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Metal powders such as Fe, Co, Ni, Fe—Co, and Fe-Ni prepared by reducing metal iodides or
bromides with potassium metal in refluxing THF were used as catalysts for Fischer-Tropsch
syntheses. These metal powders contained very small particles and have large BET surface areas
(28~36 m?/g). The metal powder catalysts, such as Fe and Fe—Co (80: 20}, gave [-butene with more
than 35 wt% selectivity at a rather high CO conversion of over i0 wt% at 533-553 K, while
products on the Co catalyst obeyed conventional Schulz—Flory type distribution. The Ni catalyst
showed little activity. Effects of reaction variables (temperature, H,/CO feed gas ratio, and compo-

sition of Fe~Co) were investigated.

INTRODUCTION

Many research works in Fischer—
Tropsch (F-T) syntheses have focused on
the development of catalysts which primar-
ily produce economically valuable prod-
ucts, such as low-molecular-mass olefins.
One extensively used method is the encap-
sulation of an active metal species into sup-
port cages such as zeolite. For example,
Gates et al. reported that a Co/A zeolite
catalyst, prepared by Cd vapor reduction
of Co?", quantitatively produced pro-
pylene at 424 K and 6 atm at a relatively
low steady-state conversion of about 1%
().

On the other hand, metals prepared by
the condensation of metal vapors in organic
solvents have recently been reported to
have excellent catalytic properties. Ozin
and co-workers reported that Fe and Co/
NaY zeolite prepared by the mild decompo-
sition of bis(toluene)metal(0) complexes,
which were generated by a rotary metal-
vapor solution-phase synthetic technique,
showed high selectivity for C4 hydrocar-
bons (over 50 mol%) with a conversion of
less than 0.2% at 523 K (2, 3). Klabunde et
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al. also showed that a Ni/MgO catalyst pre-
pared in an analogous manner exhibited
high activity for CO methanation when
compared with a conventionally prepared
catalyst (4).

Rieke et al. have published a sequence of
reports concerning active metal powders
generated by the reduction of metal halides
with potassium metal in ethereal solvents,
which have been used to synthesize new
organic and organometallic compounds (5).
We have initially reported (6) that Fe pow-
ders obtained according to Rieke’s proce-
dures showed excellent catalytic activity
for F-T synthesis; 1-butene was obtained
with greater than 30 wt% selectivity at a
considerably high CO conversion (more
than 10 wt%). In the present study, this cat-
alytic system was characterized by con-
ducting the reaction under various condi-
tions; the wvariables were F-T reaction
temperature, H,/CO ratios, and different
kinds of metal species used as the catalyst
(Fe, Co, and Ni). We also carried out the
F-T syntheses on composite metal powder
catalysts, such as Fe-Co and Fe-Ni, since
composite catalysts composed of these
metal species have been reported (7-9) to
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show unique synergistic catalytic proper-
ties for F-T syntheses.

EXPERIMENTAL

Metal powder catalysts were prepared in
a three-necked flask by the reduction of
metal halides (Fel,, CoBr,, NiBr;; 5.1 X
1072 mol) with potassium metal (2.1 X 1072
mol) in refluxing THF (150 ml) for 5 h under
a flowing argon atmosphere. For binary
metal powder preparation (Fe—-Co and Fe-
Ni), prescribed amounts of metal halides
were added to the flask and reduced simul-
taneously by potassium metal. After the re-
duction, excess potassium was decom-
posed by methanol added dropwise to the
flask. The synthesized black metal powders
were collected by filtration and stirred in
methanol (250 ml) for 30 min to remove Kl
or KBr that had been incorporated into the
metal powders. All these procedures were
performed in a dry nitrogen atmosphere.
The metal powders thus obtained were
dried at 383 K under vacuum overnight and
used without delay.

A typical procedure for an F-T synthesis
on the K-reduced metal powder catalyst was
as follows: A 100-ml autoclave containing
the metal powder catalyst (0.2 g) was
flushed and filled with a mixture of CO and
H; (H,/CO = 2.0) up to 20 kg/cm? and elec-
trically heated to 513-553 K. The time re-
quired to reach the reaction temperature
was about 0.5 h. When the autoclave
reached the prescribed temperature, it was
immediately cooled by an air blast. We
termed the reaction time of 0 min for this
case. Such a condition was selected to su-
press any secondary reactions and was con-
sidered to represent the initial catalytic ac-
tivity when the corresponding reaction was
conducted in a flow reactor. Gaseous prod-
ucts were collected in a Pyrex vessel of a
gas collecting apparatus. Oxygenates and
hydrocarbons higher than Cg were recov-
ered, first, by evacuating the inside of the
autoclave followed by washing with n-pen-
tane. These products were analyzed by GC
methods. The detailed procedures, such as
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the collection of products and GC analyti-
cal methods, have been previously de-
scribed (6).

In all experiments, oxygenates, with the
exception of water, were detected in trace
amounts. Conversion to hydrocarbons, hy-
drocarbon product distribution, and olefin
selectivity were estimated as follows: the
weight percent of total hydrocarbons to all
the materials recovered, the weight percent
of a specific hydrocarbon to total hydrocar-
bons, and the weight percent of the olefin to
a specific hydrocarbon, respectively. The
olefins predominantly consisted of I-olefins.

BET surface areas of the K-reduced
metal powders were measured by nitro-
gen adsorption using a conventionl Pyrex
glass volumetric adsorption apparatus. The
samples were evacuated at 473 K for 1 h
prior to adsorption.

Surface features of the metal powders
were observed using a scanning electron
microscope (Hitachi S-450). The powders
were attached to the sample holder with Ag
paste. The KI or KBr content in the powder
was determined by X-ray fluorometry (Ri-
gaku Denki, Ultratrace-0600).

RESULTS AND DISCUSSION
F-T Syntheses under Various Conditions

Figure 1 shows the hydrocarbon product
distribution at 553 K on the K-reduced Fe
powder catalyst and a commercial Fe pow-
der catalyst obtained by the thermal decom-
position of Fe(CO)s. A high selectivity for
C,4 hydrocarbons is evident over the K-re-
duced Fe powder catalyst at the reaction
time of 0 min, corresponding to ca. 42 wt%
of the total hydrocarbons. In addition, C,
hydrocarbons predominantly consisted of
1-butene (88% selectivity). The yields of
CH, and hydrocarbons higher than C¢ were
low. Thus, the K-reduced Fe powder cata-
lyst produced C,-Cs hydrocarbons with
high selectivity (79 wt%), which essentially
consisted of 1-olefins (more than 80% selec-
tivity). For comparison, the reaction was
conducted under the same conditions on a
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F1G. 1. Hydrocarbon product distribution and olefin
selectivity on a K-reduced Fe powder catalyst and a
commercial Fe powder catalyst made from Fe(CO)s at
553 K. A K-reduced Fe powder at 0 min (—) and 15
min (---) of F-T reaction time. A commercial Fe
powder of 0 min (—-—) of F-T reaction time. Conver-
sions were 11.7 (O) 16.2 (A) and 1.7 (CJ) wt%, respec-
tively.

commercial Fe fine powder catalyst made
from Fe(CO)s (Fig. 1). Conversion to hy-
drocarbons was only 1.7 wt%; less than
one-fifth of that on the K-reduced Fe pow-
der. The main hydrocarbon product was
CH, while higher hydrocarbon yields de-
creased with increasing chain length. This
suggests that the distinctive features of the
K-reduced Fe powder catalyst is not due to
the adopted reaction conditions but is due
to its catalyses. Also, repeated reactions on
the same K-reduced Fe powder catalysts,
replacing only the feed gas in the autoclave,
showed no deterioration in its selectivity
(6). However, when the reaction time was
extended to 15 min by using the K-reduced
Fe powder as a catalyst (Fig. 1), selectivi-
ties for C, and olefins decreased considera-
bly, although the CO conversion increased
to 16.2 wt%. The reaction time of 0 min is
adopted hereafter, since extention of reac-
tion time causes secondary reactions.
Decreasing the temperature by 20 K to
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533 K gave slightly better C;—C, selectivity
with somewhat higher olefin selectivity in
the entire carbon number range, although a
slight decrease (11.7 to 9.3 wt%) in percent-
age conversion was observed. Thus, the
present Fe powder exhibits unique catalytic
properties in this temperature region. At
513 K, only small amounts of hydrocarbons
were detected. The Fe powder showed lit-
tle catalytic activity at this lower tempera-
ture.

The feed gas composition (H,/CO ratio)
is also an important factor in F-T synthe-
sis. Conventionally, lower H,/CO ratios
lead to higher olefin contents and longer
chain hydrocarbons (/). Hydrocarbon
product distribution obtained by changing
the H,/CO ratio from 2.0 to 1.0 at 553 K on
the K-reduced Fe powder catalyst is shown
in Table 1. Higher olefin selectivity was ob-
served by increasing the CO content of the
feed gas, reminiscent of products formed
on general catalysts. In all the cases shown
in Table 1, 1-butene was the main product
and the conversion remained constant at 12
wt%. The largest amount of C4 (45 wt% se-
lectivity) was produced at a H,/CO ratio of
1.5. At this ratio, the sum of the C,-Cs hy-
drocarbon vyields was also the highest.
Therefore, the preferable H,/CO ratio to
produce low-molecular-mass olefins, espe-
cially 1-butene, on the K-reduced Fe cata-
lyst is 1.5.

It is also well known that Co is an effec-

TABLE 1]

Effects of H,/CO Ratio on F-T Products at 553 K
Using K-Reduced Fe Powder as a Catalyst

H,/CO Conversion Product distribution (wt%)

ratio (Wt%)
¢ G G ¢ G
2.0 11.7 15 13 13 42 11 7
(88)¢ (B8) (88) (83)
1.5 11.9 10 14 15 45 12 4
(83) (92) (92) (93)
1.0 11.8 13 18 19 30 13 7
92) (95 95 (97)

4 Qlefin selectivity (wt%).



362

tive F-T catalyst (/0). Accordingly, we
have examined K-reduced Co powder cata-
Iysts prepared in a manner similar to that
for the Fe powders. Hydrocarbon product
distributions and olefin selectivities ob-
tained on the Co catalyst at 513-553 K are
given in Fig. 2. In contrast to the K-reduced
Fe powder catalyst, products on the K-re-
duced Co catalyst showed little predomi-
nance for C; hydrocarbons and conven-
tional Schulz-Flory type distribution (/0);
methane was obtained as the main product
and yields of the higher hydrocarbons de-
creased as a function of C content. Lower
olefin selectivity for the C,-Cs hydrocar-
bons (less than 45%) on the Co catalyst as
compared to that on the Fe catalyst re-
flected relatively high Co hydrogenation ac-
tivity (10). The lack of C, predominance on
the Co catalyst implys that C, hydrocar-
bons, which are preferential products on
Fe, do not originate from the THF used as
the solvent for the preparation of the cata-
lysts, but from the H, and CO feed gases.
The features of the present Co catalyst are
that only a small amount of hydrocarbons
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F1G. 2. Hydrocarbon product distribution and olefin
selectivity on a K-reduced Co powder catalyst at 553
K (—) 533 K (---), and 513 K (—+—) with a Hy/CO
ratio of 2.0. Conversions were 6.8, 6.4, and 4.4 wt% at
553, 533, and 513 K, respectively.
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TABLE 2

Results of F-T Synthesis on a Fe—Co Binary
Powder Catalyst of Varying Compositions®

Fe Co Conversion Product distribution (wt%)
content  content {(wt%)
(at.%)  (at.%) G G G G Cs
0 100 6.8 32 19 19 15 13 2
Q@nr (26 (33) (8)
20 80 18.0 31 18 16 19 14 2
16 (9 G 49
50 50 15.7 21 1 17 28 20 3
(76)  (83) (84) (83)
80 20 13.6 15 11 10 42 19 3
(82) (86) (83) (83)
100 0 11.7 15 13 13 42 11 6

4 F-T reaction conditions: 553 K; H,/CO = 2.0.
b Ofefin selectivity (wt%).

higher than C¢ is produced and that it ex-
hibits catalytic activity even at 513 K, a
temperature at which the K-reduced Fe cat-
alyst showed little activity.

When Ni powders, prepared by the same
procedures, are used as the F-T catalyst,
they show no activity. This may be due to
inactive carbonyl formation.

Binary metal catalysts, such as Fe-Co
and Fe-Ni supported on TiO, have been
reported to give higher CO conversions and
higher selectivities for C,~C; olefins than
those on respective pure metal catalysts
(7). An alloying agent (Co or Ni) of Fe is
considered to make the iron carbide less
stable (7). Accordingly, we have carried
out the F-T syntheses on Fe-Co and Fe-
Ni binary K-reduced powder catalysts ex-
pecting further improvements in the unique
catalyses observed for the pure Fe pow-
ders.

The results of the F-T synthesis over a
series of Fe—Co binary catalysts of varying
compositions are summarized in Table 2.
The reactions were carried out at 553 K
with a H,/CO ratio of 2.0. All the binary
catalysts gave higher conversions than the
pure Co or Fe catalysts, suggesting a syner-
gistic catalytic activity. Maximum conver-
sion was obtained at a composition of 20%
Fe content. This result indicates that the
binary powder catalysts prepared by the si-
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multaneous reduction of the two metal
halides are not simple mixtures of the re-
spective metal powders. This observation
is compatible with a previous report that
catalysts prepared by impregnation by two
different kinds of metal nitrates on TiO, fol-
lowed by H, reduction have shown syner-
gistic catalyses (7). Regarding the hydro-
carbon distributions shown in Table 2, an
increase in Fe content led to a decrease in
CH, selectivity and an increase in olefin se-
lectivity. The catalysts on Fe—-Co (80:20) is
most encouraging, since this catalyst shows
higher conversion (13.6 wt%) and higher Cs
selectivity (19 wt%) than those on the pure
Fe in spite of the equal C, selectivity, thus
giving the largest amounts of C; + Cs (61
wt% selectivity, 8.3 wt% vyield) and C,—Cs
(82 wt% selectivity, 11.2 wt% yield).
Accordingly, the catalytic character of
this binary powder was studied in more de-
tail. Figure 3 shows the effects of reaction
temperatures. Behavior similar to that of
the pure Fe powder was also observed on
the Fe—~CO (80 : 20) binary powder catalyst.
Hydrocarbon distributions, olefin selectivi-
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Fi1c. 3. Hydrocarbon product distribution and olefin
selectivity on a Fe~Co (80: 20) binary powder catalyst
at 533 K (---) and 513 K (—-~—) at a H,/CO ratio of
2.0. Conversions were 12.3 and 1.9 wt% at 533 and 513
K, respectively.
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F1G. 4. Hydrocarbon product distribution and olefin
selectivity on Fe—Co (80:20) (—) and Fe~Ni (80:20)
(---) binary powder catalysts at 553 K with a H,/CO
ratio of 1.0. Conversions were 14.3 and 14.7 wt% on
Fe-Co and Fe-Ni, respectively.

ties, and percent conversions changed only
alittle in the temperature region from 533 to
553 K. However, the unique catalysis char-
acter of the Fe~Co powder disappeared at
513 K. To suppress CH, formation and to
further enhance 1-butene yield, the F-T
synthesis on the Fe-Co (80:20) catalyst
was conducted by using synthesis gas with
a H,/CO ratio of 1.0 instead of 2.0 at 553 K
(Fig. 4). A slight increase in values of con-
version (from 13.6 to 14.3 wt%), C, selec-
tivity (from 42 to 43 wt%), and olefin selec-
tivity (from 83 to 91 wt%) depended on the
decrease in the H,/CO ratio from 2.0 to 1.0
also resulting in a further increase in the 1-
butene yield.

Figure 5 shows the results of F~T synthe-
ses over a Fe—Ni (80:20) composite cata-
lyst at 553 and 533 K with a H,/CO ratio of
2.0. Above 533 K, this catalyst showed
considerably high conversions of over 15.0
wt%, however, CH; was the main product
with C4 hydrocarbons in rather low yield. A
higher temperature (553 K) led to an in-
crease in conversion along with increased
CH, selectivity and decreased olefin selec-
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Fi1G. 5. Hydrocarbon product distribution and olefin

selectivity on a Fe—~Ni (80 : 20) binary powder catalyst
at 553 K {_\ and 533 K (_-_\ with a ” JCO ratio of

anG 232 A

2.0. Conversions were 22.3 and 15.0 wt% at 553 and
533 K, respectively.

tivity. On the other hand, at 513 K, quite
low catalytic activity was observed (con-

version was 1.6 wt%). When the reaction
/0 F

tad with o cad onag rats
was CGﬂdHCtvu wiln a 11,/ LUV 188a gas ratio

of 1.0 instead of 2.0 at 553 K (Fig. 4), CH,
selectivity was reduced to 23 wt% and C,
selectivity was improved to 30 wt%, al-
though these values were inferior to those
on the Fe or Fe—Co cataiyst. Therefore, the
composite catalyst of Fe containing Ni is
inferior from the standpoint of selective 1-
butene formation.

Characterization of Catalysts

BET surface areas of the K-reduced
metal powders (Fe, Fe-Co (80: 20), Fe-Co
(50:50), and Co) are given in Table 3. The
surface areas of these materials were 28-36
m?/g, quite high for particles without sup-
port. This view was substantiated by a com-
parison of the BET surface area (4.3 m?/g)
of a commercial Fe powder prepared by the
decomposition of Fe(CO)s. From these
data the radius of a K-reduced Fe powder
may be estimated to be ca. 100 A.

Scanning electron micrographs of the K-

reduced Fe powder and the Fe
powder are shown in Fig. 6. One may ob-
serve for the K-reduced Fe powder that this
very small powder stacks three dimension-
ally. The particle size determined by SEM

was LJU-7U A, Ul dbbUlU WlUl LHU one LCU'
culated by the BET surface area. The
unique catalytic properties of the K-re-
duced metal powders may be at least partly
due to its very small particle size distribu-
tion. Prevention of metal atom agglomera-
tion by solvation of THF during the metal

generation step results in the production of

commercial

these small 31zed powders. The Co and Fe-
Co (80:20) powders also observed by the
scanning electron microscopy were very
similar to the Fe powder.

A potassium derivative, such as KO or
K,COs, is frequently added as a promoter
of catalysts for F-T syntheses (10). This
compound has been theorized to donate
electrons to the metal and accelerate CO
dissociation (10). Even potassium haloge-

nates, such as KBr and KCl, have been re-

Anoned
faliora-

ingly, the effects of KI and KBr need to be
investigated, since these compounds are
produced as by-products during the K re-
duction of the metal halides and are consid-
ered to contaminate the metai powder. F-T
syntheses were conducted on K-reduced
metal nnwder catalvsts which contained

elal el Lalaly L2 5L 0% S QU VL0 3§ 08 3§ WiV )

two dlfferent amounts of potassium haloge-
nates. They were prepared by one or three
methanol washings. The results are shown
in Table 4. The Fe, Fe Co (80:20), and Co

P SN

talysts prepared by

(171
ported to act as promoters (/).
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TABLE 3
BET Surface Area of Varlous K-Reduced Metal
re and a f‘ nnnnnnnn 1 Ta Dawrda
by UVVU\/ID Qllu a o yliilivivial 1'v 1 UWu\rl

Catalyst BET surface
area (m%/g)

Fe 33.8

Fe—Co (80:20) 35.6

Fe-Co (50: 50) 35.0

Co 28.0

Commercial Fe 4.3
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FiG. 6. Scanning electron micrograph of (A) a K-reduced Fe powder and (B) a commercial Fe

powder made from Fe(CO);.

one washing, contained 3.8, 5.0, and, 6.1
wt% of KI or KBr. The content was less
than 1.1% for catalysts prepared by three
methanol washings. As is evident from the
results in Table 4, conversions and hydro-
carbon distributions using three types of
powders changed only a small degree de-
pending on KI or KBr content. Thus, we
concluded that KI or KBr is not a signifi-
cant factor during the unique catalyses of
the present K-reduced metal powders.

TABLE 4

Effects of Amount of Potassium Halogenate in a
K-Reduced Powder Catalyst on F-T Products®

Catalyst KI or KBr Conversion Product distribution (wt%)
content (Wt%)
(W1%) C; C C Ciq Cs Cg
Fe 3.8% 1.7 15 13 13 42 11 6
(88)¢ (88) (88) (83)
Fe 0.7 10.9 13 10 15 38 15 9
(85) (87) (88) (88)
Fe-Co 5.0¢ 13.7 15 11 0 42 19 3
(80:20) (82) (86) (83) (83)
Fe-Co 0.8¢ 12.8 14 9 11 42 16 8
(80:20) (84) (86) (88) (87)
Co 6.1" 6.8 32019 19 15 13 2
(27)  (26) (33) (28)
Co 1.1¢ 6.5 34 21 19 12 11 3

4 F-T reaction conditions: 553 K; Hy/CO = 2.0.

b Prepared by one methanol washing.

¢ Prepared by methanol washings repeated three times.
4 Olefin selectivity (wt%).

Origin of the unique catalytic properties
of the K-reduced Fe and Fe-Co powders,
especially concerning the high 1-butene se-
lectivity, has not been clarified at present.
The origins of this unique activity are pres-
ently under investigation by applying a va-
riety of techniques. F-T syntheses by using
a flow reactor with these catalysts are also
under investigation.
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