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Based on data from zeolite-supported catalysts, a new model is
proposed for the formation of higher oxygenates from syngas over
MnO-promoted Rh. Oxygenate precursors, CxH,O,, are formed at
MnO sites in close proximity to the Rh—MnO interface. The role of
Rh is the formation and delivery of CHy groups and H atoms. FTIR
indicates that the CxHyO, complex is probably a surface acetate.

Results from ethylene hydroformylation tests at relatively low
temperatures, where CO dissociation does not occur, show that the
presence of MnO in the catalyst does not enhance the ability of Rh
to catalyze CO insertion. At higher temperatures though, where CO
dissociation occurs, higher oxygenates are formed only in negligible
amounts over unpromoted Rh.

The role of MnO in enhancing the formation of higher oxy-
genates was tested using CHClIs as a source of CHy groups instead
of Rh. Formation of the oxygenate precursor CxHyO, from the sur-
face reaction between CHCI3, CO, and H; is detected by FTIR on
MnO in the absence of Rh. The same complex is formed from the
same reaction over cosupported Rh/MnO and the physical mixture
Rh + MnO. However, its hydrogenation to higher oxygenates, oc-
curs only over Rh/MnO, where Rh and MnO particles are in close
contact. Furthermore, this hydrogenation is apparently confined to
those acetate groups located on MnO sites at the Rh—MnO interface.

Summarizing, the MnO promoter basically behaves as a cocata-
lyst; the formation of higher oxygenates from syngas is another
example of bifunctional catalysis with essential steps taking place
at the interface of both catalytic functions.  © 1997 Academic Press

1. INTRODUCTION

Rhodium is a very versatile catalyst for CO hydrogena-
tion. Its selectivity toward different kinds of products is
strongly dependent on the presence of a promoter in the
catalyst. A catalyst promoter is defined as an element or
compound without catalytic activity by itself, but when
added to an active catalyst it modifies its activity, selecti-
vity, and/or stability. In the case of Rh, the pure, unsup-
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ported metal, either as single crystal or as polycrystalline
foil, yields methane as the predominant product from CO
hydrogenation (1). Methanol can become the main product
if a promoter such as MgO or CaO is added to the catalyst
(2). Of particular interest is the formation of higher oxy-
genates when an appropriate promoter and proper condi-
tions are used. Higher oxygenates are oxygen-containing
molecules with two or more carbon atoms, such as alco-
hols, aldehydes, and carboxylic acids. Promoters known to
enhance the formation of higher oxygenates from syngas
when added to Rh include compounds of alkali (3, 4), rare
earth (5, 6), and transition elements (7-9).

Understanding how promoters work remains a challenge
for catalytic science. In this context, promoted Rh as a cata-
lyst for the formation of higher oxygenates from syngas
provides a probe reaction and a catalyst system with which
hypotheses on how promoters act can be tested.

In general, the mechanism of CO hydrogenation to hy-
drocarbons and higher oxygenates is similar to that of a
chain-growth polymerization, with well-defined initiation,
propagation, and termination steps (10, 11). The initiation
step includes the dissociative adsorption of CO and H, and
the formation of CHy units. The propagation step consists of
the repeated insertion of CH, units into metal-alkyl bonds
so that an alkyl chain results, attached to the metal at one of
its ends. There are different termination steps and each one
determines the kind of final product that is obtained. Thus,
B-hydrogen abstraction from the alkyl chain results in the
formation of alkenes; hydrogenation of the chain produces
alkanes; and CO insertion in the metal alkyl bond followed
by H addition yields oxygenated molecules, with the oxy-
gen atom at one end of the chain (11, 12). The propagation
and the termination steps are competing with one another
during the reaction. Methanol formation is different be-
cause no CO dissociation is required and does not follow
the chain-growth mechanism just described.

Although there has been much work on how promot-
ers direct the reaction toward the formation of higher oxy-
genates over Rh-based catalysts (13-15), a thorough under-
standing of the promoting effect has not yet been achieved.
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Since undissociated CO insertion determines the forma-
tion of higher oxygenates, it has been proposed that the
main function of promoters in favoring the formation of
these products over Rh-based catalysts is the enhancement
of the ability of Rh to catalyze CO insertion (16, 17). Di-
rect and indirect measurements of the rate of CO insertion
over promoted and unpromoted catalysts have, however,
yielded conflicting results. Some researchers report an en-
hancement of CO insertion when a promoter is present in
the catalyst (18), but other groups found no difference be-
tween promoted and unpromoted catalysts (19).

An intriguing concept assumes that the promoter pro-
vides new sites where CO insertion and oxygenate precur-
sors are formed. For methanol formation from syngas over
Pd promoted by CaO or MgQO, Prins recently proposed (20)
that the intermediate, presumably a formate, is formed not
on the Pd, but on the oxide. In this model, the role of Pd
is merely to supply atomic hydrogen for the final hydro-
genation step. Applying this concept to the formation of
higher oxygenates over promoted Rh, one can speculate
that the role of Rh would be limited to the dissociation of
CO and H; and the formation of alkyl groups. These groups
could then migrate over the surface to the promoter, where
undissociated CO insertion and hydrogenation to form the
oxygenated products take place. The principal objective
of this paper is to discriminate between these mechanistic
concepts.

Manganese has been shown to be an efficient promoter
of Rh in the formation of higher oxygenates, particularly
ethanol and acetic acid (8, 21, 22). In previous work we
have demonstrated that MnO, in close interaction with Rh
clusters, is the chemical species responsible for the promo-
tion effect (21, 23), whereas Mn?* jons do not exhibit this
kind of promotion.

In this paper we investigate the role MnO plays in the for-
mation of higher oxygenates, particularly in relation to the
CO insertion step. First we examine the possibility that the
MnO promoter enhances the CO insertion ability of Rh by
using the hydroformylation of ethylene as a probe reaction.
This reaction is closely related to CO hydrogenation and
the products, propionaldehyde and n-propanol, are derived
from CO insertion into the adsorbed ethylene reactant. If
CO insertion takes place on the Rh surface, as has been
hitherto assumed by most researchers, any enhancement by
MnO on the rate of this step should be observed in ethylene
hydroformylation as an increased yield of propionaldehyde
or n-propanol. The novel alternative hypothesis, that CO
insertion actually takes place on the MnO surface, is exam-
ined mainly by FTIR over Rh-free MnO samples where
CHy groups are externally supplied. Chlorinated hydro-
carbons CH4Cl,_ are well-proven agents delivering CHjy
groups (24), and were used here for this purpose. Poten-
tial intermediates in oxygenate formation resulting from
undissociated CO insertion, such as acyl and carboxylate
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groups, have characteristic infrared bands that ease their
identification.

In previous work, the use of a zeolite as support enabled
us to prepare catalysts containing manganese present as
Mn?* ions or as encaged MnO particles, and to unambigu-
ously determine that only MnO promotes the formation
of higher oxygenates. We have thus used zeolite NaY as a
support in the research described in this paper.

2. EXPERIMENTAL

The catalysts were prepared in the same way as before,
when MnO-promoted Rh was tested for CO hydrogenation
(23). Zeolite NaY was kindly provided by the manufac-
turer, UOP (Des Plaines, IL), Lot 10027-45, and was used
as received, a fine white powder without binder. The man-
ganese and rhodium components were introduced into the
zeolite cages by ion exchange. The precursors used were
Mn(N03)2~6H20 and [Rh(NH3)5C|]C|2 In all promoted
catalysts, manganese was always introduced first. A slurry
was prepared by adding 200 ml of doubly deionized water
per gram of zeolite. The precursor was dissolved in doubly
deionized water and the solution was added dropwise to
the slurry, which was magnetically stirred. For Mn, the ion
exchange lasted 1 day at room temperature; for Rh, 3 days
at 85°C. The weight loadings were 3% in Rh and 5% in Mn,
giving an atomic ratio of Mn/Rh of about 3. After each ion
exchange the sample was washed, dried inan ovenat 110°C,
and calcined in Oy in a glass U-shaped reactor at 400°C to
decompose the precursor and leave bare Mn?* and Rh®*
ions attached to the zeolite framework. All the gases were
of ultrahigh purity grade and further purified by using 5A
molecular sieve traps to remove traces of water. Reduction
at 400°C in pure H; followed. Before flowing into the reac-
tor, hydrogen flowed through a trap containing MnQO/SiO,
to remove traces of oxygen. After the reduction step, Mn?*
ions in the sample remain unchanged (23), but Rh? clus-
ters are formed. During the reduction of Rh, acid protons
are produced, which become the new charge compensating
cations.

The formation of encaged MnO particles was accom-
plished by immersing the reduced samples into a solution
of NaOH at a pH of 11. In a basic environment, Mn?* ions
are hydrolyzed and become first Mn(OH),, which is very
quickly oxidized to hydrated MnO, by atmospheric oxygen.
Since acid sites were found to be detrimental to the forma-
tion of oxygenated products from CO hydrogenation by
transforming them into hydrocarbons through secondary
reactions (25), immersion of the sample in the NaOH solu-
tion also serves to neutralize the acid protons formed dur-
ing reduction of Rh** ions; i.e., Na* replace H* as charge
compensating cations.

After immersion in a basic solution the sample was
washed extensively to remove any unexchanged material
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and recalcined at 400°C in oxygen for 2 h. A final reduc-
tion step in Hy was performed at 400°C for 1 h immediately
before running any experiment. This reduction took place
always in situ, so the sample was never again in contact with
the atmosphere.

Hydroformylation of ethylene was carried out in a
computer-controlled stainless-steel plug flow reactor man-
ufactured by Xytel Corp. All gases were of ultrahigh purity
grade. A mixture of CO, H,, ethylene, and Ar with molar
ratiosof 1:1:1:19was fed into the reactor. The GHSV was
15,000, the reaction temperature was 160°C, and the total
pressure was 7 bar. Contamination in the feed from iron
pentacarbonyl was removed by flowing the CO through a
y-Al,O3 trap before entering the reactor.

For FTIR studies, a quartz cell was used where spectra
could be taken at high temperature and atmospheric pres-
sure. The samples were pressed into thin self-supporting
wafers (5-10 mg/cm?). Data collection was done in the
transmission mode with a resolution of 1 cm~. The spec-
trometer was a single beam Nicolet 60SX equipped with a
mercury—cadmium telluride detector, cooled by liquid ni-
trogen. Hydrogen and syngas (H,/CO = 2) flowed through
a 5A molecular sieve and MnO/SiO, traps to remove water
and oxygen contamination, respectively. In addition, syn-
gas flowed through a y-Al,O3 trap to remove any contam-
ination, such as iron pentacarbonyl. In some experiments,
methylene chloride, CH,ClI,, and chloroform, CHCI; were
used as sources of CHy groups. Both reagents were ob-
tained from Fisher Scientific and their purity was 99.9%.
They were purified by at least three freeze-thaw—pump cy-
cles to remove dissolved gases. A carrier gas, usually Hy,
was flowed through a gas space saturated with the vapor of
the chlorinated hydrocarbon. The reservoir was kept at a
temperature such that the chlorinated hydrocarbon vapor
pressure was about 60 Torr: —18°C for CH,Cl, and 0°C for
CHCIs. Infrared spectra were taken at 250°C, which is a
typical temperature for CO hydrogenation, and the same
at which our previous studies on CO hydrogenation were
performed (21).

3. RESULTS

The results of ethylene hydroformylation at steady
state (12 h TOS) over unpromoted and MnO-promoted
Rh/NaY are summarized in Table 1. In both cases the final
reduction was carried out in situ at 400°C for 1 h. The
overall activity, as measured by the conversion of ethylene,
is slightly higher in the case of Rh/NaY. However, the most
important result is that the selectivity of both catalysts
toward CO insertion products is essentially the same.
This suggests that the promoter effect is not related to an
enhanced ability of Rh to catalyze CO insertion. Only a
small fraction of the initially formed propionaldehyde is
hydrogenated to n-propanol. Methane may be formed by
hydrogenolysis of ethane. The absence of other hydrocar-
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TABLE 1

Results of Ethylene Hydroformylation over Rh/NaY
and RhMnO/NaY

Rh/NaY RhMnO/NaY
C,H, conversion (mol %) 22.1 18.4
Selectivity (mol %)
CH, 26.3 33.8
CoHg 46.5 404
Propionaldehyde 26.0 249
n-Propanol 1.2 0.9

Note. Data at steady state. Reaction conditions: T=160°C; p=7 bar;
GHSV = 15,000; feed molar ratio H,:CO:C,Hs: Ar=1:1:1:19. Selec-
tivity data on the basis of one converted mole of C;H,.

bons in the product stream suggests that CO dissociation,
the key step in the formation of alkyl chains, does not take
place at 160°C over either catalyst.

FTIR spectra of different samples taken at 250°C after
3 h under syngas flow are shown in Fig. 1. Bands of ad-
sorbed CO on Rh appear in both the Rh/NaY and the
RhMnO/NaY samples. Their frequencies, around 2040 and
1800 cm™?, indicate CO adsorption in the linear and bridged
mode, respectively. No CO adsorption is evident on NaY
or MnO/NaY. Their spectra are very similar and almost
featureless. On the other hand, in addition to adsorbed
CO, other bands are visible on Rh/NaY and particularly on
RhMnO/NaY. Water, a product of CO hydrogenation, is de-
tected asa bulge near 1630 cm~tin both samples. Prominent
bands appear at about 1590 and 1450 cm~* on RhMnO/NaY.
The same bands are barely noticeable, if at all, in Rh/NayY.

Chlorinated methanes were used as sources of CHy
groups in Rh-free MnO/NaY samples. Coadsorption of
CH,Cl,, CO and H, at 250°C resulted in no new infrared
bands on MnO/NaY, compared with those seen on the same
catalyst when only CO and H, were flowed over it. In con-
trast, by using CHCI; as external CHy source, and flowing it
together with CO and H,, new bands appear on MnO/NaY
in the regions of 1720, 1590, 1480-1450, and 1385 cm™,
which were not present when only CO and H; were flowed
over the sample. The spectrum is shown in Fig. 2. These
bands appear at approximately the same wavenumbers as
observed on RhMnO/NaY after syngas flow. Clearly, they
are caused by CxHyO; groups located on the MnO surface.
To test their reactivity toward hydrogenation, the flows of
CO and CHCI3 were shut off and pure H, was left flowing
over the sample. Spectra were taken after 30 and 60 min
of hydrogen flushing. There were no changes in the band
intensities in the regions of 1590 and 1480-1450 cm~* at any
time. Thus, no hydrogenation of these CyH,O, groups takes
place on a Rh-free sample.

Figure 3 shows the infrared spectrum resulting from the
coadsorption of CHCI3, CO and H; on Rh/NaY at 250°C.
The bands caused by the nondissociative adsorption of CO
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FIG. 1.

on Rh are clearly seen in the 2040 and 1800 cm™* regions.
More significantly, bands at 1590 and 1480-1450 cm~* are
present. These bands were almost unnoticeable when CO
and H; were flowed over Rh/NaY, but are very prominent
in the case of syngas flowing over RhnMnO/NaY. This means
that the addition of CHCI; as a precursor of alkyl groups
to the reacting mixture increases the surface concentration
of the species responsible for the infrared bands at 1590
and 1480-1450 cm~*, which we attribute to CyH,0,. The
reactivity of these bands toward hydrogenation was tested
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FTIR spectra under synthesis gas flow (H,/CO = 2) after 3 h at 250°C. From top: RhMnO/NaY, MnO/NaY, NaY, Rh/NaY.

by flushing with pure H, for 30 and 60 min. In contrast to the
case of MnO/NaY, some decrease in the intensity of these
bands is observed after 30 min of flushing, as shown in Fig. 3.
No further changes were detected after 60 min of flushing.

Coadsorption and reaction of CHCI3, CO, and H; at
250°C was also studied on RhMnO/NaY. The top spectrum
in Fig. 4 shows the results after 3 h on stream. All the
bands present in this case also appeared in the spectrum
obtained when only syngas was flowed over the sample.
In particular, the bands in the 1590 and 1480-1450 cm™!
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FIG. 2.
with 760 Torr H, for 30 min.

FTIR spectra of MNO/NaY at 250°C. (Top) After 3 h under a flow of 60 Torr CHCIj, 233 Torr CO, 466 Torr H,. (Bottom) After flushing
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FIG.3. FTIR spectra of Rh/NaY at 250°C. (Top) After 3 h under flowing CHCI3 + CO + H,. (Bottom) After flushing with H; for 30 min. Partial

pressures as in Fig. 2.

regions are prominent. As with the other samples, flushing
with pure hydrogen was used to determine the reactivity of
these bands. The bottom spectrum in Fig. 4, obtained after
flushing with H; for 30 min at 250°C, shows the complete
disappearance of the bands due to CO adsorbed on Rh.
More significant though, is the disappearance of the small
bands at about 1720 and 1385 cm~! and the sharp decrease
in the intensity of the bands in the regions around 1590
and 1480-1450 cm~1. This decrease is much more notice-
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able than in the case of Rh/NaY. However, the bands did
not completely vanish; no further change in their intensity
was observed after 30 min of flushing with H.

To examine a possible requirement of close proximity
between Rh and MnO for the effects described, a physical
mixture of Rh/NaY and MnO/NaY was exposed to CHCls,
CO, and H; in the same way as the other samples described
above. It was then flushed with pure hydrogen for 60 min.
The resulting spectra are shown in Fig. 5. The top spectrum,
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FIG. 4. FTIR spectra of RhnMnO/NaY at 250°C. (Top) After 3 h under flowing CHCI; + CO + H,. (Bottom) After flushing with H; for 30 min.

Partial pressures as in Fig. 2.
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flushing with H; for 30 min. Partial pressures as in Fig. 2.

obtained after 3 h of exposure to all three gases strongly re-
sembles the spectrum of RhMnO/NaY exposed to flowing
syngas (Fig. 1). It shows CO adsorbed on Rh and the bands
in the 1590 and 1480-1450 cm™* regions. The bottom spec-
trum, taken after flushing with H, for 30 min, shows no
adsorbed CO. The bands at 1590 and 1480-1450 cm~ did
not change in intensity. No changes were observed after
60 min of flushing. Clearly, physical mixtures behave dif-
ferently from samples where Rh and MnO particles are in
close proximity.

4. DISCUSSION

The results of the ethylene hydroformylation tests show
that at 160°C, CO insertion takes place over Rh regard-
less of the presence of the MnO promoter. In other words,
MnO does not enhance the capability of Rh to catalyze
CO insertion. The fact that the unpromoted catalyst is ac-
tually somewhat more active than the promoted one can
be explained by a partial blockage or coverage of the Rh
surface by the promoter, as has been shown previously
by a variety of characterization techniques (23). Ethane
is formed by hydrogenation of ethylene, and methane may
be formed from hydrogenolysis of ethane. Since no other
hydrocarbons are observed, it seems that at 160°C no CO
dissociation takes place; thus, alkyl chain formation and the
subsequent hydrocarbon formation do not happen. These
processes are known to require somewhat higher temper-
atures. At these higher temperatures, oxygenate formation
is negligible over unpromoted Rh in CO hydrogenation (1,
13,21). Itwould therefore seem that CO insertion is favored
only at low temperatures, where the rate of the competing

FTIR spectra of a physical mixture Rh/NaY + MnO/NaY at 250°C. (Top) After 3 h under flowing CHCI;+ CO + H,. (Bottom) After

reactionsin CO hydrogenation is negligible. A survey of the
literature on alkene hydroformylation over heterogeneous
Rh catalysts shows that hydroformylation is generally car-
ried out at lower temperatures than those for CO hydro-
genation (26-28), thus offering support to this concept.

Upon accepting the conclusion that MnO does not ap-
pear to promote the formation of higher oxygenates from
syngas by enhancing the rate of CO insertion on Rh, the al-
ternative possibility, that CO insertion actually takes place
on new sites provided by the promoter itself is worth dis-
cussing. In this context the data obtained in the absence of
Rhare relevant. If Rhis only required for the dissociation of
CO and Hjy, and for the formation of alkyl chains, whereas
formation of the C-C bond between the alkyl group and
CO takes place on MnQ, it should be possible to obtain oxy-
genates by using an alternative precursor of alkyl groups.
As the use of halogenated hydrocarbons as alkyl sources is
well documented in the literature (24, 29), this strategy to
“replace” Rh with CHCI; has been used in this work to test
this concept. The data show, indeed, that adsorbed oxygen-
containing species are formed on MnO in the absence of Rh.

As to the identification of the observed CyH,O, groups,
it appears that among the oxygenate precursors proposed
by different researchers, acyl and carboxylate groups are
most likely (5, 13, 30-32). They have characteristic infrared
bands that facilitate their detection. If CO insertion results
in an oxygenate precursor of this nature, it should be readily
identifiable by FTIR.

The species responsible for the infrared bands at 1590
and 1450 cm~! on RhMnO/NaY after exposure to syn-
gas has been ascribed to a surface acetate (33, 34), which
means that acetate ions could be likely intermediates in the
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formation of C, oxygenates (Fig. 1). Henceforth, we will call
the CxHyO, groups acetates. Under a flow of syngas, these
bands are absent on MnO/NaY and barely noticeable on
Rh/NaY. However, when CHCI; is flowed together with
syngas over MnO/NaY (Fig. 2), the acetate bands appear
in the FTIR spectrum. Very interestingly, also present are
a pair of bands at around 1720 and 1385 cm~?, which have
been ascribed to adsorbed acetaldehyde (34). This points to
CO insertion taking place on MnO at 250°C in the absence
of Rh if an external source of CHy groups is used.

Coadsorption and subsequent surface reaction among
CHCI3, CO, and H; produce infrared bands on Rh/NaY and
RhMnO/NaY very similar to those just described. They can
be seen in Figs. 3 and 4, respectively. The intensities of the
acetate bands on RhMnO/NaY were considerably higher
than on the other two samples.

If these acetate groups are true precursors of higher oxy-
genates, they should react with H; to yield the final product.
Inthe model discussed here, Rhis necessary to dissociate H;
molecules. Indeed, the data presented in this paper confirm
this: bands due to acetate groups on MnO/NaY remain un-
changed in flowing H; and showed no reactivity, but those
on RhMnO/NaY had the highest reactivity. Hydrogenation,
resulting in an intensity decrease, can only occur if atomic
hydrogen is available. Dissociative adsorption of H, read-
ily occurs on metal surfaces, but it is much more difficult
on most oxides, such as MnO. Thus, the absence of atomic
hydrogen on the surface of Rh-free MnO prevents the hy-
drogenation of surface acetates. In contrast, when Rh is
present, hydrogenation is possible, and apparently occurs,
asevidenced by the drop in intensity of the acetate bands on
Rh/NaY and RhMnO/NaY. Interestingly, the bands never
vanish completely and have already reached their final in-
tensity after 30 min of flushing. It could therefore be pro-
posed that the acetate groups which are hydrogenated are
only those on the Rh particle itself or at its interface with
the promoter or the support. This means atomic hydrogen
does not migrate rapidly from the Rh particle to react with
acetate groups not located at the interface.

Key support for the idea that acetates are hydrogenated
only if they are located close to the interface with the metal
particle is provided by the results using a physical mixture
of Rh/NaY and MnO/NaY (Fig. 5). Although the acetate
bands produced by the combined action of flowing CHCls,
CO, and H; are very prominent, their decrease in intensity
upon flushing with hydrogen is negligible. Since presum-
ably most of these surface acetates are formed on MnO, no
atomic hydrogen formed on the metal surface is available
for hydrogenation because of the large distance between
the MnO and the Rh particles. No measurable H; spillover
occurs in physical mixtures.

Figure 1 shows that under syngas flow, without additional
supply of alkyl groups, the surface concentration of ac-
etate groups is negligible on Rh/NaY, but rather prominent
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bands appear on RhMnO/NaY. One could argue that on
unpromoted Rh at 250°C, acetate groups do not form or, if
formed, tend to be unstable. TPD experiments by Barteau
et al. (35, 36) under high vacuum conditions of adsorbed
ethanol and acetaldehyde on Rh(111) show that the de-
composition/desorption temperature is about 100°C higher
if the metal surface is precovered with oxygen before ad-
sorption. It is thus conceivable that oxygenate precursors
are more stable on the surface of the oxide promoter.

From the present findings, we can propose that acetate
groups located at the metal-promoter interface are the
most likely to participate as intermediates in the forma-
tion of higher oxygenates. The main role of the promoter
is then to provide new sites at the interface where these
intermediates can form. Although acetates apparently can
be formed on the whole surface of a MnO particle, only
those groups located at or near the interface with Rh can
be hydrogenated to yield the final oxygenated product. The
ethylene hydroformylation experiments have shown that
CO insertion occurs even on unpromoted Rh, at temper-
atures as low as 160°C. However, at higher temperatures,
competition from other reaction steps of CO hydrogena-
tion determine that on unpromoted Rh, CO insertion prod-
ucts constitute only a very small fraction of the total yield.
In other words, although oxygenate intermediates can be
formed on Rh, their surface concentration is very low under
CO hydrogenation conditions. In order to favor the forma-
tion of higher oxygenates it is necessary to add a promoter
to the catalyst, such as MnO, where oxygenate precursors
are formed. If these precursors are located on MnO sites in
immediate proximity to the Rh particle, they can be hydro-
genated to oxygenates such as ethanol and acetaldehyde.

A variant of this scenario which cannot be ruled out is
that a fraction of the oxygenate precursors is formed on the
Rh surface and migrates to nearby MnO particles. These
CxHyO, precursors are stabilized on the promoter surface
as acetate groups that are subsequently hydrogenated to
yield the final oxygen-containing products. In this case the
promoter prevents oxygenate precursors from decompos-
ing prior to their hydrogenation. The data presented here,
however, do not make this alternate explanation necessary,
since it is shown (Fig. 2) that CO insertion can take place
on MnO in the absence of Rh.

Of course, acetates need not be the only or even the
main intermediates in oxygenate formation. However, the
present results show, contrary to some literature reports
(30, 37), that at least a fraction of these groups is suffi-
ciently reactive to participate in a reaction pathway leading
to oxygenate formation. The presence of the promoter pro-
vides the sites for their formation. The possible participa-
tion of acetate groups in the formation of higher oxygenates
is particularly interesting in relation to the observation that
ethanol and ethyl acetate are the main oxygenated prod-
ucts obtained from CO hydrogenation over RhnMnO/NaY
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FIG. 6. Scheme representing the crucial step in the formation of the
oxygenate precursor from an adsorbed CH, group, here shown as CH,, CO,
and a surface hydroxyl on an MnO site at the metal-promoter interface.

(21, 23). Most likely, ethyl acetate is formed through a sec-
ondary reaction between, for example, ethanol and a sur-
face acetate.

A model can be proposed that includes the formation and
participation of acetate groups located at interfacial sites as
precursors of higher oxygenates. The key steps are shown
in Fig. 6. Here, an alkyl group formed on the metal surface
migrates to the hydroxylated promoter surface across the
interface and reacts with CO to yield the carboxylate inter-
mediate. Oxygenates are formed by hydrogenation of the
carboxylate. Atomic hydrogen, as discussed, is furnished by
the metal.

5. CONCLUSION

As determined from the study of ethylene hydroformy-
lation, the ability of Rh to catalyze CO insertion is not en-
hanced by the presence of MnO as a promoter. However,
over unpromoted Rh catalysts, CO insertion products can
only predominate at temperatures below that where CO
dissociation occurs. Above it, the formation of hydrocar-
bons predominates.

At temperatures where CO dissociation occurs, the
formation of oxygenated products can be favored over
Rh-based catalysts by the presence of a promoter, such
as MnO, which provides sites for the formation and sta-
bilization of CxHyO, intermediates. As detected by FTIR,
among these intermediates are surface acetate groups very
likely formed on the MnO surface. These groups can be
hydrogenated to the final oxygenated products if they are
located in immediate proximity to a Rh particle, that is, at
the Rh—MnO interface. By providing new sites where CO
insertion happens, MnO behaves as a cocatalyst in the for-
mation of higher oxygenates from syngas.
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