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CO hydrogenation over Mn promoted Rh/NaY catalysts was studied at 10 bar and
250°C. Significant selectivity to oxygenates, mainly ethanol and ethyl acetate, was obtained
after neutralizing the protons that are formed during reduction of Rhions. Layered bed experi-
ments show that protons act as sites catalyzing secondary reactions. Protons also convert
Mn(OH), to Mn?* ions; the catalysts with highest selectivity to oxygenates contain MnO parti-
cles and Rh clusters. The results suggest chemical interaction of adsorbates on Rh, clusters
with those on MnO.
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1. Introduction

Rhodium has the ability to catalyze the hydrogenation of carbon monoxide
either to hydrocarbons or to oxygen containing products, depending on the promo-
ter used. Unpromoted rhodium on an inert support yields mainly methane, but sig-
nificant amounts of oxygenates are formed over rhodium in contact with oxides
or ions of Mn, Fe, Zn, Ti, La, Zr or V [1-8]. Previous research of the interaction
between rhodium and promoters led to a tentative model which assumed that inter-
action of transition metal ions with the oxygen end of carbon monoxide molecules
adsorbed on rhodium might be instrumental for the catalyst promoter effect [5,6].
This concept motivated research on zeolite supported Mn promoted Rh catalysts,
because zeolites with a cage structure such as Y should provide a better opportunity
than amorphous supports to control the relative positions of Rh clusters and Mn
ions or Mn oxide particles. The present paper reports on this research.

In related work the oxidation states and carbonyl complexes of Rh inside NaY
have been identified. After calcination of ion exchanged Rh/NaY the oxides
Rh,0; and RhO, and the jons Rh3*, (RhO)*, Rh?>*, Rht are detected. They are
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reduced in flowing H, to Rh® [9-11]. In the presence of CO the clusters
Rhy(CO),, and Rhg(CO),, are formed; in the presence of both CO and zeolite pro-
tons, the ions Rh*(CO),, in at least two coordinations with the zeolite oxygens,
and Rh*(CO), have been identified. FTIR data also indicate formation of mixed
Rh-Mn carbonyl clusters [10].

2. Experimental

The catalysts used in this work were prepared by ion exchange. The support
was zeolite NaY (Linde); manganese, if present, was always introduced first by
dropwise addition of 0.16 M solution of Mn(NO;),-4H,0 (Aldrich) to a slurry of
5 g/£ of NaY in doubly deionized water at room temperature for 24 h. This was fol-
lowed by increasing the temperature in a flow of pure O, from room temperature
(RT) to 500°C at 0.5°C/min and holding at 500°C for 6 h. This was done to drive
some of the Mn?* ions into the small cages of the zeolite, thus preventing Rh ions,
which were subsequently introduced, from occupying them. Rh exchange was
done by dropwise addition of a solution of Rh[(NH3),Cl|Cl, at 85°Cfor48 hto a
5 g/£slurry of NaY or Mn-NaY in doubly deionized water. After ion exchange, the
samples were calcined in a pure O, flow, the temperature was ramped from RT to
200 or 500°C at 0.5°C/min and holding at the final temperature for 2 h. Reduction
took place under a 60 ml/min flow of pure H, at 0.1 MPa; the temperature was
ramped from RT to 200°C at 8°C/min and held at 200°C for 40 min.

In some samples the protons that are formed during the reduction of Rh were
neutralized. This was done in two different ways. Some samples were immersed in a
stirred NaOH solution at pH = 11 at room temperature for 12 h and then reduced
again at 200°C. In other cases, the calcination temperature was limited to 200°C
in order to prevent complete decomposition of the ammine ligands of the Rh pre-
cursor [12]. During reduction, these ammine groups react with the protons to form
ammonium ions.

The pH value is crucial for the state of Mn. At neutral or lower pH, Mn is pres-
ent as Mn?* ions. At higher pH the hydroxide Mn(OH), is formed first; in the pres-
ence of air itis rapidly oxidized to MnO, [13].

The catalyst samples were tested at 1 MPa and 250°C in a stainless steel flow
reactor with automatic control over the reaction conditions. The H,/CO ratio was
1 in all cases. Conversion of CO to organic products was kept low, under 3%. Prod-
uct analysis was done using an HP 5890 gas chromatograph with a 50 m cross-
linked methyl silicone capillary column and an FID detector.

3. Results and discussion

The following notation will be used: RhMn/NaY(7,)-N, where T is the calcina-
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tion temperature in °C, and -N, if present, denotes a catalyst neutralized by immer-
sion in NaOH solution. In all Mn promoted catalysts, the Mn was present in
valency Mn?* during steady state operation. No Mn® was ever observed from TPR
or XPS or EXAFS measurements; Mn*" was formed when Mn containing cata-
lysts were washed with NaOH and exposed to oxygen, as evident from the color
change from white to brown. In such samples, the MnO, formed is reduced by Hy
or syngas to MnO. The following catalytic test results are reported:

(a) Catalysts: Rh/NaY(500) and Rh/NaY(500)-N. These unpromoted sam-
ples yield only hydrocarbons. The absence of protons after neutralization with
NaOH does not change the product distribution. On a C atom basis, the selectivity
to CH, at steady state is about 45%.

(b) Catalysts: RhMn/NaY(500) and RhMn/NaY(500)-N. The non-neutra-
lized sample yields only hydrocarbons. No promoting effect of Mn is observed with
this sample. In contrast, significant amounts of oxygenates are formed over the
neutralized catalyst, mainly ethanol and ethyl acetate. The latter is probably
a secondary product from the reaction between ethanol and acetic acid. In addi-
tion, hydrocarbons are formed. The performance of these samples is shown in
figs. 1a and 1b. The yields of each oxygenate product for the sample RhMn/
NaY(500)-N are shown in fig. 2. The results suggest that protons, formed during
metal reduction:

Rb** +3H, > Rh’ + 3H* (1)

play a crucial, though negative, role in the selectivity of these catalysts. Two causes
can be visualized for the strong effect of acid sites on catalyst performance:

(1) Brensted acid sites in zeolite Y catalyze secondary reactions of primary
formed oxygenates to other products, e.g. hydrocarbons.

(2) Protons affect the hydrolysis equilibrium:

Mn(OH), + 2H* = Mn’* + 2H,0. 2)

Neutralized catalysts will contain the manganese as a hydroxide, which is subse-
quently transformed into MnQO; the non-neutralized catalyst, however, contains
free Mn2* ions. It is conceivable that the catalyst promoter action of MnO may dif-
fer from that of Mn?*.

(¢) To determine the role of acid protons on the product distribution, two sam-
ples were prepared in which the Mn was exposed to a pH = 11 prior to the Rh
exchange. One of them was treated again to pH = 11 after reduction of the Rh to
neutralize the protons formed by (1). The non-neutralized sample, RhMn*/
NaY(500), did not yield oxygenates. In contrast, the neutralized sample, RhMn*/
NaY(500)-N, was very active towards oxygenate formation. The product distribu-
tions for these catalysts appear in figs. 3a and 3b. These results suggest that a posi-
tive effect of the NaOH immersion on catalyst performance is indeed due to
neutralization of Brensted sites that are generated during metal reduction.
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Fig. 1. Selectivity on a C atom basis of catalysts RhMn/NaY(500) (a) and RhMn/NaY(500)-N (b)
towards different products plotted versus time on stream (TOS). (0) CHy; (x) higher hydrocarbons;
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(@) oxygenates.

(d) Catalytic tests were carried out with layered beds of RhMn*/NaY(500)-N
and zeolite HY [14]. With the RhMn*/NaY(500)-N upstream and the HY layer
downstream, no oxygenates were detected in the effluent. In contrast, a high yield
was found with HY upstream and RhMn*/NaY(500)-N downstream. We con-
clude that protons catalyze secondary reactions of oxygenates to hydrocarbons

and/or carbonaceous deposits.
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Fig. 2. Selectivity towards different oxygenate products of catalyst RhMn/NaY(500)-N plotted ver-
sus TOS. (O) dimethylether; (O) methanol; (M) ethanol; ( A) diethylether; (A) methyl acetate; (x)
ethyl acetate.

(e) An alternative way of neutralizing protons makes use of the finding [12]
that calcination of the ion-exchanged catalyst precursor below 300°C leaves a con-
siderable fraction of the ammine ligands of the Rh[(NHg)s(HzO)]2+ ions inside
the zeolite intact. During reduction these NH; groups are released from the metal-
lic Rh being formed and react with the protons to give ammonium ions, thus pro-
viding a method to neutralize Bronsted sites without affecting the state of the Mn.
Use of this was made in two catalysts. The first one, RhMn/NaY(200) was never
exposed to a pH higher than 6, thus ensuring that Mn would remain as Mn?* ions
inside the zeolite. Accordingly, the color of this catalyst is white after the Mn
exchange. No oxygenates were formed over it. The second sample, RhMn*/
NaY(200), was exposed to a NaOH solution with pH = 11 after the Mn exchange,
but before the Rh exchange. Its color changed quickly from white to brown, indicat-
ing that MnO, was present in the zeolite before reduction. Over this catalyst oxyge-
nates were obtained, again mainly ethanol and ethyl acetate, in addition to
hydrocarbons. Fig. 4 shows the selectivity towards oxygenates obtained with these
two catalysts.

Since the protons formed in reaction (1) were neutralized in both samples and
as NaOH immersion before Rh ion exchange has no effect on the protons present
after reduction, we conclude that the only difference between these samples is the
state of the manganese, which is present as Mn2+ ions in the first, but as MnO in the
second one. In other words, MnO is an active promoter towards the formation of
oxygenates, whereas Mn?* ions, though presumably in close contact with Rh clus-
ters, lack this propensity.
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Fig. 3. Selectivity of catalysts RbMn*/NaY(500) (2) and RhMn*/NaY(500)-N (b) towards different
products plotted versus TOS. (1) CHy; (x) higher hydrocarbons; (@) oxygenates.

The results suggest that oxygenates are formed by chemical interaction of adsor-
bates on Rh clusters with those on MnQ, implying that the model mentioned
in the Introduction needs modification. A similar idea is suggested by the report
that unsupported ruthenium carbido clusters convert syngas to methane, but the
same clusters, when in physical contact with an oxide surface, convert syngas to

oxygenates [15].
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Fig. 4. Effect of NaOH immersion after Mn ion exchange but prior to Rh exchange. Selectivity of cata-
lysts RhMn/NaY(200) (0) and RhMn*/NaY(200) (@) towards oxygenates plotted versus TOS.

4. Conclusions

(1) In the absence of a promoter, rhodium clusters in NaY cavities do not cata-
lyze formation of oxygenates under the conditions of syngas conversion used in this
work.

(2) Manganese is able to promote Rh/NaY catalysts towards formation of oxy-
genates, especially ethanol and acetic acid; this propensity is strong for MnO but
apparently lacking for free Mn?* ions.

(3) Protons in Y zeolites catalyze secondary reactions of the oxygenates that
are formed as primary products of CO hydrogenation, transforming them to
hydrocarbons and/or catalyst deposits. Oxygenates are, therefore, only obtained
with essentially proton-free catalysts.
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