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The State of Manganese Promoter in Rhodium-Silica Gel Catalysts
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The ESR spectra of Mn/SiO, and Rh—Mn/SiO, compositions were investigated to learn more
about the mode of action of the Mn used as a promoter for acetic acid and acetaldehyde formation
from synthesis gas over Rh/SiO, catalysts. The Mn/SiO, catalyst showed a moderately strong,
unresolved Mn?* signal while Rh-Mn/SiO, catalysts showed little signal of any kind when they
were reduced in H, at 500°C and evacuated. Adding H;O vapor at room temperature resulted in the
appearance of a moderately intense, resolved sextet Mn?* signal from both catalysts. Subsequent
treatment of the Rh—Mn/SiO, with a CO + H,O mixture led to a threefold increase in intensity of
the resolved Mn?*. The same gas mixture had no effect on the signal from the Mn/SiQO, catalyst. It
is suggested that these observations are consequences of the Mn being concentrated on the surface
of the Rh crystallites in the Rh-~Mn/SiO, catalysts, probably as a mixed surface oxide with the Rh
which stabilizes Rh* on the metal surface. The change in Rh surface chemistry resulting from this
strong interaction with Mn2* could be responsible for the effectiveness of Mn as a promoter in these

catalysts.

INTRODUCTION

The selective conversion of synthesis gas
to two-carbon chemicals by rhodium-con-
taining silica gel-supported catalysts, oper-
ated above atmospheric pressure, has been
described in previous publications from this
laboratory (/-5). Additions of other metal
cations to the basic Rh/SiO, catalyst recipe
have striking effects on activity and selec-
tivity. Catalysts containing only Rh pro-
duce CH;CHO and CH;COOH as the prin-
cipal nonhydrocarbon products. Addition
of Fe equivalent to 35 atom% of the Rh
present does not change the rate of syn-
thesis gas conversion greatly, but CH; CHO
and CH;COOH disappear from the prod-
ucts and are replaced by C,H;OH.
Significant yields of CH;0H are also ob-
tained. Addition of Mn equivalent to as
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little as 10 atom% of the Rh has little effect
on the selectivity but increases the rate of
synthesis gas conversion nearly tenfold.
The use of Fe and Mn together gives a
catalyst which produces the lower alcohols
at a high rate.

The effects of the added metal ions are
unexpectedly large and specific. To under-
stand how such effects are produced it
would be helpful to know how the additives
interact with the Rh, which is known to be
present as ~40-um crystallites of metal in
all the catalysts. Systems closely related to
the Rh—Fe/Si0, system have been studied
to determine the state of Fe in them. San-
cier and Inami (6) used ESR and Garten
and Ollis (7) used Mossbauer spectros-
copy to study the Pd-Fe/Al,0; system.
Vannice et al. (8) used Mossbauer to
study the Ru-Fe/SiO, system. Some
zero-valent iron was found in those
cases. Thus it is possible that some zero-
valent iron was present in the Rh—-Fe sys-
tem. Manganese is much more electro-
positive than Fe, and therefore less likely
to be reduced. The standard electrode po-
tential for the reaction, M — M?" + 2e,
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is 0.44 V for M = Fe and 1.18 V for M
= Mn. Perhaps more to the point, at
400°C the maximum Py, /Py, ratio at
which Fe can be reduced to the metal is
107! (9). The ratio required for Mn is
10-1°, which is some five orders of magni-
tude lower than the specified moisture
content of the commercial cylinder H,
used for reduction. Since Mn is unlikely
to be reduced, even in the presence of
Rh, its state in the Rh—Mn catalysts can-
not be inferred from the Pd—Fe and Ru-
Fe results. Since Mn?* is paramagnetic,
ESR provides a sensitive tool for study-
ing the characteristics of the Rh-
Mn/SiO, system. The results of such a
study are reported here.

MATERIALS AND METHODS

All ESR measurements were done at
liquid N, temperature, 77°K, using a Varian
E-104A X-band spectrometer. The micro-
wave frequency locked to the loaded sam-
ple cavity was 9.128 GHz.

Three samples were examined by ESR.
All were prepared using oxalic acid-washed
Davison D39 silica gel as a support (4).
Added metal contents were 0.2% Mn, 2.5%
Rh-0.2% Mn, and 2.5% Rh-0.1% Mn (all
percentages by weight). In each case the
support was impregnated with the required
quantities of RhCl; - xH;0 and Mn(NOQ); in
aqueous solution, using conventional incip-
ient wetness techniques. Impregnated sam-
ples were first dried slowly in air at temper-
atures increasing to 200°C, then reduced in
flowing H; at ~10*> hr™! space velocity,
using a 5-hr programmed increase in tem-
perature followed by 1 hr at 500°C. All
samples were transferred and stored in air
after reduction.

Rh dispersions were measured on freshly
prepared Rh-containing catalysts by CO
chemisorption and found to be approxi-
mately 30%. This is consistent with elec-
tron microscope measurements of average
Rh crystallite sizes in these catalysts,
which averaged 35 to 50 A. In the 2.5% Rh-
0.1% Mn catalyst, then, the Mn added is
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equal to 25 atom% of the Rh surface atoms.
This is approximately the amount of Mn
required to produce the maximum effect on
catalyst activity (5). Further additions of
Mn have relatively little effect.

RESULTS
0.2% Mn /SiO,

The 0.2% Mn/SiO, sample was colorless
when prepared. After standing in air for
several months, it became purple but lost
that color after the following sequence of
reducing treatments:

(i) evacuation at 500°C, 30 min;
(ii) heating in H; (600 Torr, 1 Torr =
1333 N m™2) at 500°C, 16 hr;
(iii) evacuation at 500°C, 45 min.

The color change suggests a reduction in
the Mn valence from +4 to +2. ESR spec-
tra observed at 77°K after these treatments
are shown in Figs. 1 and 2. After room
temperature evacuation, an unresolved
Mn?* signal was obtained as shown in Fig.
1A. On exposure to 20 Torr of H;O vapor at
room temperature for a few minutes, then
cooling again to 77°K, the signal changed to
the sextet pattern at g = 2.00, typical of
magnetically isolated Mn?* ions in a sym-
metrical (e.g., octahedral) environment.

Exposure of the H,O-containing sample
to CO at room temperature caused no fur-
ther change in the signal. Exposure to NO;
under the same conditions, however,
caused an increase in Mn?* signal intensity,
as shown in Figs. 2A and B. The strong,
sharp triplet at the center of Fig. 2B is due
to adsorbed NO,. Treatment of the original
dry sample with NO, resulted in an increase
in the signal intensity, but the signal was
not resolved into a sextet pattern until H,O
was added.

2.5% Rh-0.2% Mn [SiO,

This sample was stored in air for some
months prior to the ESR study. ESR spec-
tra were obtained before any treatment of
the specimen (Fig. 3A); after it was evacu-
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FiG. 1. Catalyst, 0.2% Mn/SiO,: (A) reduced, evacuated; (B) after H,O treatment.

ated at room temperature for 30 min (Fig.
3B); after it was exposed to O, at tempera-
tures up to 400°C, followed by room tem-
perature evacuation; and after it was ex-
posed for a few minutes to 20 Torr of H,O
vapor at room temperature (Fig. 3C). The
resolved sextet patterns (Figs. 3A and C)
observed at g = 2.00 are again clearly due
to magnetically dilute Mn?*. Traces of
structure in the sextet pattern could indi-
cate either slight differences in the bonding
of Mn?* at different sites or a lack of perfect
symmetry at a set of identical sites.

After the specimen was degassed at room
temperature and recooled to 77°K, the orig-
inal sextet pattern (Fig. 3A) virtually disap-
peared, leaving a small, unresolved signal
(Fig. 3B). The residual signal presumably
was due to some Mn?* ions in a symmetri-
cal environment such that they could inter-
act with other paramagnetic species, possi-
bly nearby Mn?*. (Note that this catalyst
could be considered to have some excess
Mn present over and above that needed for

maximum catalytic effect.) This faint pat-
tern was unchanged after exposure of the
specimen to O,. However, after the speci-
men was exposed to H,O vapor at room
temperature, its spectrum was more intense
and better resolved than the original spec-
trum. The integrated intensity of the H,O-
treated sample (Fig. 3C) corresponded to
about one-third of the Mn present in the
catalyst.

Other species capable of complexing
with exposed Mn?* were investigated. NH,
(600 Torr) was shown to give results very
similar to, but distinguishable from, those
obtained with H,O, as shown in Fig. 4. The
isotropic coupling constants for **Mn can
be determined from the spectra shown in
Fig. 4 to be

Aiso (Mn)Hzo =
Aiso (Mn)NH3

9% = 1G,
91 + 1G.

Treatment of a water-free sample at room
temperature with 600 Torr of CO resulted in
the slow development of a signal exhibiting

b —

Fig. 2. Reduced, evacuated 0.2% Mn/SiO,: (A) after H,O treatment; (B) after H,O + NO,

treatment.
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F16. 3. (A) As received 2.5% Rh-0.2% Mn catalyst;
(B) after RT evacuation; (C) after adding H,O.

no fine structure. The spectrum obtained
after 40 hr is shown in Fig. 5B. Again, the
lack of fine structure implies that the sur-
face Mn2* complex formed as a resuit of the
CO treatment is symmetrical but that a
Mn?*-Mn2* interaction exists.

A change in the spectrum occurred when
samples which had been treated with H,O
were exposed to 600 Torr of CO at room
temperature for a few minutes without re-
moving the H;O, as shown in Fig. 6B. This
treatment caused the Mn?* signal to triple
in intensity, to a point where it represented
virtually all of the Mn present. The sextet
pattern was well resolved, but close exami-
nation suggested the resolution was poorer
than had been observed with the sample
treated with H,O or NH; only, and the
tapering shoulders extended much farther
out,

One distinction to be emphasized be-
tween the Rh—Mn/SiO, and the Mn/SiO,
results is the increase in Mn2* signal as a
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FiG. 4. Catalyst, 2.5% Rh-0.2% Mn: (A) H,0
added; (B) NH; added.
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Fig. 5. Catalyst, 2.5% Rh-0.2% Mn: (A) NHs
added; (B) H,O + CO added (40 hr).

result of treatment with CO/H,0 when Rh
was present, but the lack of any increase
when Rh was absent.

2.5% Rh-0.1% Mn [SiO,

In order to eliminate the possibility that
some Mn existed in valence states higher
than 2+ in the 2.5% Rh-0.2% Mn/SiO,
sample studied first, and thus that some of
the Mn?* observed following the CO treat-
ment might be due to reduction of those
species, a fresh sample of 2.5% Rh-0.1%
Mn/SiO, was subjected to the same reduc-
ing treatment as that given the Mn/SiO,
sample.

Even more than was true of the original
Rh-Mn sample, very little signal was ob-
served after evacuation of the sample at
room temperature (Fig. 7A). As shown in
Fig. 7B, treatment with H,O caused the
characteristic Mn?* sextet pattern to ap-
pear. Treatment of the H,O-saturated sam-
ple either with CO (Fig. 6C) or with NO,
again caused the intensity of the signal to
more than double. Room temperature treat-
ment with O, (200 Torr, 16 hr) caused the
signal intensity to fade. The fading could be
due either to loss of H,O, thus recreating an
unsymmetrical environment around the
Mn?* ions, or to chemisorption of O,
whose paramagnetism would also cause
broadening of the Mn?* signal. The sample
could be rehydrated to reproduce the origi-
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Fi1G. 6. Catalyst, 2,5% Rh-0.2% Mn: (A) H,O added; (B) H,O + CO added.

nal spectrum exactly. ‘Subsequent treat-
ment of the rehydrated, oxidized sample
with CO gave a spectrum corresponding to
that obtained on CO treatment of the origi-
nal hydrated sample. Treatments with CO,
alone or in combination with H,;O did not
reproduce the effect of the CO/H,0 treat-
ment.

DISCUSSION

The discussion will be divided into two
sections, one having to do with the state of
the Mn present in the Mn-only and the Rh-
Mn catalysts, and the other having to do
with the relation between the state of the
Mn and its observed effect on CO hydroge-
nation.

As noted in the Introduction, the most
nearly comparable studies of bimetallic
supported catalysts are those of Garten,
Vannice, and co-workers (7, 8). They
found that Fe®* supported on SiO, (Cabosil)
or 7-Al,O; was reduced only to Fe?* in an
hour with flowing H, at 450°C, in the ab-
sence of Pd or Ru. In the presence of those
platinum group metals, Fe was reduced to
metal which migrated from the surface of
the support and alloyed with the more
reducible metals present as crystallites on
the support.

In view of the much greater resistance of
Mn?* than of Fe?* to reduction to the metal,
it seems impossible to sustain the hypoth-
esis that Mn** was reduced to metal in the
absence of Rh, even though the reducing
conditions employed here were slightly
more forcing than those used in the earlier
studies. It might be suggested that some
Mn* may have formed which would not be
detectable by ESR, but even that seems
unlikely in view of the nonexistence of Mn*
compounds in the conventional wet chem-
istry of the element. Thus, the increase in
Mn?* signal as a result of treatment of the
Mn/SiO, catalyst with NO, is probably to
be explained as due to a change in the
coordination of some Mn?* ions from a
highly unsymmetrical to a moderately sym-
metrical form. Having 6s5, configuration,
Mn?* ions are subject to crystal field split-
ting and their ESR signal could be broad-
ened beyond recognition by a strong asym-
metric field.

The effect of H,O appears to be to uncou-
ple Mn?* ions from nearby paramagnetic
ions, probably other Mn?* ions. There is no
significant change in integrated signal inten-
sity when H,O is added to the Mn/SiO,
catalyst, but the unresolved signal is clearly
resolved into the typical sextet pattern by

F16. 7. Catalyst, 2.5% Rh~0.1% Mn/SiO,: (A) evacuated; (B) H,O added; (C) HyO + CO added.
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this treatment. Such an effect could be
produced, for example, by hydrolyzing 0%~
linkages between Mn?** ions to pairs of OH~
ions. The possibility of coupling dipoles
through the electrons of intervening oxide
atoms is well recognized (10).

In the Rh-containing catalysts, particu-
larly the one with minimal excess Mn so far
as its catalytic effect is concerned, virtually
all the Mn would appear to be present in
asymmetric sites unless a portion of it is
reduced below Mn**. Approximately one-
third of the Mn present seems to be in sites
such that H,O alone generates symmetri-
cally coordinated, magnetically isolated
Mn?* ions, Whether this occurs by hydrol-
ysis of oxide linkages, simple incorporation
of H,0 in the Mn?* ¢coordination sphere, or
both, cannot be determined, but it is clearly
a facile process. The remaining two-thirds
of the Mn present can only be converted to
symmetrically coordinated Mn3?* ions by
the use of CO or NO,, and in both those
cases the Mn?* generated is not magneti-
cally isolated. Neither CO, nor O, produces
the signal enhancement observed with CO
and NO,, a result more easily understood if
the phenomenon is due to a change in
coordination rather than a change in va-
lence. Only by adding H,O is the magneti-
cally isolated form produced.

These results are evidence for strong
interaction between the added Mn and the
Rh crystallites, although reduction of Mn to
the metallic state is highly unlikely. Forma-
tion of a stable Mn-O-Rh surface com-
pound during the initial catalyst reduction
would account for the observations. This is
consistent also with the observation that
only relatively small additions of Mn to the
catalysts are needed to produce the maxi-
mum effect on synthesis gas conversion.
The implied preferential association of Mn
with the Rh in Rh—Mn/SiO, catalysts, de-
spite the presence of a SiO, surface greater
than that of Rh by a factor of ~10°, requires
a significant thermodynamic driving force.
It can be calculated that the heat of inter-
action of Mn must be greater by 4-5
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kcal/mole Mn with Rh than it is with SiQ,,
if the observed distribution is an equilib-
rium one determined solely by relative
heats of interaction. Such a difference in
favor of association with Rh metal is some-
what unexpected for Mn?*, since stable
manganous silicates exist.

Once the idea that Mn is distributed as
Mn?t over the surface of the Rh crystallites
in Rh/SiO, catalysts is accepted, a question
arises as to why Mn in that state exhibits
the effects it does. A comparison between
the performances of a 2.5% Rh/SiO, cata-
lyst and a 2.5% Rh-0.2% Mn/SiO; catalyst
in the conversion of synthesis gas is shown
in Table 1. It will be seen that the addition
of 0.2% Mn resulted in increases in the
overall rate of CO conversion, N, and in the
selectivities to C, chemicals,*S,, and to C,+
hydrocarbons, S;. The symbols are defined
as follows:

N = moles of product/sec/Rh atom on the
surface. This rate is measured at
300°C and 100 atm total pressure,
using 1 H,:1 CO synthesis gas at a
space velocity such that the conver-
sion is =10%.

S, = moles of C, chemicals/mole CH,.
S, = moles of C,+ hydrocarbons/mole
CH,.

If the role of Mn?* is simply to form a
stable mixed surface oxide phase on the Rh
surface, Mg?* and Zn2?* might be expected
to have comparable effects. The three cat-
ions are of roughly comparable ionic radius
(Mg?* = 0.66 A, Zn?* = 0.74 A, Mn?* =
0.80 A), and all three form stable spinel-
type rhodates of composition MRh,0,.
Ichikawa found (//7) that catalysts made by
impregnating MgO and ZnO supports with
Rh carbonyl clusters gave him CH3;OH in
high efficiency from synthesis gas, rather
than the CH, he obtained from the same
clusters on SiO, supports. The production
of CH;OH by Rh-based catalysts has also
been observed by Bartley (/2) in this labo-

4 Acetic acid, acetaldehyde, and ethanol.
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TABLE 1

Effects of Manganese Additions on Catalyst Activity and Product Selectivities®

2.5% Rh 2.5% Rh-0.2% Mn 0.2% Mn
no Mn
Turnover No., N(=k,;6y) 0.03 0.30 10
Selectivity to C, chemicals, §, 0.43 0.83 —
Selectivity to higher hydrocarbons, S, 0.03 0.18 —
NS, (=keq 111—1 6co) 0.013 0.25 20
4
0.0009 0.054 60

K
NS (=k, k_: orH,)

2N, §,, and S, are defined in the text.

ratory. His catalysts were prepared using
RhCl; as the Rh source and either using
MgO as a support or adding 2% Mg(NO;),
to the RhCl; solution during the preparation
of 2.5% Rh/SiO, catalyst. Bartley’s results
demonstrate that the Rh clusters used by
Ichikawa confer no special chemical prop-
erties on the resulting catalysts, though
Ichikawa did obtain catalysts of very high
activity,

In contrast to the results just described,
when 2% Mg(NO;), was added to a 2.5%
Rh/SiO, catalyst after the latter had been
reduced, rather than adding it with the
RhCl;, there was little change in product
distribution from the Rh-only case but the
rate of CO conversion increased by a factor
of about 3 (/2). In other words the effect
was quite similar to that obtained by adding
a limited amount of Mn?*.

These results seem most readily under-
standable in the light of Rabo and co-
workers’ observation (/3) that Rh is bor-
derline among the Group VIII metals in its
ability to dissociate CO. The addition of
Mg?* to the catalysts would seem to modify
the Rh surface chemistry in such a way as
to inhibit the dissociation of CO. Without
CO dissociation, surface carbon formation
would be minimized and little or no CH,
formation should occur. Instead, the CO
could hydrogenate without rupture of the
C-0O bond.

Mg could suppress CO dissociation on

Rh by forming a surface mixed oxide, pre-
sumably with Rh as Rh*, just as Mn2* has
been postulated to do from the results of
the ESR investigation reported here. To
suppress C formation as completely as Mg
and Zn appear to in Ichikawa's experi-
ments, a high coverage of the Rh surface
should be required. The effect of Mn on
selectivity, i.e., the continuing formation of
CH, and of C, chemicals formed from sur-
face CH, and CH, groups, suggests that
there is a lower degree of Rh surface cover-
age by Mn than by Mg in the catalysts
prepared on MgO supports or by coim-
pregnation. The differences in size of the
cations could be responsible for their differ-
ent effects as additives. If Mg?* and Zn?*
can fit into a two-dimensional crystalline
surface oxide phase, but Mn2* cannot, the
differences in behavior of the ions could be
accounted for.

A decrease in the rate of CO dissociation
as a result of the addition of Mn to the Rh
catalyst could lead to a steady-state degree
of Rh surface coverage by C lower than the
coverage on the Rh-only catalyst.

It seems highly likely that Rh surface
atoms associated with C (or O) would not
chemisorb H or CO as strongly as would
bare Rh metal. Recent observations by
Benziger and Madix (/4), for example, pro-
vide direct evidence for the existence of
such a phenomenon in the case of an Fe
crystal. Thus decreasing 6. should in-
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crease the surface available for the forma-
tion of CH; and for its conversion to stable
products.

It has been argued elsewhere (5) that
during steady-state operation of Rh cata-
lysts the fractional coverage of the surface
by C, 6, is close to unity. The turnover
number is presumed to be proportional to
the product 6y6; (15). If C excludes H
from the catalyst surface, 8y « (1 — 6¢).
Thus reducing 6, will increase the overall
rate so long as 8. > 0.5. For example, if
6 drops from 0.999 to 0.99, or from.0.99
to 0.90, the tenfold increase in (1 — 6.)
could easily more than compensate for
the slight decrease in 6.

An increase in the surface concentration
of active sites on adding Mn to Rh/SiO,
catalysts is not inconsistent with the ob-
served effects of Mn on the overall conver-
sion rate and on the selectivities. The
power law rate expressions describing the
overall kinetics of CO hydrogenation were
found to be of the same form for Rh/SiO,
and Rh—-Mn/SiO, catalysts (5). This sug-
gests that the Mn does not greatly change
either the reaction mechanism or the equi-
librium constants for chemisorption of
reactants or products. If the changes in the
elementary rate constants and the equilib-
rium constants are not large, changes in
catalyst performance should be related to
changes in the populations of various sur-
face species.

The turnover numbers and the selectivi-
ties, defined above, can be related to sur-
face species concentrations by assuming a
specific reaction mechanism. According to
the mechanism proposed previously (5),
the rate-determining step at high pressure is

C+ HS CH,
whence the turnover number is (1/4)
N = kIGHOC = kloﬂ'

The competitive reactions which deter-
mine selectivity to C, chemicals, §S,, are

CH, + HS CH,
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and
CH, + CO %3 CH,CO,
whence
S, = kegbco
1 kO

The selectivity to C,+ hydrocarbons, S,,
is determined by

CH, + HS CH,

and
CH, + CH, =3 C,H;,
whence
kyfcn,
S2= o,

If the rate constants are unchanged by the
addition of Mn, the change in N requires a
10-fold increase in 6y, the change in the
product NS; requires a 20-fold increase
in 6., and the change in NS, requires a
60-fold increase in 6cy,. Even though
there may in fact be some changes in the
rate constants involved, the magnitude of
these changes is great enough to suggest
that an increase in the effective surface of
the catalyst did occur.

The postulated decrease in 6. on the
catalyst surface as a result of Mn additions
might be due to chemical effects (valence
change, ligand properties) or to geometrical
effects. There is evidence from earlier work
on methanation over Ni (/5) and Ru (/6),
and also from studies on Rh in this labora-
tory, that additions of Cu to Group VIII
metal-based CO hydrogenation catalysts
lower the activity of these metals in that
reaction. The effect of added Cu has been
ascribed to a requirement that groups of
four to six adjacent metal atoms must exist
on the catalyst surface before CO decom-
position can occur. Copper is inactive in
the CO decomposition reaction, so Cu addi-
tions reduce sharply the number of multiple
Group VIII metal atom sites available. This
is strictly a geometric effect and the failure
to observe any increase in CO hydrogena-
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tion rate at small Cu additions indicates that
other factors must be responsibie for the
promoter action of Mn?*,

The possibility that Mn?* has specific
chemical properties which make it unique
as a promoter in CO hydrogenation cannot
be completely dismissed. Mn(OH), on sil-
ica gel is an extremely active catalyst for
the decomposition of a methanol-water
mixture to produce H, and CO, (17). The
observed increase in catalyst activity as a
result of Mg?* addition argues, however,
for the view that most of the increased
activity is due simply to the stabilization of
an oxidized form of Rh on the metal surface
by mixed oxide formation. That conclusion
is also consistent with the recent report by
Castner et al. (18) that preoxidation of Rh
single crystals results in greatly increased
catalyst activity and the formation of oxy-
gen containing products.
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