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Fischer-Tropsch (F-T) synthesis was carried out on the Fe powder catalyst prepared by the reduction of
Felz with potassium metal in refluxing tetrahydrofuran (THF). 1-Butene was obtained with 37 wt% selectivity
and a rather high conversion of 12 wt% by an autoclave system at 553 K. After He-pretreatment of the Fe
powder at 573 K, propylene was produced as the major product (15 wt% selectivity) under otherwise the same
experimental conditions. In a conventional flow system with a stream of Hz, H2/CO, and CO during a heat-
up period of the reactor to 533 K, Cs, Cq4, and Cs olefins were produced as major products, respectively. The
synthesized Fe powder contains 1.6 wt% of carbon, which may be produced by the decomposition of THF in
preparation of the catalyst. During the gas-pretreatment of the Fe powder in the flow reactor, evolution of CHy
COg, and CO was observed. The amount of carbon on the Fe powder produced after the gas-pretreatment
varied with the pretreatment gas in the order, CO>Hy/CO>Hs,. Quantitative X-ray photoelectron spectro-
scopy (XPS) analysis of the Fe powder surfaces indicates that a significant amount of carbonaceous species is
accumulated during the F-T reaction, and that the accumulation of such species can be avoided by the He-
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pretreatment of the Fe powder.

The change in surface properties by the gas-pretreatments is discussed in

relation to the corresponding change of the product distribution in the F-T synthesis.

One of the most important research objects in
Fischer-Tropsch (F-T) synthesis is the development
of catalysts that primarily make it possible to obtain
economically valuable products, such as low-
molecular-mass olefins. Many noteworthy efforts
have been made for this purpose, e.g., the encapsula-
tion of active metal species into support cages2 and
the use of ultrafine metal powders.?4 In the previous
reports,>8) we have demonstrated that the F-T reac-
tions over Fe and Fe-Co powder catalysts, prepared by
the reduction of metal halides with potassium metal
in refluxing tetrahydrofuran (THF), yield 1-butene
with more than 35 wt% selectivity and a rather high
conversion of over 10 wt% in a batch autoclave system
at 533—553 K. On the other hand, a Co powder
catalyst, prepared by a similar procedure in THEF,
showed the ordinary Schulz-Flory type hydrocarbon
distribution.®

This paper reports the effects of different gas-
pretreatments of the Fe powder catalyst on the product
distribution in the F-T reactions conducted in a con-
ventional medium-pressure flow reactor and an auto-
clave system. We have examined also the change in
the amount of carbonaceous materials on the catalyst
surface upon the gas-treatments, which was analyzed
by X-ray photoelectron spectroscopy (XPS).

Experimental

Preparation of Fe Powder. The Fe powder catalyst
was prepared in a three-necked flask by the reduction of Fel,
(5.1X10-3 mol) with excess molten potassium metal
(2.1X10-2 mol) in refluxing THF for 5 h under a flowing
argon atmosphere. After completion of the reduction,
methanol was added dropwise to the resulting THF solution

to decompose the remaining potassium. The black Fe
powder formed was stirred in purified methanol (250 mL)
for 30 min under a dry nitrogen atmosphere to remove KI
incorporated into the Fe powder. The Fe powder thus
purified was dried at 383 K under vacuum overnight, prior
to the use as a catalyst. Details of the preparation proce-
dures were described elsewhere.56)

F-T Synthetic Conditions. A typical procedure for the
F-T synthesis in a flow reactor is as follows. The Fe
powder catalyst (0.2 g) was wrapped with silica wool and
placed in a stainless-steel basket which was set in the center
of a stainless-steel reactor (¢ 16 mm>Xx250 mm). The reactor
was heated at 5 Kmin~! up to reaction temperature (533 K)
in flowing Hg, H2/CO (2/1 molar ratio), or CO at 1 atm and
with the flow rate of 6 Lh-1. When the temperature of the
reactor reached 533 K, the pretreatment gas was switched to
H2/CO (2/1 molar ratio) to proceed the F-T process at 533 K
under 8 kgem~=2. The weight-flow ratio was fixed at 6
g-cat-hmol-1. An exit line, which connected the reactor
with a trap cooled by dry ice-acetone, was heated at 373 K
using a ribbon heater.

The F-T process was carried out in a 100 mL autoclave
containing the Fe powder catalyst (0.2 g) and a mixture of
H: and CO (H2/CO=2.0) at 553 K and 20 kgcm-2. The
detailed procedures for the F-T synthesis in the autoclave5®
and flow10 systems have been described previously.

Gaseous products from the flow reactor were sampled
intermittently from a sampling valve set just below the
reactor and analyzed by GLC.58 The condensed products
in the trap and reactor, the latter of which was recovered by
pentane washing, were analyzed by GLC.58 The products
from the autoclave system were recovered and analyzed by a
similar manner to that described previously.58

XPS Measurements. XPS measurements were conducted
with MgK, radiation (8 kVX30 mA) under 1X10-¢ Pa using
a Shimadzu ASIX-1000 instrument. The XPS peak inten-
sity was corrected by considering the photo-ionization cross
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section.!) The detailed conditions for the XPS measure-
ments were given previously.l? Gas-treatments of Fe
powder sample were conducted in a microreactor directly
attached to the XPS instrument, by flowing Hz and H2/CO
(2/1 molar ratio) at 573 K for 30 min and at 553 K for 1 min,
respectively.

Results and Discussion

F-T Synthesis in the Autoclave System. Table 1
shows the results of the F-T syntheses by the autoclave
system with Fe powder catalysts at 553 K. The high
selectivity for Cs hydrocarbons (42 wt%) and the rather
high total hydrocarbon yield (12 wt%) were attained
over the Fe powder catalyst without Hs-pretreatment.
Furthermore, Co—Cs hydrocarbons were produced
with 79 wt% selectivity, which consisted mostly of 1-
alkenes (over 83% selectivity). When Fe powder was
pretreated in a stream of Hz gas at 573 K for 1 h, a
significant change in the hydrocarbon product distri-
bution was observed (Table 1). The major fraction
between Cz and Cs hydrocarbons was Cs (18 wt%
selectivity) and the selectivity for Ca—Cs hydrocarbons
and olefins decreased considerably, although the total
hydrocarbon yield (11 wt%) was nearly the same and
the olefins consisted of 1-alkenes.

F-T Synthesis in the Flow System. The results of
the F-T synthesis in the flow reactor are summarized
in Table 2. The values of the selectivity for Co—Cs
hydrocarbons (over 72 wt%) and the total hydrocarbon
yield (8—13 wt%) were approximately the same as
those obtained by the autoclave system shown in

Table 1. F-T Synthesis in an Autoclave System”

Hydrocarbon distribution/wt%

Mikio Mivake, Maki HamacucHi, Masakatsu Nomura, Hiromichi Suimapa, and Akio NisHIjiMA

H; pre- _ Hydrocarbon
treatment” yield/wt® ¢, G C; Ci Cs C&
No 11.7 15 13 13 42 11 6
(88) (88) (88) (83)
Yes 11.0 20 12 18 16 14 20
(83) (86) (84) (74)
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Table 1. The major products varied with the pre-
treatment gas in the flow system; Cs, C4, and Cs
hydrocarbons became the major products by the pre-
treatment of the catalyst with CO, H2/CO, and Ha,
respectively. These results were reproducible as
regards to the product distribution and the hydrocar-
bon yield. The pretreatments with Ho/CO and Hz in
the flow system seem to correspond to the experimen-
tal conditions in the autoclave system without any
pretreatment (heated under He/CO atmosphere) and
with Hg-pretreatment, respectively. Thus, the same
hydrocarbons are produced as the major products in
the autoclave system with and without Ho-
pretreatment as those in the flow system pretreated
with Hz and Hs/CO gases, respectively. However,
the selectivity of Cs hydrocarbons (33 wi%) and olefins
in the flow system with the Hs-pretreatment are
higher and lower than those in the corresponding
autoclave system, respectively, although the reason of
such differences has not been definite.

In order to examine the optimum experimental
conditions for the selective production of Cs hydrocar-
bons in the flow system, the reaction temperature was
changed from 533 K to 573 K (Table 3). The higher
temperature leads to an increase in the hydrocarbon
yield (from 13 to 24 wt%) accompanied by decreased Cs
selectivity (from 33 to 23 wt%), while the selectivity for
C2—Cs hydrocarbons remained high value at around

Table 3. Effects of Temperature on F-T Products

in a Flow System®

Reaction Hydrocarbon Hydrocarbon distribution/wt%”

temp/K  yield/wt% ¢, ©c C G Cs G
533 12.8 10 10 33 18 11 18
(77) (85) (46) (tr.)
553 15.6 12 13 27 19 15 14
(87) (93) (74) (50)
573 24.3 16 14 23 20 14 13
(84) (91) (86) (55)

a) F-T reaction conditions: 553 K; Hz2/CO (=2.0); 20
kgcm=2. b) 573 K for 1 h in a flowing Hz atmos-
phere. c) Value in parentheses is olefin selectivity
(wt%).

a) He was streamed during the heat-up period of the
reactor. Other reaction conditions were the same as in
Table 2. b) Value in parentheses is olefin selectivity
(wt%).

Table 2. F-T Synthesis in a Flow System®

Hydrocarbon distribution/wt%?

Gas Hydrocarbon C content of Fe/wt%
streamed” yield/wt% C Cs Cs Ca Cs ct EAY Gas A9
CO 8.2 11 12 18 13 25 21 2.5 3.8
(89) (85 (85 (49)
H./CO 12.4 11 14 17 16 1.6 2.5
(84) (90) (78) (75)
Hs 12.8 10 10 33 18 11 18 1:5 1.5
(77)  (85) (46) (tr.)
a) F-T reaction conditions: 533 K; Ha/CO (=2.0); 8 kg cm~% W/F=6 g-Fehmol-'. b) Gas

streamed during heat-up period of a reactor at 5 Kmin~! to 533 K.
d) Estimated by elemental analysis.

olefin selectivity (wt%).
amounts of evolved gases (see Fig. 2).

¢) Value in parentheses is
e) Estimated by accumulated
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70 wt%. With an increase in temperature, the selec-
tivity of light fractions (C: and Cz hydrocarbons) and
heavy fractions (Cet hydrocarbons) increased and
decreased, respectively, in agreement with catalytic
behavior reported for many F-T catalysts.'® For
C3s—Cs hydrocarbons, however, selectivity of Cs
hydrocarbons decreased and that of C4 and Cs hydro-
carbons remained almost constant. Such a unique
product distribution of Cs—Cs hydrocarbons demon-
strates the character of the Fe powder catalyst.

Figure 1 shows the profiles of the total hydrocarbon
yield and hydrocarbon product distribution with
respect to the reaction time at 553 K. The hydrocar-
bon yield decreased to half of the initial value in 7 h
and thereafter it remained constant. The hydrocar-
bon product distribution is essentially constant over
the whole time period examined, as far as the follow-
ing points are concerned; the Cs hydrocarbons are
produced as the major products and rather low selec-
tivity for CHy and high selectivity for Ca—Cs hydro-
carbons are sustained.

Presence of a Carbonaceous Overlayer on the Fe
Powder. The synthesized Fe powder was found to
contain 1.6 wt% of carbon by elemental analysis.
During the heat-treatment of Fe powder in an Ha-
atmosphere at 573 K for 1 h, CHy, COs, CO, and CzHs
were evolved with the amount of 40, 65, 28, and 0.07
umol g-Fe=1 respectively. Klabunde et al.}¥) pre-
viously observed the evolution of CHg, CO2, C3Hs, and
small amounts of other hydrocarbon gases during the
heat-treatment of Ni powder prepared by the conden-
sation of Ni vapor in pentane. The gas evolution has
been reported to result from a carbonaceous over layer
formed by the decomposition of pentane used as a
condensation solvent of Ni vapor.1¥ Thus, a carbo-
naceous overlayer will also be produced by the decom-
position of THF in the preparation of the Fe powder,
because metal powders by the present procedures are
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Fig. 1. Changes in the hydrocarbon yield and prod-

uct distribution depending on F-T reaction time
on a Fe powder catalyst. F-T reaction conditions:
553 K; H2/CO (=2.0) 8 kgcm~2, W/F=6 g-Fe-h
mol-1.
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known to be very reactive.19

The amount of carbon produced on the Fe powder
after various gas-pretreatments in the flow system was
estimated by elemental analysis (Table 2). The
amount of carbon varied with the gas in the order, CO
(2.5 wi%)>Hy/CO (1.6 wt%) >Ha (1.5 wt%).

Profiles of gases evolved during those pretreatments
are shown in Fig. 2. Carbon dioxide was mainly
evolved during heat-treatments with CO and Hz/CO
and the amount increased with an increase in temper-
ature. Such profile of gas evolution suggests that
accumulation of carbonaceous materials on Fe surfa-
ces occurs by the Boudouard reaction (2CO=C+ COy).
At a high temperature around 523 K, a small amount
of CH; was also detected even with pure CO-
pretreatment in the absence of Hj, suggesting the
presence of hydrocarbon species on the Fe surfaces.
In the Hg stream, CO was evolved at a rather low
temperature region around 473 K and small amounts
of CO2 and CH4 were detected at a high temperature
region around 523 K. Evolution of CO and CO.
indicates the presence of oxygen-containing carbo-
naceous species on Fe surfaces, which may be pro-
duced by the decomposition of THF during the prepa-
ration of the Fe powder catalyst and/or the oxidation
of carbonaceous species by iron oxides during the
heat-treatment (vide infra). The amount of carbon
on Fe surfaces with various gas-pretreatments was also
estimated by the accumulated amounts of evolved
gases and listed in Table 2, where the same order is
obtained as that estimated by the elemental analysis.
The variation of the amount of carbon with the gas-
pretreatment indicates carbon accumulation occurs by
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Fig. 2. Profile of gas evolved from Fe powder during
the heat-up period of a reactor.
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Fig. 3. Fe 2psz XPS spectra of a Fe powder sample.
A, a sample without Ha-pretreatment; B, a sample
with Hg-pretreatment. I, a sample before exposure
to Ha/CO; 11, a sample after exposure to Hz/CO.

the CO-pretreatment, whereas a part of the carbona-
ceous materials can be removed by the Ho-pretreatment.

XPS Analyses of Fe Powder Surfaces. The Fe 2pap
XPS spectra of the Fe powder catalyst before and after
gas-pretreatments are shown in Fig. 3. The sample
before the gas-treatment gives the Fe 2psj2 line at 710.7
eV (Fig. 3 A-I), which agrees well with the reported
binding energy values of Fe:Osz at 710.7 eV®1® and
710.8 eV, indicating the presence of Fe2Os layer on
Fe powder surfaces. Such FezOz layer has also been
reported for fresh Fe powder prepared by the reduction
of FesOs by He at 675 K for 24 h.16)  After treatment of
the original Fe powder with Hs/CO up to 553 K
(conditions comparable to the F-T synthesis in the
autoclave system without He-pretreatment), the inten-

Mikio Mivake, Maki HamacucHi, Masakatsu Nomura, Hiromichi Saimapa, and Akio NisHIjiMA

[Vol. 63, No. 6

Ois
A
]:200 cps.
I
2 B
‘0
[
i3
£
I
I
1
1 1 L 1 L \'\' 1L 1 1 1 1
534 530 534 530

Binding energy/eV

Fig. 4 O 1s XPS spectra of a Fe powder sample.
Notations are the same as in Fig. 3.

sity of FeaOs peak decreased significantly and a new
peak appeared at 706.9 eV (Fig. 3 A-II), which agrees
well with those of iron carbides, such as FesCy.16-18)
Formation of iron carbides is well known to occur
during F-T syntheses on various Fe catalysts.”%16-20)
When the original Fe powder is treated with Hz at 573
K (similar conditions for the autoclave system), the Fe
2pss2 line appeared at 706.7 eV, which agrees with the
reported value (706.6 eV) of metallic iron,618 and no
peak attributed to Fe2Os was observed (Fig. 3 B-I).
The consecutive treatment of the Ha-pretreated Fe
powder with the Ha/CO gas resulted in a slight shift
of the Fe 2ps;2 peak position from 706.7 to 706.8 eV
(Fig. 3 B-II), that suggests the presence of iron
carbides.

Figure 4 shows the O 1s XPS spectra. The O 1s
peak of the original Fe powder before the gas-
treatment was observed at 529.9 eV with a shoulder in
the high binding energy region around 532 eV (Fig. 4
A-I). This main peak position coupled with the
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Fig. 5. C1s XPS spectra of a Fe powder sample.

the same as in Fig. 3.

Notations are
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Table 4. Quantitative XPS Analysis of Fe Powder Surface

Sample C 1s peak Fe 2ps/e peak Ratio of C 1s area
p area/cps-eV area/cps-eV to Fe 2pg/2 area

Original 3380 2880 1.2

After exposure to Ha/CO? 6660 1120 6.0

With H pretreatment” 3010 5080 0.6

After exposure to Hz/CO? 2560 4630 0.6

a) At 553 K for l min. b) At 573 K for 30 min.

result of the Fe 23,2 peak analysis (Fig. 3 A-I) supports
the presence of FeaOs (530 and 529.7 eV have been
reported in Refs. 21 and 16, respectively). After the
exposure to He/CO, the Fe2O3 peak disappeared, but
the shoulder peak around 532 eV remained unchanged
(Fig. 4 A-II). The remaining peak is ascribed to those
of wvarious oxygen-containing carbonaceous and
hydrocarbon species adsorbed on Fe; CO (530.1—531.4
eV),2122) CHsOH (532.0 eV),28 and CH3COOH (532.0
eV).24  The similar peak appeared after the treatment
of the original Fe powder with Hz (Fig. 4 B-I), fol-
lowed by the exposure to Ho/CO (Fig. 4 B-II). This
observation is compatible with the evolution of CO
and CO2 during heat-treatment of the Fe powder as
described above (Fig. 2).

Figure 5 shows the C 1s XPS spectra. The Fe
powder samples both before and after the gas-
treatments show wide C 1s peaks ranging from 282 to
290 eV, suggesting the presence of various types of
carbonaceous species on Fe powder surfaces.

Change in C 1s and Fe 2p3/2 Peak Intensity upon
Gas-treatments. The results of quantitative XPS
analyses, using the C Is (Fig. 5) and Fe 2ps;2 (Fig. 3)
peak areas and photo-ionization cross section,!!) are
summarized in Table 4. The ratio of the C Is to the
Fe 2psj2 speak areas (C/Fe) clearly indicates the pres-
ence of large amounts of carbonaceous species on the
original Fe powder surfaces. When the original Fe
powder was exposed to Hz/CO, the C/Fe value
increased from 1.2 to 6.0, indicating the accumulation
of carbonaceous species on Fe surfaces under the F-T
conditions, as reported for various types of Fe cata-
lysts.7-916-22)  After the treatment of the original Fe
powder with Hg at 573 K, the C/Fe value was reduced
to 0.6, about half of the value of the original Fe
powder. Thus, the Ha-treatment considerably

removed the carbonaceous overlayer on the Fe powder.
These XPS results are consistent with the change in
the amount of carbon estimated after the Ha/CO- and
Hga-pretreatments in the flow system (Table 2). Inter-
estingly, after the exposure of the Hs-pretreated cata-
lyst to Ha/CO, the C/Fe ratio remained unchanged
(0.6). Thus, once the Fe powder catalyst is treated
with Hs, no accumulation of carbonaceous species

occurs.

Detailed XPS Analyses of C 1s Peaks. In order to
get further insight into the carbonaceous species on Fe
powder surfaces, the C 1s peaks shown in Fig. 5 were

Table 5. Separated C 1s XPS Peaks Measured
for Fe Powder

Respective peak area/cps - ev”

Sample? Groupl Gruop?2 Gruop3 Group 4
(283.0— (284.6— (285.6— (287.5—
283.3 eV) 285.0 eV) 287.0 eV) 288.8 eV)
Original -9 2650 370 360
(0.78) (0.11) 0.11)
After expo- 9 5180 1240 240
sure to Ha/CO (0.77) (0.19) (0.04)
With Hz pre- 230 2330 150 300
treatment (0.08) 0.77) (0.05) (0.10)
After expo- 250 1400 790 120
sure to Ho/CO  (0.10) (0.54) (0.31) (0.05)

a) Treatment conditions are the same as in Table 4.

b) Value in parentheses is ratio to total C 1s peak area.
¢) Not detected.
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Fig. 6. Separated peaks from C 1ls XPS spectrum
obtained from a Fe powder sample with He-
pretreatment followed by exposure to Hz/CO.

separated into 4 or 5 components by the curve resolu-
tion technique: A typical example is shown in Fig. 6.
The results of the peak separation are summarized in
Table 5, where C 1s peaks are divided into 4 compo-
nents; 283.0—283.3 eV (group 1), 284.6—285.0 eV
(group 2), 285.6—287.0 €V (group 3), and 287.5—288.8
eV (group 4). These groups were assigned to carbo-
naceous species according to the literatures as follows.

The group 1 peak region corresponds to that of iron
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carbides (283.2—283.5 eV).916-1821,22) The disappear-
ance of the group 1 peak upon treatment of the
original Fe powder with H2/CO may be caused by the
accumulation of a large amount of carbonaceous spe-
cies over carbide layer (see Table 4), because the corre-
sponding Fe 2ps2 peak position agrees well with that
of iron carbides (Fig. 3 A-II).

The group 2 peak region corresponds to that of
graphite (284.5—285.3 eV),8917.18.21,2225) adsorbed CoH4,24
or polymethylene2!) on Fe. It has been reported that
graphite is difficult to be removed by Ha-pretreatments.?)
However, the carbonaceous species originally present
on Fe powder surfaces is removed at least partially, as
shown in Fig. 3 and Tables 2 and 4. Thus, the
carbonaceous species in group 2 of the original Fe
powder catalyst could be assigned to CH, species
which can be removed by the Ha-pretreatment. The
group 2 is the main component of the C 1s spectra for
all samples. The change in the group 2 peak area by
various gas-treatments is essentially consistent with
that of the total carbon shown in Table 4.

The group 3 peaks are attributed to oxygen-contain-
ing species adsorbed on Fe, such as carbon monoxide
(285.6—285.9 eV)2225) and a-carbons of hydroxyl and
carbonyl groups (285.4—285.7).2 The group 4
peaks are ascribed to highly oxygenated species, such
as carboxylates (288.3—288.8 eV)2 and carbonates
(289.0 €V).2  The O 1s XPS peaks observed in Fig. 4
as well as the evolution of CO and COs during the Ha-
pretreatments (Fig. 2) support the presence of oxygen-
containing carbonaceous species on the original Fe
powder catalyst.

The change of Fe catalyst surfaces during the F-T
synthesis estimated by XPS is summarized as follows:
The original Fe catalyst surfaces are covered with
FeoOs (Fig. 3) together with hydrocarbon and oxygen-
containing carbonaceous species (Table 5). Under
the F-T conditions, the FepOs layer is converted to
iron carbides (Fig. 3) and large amounts of hydrocar-
bon and oxygen-containing carbonaceous species are
accumulated on the iron carbides (Table 5). The Hs-
pretreatment of the original Fe catalyst results in the
reduction of the surface FezOs layer to metallic iron
(Fig. 3), accompanied by partial removal of carbona-
ceous species on the original catalyst. Under the F-T
conditions, the Hs-pretreated Fe catalyst is also con-
verted to iron carbides (Fig. 3). In this case, however,
accumulation of hydrocarbon species will be little in
comparison with the case of the original catalyst
which already contains carbonaceous species. This
will be the reason why the Hs-pretreatment results in
the change in the major products from Cs to Cs
hydrocarbons in both the autoclave (Table 1) and flow
(Table 2) systems.

The gas-pretreatment could cause sintering of Fe
powders. However, such a change in the Fe powders
will be unlikely to occur, because neither decrease in
the total hydrocarbon yield after the He-pretreatment
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(Table 1) nor deterioration in the yield of respective
hydrocarbon products after repeated reaction over the
same Fe catalyst® was observed in the autoclave sys-
tem, and also because only small change in the total
hydrocarbon yield and the Ce—Cs selectivity was
observed for the flow system by various gas-
pretreatments (Table 2).

Carbonaceous overlayers have previously been
reported?:27) to affect the selectivity and activity of
catalytic reactions. For example, Somorjai?” reported
that the presence of an ordered overlayer is responsible
for the formation of benzene during the dehydrogena-
tion of cyclohexane on Pt catalyst, whereas cyclohex-
ene becomes the major product in the presence of a
disordered overlayer. Thus, the presence of hydro-
carbon over layer on the Fe powder surfaces demon-
strated in this study may play an important role in the
unique F-T catalytic property of the Fe powder.
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