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Highly dispersed Fe-Mn bimetallic particles were obtained on a high-surface-area amorphous
carbon black support using Fe—Mn and K~Fe-Mn carbonyl clusters. These catalysts were charac-
terized by hydrogen adsorption and by CO chemisorption at 195 and 300 K, and their kinetic
behavior for CO hydrogenation was studied at 1 atm in a differential, plug-flow microreactor. The
K-promoted clusters with stoichiometries of KMnFe and KMnFe, gave 85-90 wt% ethylene,
propylene, and butene with methane as the only other detectable hydrocarbon product. The KFe;
cluster also had a high selectivity to olefins but showed somewhat more chain growth. The nonpro-
moted Mn—Fe catalysts with Fe/Mn = 2, prepared from either stoichiometric mixed-metal carbonyl
clusters or coimpregnation of the separate Fe and Mn carbonyl clusters, also had a high selectivity
to light olefins; however, this selectivity was strongly dependent upon the pretreatment. The
properties of the FeMn clusters without K is consistent with a proposed model in which a surface
spinel, (Fe,_,Mn,);0,, plays a principal role in providing high selectivity to light olefins. © 1987

Academic Press, Inc.

INTRODUCTION

An important aspect of Fischer-Tropsch
chemistry is the development of catalysts
for selectively producing olefinic feed-
stocks for the chemical industry (1).
Schulze showed that the selective produc-
tion of short-chain olefins from coal can be
competitive to olefins derived from oil (2),
and the development of catalysts with
higher yields of lower molecular weight ole-
fins has made progress. These catalysts, all
of which contain iron, can be divided into
six groups (3, 4):
(1) Well-known K-promoted Fe cata-
lysts (5-7).

(2) Iron catalysts modified by addition of
Co or the oxides of Ti, V, Mo, and
Mn (8, 9).

! To whom correspondence should be sent.

(3) Partially
(10-13).

(4) Proprietary iron-based catalysts de-
veloped by SASOL Co. (3).

(5) Alloy and coprecipitated manganese
catalysts developed by Kolbel con-
taining 10-20 wt% iron (14, 15).

(6) Carbon-supported catalysts (16, 17).

Introduction of manganese into bulk

Mn/Fe Fischer-Tropsch catalysts pre-
pared by coprecipitation or alloying is
known to increase the olefin selectivity
(12, 18-34). In addition, various organo-
metallic compounds [Fe(CO)s, Fe(AcAc),,
and Fe(AcAc);] were used by Barrault
and co-workers to prepare catalysts of Fe
supported on MnO and MnO, (35-37).
Bruce, Hope, and Turney studied NEt,
[FCzMH(CO)13]/Si02, K[FezMn(CO)|3]/
SiO, and nitrate-derived catalysts (38),
and Kuznetsov ef al. examined NEt,

sulfur-poisoned catalysts
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[Fe,Mn(CO),;] on various supports (39),
but no study has been made on the effect of
varying the Mn/Fe ratio of supported cata-
Iysts. This is of some interest because the
high selectivity to olefins has not always
been achieved in these previous studies. A
promising method of obtaining supported
Mn/Fe catalysts is the use of organometal-
lic mixed-metal carbonyl clusters as the
metal precursor (40—42). The utilization of
these clusters has a number of advantages
such as (1) uniformly supported clusters
can be obtained with stoichiometric metal
ratios, namely, Mn;, Mn;Fe, MnFe,
MnFe,, and Fe;; (2) promoters can be
added to the clusters by preparing the po-
tassium salts of the carbonyl clusters,
which also ensures intimate metal contact;
and (3) zero-valent metals can be initially
obtained on appropriate supports by decar-
bonylation of the clusters at mild tempera-
tures (475 K) (42), which can also enhance
dispersion.

High-surface-area carbon has certain
properties that make it an attractive sup-
port for Fischer-Tropsch catalysts. The
high surface area within the small pores al-
lows the distribution of the carbonyl clus-
ters and stabilizes highly dispersed Fe par-
ticles (16), presumably due to the presence
of physical barriers which suppress surface
migration and resultant agglomeration. The
carbon can be made virtually sulfur free by
high-temperature reduction in H, which, in
addition, also eliminates surface hydroxyl
and carboxyl groups.

The preparation, characterization, and
catalytic behavior of a family of carbon-
supported Fe, Mn, Fe/Mn, and Fe/Mn/K
cluster catalysts are described in this paper,
with an emphasis on those catalysts which
gave unusually high selectivities to light-
weight olefins. The following paper dis-
cusses activity maintenance and regenera-
bility (55).

EXPERIMENTAL

The high-surface-area amorphous carbon
black (CSX-203, Cabot Corp., 1400 m%/g)
used as a support in this study had an initial
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sulfur content of 0.59 wt% which was re-
duced to 0.13% by treating in H, at 1223 K
for 12 h (17, 42). The carbon was heated to
573 K under a dynamic vacuum of 10~* kPa
for 8 h prior to impregnation to remove any
physisorbed water. Using published proce-
dures, the following clusters were synthe-
sized: Mny(CO)y9, Mn,Fe(CO)y4 (43), NEt,
[FeMn(CO)] (44), NEt{Fe;Mn(CO)ys]
(44), Fe;(CO)y,, KIMnFe(CO)o) (44), NEt,
[FexMn(CO)y3] (44), and K[HFe3(CO)yy]
{(45). These were supported on the carbon
by incipient wetness impregnation using
dry and degassed THF as solvent. The
Mny(CO),y + Fes;(CO)y, catalyst with Mn/
Fe = 2 was prepared by sequential im-
pregnation of the two clusters, using
Mn,(CO)yp first. A coimpregnated catalyst
was prepared using the same two carbonyls
in a single solution with a metal ratio of Fe/
Mn = 2. The impregnations were done un-
der N, using standard Schlenk techniques
(46), and the catalysts were dried by evacu-
ating to 10~* kPa for 8 h at 300 K. The che-
misorption cells and microreactor were
loaded in a Ny-filled glove box, thus elimi-
nating air exposure. Metal loadings were
determined using neutron activation analy-
sis which showed close agreement with the
cluster stoichiometries.

All fresh catalysts were subjected to two
different pretreatments prior to adsorption
or kinetic measurements—a low-tempera-
ture reduction (LTR), which consisted of
heating to 473 K under flowing He (40 cc/
min) for the Kinetic runs or under dynamic
vacuum (< 10~* kPa) for the chemisorption
measurements and reducing in H, at this
temperature for 2—35 h until no solvent could
be detected in the gas stream by gas chro-
matography, and a high-temperature reduc-
tion (HTR), which consisted of heating to
673K under flowing H, (40 c¢/min) and re-
ducing at 673 K in H, for 16 h. A dynamic
H; desorption measurement was con-
ducted, as described later, and the catalyst
was then evacuated for 1 h at 473 K and
cooled to 195 K (dry ice—acetone bath) un-
der vacuum for CO chemisorption mea-
surements. The sample was heated under
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vacuum to 473 K and reduced under flowing
H, for 2 h. The cell was evacuated for 1 h at
473 K, cooled to 300 K, and a CO chemi-
sorption at 300 K was conducted. The sam-
ple was then heated to 673 K under vacuum
and reduced in H, for 16 h. The exact se-
quence of steps was then followed as for
the LTR, but with the sample being reduced
at 673 K for 16 h, rather than 473 K for 2 h.
Chemisorption measurements on the used
samples consisted of only the HTR se-
quence.

The H, desorption technique was essen-
tially that used by Amelse et al. (47). The
cell was cooled under flowing H, from the
reduction temperature of either 473 or 673
K to 273 K, evacuated for 10 min, and
then heated to the original reduction tem-
perature in a closed, known volume. The
amount of H, desorbed was determined
from the pressure, measured after both 20-
and 60-min periods. A dual-isotherm
method was used for the CO chemisorption
at both 195 and 300 K, with irreversible CO
being determined at a pressure of 200 Torr
(26.7 kPa). During CO chemisorption mea-
surements the first data point was taken af-
ter the pressure had stabilized, which oc-
curred between 15 and 90 min, while
subsequent points equilibrated faster and
could be taken after 10-30 min. Details of
the adsorption system, capable of vacuums
below 1076 Torr, have been given else-
where (48).

The kinetic data were obtained at 1 atm
(100 kPa) under differential reaction condi-
tions in a glass plug—flow reactor using a
Perkin—Elmer Sigma 3 gas chromatograph
fitted with Chromosorb 102 columns, as de-
scribed previously (16, 48). The conversion
of CO to hydrocarbon (HC) products was
kept below 7%, and both rates and activa-
tion energies were obtained for the most
active catalyst, Fe3(CO)(;, at different
space velocities to show that mass transfer
was not a problem. Catalyst charges to the
reactor were 0.35 to 0.55 g. Each set of ki-
netic data was obtained after a 20-min ex-
posure to the reactant gases using an H,
bracketing technique consisting of a 20-min
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H, reduction period between subsequent
points (49). Helium was used as a diluent
gas when partial pressure studies were
done. The purities of the gases used were
H;, 99.999% (M. G. Scientific), CO,
99.99%, (Matheson purityy and He,
99.999% (M. G. Scientific). For further pu-
rification the H, was passed through a mo-
lecular sieve and an Oxytrap (Alltech
Asso.), the He through a molecular sieve, a
Drierite tube, and a GE Go Getter, and the
CO through a heated molecular sieve trap.
All catalysts were characterized by X-ray
diffraction using a Philips XRG-3000 dif-
fractometer with CuKa radiation.

RESULTS
Chemisorption

The catalysts studied and their metal
loadings are listed in Table 1, and the CO
and H, uptakes on the fresh and used sam-
ples are reported in Tables 2 and 3, respec-
tively. The chemisorptions are normalized
to the amount of Fe present in the catalyst
for the fresh and used catalysts, but are also
presented for the fresh catalysts on the ba-
sis of total metal content (Mn + Fe). The
chemisorption measurements on the used
catalysts were repeated several times and
two sets of data are given in Table 3. The
first set of chemisorption measurements
(Run 1) was obtained shortly after the com-
pletion of the kinetic studies while the sec-
ond set (Run 2) was obtained after a longer
period of exposure to the air. The evacua-
tion time between isotherms at 195 K for
the first set of data of the used catalysts was
5-10 min, which proved to be insufficient to
remove all the physisorbed CO as deter-
mined later by CO adsorption at 195 K on
the pure support; therefore, these results
are not listed. A 1-h evacuation time was
found to be required to completely remove
physically adsorbed CO due to pore diffu-
sion, and this time was subsequently used
for the second set of chemisorptions (Run
2). This effect was not observed at 300 K
since adsorption on the pure carbon alone
showed no irreversible uptake after only a
10-min evacuation. We have therefore cho-
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TABLE 1

Percentage Metal Loadings of CSX-203-Supported Catalysts

Carbonyl clusters wt% metal® pmole metal/ Ratio
g catalyst (Mn/Fe)
Mn Fe Total
Mn Fe Total

Mny(CO)yg 2.56 — 2.56 466 0 466 High
Mn,Fe(CO)y4 1.35 0.64 1.98 245 114 359 2.15
NE4[MnFe(CO)s) 1.54 1.53 3.08 281 275 556 1.02
NEt,{MnFe,(CO);;] 1.64 3.13 4,78 29 561 860 0.53
Fe;(CO)y, — 3.78 3.78 0 678 678 0
K[MnFe(CO),] 1.33 1.16 2.50 236 203 439 1.16
K{MnFe CO)y;] 0.98 2.03 3.01 178 364 542 0.49
K[HFe3(CO)yi] — 438 4,38 — 786 786 0
2Mn/Fe; carbonyls 3.06 1.52 4.59 557 273 830 2.04
2Fe/Mn; nitrates 1.37 2.09 3.46 250 377 627 0.66
2Fe/Mn; carbonyls? 1.25 2.50 3.75 228 448 676 0.50

¢ Analyses were done on both the fresh and used catalysts. The reported values are weighted

averages,

b Metal loading was estimated from the amount of Fe;(CO);; and MnyCO),, impregnated.

sen the first set (Run 1) of CO chemisorp-
tion at 300 K as being the best values for the
calculation of dispersions for the catalysts,
and we will define our Fe dispersion as the
CO (300 K)/Fe,a ratio. In the second set of
values (Run 2), the evacuation time at 195
K was 1 h; consequently, this set of data is

better to obtain the CO (300 K)/CO (195 K)
ratio for the used catalysts. From the CO
chemisorption values it is clear that no CO
adsorbs on the Mn catalyst at 300 K.

An important pattern in the data (Table
2) is the drastic increase in chemisorption
values when using an HTR step rather than

TABLE 2

Chemisorption Measurements on Fresh Catalysts

Carbonyl clusters

pmole/umole (Fe + Mn)

pmole/umole Fe

LTR HTR LTR HTR
H,* CO H, CcO H;® CO H. CO
300 K 300 K 300 K 300 K
Mn,(CO)yp 0.07 0.002 0.06 0.002 — — — —
Mn,Fe(CO),, 0.008 0.006 0.04 0.28 0.03 0.02 0.13 0.90
NEt,{MnFe(CO),] 0.02 0.02 0.06 0.30 0.04 0.04 0.11 0.60
NEt,{MnFe,(CO),;] 0.05 0.02 0.08 0.27 0.08 0.02 0.13 0.42
Fey(CO)y, 0.07 0.53 0.09 0.90 0.07 0.53 0.09 0.90
K[MnFe(CO)s] 0.04 0.02 0.14 0.10 0.09 0.04 0.30 0.22
K[MnFe,(CO);;] 0.05 0.05 0.13 0.27 0.08 0.08 0.20 0.40
K[HFey(CO)y ] 0.04 0.30 0.06 0.41 0.04 0.30 0.06 0.41
2Mn/Fe; carbonyls 0.03 0.02 0.05 0.09 0.10 0.06 0.18 0.26
2Fe¢/Mn; nitrates — —— 0.12 0.69 — — 0.20 1.15
2Fe/Mn; carbonyls 0.06 _— 0.07 0.35 0.09 0.50 0.10 0.53

4 Via desorption to 473 K (see text).
 Via desorption to 673 K (see text).
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TABLE 3

Chemisorption Measurements after HTR on Used Catalysts (after Kinetic Studies)

Carbonyl clusters pmole/umole Fe CO (300 K)/
CO (195 K)
Run 1 Run 24
H, CO H, co® CcO
300 K 195K 300K
Mny(CO) (¢ 0.02 0.00 0.07 0.03 0.00 0.0
Mn,Fe(CO),y4 0.09 0.62 0.14 0.14 0.32 2.3
NEt,[MnFe(CO)] 0.13 0.51 0.14 0.13 0.26 2.0
NEt,[MnFe,(CO);3] 0.09 0.33 0.08 0.08 0.16 2.0
Fe;(CO)y2 0.10 0.54 0.08 0.07 0.10 1.5
K[MnFe(CO)s] 0.30 0.14 0.17 0.19 0.15 0.8
K[MnFe,(CO)3] 0.14 0.14 0.12 0.15 0.12 0.8
K[HFe;(CO)y] 0.05 0.04 — — — —
2Mn/Fe; carbonyls 0.09 0.40 0.09 0.15 0.31 2.1
2Fe/Mn; nitrates — — 0.11 0.15 0.97 6.4
2Fe/M; carbonyls — — 0.09 0.20 0.35 1.8

a See chemisorption results section.
b Evacuated 60 min between isotherms.

¢ Based on Mn content; pmole/umole Mn.

an LTR treatment. The CO (300 K) values
increase by factors of 5 to 50 except for the
catalysts containing no Mn—Fe3(CO);; and
K[HFe;(CO),,], which showed increases by
factors of only 1.7 and 1.4, respectively.
When these chemisorption values are nor-
malized to the amount of iron present, the
variation among the apparent dispersions of
the fresh samples after HTR is between
0.42 and 0.90 for the catalysts without K,
and all samples after HTR are very well
dispersed. After an LTR step, however, the
variation in CO (300 K)/Fe,y. is between
0.02 and 0.53, with all the catalysts except
Fe;(CO),; and K[HFe;(CO)y] having val-
ues less than 0.08, and the values are now
approximately an order of magnitude lower
than that obtained for the Fe3;(CO),; cata-
lyst. This indicates a chemisorption sup-
pression after the LTR step due either to
incomplete decarbonylation of the mixed
clusters or to a Mn~Fe interaction which is
overcome to a large extent after the HTR
treatment. The latter possibility implies
metal segregation during the HTR treat-
ment, in agreement with the work of Jensen

and Massoth who suggested formation of a
two-phase system with Mn oxide platelets
covering iron particles (32, 33), where the
Fe-phase was formed by agglomeration ini-
tiated at high temperature (34).

The first set of CO (300 K) values for the
used unpromoted catalysts compare favor-
ably with the CO (300 K) values for the
fresh samples, suggesting that little sinter-
ing occurred under reaction conditions. For
example, only a small drop in dispersion
from 0.60 to 0.51 was indicated for the NEt,
[FeMn(CO)y catalyst after 120 h on-stream
at 587 K; however, iron crystallite sizes
were not calculated due to the presence of
the Mn in these catalysts. The Mn is ex-
pected to be oxidized and in contact with
the Fe so that the choice of an atomic diam-
eter needed for the calculation is unclear.
In addition, recent investigations by Phil-
lips et al. (50, 51) and by Kaminsky et al.
(42) have indicated that carbon-supported
iron catalysts prepared from carbonyl clus-
ters may be present in raft-like structures,
rather than spheroids. Regardless, the dis-
persion values between 0.22 and 0.90 indi-
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cate that efficient use of the Fe is obtained
and very small Fe-containing particles exist
in this family of catalysts. This conclusion
is supported by the fact that no X-ray dif-
fraction peaks were obtained for the cata-
lysts either before or after reaction.

The CO (300 K)/CO (195 K) ratio for the
used catalysts after a 1-h evacuation at 195
K was consistently near 2 for the unpromo-
ted catalysts, which is close to previous ra-
tios for Fe-only catalysts (42, 48). How-
ever, this ratio was noticeably lower for the
two K-promoted Fe-Mn catalysts. The
high value of 6.4 for the 2Fe/Mn catalyst
prepared from nitrates is attributed to sub-
carbonyl formation (42). It is important to
note that the CO chemisorption values de-
creased from Run 1 to Run 2 for all of the
catalysts whereas the H; uptakes remained
relatively stable. Since little sintering oc-
curred during reaction conditions and re-
duction at 673 K, little sintering is expected
during successive chemisorption measure-
ments, as indicated by the H; uptakes. We
believe that this decrease in CO uptake may
be a consequence of Fe carbide formation
during the heating step in vacuo to 673 K
after the CO chemisorption experiment as
CO is known to dissociate on Fe at temper-
atures above 300 K (52). This would de-
crease CO chemisorption but have a much
smaller effect on H, chemisorption as dis-
cussed later. These difficulties illustrate the
importance of pretreatment procedures
used for adsorption or kinetic studies.

Hydrogen adsorption on all the fresh and
used catalysts after HTR gave H/Fe,y, ra-
tios within a factor of 5 of those obtained
from CO adsorption at 300 K, and for 12 out
of 18 cases this ratio was less than 3. Al-
though the agreement is not very close, it is
a substantial improvement over static hy-
drogen adsorption measurements which
have been previously employed (17, 42).

Kinetic Studies

Specific activities and turnover frequen-
cies (TOFs) of the catalysts are reported in
Table 4 for both the LTR and HTR pretreat-
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ments. The Mn,(CO),, sample had no activ-
ity after either treatment, thus confirming
that Mn oxides are inactive CO hydrogena-
tion catalysts (29-3I). The turnover fre-
quencies in Table 4 are based on CO chemi-
sorption at 300 K on the fresh catalysts
after either pretreatment and therefore
present minimum values. The TOFs were
higher after LTR than after HTR for all Mn-
containing catalysts although activities (per
g Fe) were lower after the LTR step. This is
a consequence of the lower chemisorption
obtained after an LTR pretreatment; how-
ever, it clearly demonstrates that active
catalysts can be obtained without the use of
an HTR step typically required for iron.
The activity of the sequentially impreg-
nated Fe;(CO)o/Mny(CO)o 2Mn/Fe) sam-
ple was substantially higher than that of the
Mn,Fe(CO),4 carbonyl cluster and nearer
that of the Fe-only sample, indicating that a
greater extent of interaction between the Fe
and Mn is achieved using stoichiometric
clusters.

From Table 4 it is clear that the addition
of Mn to Fe clusters (without K) diminished
the activity, even when normalized to the
iron present, the latter of which is contrary
to the trend observed by Schulz and co-
workers for bulk catalysts (29-31). The ad-
dition of K to the MnFe and MnFe, clus-
ters enhanced specific activity and had little
effect on TOF values, contrary to the be-
havior found with more active Fe—Co clus-
ters (53), but consistent with older work on
multiply-promoted iron Fischer-Tropsch
catalysts (3, 54). The addition of a K atom
to the Fe;(CO)y, cluster produced a smail
decrease in specific activity, almost no
change in TOF, and an increase in CO, pro-
duction, similar to the K promotion of the
MnFe and MnFe; clusters.

A typical set of selectivity results at low
CO conversion is reported in Table 5 after
both low- and high-temperature reductions.
It is clear that the average molecular weight
of the products decreases as the Mn con-
tent increases, indicating that the chain-
growth probability, «, decreases; however,
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TABLE 4

Catalytic Activities of Carbon-Supported Clusters for CO Hydrogenation after LTR and HTR:
T =548 K, P =100 kPa, H,/CO =3

Initial cluster CO conversion® Activitys Activity TOF*
(%) (wmol CO/ ((umole CO reacted/ (s7' X 10%)
gcat-s) pmole Fe - s) x 10%) S
HC CH,
Total CO, HC CH,
LTR
Mn,(CO)yo 0 0 0.004 0.004 — —_ 0 0
Mn,Fe(CO)y4 0.06 0.005 0.077 0.036 0.042 0.042 24 0.2
NEt[MnFe(CO),) 0.05 0.004 0.033 0.033 0.013 0.003 0.3 0.1
NEt,[MnFe,(CO);;] 1.30 0.14 0.51 027 0.24 0.059 108 2.7
Fe3(CO)p, 2.7 0.58 161 076 0.86 0.16 1.6 0.3
K[MnFe(CO),] 1.3 0.04 0.70 0.52 0.18 0.06 47 1.6
K[MnFe)CO)3) 0.8 0.08 .79 129 0.50 0.07 65 1.0
K[HFe;(CO),;] 2.2 0.34 1.55 1.11 044 0.05 1.6 02
2Mn/Fe; carbonyls 0.8 0.04 0.32 0.18 0.15 0.05 27 09
2Fe/Mn; nitrates — — — — — — — —
2Fe/Mn; carbonyls 0.8 0.10 040 0.18 022 0.10 1.5¢ 0.7
HTR
Mny(CO),o 0 0 0.006 0.006 — — 0 0
Mn,Fe(CO),, 0.5 0.007 0.12 0.06 0.06 0.02 0.07 0.02
NEt,[MnFe(CO)s] 0.4 0.05 0.55 0.38 0.17 0.03 03 0.05
NEt,[MnFe,(CO);] 2.4 0.52 1.66 0.75 091 020 22 05
Fey(CO)i, 2.0 0.80 224 1.06 1.17 0.23 1.3 03
K[{MnFe(CO),] 1.4 0.08 1.46 1.06 041 0.04 1.9 0.2
K[MnFexCO),s] 1.7 0.29 246 1.68 0.78 0.10 20 0.2
K[HFes(CO),,] 6.1 0.60 1.90 .15 0.77 0.12 1.9 03
2Mn/Fe; carbonyls 1.8 0.90 0.69 036 034 0.09 1.3 03
2Fe/Mn; nitrates 1.9 0.20 1.08 0.5 0.52 0.13 0.5 0.1
2Fe/Mn; carbonyls 4.1 0.22 098 049 050 0.10 09 0.2

4 CO converted to hydrocarbons (HC) only.

¢ Based on CO adsorption at 300 K on fresh samples (molecule CO reacted).

¢ Based on CO (195 K); CO/Fe, = 1:2.

precise « values could not be calculated be-
cause only trace amounts of medium mo-
lecular weight products were formed.
Heavier products are favored after HTR
over all the Mn-containing catalysts, indi-
cating that the Fe-Mn catalysts become
more iron-like after an HTR step. The ole-
fin-to-paraffin ratio (OPR) for the C, and C;
products after the LTR shows that very
high selectivities can be obtained, even for
certain unpromoted catalysts such as that
prepared from NEt,/Fe,Mn(CO),;] and the
coimpregnated 2Fe/Mn carbonyl catalyst.
High OPRs have also been reported by
Bruce, Hope, and Turney (38) and Kuznet-

sov et al. (39) for the NEt[Fe,Mn(CO)1]
cluster on oxide supports. It is important to
note that this selectivity is very dependent
upon the pretreatment used. For these two
catalysts with an Fe/Mn ratio of 2, the
OPRs drop from 6.4 and 3.9 after LTR to
initial values of 1.0 and 0.7 after HTR, re-
spectively. These latter values are in rea-
sonable agreement with that for Fe;(CO);;
on carbon and indicate that a surface phase
separation to metallic iron and MnO may
have occurred during HTR. The nitrate-de-
rived catalyst with Fe/Mn = 2 did not show
an enhanced OPR, which again demon-
strates the importance of using the metal
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TABLE §

Selectivity of CO Hydrogenation after LTR and HTR Pretreatments of Carbon-Supported Fe-Mn and
K-Fe-Mn Catalysts: P = 100 kPa, H,/CO = 3

Initial Cluster Temperature CcO Selectivity (HC mole%) OPR (CO - COy/
C) conversion <2 cig) (CO - HO)
to HC G GG GGG \Tc,
(%)
LTR
Mny(CO)jo 327 0 — — — - = = — - — High
Mn,Fe(CO),4 300 0.06 100 — — — — — — — — 0.7
NEt,[MnFe(CO)] 306 0.21 37 29 24 10 — — — — 1.6 1.8
NEt[MnFe;(CO);;) 275 1.3 43 26 7 19 — 5 — — 6.4 0.9
Fey(CO)y2 249 2.7 40 11 12 15 8 — 5 9 1.3 0.7
K[MnFe(CO)s] 302 1.3 33 31 — 13 12 — 6 High 2.6
K{MnFe;(CO) 3] 250 0.8 31 33 — 23 — 14 — — High 2.9
K[HFe3(CO)y 1} 280 2.2 37 28 — 20 — 9 — 6 High 2.3
2Mn/Fe; carbonyls 300 0.8 50 2 11 17 — — — — 3.5 14
2Fe/Mn; nitrates — — _— = = = = —~ = = — —
2Fe/Mn; carbonyls 284 1.0 6t 18 8 13 — — — — 39 0.9
HTR
Mn(CO)yg 348 0 —_ - - - = -~ = = — High
Mn,Fe(CO) s 314 0.52 50 17 19 9 6 — — — 1.0 0.9
NEt[MnFe(CO)q] 309 1.3 3 22 15 17 9 — — — 1.6 1.8
NEt{MnFey(CO);3] 251 2.4 48 10 16 12 6 — 7 1 1.0 0.8
Fes(CO)y, 225 2.0 42 11 12 14 6 2 5 8 1.4 0.5
K[MnFe(CO)] 290 14 25 3% — 30 — 11 — — High 24
K[MnFexCO):) 250 1.7 2 29 — 24 — 11 — 8 High 2.4
K[HFex(CO)y] 285 1.9 41 27 3 20 — 8 — 3 15.7 1.7
2Mn/Fe; carbonyls 300 1.8 47 15 16 10 5 — 4 3 1.2 1.2
2Fe/Mn; nitrates 279 2.2 43 10 18 10 7 — 7 4 0.8 1.0
2Fe/Mn; carbonyls 260 2.2 46 9 19 9 7 — 6 5 0.7 1.0

4 — indicates that no such product was detected.

carbonyl clusters as catalyst precursors.
The sequentially impregnated sample also
showed a marked drop in selectivity after
HTR, indicating a reduction in Mn-Fe in-
teraction after this pretreatment.

After HTR, the OPRs of 1.6 and 1.0 for
C-supported NEt[FeMn(CQO)] and NEt,
[Fe;Mn(CO)3], respectively, were ob-
tained after 20 min on-stream at the temper-
atures shown, but these ratios increased to
3 or more during activity maintenance runs
(55). The addition of K to these two clus-
ters increased the olefin selectivity to such
an extent that no paraffins, other than CH,,
could be detected, and this result was inde-
pendent of pretreatment. For the best cata-
lysts, such as KMnFe/C after an HTR step,
the hydrocarbon product distribution on a
wt% (carbon utilization) basis was 11%
methane, 31% ethylene, 39% propylene,
and 20% butene. Addition of K to the
Fe;(CO)y; cluster also increased the selec-
tivity of olefins such that only 37 mole% of

the product consisted of CH, after LTR.
This high selectivity to light olefins dropped
somewhat after HTR as 3 mole% ethane
and 3% Cs. products were detected. For all
of the K-containing catalysts and many
of the Fe-Mn catalysts, such as NEt,
[Fe;Mn(CO),5)/C, the OPR remained high
for long periods on-stream, as discussed in
the second paper in this series (55).

The presence of carbon deposition during
the CO hydrogenation reaction is indicated
by the last column in Table 5. Assuming
that H,O is a primary product and it is com-
pletely converted to CO; via the water gas
shift reaction, the maximum ratio of the
moles CO, formed to the moles CO reacted
to hydrocarbons, (CO — CO»)/(CO — HO),
is 1 in the absence of carbon deposition and
other reactions to produce CO,. Therefore,
a (CO — COY/(CO — HCO) ratio greater than
unity indicates carbon deposition via CO
disproportionation but a ratio less than 1
does not preclude this reaction. It is clear
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that the incorporation of K into the clusters
facilitates carbon deposition, which may be
attributed to an increased heat of chemi-
sorption for CO (56-58). This behavior is
the most negative aspect of K promotion,
but does decrease somewhat after the HTR
is used, and it also decreases to give ratios
below 2 after several hours on-stream (55).
Utilization of increased pressures may pro-
vide a way to circumvent this problem, as
Schulz and Gékcebay showed that the (CO
— COJY/NCO — HC) ratio decreased from
0.7 to 0.05 when the pressure was increased
from 3 to 90 bar, while the fraction of ole-
fins only dropped from 0.82 to 0.64 for a
bulk Fe-Mn catalyst (29).

The activation energies and partial pres-
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sure dependencies are listed in Table 6. The
activation energies were obtained by taking
the arithmetic average of those obtained
during runs of both increasing and decreas-
ing temperature to average out any deacti-
vation. The pretreatment does not affect
activation energies markedly, with the ex-
ception of the Mn,Fe/C and MnFe/C cata-
lysts, and after the HTR step all but one
falls between 80 and 105 kJ/mole, which are
typical values for iron (17, 59). The wider
variation after a LTR step may indicate a
less iron-like state of the catalyst.

The partial pressure analyses were done
at different temperatures (533-583 K) so
that reasonable conversions (0.1-10%)
could be obtained. To compare pressure de-

TABLE 6

Activation Energies and Partial Pressure Dependencies of C-Supported Catalysts

Initial cluster Activation energies Pressure
(kJ/mole) dependence
for
CO - HC CO - CH, CO - CO, methanation?®
x y
LTR
an(CO)m -— — 75
Mn,Fe(CO)4 138 138 26
NEt,[MnFe(CO),] 145 121 85
NEt4[MnFez(CO)]3] 86 69 82
Fe;(CO)y, 71 63 86
K[MnFe(CO),] 124 99 92
K[MnFey)(CO),3] 94 95 98
K[HFe;(CO)y} - et -—
2Mn/Fe; Carbonyls 93 79 99
2Fe/Mn; Nitrates — — —
2Fe/Mn; Carbonyls 80 77 95
HTR
an(CO)w —_— —_— 42 —_ —_
Mn,Fe(CO),4 90 86 90 1.6 -0.6
NEt,[MnFe(CO),] 105 109 91 1.1 -0.2
NEt[MnFe;(CO) ;3] 91 81 101 1.3 -0.2
Fe;(CO);p, 82 73 90 1.3 -0.2
K[MnFe(CO)] 136 111 98 1.5 -1.0
K[MnFe,(CO)y;) 90 88 84 1.6 -0.5
K[HFe;(CO)y4] 89 83 97 1.3 -0.4
2Mn/Fe; Carbonyls 87 82 96 1.6 -0.3
2Fe/Mn; Nitrates 104 80 93 1.3 -0.1
2Fe/Mn; Carbonyls 80 75 88 1.4 -0.2

< x and y (r = kP}j,Pto) were corrected to obtain values at a constant temperature of 548 K.
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pendencies at a single temperature (548 K),
the temperature dependencies of x and y (r
= kP§, Pto) were determined for Fe;(CO);a,
and parallel curves were assumed for the
other catalysts. The range of dependencies
listed in Table 6, 1.1-1.6 for H, and —0.2 to
—1.0 for CO, encompass the range of previ-
ously reported values for methanation and
hydrocarbon formation (17, 42, 59). The
most iron-like catalysts had dependencies
near 1.2 for H, and —0.2 for CO, in excel-
lent agreement with previous work (17),
while the catalysts with K and/or a Mn/Fe
ratio near 2 had more positive H, and more
negative CO dependencies. However, the
dependence on total pressure was consist-
ently near first order for all catalysts.

DISCUSSION
Chemisorption

Hydrogen adsorption is known to be acti-
vated on bulk promoted iron catalysts (60),
and the activation barrier has recently been
found to be even more pronounced on small
supported iron crystallites (48, 61, 62).
Static hydrogen chemisorption techniques
thus do not yield significant uptakes near
300 K (48, 63); however, the dynamic de-
sorption technique introduced by Amelse et
al. (47) minimizes this problem and pro-
vides a method to count surface Fe atoms
(Fey) (64).

No standard technique exists for CO che-
misorption on iron, but good agreement
has been obtained among different tech-
niques for crystallite size estimates by as-
suming bridge-bonded CO at 195 K, i.e.,
CO (195 K)/Fe, = 0.5 (48, 65). Because the
strongly adsorbed CO at 195 K is obtained
by the subtraction of two large numbers due
to the high degree of physisorption, the in-
trinsic error is relatively large compared to
that at 300 K, where physisorption on the
carbon is much lower. Consequently CO
chemisorption at 300 K may be a more pre-
cise measure of Fe surface area in this
study. As the CO (300 K)/CO (195 K) ratio
has been reported to have a value near 2, a
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CO (300 K)/Fe, adsorption ratio near 1.0 at
300 K appears reasonable (42, 48). Subcar-
bonyl formation has been reported for
highly dispersed Group VIII metals (48,
66-69), and although its presence cannot be
complete discounted, the presence of Mn
or Mn oxide on the Fe surface could readily
inhibit its formation. CO chemisorption on
Fe;O4 and Fe carbides is relatively weak
and can be pumped off during evacuation at
300 K (70), and Boudart et al. found that
MgO-supported Fe,O; did not strongly
chemisorb CO since it could be pumped off
at 300 K (65). Consequently, significant ir-
reversible CO adsorption at 300 K is ex-
pected only on reduced iron.

Only two chemisorption studies related
to Mn or Mn oxides had been reported be-
fore 1970 (71)—Taylor and Williamson
found that H, adsorption was activated and
very low on Mn oxides (72), and Trapnell
and co-workers also reported limited, weak
H; chemisorption (73). More recently Bick-
ley et al. found that H, chemisorbs disso-
ciatively on metallic Mn at 78 K and de-
sorbs at 295 K (74). Studies by Lohrengel
and Baerns (20), Barrault et al. (35, 37),
and Jensen and Massoth (32) have consis-
tently shown that incorporation of Mn into
iron catalysts markedly suppresses CO che-
misorption. The chemisorption results re-
ported here are apparently the first for sup-
ported, well-dispersed Fe/Mn particles.

The CO chemisorption at 300 K on the
fresh catalysts reported here increased
drastically (5- to 50-fold) after the HTR pro-
cedure, which we interpret to mean that in-
timate contact existed initially between Mn
and Fe after the LTR step, resulting in sup-
pressed chemisorption, which is consistent
with previous work (20, 32, 35, 37). The
HTR led to a segregation of metallic iron
from the Mn oxide phase which increased
the free Fe surface area and hence the che-
misorption. The CO (300 K)/CO (195 K) ra-
tios near 2 for the used unpromoted cata-
lysts after the HTR step are also consistent
with the behavior of small Fe crystallites on
carbon (17, 48). The decrease in CO uptake
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during successive measurements is not at-
tributed to sintering, but to Fe carbide for-
mation during the heating step in vacuo to
673 K following the CO chemisorption mea-
surements as CO dissociation occurs read-
ily on Fe surfaces at temperatures above
300 K (52). Residual iron oxides will not be
carburized because of the lack of solubility
of carbon (75). Although the removal of
iron carbide is thermodynamically possible
at 673 K in H, (76), it may be Kkinetically
limited. Raupp and Delgass showed that the
initial carburization of Fe/SiO, and Fe/MgO
was a fast process for small particles (<10
and <4 nm, respectively), but the subse-
quent hydrogenation at 573 K in H; was a
slow process and only 30% of the Fe car-
bide was reduced to metallic Fe in 10 h
(77). Carbide remaining after the HTR fol-
lowing the heating step in vacuo could de-
crease the CO chemisorption at both 195
and 300 K, but would have a relatively
small effect on the H, adsorption (70).

Catalytic Behavior

Iron and cobalt are active FT catalysts
but possess limited selectivity. While the
adjustment of reaction parameters can help
maximize the production of medium-chain
olefins, the capability to attain high selec-
tivity to C, to C, olefins depends on the
development of new catalysts (3). Their hy-
drogenation activity must not be too high as
this would increase CH, formation and hy-
drogenate primary olefinic products to par-
affins. These catalysts may also have to be
operated in higher temperature regimes
than conventional catalysts where olefins
are thermodynamically favored over paraf-
fins. The Mn-Fe catalysts described here
were investigated with these considerations
in mind.

The most significant result of this study is
the preparation of highly dispersed Fe—Mn
catalysts which have selectivities to Co—Cy
olefins as high as 85-90 wt%, with the bal-
ance being CH,. No other paraffins were
detected. For example, KFe,Mn/C after
LTR and KFeMn/C after HTR gave 11-14
wt% methane, 30-31 wt% ethylene, 31-39
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wt% propylene, and 20-25 wt% butene.
These high olefin yields remained constant
during long periods (20-40 h) on-stream
(55). Although certain FeMn/C catalysts
were quite active and had high OPRs after
an LTR pretreatment, in particular the
Fe,Mn catalyst, the activity and selectivity
of these olefin-producing catalysts were in-
creased by using potassium as a counter ion
in the carbonyl clusters, but these enhance-
ments by K carry with them the price of
increased CO, production. However, im-
provements may be obtained by operation
at higher pressures. The optimum choice
between the less active and selective un-
promoted catalyst and the K-promoted cat-
alyst has yet to be determined.

The catalytic behavior of the Fe-Mn cat-
alysts described here can be compared to
that reported by others, namely, Barrault ez
al. (35-37), Bruce, Hope, and Turney (38),
Deckwer and co-workers (23, 24), van
Dijk et al. (12), Satterfield et al. (27, 28),
Schulz et al. (29-31), and Kuznetsov et al.
(39). The reaction conditions are summa-
rized in Table 7 while the activity and selec-
tivity comparisons are made in Fig. 1. The
activity and selectivity of the best catalysts
were taken from each study, even though
they sometimes represented different cata-
lysts after different treatments in the same
study. The best choice of a basis for com-
paring activity is not obvious, but we have
chosen specific activity (moles of CO-to-
HC products per mole of iron per second)
because turnover frequencies have not
been reported in the other studies and, in
addition, Fe loadings vary widely. On this
basis it is clear that the selectivities of our
Fe-Mn/C catalysts are comparable to or
better than any reported by other groups,
even though our H,/CO ratio is much
higher, and the activities are noticeably
higher. The high dispersions of these C-
supported catalysts promote high specific
activities, of course, but turnover frequen-
cies on small iron crystallites are markedly
lower than on large crystallites (17, 48).
The catalyst with the most competitive ac-
tivity was that of Schulz, but it was mea-
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TABLE 7

Reaction Conditions during Previous Studies of
FeMn Catalysts

Study® Mn/Fe P T HyCO
(atm) (°C)
This study 0-2 1 275 3
1. Barrault et al. (35-  High 1 280 1
37): Fe°~Fe?*/
MnO, MnO,
2. Bruce et al. (38): 0.5 2-5 300 1.5
MnFey/SiO,
3. Deckwer et al. 11 2 290 0.6
(23, 24): Bulk
(Coppt)
4. Van Dijk et al. 1.5 1 240 1
(12): Bulk
(Coppt)
5. Satterfield et al. 7.3 11 280 0.8
(27, 28): Bulk
(Coppt)
6. Schulz et al. (29- 2-23 10 250 1.9
31): Bulk (Coppt)
7. Kuznetsov et al. 0.5 1 250 2

(39): MnFe,/
Various

¢ Coppt, Coprecipitated.

sured at 10 atm (29). Considering that the
olefinic contents of the products from these
Fe-Mn/C and K-Fe-Mn/C catalysts were
comparable to those reported by previous
workers but that the activity was substan-
tially higher, these catalysts should be con-
sidered as viable alternatives for the pro-
duction of low molecular weight olefins.
Also, the olefin fraction in these previous
studies contained large amounts of heavier
hydrocarbons (Cyy,, for example) because
of the larger degree of chain growth. Fi-
nally, the stability of our catalysts under
continuous reaction conditions is an addi-
tional benefit (55).

The evolutionary changes in these cata-
lysts during time on-stream, the effect of
LTR and HTR pretreatment, and the role of
Mn is not precisely known, but some plau-
sible speculation can be made based on pre-
vious investigations. During impregnation,
the carbonyl clusters are distributed within
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the very small pores of the carbon (50% of
the pore volume lies in pores smaller than §
nm). Any strong interaction between the
carbonyl clusters and the support is antici-
pated to occur at surface irregularities like
steps, because very few residual surface
hydroxyl and carboxyl groups will remain
on the surface after the high-temperature
treatment in H, (78).

During the LTR treatment in H, the clus-
ters are expected to decarbonylate and to
aggregate to a limited extent, such that par-
ticle sizes are similar to the diameters of the
pores in which they reside. Consequently,
the measured activities are not associated
with the original carbonyl clusters, but with
the small mixed-phase particles which form
from them. Since the Fe-Mn atoms in the
clusters are initially in intimate contact, this
contact is presumed to remain during the
LTR step. The mobility of the metal parti-
cles on the carbon surface is strongly de-
pendent on the temperature, but since the
Tammann temperatures of both compo-
nents are substantially higher than 473 K,
no major phase segregation is expected to

Activity

Selectivity

(o] p g
Mn'zFel Mnkez' KMnFeI KFe, l !
MnFe  Fey KMnFe, 2Mn/Fe

2 3 4656 6 7

Fi1G. 1. Comparison of specific activity (moles of CO
reacted to hydrocarbons per mole Fe per second x
10°) and selectivity to olefins (fraction of olefins in C;
+ C; hydrocarbons) of Fe—~Mn catalysts with previous
results. The numbers 1-7 represent the studies and
reaction conditions given in Table 7.
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take place (79). Although both the Fe and
Mn were in zero oxidation states when im-
pregnated under O,-free conditions, ther-
modynamic calculations show that Mn, in
particular, requires only extremely low
pressures of H,O or O, for bulk oxidation;
therefore, at 473 K any residual H,O (or O5)
in the H, is probably sufficient to oxidize
Mn to MnO or the Fe and Mn to a mixed-
metal surface oxide such as Fe,MnO,, as
discussed elsewhere (55, 83).

The recent studies of Baerns and co-
workers have shown that the high olefin se-
lectivity of bulk FeMn catalysts correlates
with the presence of Fe;MnQy4, which was
detected by X-ray diffraction and by Moss-
bauer spectroscopy (19, 21, 84). Based on
this work, we propose that the states of the
catalysts before reaction in the presence of
trace amounts of H,O or O, are as follows:
(a) if “‘excess’” Mn is present (Mn/Fe > (.5)
a separate MnO phase can exist along with
a very small amount of the transition phase
(Mn, _,Fe,);0,4 (y < 1), and the Fe can be
present in two phases, namely, metallic Fe
and (Fe,-.Mn, ;04 (x < 1), with the latter
oxide covering a fraction of the surface; (b)
when excess Fe is present (Fe/Mn > 2), the
principal phases are expected to be metallic
Fe and a mixed spinel, (Fe,—,Mn,):0, (x <
1), with the stoichiometry of the latter being
very possibly near Fe,MnO,. An initial Fe/
Mn ratio equal to 2 will favor formation of
Fe,MnO,. If these phases are not com-
pletely formed prior to the introduction of
the H,/CO feed stream, we expect them to
form rapidly under reaction conditions,
with the activity provided only by metallic
iron and/or the mixed spinel.

Metallic Fe can form both surface and
bulk carbides (77, 80-82), and these phases
have recently been observed in coprecipi-
tated FeMn systems (32, 33); however, the
spinel does not form carbides (19, 20).
Consequently, at low temperatures the
mixed spinel phase is stable, as suggested
by thermodynamic calculations (55, 83).
During the CO hydrogenation reaction, car-
bon can build up on the Fe surface in vari-
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ous forms such as CH, species and other
intermediates, carbidic (free) carbon, and
graphitic carbon (85-89). All the carbon
species except the graphitic phase are ex-
pected to be quite reactive with Hs, and the
ease of regenerability of these Fe-Mn/C
catalysts indicates not only a minimum
presence of graphitic carbon, but also the
absence of sintering (55).

The HTR step induced significantly dif-
ferent behavior, consistent with the work of
Baerns and co-workers (19, 20), which im-
plies that the mixed spinel can be reduced
first to an (Fe;-,Mn,)O (z < 1) phase and
finally to metallic Fe and MnO, as expected
from thermodynamics. The latter two
phases have been identified by Jensen and
Massoth in a coprecipitated Fe-Mn cata-
lyst (32). Schulz er al. observed that ini-
tially alloyed Fe—~Mn catalysts showed sur-
face enrichment of MnO to a greater extent
than a coprecipitated Mn-Fe catalyst (3/);
and similar results were obtained by Sten-
cel and co-workers (34). This led the latter
group to the conclusion that the Fe-Mn
particle size might control the rate of sur-
face Fe depletion and the extent of MnO
migration (34). However, on the small par-
ticles in these C-supported catalysts most
of the Fe surface area is available, as shown
by the chemisorption measurements, so
that surface segregation, rather than sur-
face Fe depletion, is indicated. The catalyst
existing after the HTR is thus expected to
give a selectivity much more similar to that
of iron. Recombination of MnO and Fe to
form the mixed spinel is possible under re-
action conditions and would increase olefin
selectivity, but the amount of Fe,MnO,
would be expected to be less than that ex-
isting after the LTR step due to the marked
initial phase separation. The chemisorption
results are consistent with this hypothesis.
The specific activities (per mole Fe) in-
creased after the HTR treatment, as ex-
pected from the proposed phase changes,
because metallic Fe is more active than the
interacting Fe—Mn system present after the
LTR step. However, the turnover frequen-
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cies decrease after the HTR due to the
much higher extent of chemisorption and
the premise that all surface sites are de-
tected by CO chemisorption.

An explanation for the behavior of the
NEty[Fe,Mn(CO),3] catalyst can be offered.
First, the two carbonyl-derived unpromo-
ted catalysts with Fe/Mn = 2, together with
the K-promoted clusters, were the five
most selective catalysts for olefins. It
seems more than coincidence that for three
of them the metal ratio is that required to
form the Fe,MnO, mixed-metal spinel. This
spinel dominates in the unpromoted cata-
Tysts after a L.'TR step, thereby leading to a
selective olefin catalyst with moderate ac-
tivity, based on the studies of Baerns and
co-workers (19, 20, 84). When reduced at
the higher temperature the decomposition
of the spinel phase to MnO and metallic Fe
provides a more active catalyst, but one
with lower selectivity to light olefins. The
olefin/paraffin ratio decrcased from 6.4 to
{.0 and 3.9 to 0.7 while the activity in-
creased from 0.24 to (.91 and 0.22 10 0.50
for the NEt{Fe,Mn(CO),3] and the 2Fe/Mn
carbonyl-derived catalysts, respectively.
These final values were very similar to
those of the Fey(CO),,/C catalyst, and these
changes are not due to variations in conver-
sion or to thermodynamic effects caused by
differences in temperature (35).

The presence of K clearly complicates
any simple model, and the effect of K on
the chemistry of the Fe~Mn system is pres-
ently not known. The influence of K cer-
tainly appears to mimic that of Mn and may
well override any role of the Mn oxides. It
does seem, however, that the Mn can still
influence the product spectrum by lowering
the average molecular weight of the prod-
uct yield. Stencel e al. have shown that K
interacts preferentially with MnO in a co-
precipitated Fe/Mn catalyst, reducing the
direct interaction with Fe (34). The phases
of Fe present in that study as well as the
mobility of the Mn and Fe species were al-
tered by the introduction of potassium;
consequently, we do not know the state of
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the active phase(s) in these K-Fe—Mn/C
catalysts at this time.

SUMMARY

We have shown in this study that highly
dispersed, carbon-supported Fe-Mn cata-
lysts can be prepared from stoichiometric
Fe—-Mn and K-Fe-Mn carbonyl clusters.
These systems not only replicate thc high
selectivities to olefins from CO and H; re-
ported by others for bulk Fe-Mn catalysts,
but also restrict the hydrocarbon product to
light olefins—essentially ethylene, propyl-
ene, and butene. In addition, higher activi-
ties per gram of iron are attained at atmo-
spheric pressure than with bulk catalysts
operated at 10-11 atm.

The highest selectivities to light olefins
were obtained with cluster-derived cata-
lysts with Fe/Mn ratios of 2, and the addi-
tion of a potassium atom to the cluster fur-
ther enhanced both selectivity and activity.
The catalysts with a Fe/Mn ratio of 2 de-
rived from nitrate salts did not exhibit this
behavior. Based on the Fe/Mn stoichiome-
try and recent studies in the literature, we
attribute the activity and high selectivity
of the unpromoted catalysts to a mixed-
spinel structure with a stoichiometry near
Fe.MnQ,. However, the addition of a K
atom to the Fei(CO)y; cluster also induces a
pronounced shift such that the hydrocar-
bons contain only olefins and methane, but
more chain growth seems to occur. The
KFe,Mn/C catalysts activated at 473 K ap-
pear to give optimum performance. The ca-
pability to activate these cluster catalysts at
low temperature facilities both high disper-
sion and formation of the spinel structure,
which is stable under reaction conditions.
Reduction at high temperatures gives be-
havior similar to Fe-only catalysts and indi-
cates that phase separation into reduced Fe
and MnO may occur under these condi-
tions.
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