. It would appear, therefore, that a
portion of the copper in La,05/Cu/Si0; and
Cu/La,0s is present in the lanthana lattice.
In the case of La,05/Cu/Si0O,, it is possible
that during impregnation of CuQ/SiO, with
aqueous lanthanum nitrate, some of the
CuO dissolves into the liquid phase, and
precipitates with the La(NOs); upon drying.
Calcination would then result in a mixed
oxide phase in which copper (oxide) is in-
corporated into lanthana (e.g., as LaCuO,).
For the x = 0.6 perovskites, copper is ex-
pected to be atomically dispersed in the
crystalline perovskite lattice. The x = 1
perovskite is not actually a perovskite lat-
tice, but is instead a mixture of La,CuO,
and copper oxide. Reduction has been
shown to produce crystalline copper metal,
which probably accounts for the observed
reddish color.

Activity

The activities of the perovskite and lan-
thana-supported catalysts are listed in Ta-

ble 3a for a range of experimental condi-
tions. In each case, the activity is
expressed on the basis of the BET surface
area. For a given set of reaction conditions
the activity of the perovskites increases
with increasing values of x up to x = 0.5,
then decreases slightly before rising to a
maximum at x = 1. This variation is actu-
ally not very great, as can be seen from Fig.
3, in which activity is plotted against the
mole fraction of Cu. The lanthana-sup-
ported catalysts are included in Fig. 3 since
the composition and BET areas of these
catalysts. are similar to those of the

_perovskites. It is apparent that the lan-

thana-supported catalysts have activities
comparable to those of the perovskites.
The activity of Cu/MnO,/La,0; is lower
than that of Cu/La,Oj; and is not very differ-
ent from that of the x = 0.4 perovskite, the
perovskite closest in composition to
CU/MHOQ/L3203 .

Table 3b reports the activities of the cop-
per powder and the silica-supported cata-
lysts calculated on the basis of copper sur-
face area. For H,/CO = 2, the activity of

TABLE 3a

Activity of Perovskites and Lanthana-Supported Catalysts?

Rate (umol CO converted/min/m? catalyst)®

P (atm) 7.4 10.6 10.6 10.6 13.8

H,/COe 1 2 2 2 3

T (K) 573 573 523 498 573

Perovskites
x=0 0.068 0.082 — 0.002 0.12
x =02 0.095 0.17 0.042 0.01 0.18
x =04 0.47 0.85 0.31 0.12 1.09
x=05 0.79 1.45 0.98 0.40 2.06
x = 0.6 0.56 0.97 0.44 0.23 1.44
x =1 0.96 1.69 0.62 0.32 2.47

Cu/La,0s —_ 1.20 — — —

Cu/MnQ,/La,05 —_ 0.75 — — —

@ Perovskites x = 0, 0.2, and 0.4, reduced at 573 K. All other catalysts reduced at

523 K.

& Conversion of CO to organic compounds only.

¢ F/W =~ 200 ml/min/g catalyst.
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TABLE 3b

Activity of Copper Catalyst Specific to Cu Area®

Rate (umol CO converted/min/m, Cu)?

P (atm) 7.4 10.6
H,/CO¢ 1 2
T(K) 573 573
NaO,/Cu — 18.38
Cu/SiO, — 11.05
La,05/Cu/SiO, 31.05 46.61

10.6 10.6 13.8
2 2 3
523 498 573
2.55 1.00 28.22
3.94 1.27 11.38
23.27 4.11 54.33

a Catalysts reduced at 523 K.

b Conversion of CO to organic compounds only.

¢ F/W = 60 ml/min/g catalyst.

the copper powder decreases more rapidly
than that of Cu/SiO, with decreasing tem-
perature. Lanthana promotion of Cu/SiO,
increases the catalyst activity at all temper-
atures.

Product Distribution

C;—C, alkenes, alkanes, and alcohols
were the principal organic products formed
over each catalyst. Among the hydrocar-
bons, methane was the dominant product
(>50% on a carbon atom basis), with eth-
ane and propane making up most of the bal-
ance of this fraction. CO, was detected in

Cu/layOq

(]
| CuMnO,/La,0,

umol CO/min/m? cat

0.4 06 0.8
x (bulk Cu mol fraction)

F1G. 3. Correlation of CO hydrogenation activity
with bulk Cu mole fraction, for perovskites and lan-
thana-supported catalysts (H,/CO = 2, P = 10.6 atm,
T = 573 K).

the products but no evidence of H,O was
found for any of the catalysts.

Table 4a lists the product distribution ob-
served under a fixed set of reaction condi-
tions for each catalyst. LaMnQs 54 produces
only hydrocarbons in an Anderson-
Schulz-Flory distribution characterized by
a chain growth probability a = 0.54. Upon

TABLE 4a

Product Distribution for all Catalysts: Overall
Selectivities (H,/CO = 2, P = 10.6 atm, T = 573 K)

Catalyst? % Selectivity?
HC MeOH C,.OH¢

Perovskites

x = 0.0 100.0 0.0 0.0

x =02 6.3 81.4 11.6

x =04 4.0 84.6 9.9

x=0.5 7.0 79.9 9.3

x = 0.6 10.2 70.4 18.4

x=1.0 5.7 81.4 12.7
NaOQ,/Cu powder 9.1 84.5 5.1
Cu/Si0, 81.6 4.5 7.2
La,05/Cu/SiO, 34.0 48.7 1.4
Cu/La,0s 6.6 78.0 14.4
Cu/MnOz/La203 5.2 87.7 6.9

2 Number of C atoms in product/total number of C
atoms in all organic products.

b F/W as in Tables 3a and 3b.

¢ DME completes the balance in cases where figures
do not total 100%.
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introduction of copper into the perovskite
lattice, the distribution shifts to 90-95% ox-
ygenates. The overall selectivity pattern
does not vary widely for x = 0.2: the selec-
tivity to methanol ranges from 70 to 85%,
that to higher alcohols from 9 to 18%, and
that to hydrocarbons from 4 to 10%.

For the perovskites, the composition of
the higher alcohol fraction is sensitive to
the copper content as can be seen from Ta-
ble 4b. The selectivity to ethanol is lowest
for x = 0.6. As the selectivity to ethanol
decreases,  that to isobutanol increases,
passing through a maximum at x 0.5.
With the exception of x = 0.2, n-propanol is
always present in larger quantities than iso-
propanol. The combined C; alcohol fraction
passes through a minimum at x = 0.6. For
x = 1, the ethanol selectivity is higher and
the isobutanol selectivity is correspond-
ingly lower than for any of the other
perovskites.

It is clear from Tables 4a and 4b, that the
product distributions obtained with the lan-
thana-supported catalysts are similar to
those for the perovskites. In particular, the
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methanol selectivity and the distribution of
C,, alcohols observed for Cu/La;0; are al-
most identical to those for the x 0.5
perovskite, even though the latter catalyst
has a higher activity and Cu content. Com-
pared to Cu/La,0;, Cu/MnO,/La,0; pro-
duces fewer higher alcohols overall and has
a slightly higher selectivity to ethanol. The
hydrocarbon fractions over both catalysts
are essentially the same.

Cu/Si0; is >80% selective for the syn-
thesis of hydrocarbons (o« = 0.45). Small
amounts of methanol, ethanol, and di-
methyl ether are the only oxygenated prod-
ucts observed. Promotion with lanthana
shifts the distribution to nearly 50% metha-
nol and traces of isobutanol. Hydrocar-
bon production is still prominent but the
probability for chain growth, «, de-
creases to 0.3.

The product distribution for NaO,/Cu
powder is similar to that observed for the
perovskites and Cu/La,0;. As will be dis-
cussed below, this characteristic can be at-
tributed to the promotion of metallic Cu by
the basic metal oxide.

TABLE 4b

Product Distribution for all Catalysts: Selectivities among C,,

Alcohols (H,/CO =2, P

= 10.6 atm, T = 573 K)

Catalyst? % Selectivity®
EtOH i-PrOH n-PrOH i-BuOH n-BuOH

Perovskites

x =00 0.0 0.0 0.0 0.0 0.0

x =02 45.2 17.2 14.4 23.1 0.0

x=04 25.4 0.6 19.3 54.6 0.0

x=0.5 18.0 1.9 12.4 61.4 6.2

x=0.6 16.2 3.5 12.6 47.7 10.4

x=1.0 50.5 2.6 24.5 18.4 0.0
NaO,/Cu powder 48.6 10.2 15.7 23.1 0.0
Cu/Si0, 100.0 0.0 0.0 0.0 0.0
La,05/Cu/SiO, 0.0 0.0 0.0 100.0 0.0
Cu/La,0; 20.9 2.5 13.7 62.7 0.0
Cu/MnO,/La,04 543 0.0 0.0 45.6 0.0

« Number of C atoms in C,. alcohol/total number of C atoms in all C,, alcohols.

& F/W as in Tables 3a and b.



64 BROWN BOURZUTSCHKY, HOMS, AND BELL

Effect of Reaction Conditions on Product
Distribution

The influence of temperaturec on the
product distribution is shown in Figs. 4a
and 4b for the x = 0.6 perovskite. From
Fig. 4a it is apparent that the selectivity to
methanol falls off with increasing tempera-
ture while the selectivities to hydrocarbons
and to C,. alcohols both increase. Among
the C,.+ alcohols (Fig. 4b), ethanol and iso-
butanol are the major products. With in-
creasing temperature, the ethanol selectiv-
ity rises monotonically. The selectivity to
n-propanol, the next most abundant alco-
hol, passes through a maximum with in-
creasing temperature.

The influence of hydrogen partial pres-
sure is presented in Figs. 5a and 5b. With
increasing hydrogen partial pressure the
methanol selectivity increases while the se-
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fect of temperature on product distribution (H,/CO =
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lectivity to C,; alcohols decreases. The
overall hydrocarbon fraction decreases
only slightly and the carbon number distri-
bution shifts toward methane (not shown).
Among the C,. alcohols (Fig. 5b) the selec-
tivity to n-butanol declines, and the selec-
tivities to the other alcohols, including iso-
butanol, increase with increasing H, partial
pressure.

Table 5 summarizes the influence of
space velocity on the activity and product
distribution for the x = 0.5 perovskite. The
rate of CO conversion to organic products
increases with increasing space velocity.
Since the CO conversion is less than 3% in
all cases the observed increase in the rate of
CO conversion is most likely due to a de-
crease in product inhibition. The overall se-
lectivity both to hydrocarbons and to higher
alcohols increases with decreasing space
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TABLE 5

CO Hydrogenation over LaMn, sCu, sO5: Effects of Space Velocity on Activity and
Product Distribution (H,/CO = 3, P = 13.8 atm, T = 573 K)

F/W (ml/min/g catalyst):
CO conversion rate (umol/min/m? catalyst):

Selectivities®
HC
MeOH
C,-OH

Among C,, alcohols
EtOH
i-PrOH
n-PrOH
i-BuOH
n-BuOH

222 73 26
2.06 0.61 0.48
6.4 12.9 18.8

76.8 72.1 54.6

8.4 13.1 23.4
14.4 9.7 4.1
4.4 12.5 13.6
10.8 8.0 5.7
47.0 59.2 65.6
20.8 0.0 0.0

¢ Selectivities among organic compounds.

velocity. Among the hydrocarbons the av-
erage carbon number increases with in-
creasing space velocity (not shown). At
lower space velocities the formation of
branched C; and C,4 alcohols increases at
the expense of ethanol.

The effects of reduction temperature on

the activity and selectivity of the x = 0.5
and x = 1 perovskites are presented in Ta-
bles 6a and 6b, respectively. For the x = 0.5
perovskite, an increase in the reduction
temperature causes a decrease in the cata-
lyst activity, a significant decrease in the
hydrocarbon selectivity, and a correspond-

TABLE 6a

CO Hydrogenation over LaCuysMng sO;: Influence of Reduction Temperature on
Activity and Product Distribution®

Reduction temperature (K): 523 723
CO conversion rate (umol CO/min/m? catalyst): 0.27 0.16
Cu/La?: 0.47 0.46

Selectivity®

HC 12.3 1.91

MeOH 59.9 81.5

C,,OH 25.4 14.4
Among C,, alcohols

EtOH 37.0 0.0

i-PrOH 6.1 0.0

n-PrOH 2.6 8.9

i-BuOH 47.15 91.6

2-BuOH 5.7 0.0

n-BuOH 1.4 0.0

«H,/CO =2, P = 10.6 atm, T = 573 K, F/W = 26 ml/min/g catalyst.

¢ Determined by XPS.

¢ Selectivities among organic compounds.
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TABLE 6b

CO Hydrogenation over LaCuQ, s (= La,Cu0Q,,Cu0): Influence of Reduction
Temperature on Activity and Product Distribution?

Reduction temperature (K):
CO conversion rate (umol CO/min/m? catalyst):

Selectivity®
HC
MeOH
C,.0H

Among C,. alcohols
EtOH
i-PrOH
n-PrOH

523 723
1.69 1.83
Cu/Lab: 0.71 1.11
5.8 22.8
81.5 65.9
12.8 11.2
50.5 57.2
2.6 7.3
24.5 28.9
18.4 0.0

i-BuOH

e H,/CO =2, P = 10.6 atm, T = 573 K, F/W = 200 ml/min/g catalyst.

b Determined by XPS.

¢ Selectivities among organic compounds.

ing increase in the methanol selectivity.
While the overall selectivity to higher alco-
hols is not significantly affected by the cata-
lyst reduction temperature, reduction at
723 K causes the ethanol selectivity to de-
crease to zero and the isobutanol selectivity
to increase. Analysis by XPS of the catalyst
used shows no significant change in the
Cu/La surface ratios as a function of reduc-
tion temperature (see Table 1).

For the x = 1 perovskite (Table 6b), the
conversion rate for the sample reduced at
723 K is somewhat higher compared to that
for the sample reduced at 523 K, and the
Cu/La ratio is higher by almost 60%. The
increase in overall activity can be traced
directly to an increase in the production of
hydrocarbons, since the rates of methanol
and C,. alcohol formation do not change
much with increased reduction tempera-
ture. The principal change in the distribu-
tion of C,; alcohols is a decrease in the
selectivity to isobutanol relative to the C,
and C; alcohols.

Activation Energies

Table 7 lists the apparent activation ener-
gies for methane, methanol, and ethanol for

temperatures between 473 and 573 K. For
other compounds, the yield fell off too rap-
idly with temperature to provide a suitable
Arrhenius plot. The error in the values is
~+7%.

The activation energies for methane for-
mation over the perovskites, Cu/La,Os,
CU/MHOz/Lazog, , La203/Cu/Si02 y and
NaO,/Cu all lie in the range 20-25

TABLE 7

Activation Energies

Catalyst E, (kcal/mol)
CH, CH,OH C,H;OH

Perovskites

x =02 29.7 20.5 2.8

x =04 19.8 13.1 7.8

x=0.5 21.9 7.6 10.2

x = 0.6 23.2 13.6 19.3

x =10 21.8 12.5 10.3
NaQ,/Cu 23.2 18.9 —
Cu/Si0, 11.4 3.8 —
La,0,/Cu/Si0, 21.1 26.4 —
Cu/La,0, 22.9 11.9 17.1
Cu/MnO,/Lay0, 24.9 13.6 —
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kcal/mol, but a much lower value of 11.4
kcal/mol is observed for Cu/SiO;. The acti-
vation energies for alcohol synthesis ex-
hibit a much higher sensitivity to catalyst
composition than is seen for methane syn-
thesis. The lowest value of the activation
energy for methanol synthesis is observed
for Cu/SiO,, 3.8 kcal/mol. When promoted
with lanthana the methanol activation en-
ergy increases to 26.4 kcal/mol. This trend
is similar to that reported recently for lan-
thana-promoted Rh and Pd catalysts (33,
34). The remaining catalysts exhibit activa-
tion energies in the range 12-19 kcal/mol,
the only exception being the x = 0.5
perovskite for which E, = 7.6 kcal/mol.
The activation energy for ethanol synthesis
over the perovskites ranges from 3 to 19
kcal/mol, passing through this maximum at
x = (.6. The ethanol activation energy over
Cu/Lay0s, at 17.1 kcal/mol, also lies in the
range spanned by the perovskites.

DISCUSSION
Nature of the Active Copper Species

The results of this study show that
LaMnOs; 4 is not very active for CO hydro-
genation and produces hydrocarbons as the
only organic product. When Cu is substi-
tuted for Mn in the perovskite lattice the
CO hydrogenation activity increases mono-
tonically with increasing Cu content and
the selectivity switches to =80% methanol,
independent of the Cu content. These ob-
servations are similar to those reported ear-
lier by Broussard and Wade (22) and indi-
cate quite clearly the importance of Cu in
forming methanol.

It is also significant to note that unpro-
moted metallic Cu is not particularly ac-
tive for methanol synthesis. The data in
Table 4 demonstrate that Cu/SiO, has a
methanol selectivity of only 4.5% and that
the primary products formed (=82%)
are hydrocarbons. These findings are con-
sistent with the work of Sheffer and King
(18, 19), who report that for unpromoted
Cu powder the CO hydrogenation activity

is very low and that the methanol selectiv-
ity is 25% (the balance of the products being
methane and CO,). By contrast, when Cu
powder is promoted by an alkali-metal ox-
ide, the CO hydrogenation activity of the
catalyst increases significantly as does the
selectivity to methanol. Thus, both in the
present study and in that of Sheffer and
King (19), NaO,-promoted Cu exhibits a
methanol selectivity of =85%. As can be
seen from Tables 3a and 4a, promotion of
Cu/SiO, by La,0; also enhances both the
overall CO hydrogenation activity of Cu
and the selectivity to methanol.

High CO hydrogenation activity and
methanol selectivity are also observed for
CU/L3203 and CU/MHOz/Lazo3. What is
quite striking is that the activity and selec-
tivities of these catalysts are close to those
of the perovskites containing a similar mole
fraction of Cu. Table 7 shows that the acti-
vation energies for methane formation are
also comparable for these catalysts.

The strong similarities between LayOs-
supported Cu and Cu-containing perov-
skites suggest that under reaction condi-
tions the state of copper in these catalysts is
similar. As discussed under Results, cata-
lyst characterization after use indicates that
the LayOs-supported catalysts contain
fairly large Cu particles (d =~ 200 A) and
some jonic Cu stabilized in the oxide lat-
tice. Likewise, the XRD pattern of the x =
1 perovskite showed clear evidence for Cu
particles. By contrast, neither XRD nor
XPS characterization of the perovskite cat-
alysts for which 0.2 < x = 0.6 showed any
evidence of Cu particles. However, the
strong similarity in the product distribu-
tions of all the copper-containing perov-
skites suggests that the 0.2 < x = 0.6 perov-
skites contain very small particles of me-
tallic Cu not detectable by XRD. Thus, in
their working state it is envisioned that
both La,0s-supported Cu and Cu-con-
taining perovskites contain Cu® particles as
well as ionic forms of copper (viz., Cu* and
Cu?*). While the catalyst characterization
techniques used in this study do not reveal



68 BROWN BOURZUTSCHKY, HOMS, AND BELL

the spatial relationship between the metal-
lic and ionic forms of copper, as discussed
below, previous investigations (2, 18, 19)
suggest that at least a part of the ionic cop-
per is either on the surface of the Cu® parti-
cles or in close contact with it.

The formation of hydrocarbons very
likely occurs over metallic Cu® particles.
Since CO will not dissociate over Cu (35),
the formation of the precursors most likely
occurs via the partial hydrogenation of CO
to form species such as HCO,, H,CO,, and
CH;0;, and the subsequent dissociation of
these species to form CH;, CH,,, CHz,, re-
spectively. Theoretical studies by Shus-
torovich and Bell (36) have shown recently
that such processes are expected on metals
such as Pt and Pd, which, like Cu, contain
few d-band vacancies.

Previous investigators have proposed
that methanol synthesis occurs at Cu* sites
which may be stabilized in the support or
promoter (2) or which may exist on the sur-
face of Cul particles modified by adsorption
of oxygen or by the presence of an oxidic
promoter (e.g., alkali metal oxide) (6, 18,
19). The fact that the activity and selectiv-
ity of metallic Cu for methanol are en-
hanced by promotion with either alkali
metal or LayO; suggests that Cu particles
are required for methanol formation, but
that the active sites are most likely Cu™ (or
possibly Cu’*) ions produced on the sur-
face of these particles through interaction
of the promoter with the metal.

The work of Sheffer and King (19) with
LiCuO suggests that isolated Cu™ ions are
insufficient for methanol synthesis. It was
observed that LiCuO is relatively inactive
for methanol synthesis until a substantial
part of the Cu has been converted under
reaction conditions to metallic Cu particles.
The necessity for both Cu® and Cu* is also
supported by the observation that the spe-
cific activity for methanol formation over
alkali-metal oxide-promoted Cu powder in-
creases with increasing Cu™ concentration
(19). Similarly, Monnier and co-workers

(37, 38), in their studies of Cu-Cr oxide
catalysts, have shown that while the spe-
cific rates of methanol formation were pro-
portional to the amount of Cut (as
CuCr0,), the activity was essentially zero
in the absence of Cu (i.e., with pure
CuCrQ0,). These authors suggest that Cu*
enhances the adsorption of CO but that Cu®
is required for the dissociation of H,. Simi-
lar ideas may also be found in the work of
Chinchen et al. (6) on the effects of ad-
sorbed oxygen on the activity of metallic
Cu for CO hydrogenation.

An alternative explanation for the role of
oxidic promoters has been offered by Frost
(39). He proposes that metallic Cu stabi-
lizes cationic oxygen vacancies in regions
of the oxide phase that are in contact
with the metal, through the formation of
Schottky junctions. He proposes a metha-
nol synthesis mechanism in which all the
important steps (CO adsorption and hydro-
genation) take place at the oxygen vacan-
cies. The only evidence he offers in support
of this proposal is that thoria-promoted Ag
and Au are active for methanol synthesis
whereas the unpromoted metals are not.
This is interpreted as promotion of thoria
by an otherwise inactive metal, a novel
concept. However, in view of the more ex-
tensive evidence of Sheffer and King (/8,
19), Monnier et al. (37, 38), and Chinchen
et al. (6), it seems more plausible to pro-
pose that oxide promoters (i.e., NayO,
ThO,, ZrO,, La,0s, etc.) are effective by
stabilizing cationic Cu sites on the surface
of Cu particles.

Further support for the argument that
both Cu® and Cu* sites are required for
methano] synthesis can be drawn from a
comparison of the methanol selectivities for
Cu/Si0,, La,0;/Cu/Si0O,, Cu/La,0;, and
LaCuO, . As is seen in Table 4a, the meth-
anol selectivity for these catalysts increases
in the order Cu/SiO, < La,0;/Cu/SiO, <
Cu/Lay0;3 = LaCuQ,¢. This trend parallels
the increasing amount of La,O; present in
the catalyst. Since XRD characterization of
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the catalysts used clearly shows evidence
of Cu particles (d = 100 A) in all these cata-
lysts, the higher selectivity can be attrib-
uted to the increased stabilization of Cu*
ions by La,0;. It is interesting to recall here
that Sheffer and King (/9) have observed
increases in both the activity and the selec-
tivity of alkali-promoted Cu with increasing
surface concentration of Cu*.

Features of the Product Distribution

The data presented in Table 4b indicate
that the principal components of the C,.
alcohols produced over copper catalysts
containing lanthana (or soda) are ethanol,
n-propanol, and isobutanol. Modest pro-
portions of isopropanol and sn-butanol are
occasionally observed. This distribution for
C, . alcohols is similar to that observed for
alkali-promoted Cu/ZnO by Vedage et al.
(10) and more recently by Nunan et al. (40).
In both reports it was proposed that one of
the roles of the basic metal oxide promoter

R—CH=0 + HCO—B* = R—CIL’ICH=O

R-—CH,0OH + HCO~ B* = R—CH,CH==0 + OH B*.

Hydrogenation of the products of these
reactions leads to the formation of a linear
primary C,. alcohol. The formation of a lin-
ear secondary alcohol can also be envi-
sioned if, during the hydrogenation of the
product of reaction (1), the aldehydic oxy-
gen is removed. Nunan ef al. (40) indicate,

RCH2CH20H = R_CH2CH=O
R—CH,CH=0 + B* OH" = R—CH=CH?‘ + H,O

R—CH=CHO~ + H,C=0 = HCC(R)HCH=0.

I

is to stabilize the presence of oxygen-con-
taining surface species which are consid-
ered to be intermediates in the formation of
higher alcohols.

To elucidate the reaction pathways by
which C,. alcohols are formed, Nunan et
al. (40) carried out extensive isotopic tracer
studies with Cs-promoted Cu/ZnO. Based
on the product distribution observed upon
injection of BC-labelled alcohols into the
feed, they concluded that the formation of
higher alcohols occurs primarily by the ad-
dition of C, intermediates derived from
methanol (i.e., HCO~ or H,CO). Two ma-
jor routes for chain growth were proposed.
The first, termed linear chain growth (1), in-
volves the nucleophilic attack at the a-car-
bon of an adsorbed aldehydic or alcohol in-
termediate by formyl (HCO-). These
processes are illustrated by the reactions
(where B™) is a basic cation, e.g., Cs™,
etc.):

(D
O0—B~
@

however, that the formation of secondary
alcohols is less favorable than the forma-
tion of primary alcohols.

The second major pathway for chain
growth is termed B-addition and is thought
to proceed as follows:

3)
“4)
Bt

®)
O—B*
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Subsequent reactions (hydrogenation, de-
hydration, and hydrolysis) result in the for-
mation of a branched primary alcohol. As
with a-addition, Nunan et al. (40) indicate
that the preferred pathway in g-addition in-
volves retention of the aldehydic oxygen.
They refer to the overall process of g-addi-
tion as aldol coupling with oxygen retention
reversal, since in normal aldol condensa-
tion reactions, the oxygen atom is removed
from the added aldehyde group (41).

Nunan ef al. (40) have also proposed that
the mechanisms for producing C,. alcohols
over Cu/ZnO and Cs/Cu/ZnO catalysts are
similar. They ascribe the enhanced selec-
tivity to C,. alcohols and the preferential
formation of branched alcohols over
Cs/Cu/ZnO to Cs promotion of the rates of
o- and B-addition, in particular the latter
process.

Since lanthana is a highly basic metal ox-
ide (42), its effects on the synthesis of C,;
alcohols over Cu are expected to be similar
to those of Cs. In particular we note that
while ethanol is the only higher alcohol ob-
served over Cu/SiO,, isobutanol is the ma-
jor higher alcohol formed when this catalyst
is promoted with La,0;. This effect can be
attributed to enhancement by lanthana of
chain growth by S-addition. Also in agree-
ment with the mechanism proposed by
Nunan et al. (40) are the effects of space
velocity shown in Table 6. It is evident that
the proportion of C,, alcohols increases
with decreasing space velocity. This trend
can be ascribed to more extensive chain
growth at longer residence times, due to the
higher concentration of methanol over the
catalyst. A higher concentration of gas-
phase methanol would be expected to in-
crease the concentration of adsorbed meth-
anol, as well as the concentrations of
adsorbed formaldehyde and formyl species
derived from methanol via dehydrogena-
tion. Low H,/CO ratios should also favor
increased surface concentrations of these
partially hydrogenated species and hence
the increase in selectivity to C,. alcohols,
shown in Figs. 5a and 5b.

Effects of Manganese on Catalyst
Performance

The effects of MnO, on the activity and
selectivity of Cu are best judged by compar-
ing the characteristics of Cu/La,O; and
Cu/Mn0O,/La,05. The data in Table 3a indi-
cate that Cu/MnQ,/La,0; is less active than
Cu/La,0;. Since both catalysts contain the
same amount of Cu, the lower activity of
Cu/MnO,/La,0; may reflect the lower dis-
persion of the catalyst (see Table 1). Table
4a shows that the presence of MnO, in-
creases the selectivity to methanol, primar-
ily at the expense of the C,, alcohol selec-
tivity. The distribution of C,, alcohols shift
toward a lower carbon number. In fact, un-
der the conditions given in Table 3a, only
ethanol and isobutanol are observed: it was
not possible to detect the presence of pro-
panols.

CONCLUSIONS

This study has revealed a number of in-
teresting features of CO hydrogenation
over catalysts containing copper, lan-
thanum, and manganese. LaMnQO;,, is
found to be relatively inactive and to pro-
duce hydrocarbons with 100% selectivity.
Substitution of copper for manganese in the
lattice of the perovskite results in a signifi-
cant increase in CO hydrogenation activity
and a switch to production of methanol
(~80% selectivity) and C,. aicohols (~10%
selectivity). CO hydrogenation over metal-
lic copper produces hydrocarbons with
high selectivity (~80%) and small propor-
tions of methanol and C,; alcohols. Promo-
tion of copper with lanthana or use of lan-
thana as a support results in a significant
increase in the activity and an increase in
the selectivity to methanol and C,; alco-
hols. NaO,-promotion of metallic copper
has an effect similar to that produced by
lanthana.

The strong similarities observed in the
activity and selectivities of the copper-con-
taining perovskite catalysts, La,O;/Cu/
Si0, and Cu/La,0s, suggest that the active
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sites in all of the catalysts are similar. On
the basis of the results of catalyst charac-
terization and earlier published studies of
alkali-promoted copper, it is proposed that
hydrocarbon synthesis occurs at Cu? sites,
but that Cu® and Cu™ sites are required for
the formation of methanol and C,; alco-
hols. It is proposed that Cu* can be stabi-
lized at the adlineation between metallic
copper and La,0; (or NaO,). Manganese
present as a part of the perovskite lattice or
dispersed as MnO, on La,O; does not ap-
pear to have a strong influence on the activ-
ity of copper catalysts for CO hydrogena-
tion, but does suppress the formation of C,.;
alcohols somewhat.
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