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Preparation of ultrafine Fe-Si—-C powders
in a radio-frequency thermal plasma
and their catalytic properties
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Ultrafine Fe-Si-C powders were prepared from mixed gases of SiH,~CH,—Fe(CO); using a
newly developed thermal-plasma apparatus with a dual-radio-frequency-coupled-plasma-
torch system. The phases of the powders prepared were classified into two groups; one com-
posed of B-FeSi, which was prepared by rapid quenching, while the other was composed of
a-Fe, Fe,Si, Fe;Si;, FeSi, B-SiC and amorphous Si, which were prepared by slow quenching.
The diameters of these powders were in the range 5-50 nm. The catalytic activities of these
powders for Fischer-Tropsch synthesis were examined. The ultrafine $-FeSi, powder was very
active for the selective formation of olefin. On the other hand, powders of a-Fe, Fe,;Si and
Fe;Si; were low in their selectivity but gave high CO conversion. Relations between the
plasma conditions for the preparation of ultrafine Fe-Si—C powders and their catalytic proper-

ties are discussed.

1. Introduction

Ultrafine powders of 1-50 nm have remarkable prop-
erties which are different from those of bulk materials.
One of their most hopeful fields of application is as a
catalyst.

The diameter of a catalyst is one of the main factors
controlling both the activity and selectivity of a cata-
lytic reaction. Ultrafine powders have very large speci-
fic surface areas. Therefore, they are expected to pro-
mote catalytic reactions. Moreover, the surface struc-
ture of ultrafine powders is thought to be different
from that of a bulk material. This phenomenon would
also be expected to give high selectivity in a catalytic
reaction.

The phase of a catalyst is also important. New
phases of carbides and nitrides in ultrafine powders
have recently been paid strong attention because of
their potential as new catalysts [1]. However, it has
been very difficult to prepare these powders by a
conventional wetting method. Many kinds of ultrafine
powders of oxides and metals used as catalysts, on the
other hand, have been prepared by the conventional
method.

Fe, Co or Ru metal are usually used as catalysts for
the Fischer-Tropsch reaction, but they are lacking in
their selectivity and stability [2]. Therefore, Yardley
and Gupta [3] prepared ultrafine Fe-Si-C powders
preliminarily by a CO, laser chemical vapour depos-
ition (CVD) method. They found that mixed phases of
FeSi,, Si and SiC gave high selectivity for the olefin
formation in the Fischer-Tropsch synthesis reaction.
The laser CVD, however, is at a disadvantage because
at least one of the starting materials should be excited
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by the laser and it is very difficult to prepare large
amounts of product.

Radio-frequency (r.f.) thermal plasmas have been a
powerful method of preparing ultrafine carbide pow-
ders. They are deposited after the rapid quenching of
clusters and crystalline nuclet produced in the plasma.
In the case of the thermal-plasma CVD method, large
amounts of ultrafine powders are produced from
many kinds of reactants which do not need to be
excited by photons as is the case with laser CVD.
Recently the authors developed a new r.f thermal-
plasma system, which is called a dual-r.f-thermal-
plasma-torch system. The features of this system have
already been reported by Kameyama et al. [4].

This report studies the preparation of ultrafine
Fe-Si-C powders using the dual-r.f.-plasma apparatus
and examines their catalytic activities in the
Fischer—Tropsch synthesis reaction.

2. Experimental procedure

2.1. Dual-r.f.-thermal-plasma-torch system
Fig. 1 shows a schematic drawing of the dual-rf-
thermal-plasma-torch system for preparing ultrafine
Fe-Si—C powders. R.f. power is loaded to the plasma
gas through the electromagnetic work coil. A small
plasma torch for ignition of the main plasma is com-
posed of coaxial double quartz tubes and two nozzles
as shown in Fig. 1. The small plasma is first ignited
under argon gas at atmospheric pressure by a conven-
tional Tesla coil in an argon stream of 41min~!
supplied from port (1) and 101 min~" from port (2)
with a power of 1.0 kW at a frequency of 27.12 MHz.
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Figure | Drawing of a dual-r.f-torch system. Ar gas is fed from the
following ports: (1) axially, (2) tangentially, (3) tangentially inside,
(4) radially outside, (5) tangentially outside and (6) radially. (OD is
the outer diameter.)

The main plasma torch for the reaction is composed
of a small plasma-torch head, coaxial double quartz
tubes, and four nozzles. Cooling water is introduced
between the outer and inner quariz tubes. Argon gas
for both cooling the inner quartz tube and confining
the plasma in the quartz tube is introduced tangen-
tially from port [5]. Argon gas flows in both the inner
tangential direction, (3), and the outer radial direction,
(4), also play important roles in forming a plasma
flame and controlling its shape. The main plasma is lit
by the small plasma at atmospheric pressure.

2.2. Preparation of ultrafine Fe-Si-—C powders
Ultrafine Fe-Si-C powders were prepared by using
the new dual-r.f.-thermal-plasma-torch system. Fig. 2
shows the chamber for preparing ultrafine Fe-Si—C
powders. It conmsists of two r.f plasma torches, a
reactor chamber, a supply system for plasma gas and
reactant gas, a water-cooling system and an exhaust
system.

The experimental conditions are shown in Table L
Mizxed reactant gases of CH,, SiH,, and Fe(CO); are
introduced mainly into the upper part of the main
plasma flame from port (2) or (3) with an argon carrier
gas as shown in Fig. 1. In some cases, only Fe(CO); is
introduced from port (6) separately. Fe(CO)s, which is
liquid at room temperature, is heated up to 60°C, and
its vapour was carried by argon gas. The flow rate of
Fe(CO);, is controlled by the argon-gas flow rate. The
output power and argon-gas flow rate were constant
through all the runs. Each run was done for 1 h.

Powders formed in the main plasma were deposited
on the following three places as shown in Fig. 2: the
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Figure 2 A chamber for the preparation of ultrafine Fe-Si-C
powders. The powders are collected at: (A) the inner wall of the
torch, (B) a quartz tube, and (C) a copper cylinder. Ar gas is fed from
(1) and (2} for plasma generation and from (3), (4) and (5) for the
quenching reaction. The reactant gases are fed mainly from (2).

wall of a plasma torch, (A); a quartz-tube collector (B),
of 140 mm diameter and 600 mm length; and a copper
cylinder, (C), cooled with water.

Characterization of the powders were carried out by
the following methods. The phases of powders were
identified by an X-ray powder diffraction (XRD)
method. The diameters of the powders and their sha-
pes were observed by transmission electron micro-
scopy {TEM). The contents of Si, Fe, free C and total C
were measured by inductively-coupled-plasma (ICP)
spectroscopy.

The catalytic properties of powders prepared
for the Fischer-Tropsch synthesis were examined.
Fischer-Tropsch synthesis is a hydrocarbon-forma-
tion reaction from CO and H,. It contains the follow-
ing reactions.

nCO + (2n + HYH, - CH,,., +nH,0 (1)
2nCO + (n+ HH, - CH,,., +rCO, (2)
nCO + 2nH, - C,H,, + nH,0 3)
2nCO + nH, — C,H,, + nCO, 4

Besides these products, alcohols, esters, etc. are form-
ed. Olefins are very important as raw materials in the
chemical industry. The CO, formation in Reactions 2
and 4 is not desirable, because it wastes carbon. So
reaction 3 is favourable from the view point of olefin
formation without CO, as a byproduct.

Fig. 3 shows a schematic apparatus for measuring
the catalytic activity of ultrafine Fe-Si-C powders.
The measurement was conducted in a flow-type-fixed-
bed microreactor of stainless steel. About 1.0g of
prepared powder was charged in the reactor as a
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TABLE I Conditions for preparing ultrafineFe-Si-C powders

1. Output r.f. power for the reaction:
2. Output r.f. power for ignition:

3. Flow rate of argon gas for the plasma:

2

Port (1) axially

Port (2) tangentially

Port (3) inside, tangentially
Port (4) outside, tangentially
Port (5) outside, radially

3
Port (6) radially

Flow rate of reactant gas:

10kW, 3 MHZ
1.0kW, 27.12 MHz

41min~!
10 min~!*
61 min~?
10l min~!
41min~!

61 min !

SiH(0.05 I min ") + Ar(2 | min~ ")
CH,(0.01 ~ 0.05 1 min"Y) + Ar(41 min~!)
Fe(CO)5(0.008 1 min ™! ~ 0.051 min~1) + Ar(0.08 I min ")

*The port numbers are those shown in Fig. 1.
*From Port (3) inside, tangentially

°In some cases, only Fe(COj;s 1s introduced from port {6) as shown in Fig. 1.
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Figure 3 Schematic apparatus for measuring the catalytic behavi-
our of ultrafine Fe-Si~C powders. The reaction condition are as
follows: catalyst charge, 1.0 g;reaction pressure, 1-30 atm; reaction
temperature, 250-280 °C; flow rate, 100 ml min~! and syngas ratio
(H,/CO), 2.

catalyst. The reaction temperature was in the range
250-280°C. The reaction pressure was in the range
1-30 atm. The syngas, which is a mixture of H, and
CO, and ali the products in the reactor were kept hot
so that the products were not condensed in the pipe
connected to the gas chromatograph. The ratio of H,
to CO gas was 2, and the flow rate of mixed reactant
gases was 100 mlmin~*. All the gases through the
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reactor were directly introduced into the gas chro-
matograph. Columns for gas chromatography (such
as PEG 1500, VZ 10) and squalane were used for the
analysis of the alcohols and esters, and the hydrocar-
bons and inert gases, respectively.

3. Results and discussion

Ultrafine powders prepared in a thermal plasma were
deposited on the inner wall of the plasma torch (A), the
quartz tube in the chamber, (B) and the copper cylin-
der, (C), as shown in Fig. 2. The amounts of the
products collected on the copper cylinder, (C), was
very small. Table IT shows the flow rates of the
reactant gases and the phases of the products. The
products in run number 1 collected on the torch wall,
(A), and on the quartz tube in the chamber, (B), will be
called 1A and 1B, respectively. The powders prepared
from an equivalent mole of reactant gases in run
numbers 1-5, and then collected at the torch wall, (A),

TABLE II Reactant gases and products

Run reactant gas flow rate Products
(m] min 1)
{port number)®

No. SiH, CH, Fe(CO); A (torch) B (chamber)

1 50 50 50 Amorphous, B-SiC, Fe,Si,
(3) (3) 3) B-FeSi, amorphous

2 50 50 10 Amorphous, B-SiC,
3) 3) 3 B-SiC amorphous

3 50 50 50 Amorphous, a-Fe, Fe,Si,
3) 3 6) Si, B-SiC B-SiC

4 50 50 10 Amorphous, FeSi, a-FeSi,,
(3) 3) ) Si, B-SiC Si, B-SiC

5 50 50 50 Amorphous FeSi, amorphous,
2 2) (2) B-FeSi, B-SiC

6 50 i1 7.5 Amorphous, a-FeSi,,
3) 3 3 o-FeSi,, Si Si, g-SiC

2The numbers in parentheses show the port, in Fig. 1, through which
the reactant gas was injected into the plasma.



mainly had a B-FeSi, phase, and small contents of the
amorphous phase were also present. Whereas, the
powders collected at quartz tube, (B), in the chamber
were composed of crystalline Fe,Si, B-SiC, FeSi and
large amounts of the amorphous phase. In addition to
these crystalline phases, «-FeSi,, and Si were also
deposited at other runs, as shown in Table IL

In order to clanfy the chemical formula of the
amorphous phases in the prepared powders — shown
in Table I1T as Am(A) collected at the torch wall, (A},
and Am(B) collected at the quartz tube, (B) — as-
deposited powders were calcined at 900 °C for 5h in
Ar which resulted in complete crystallization. The
degrees of magnetization were also measured qualitat-
ively using a magnet. The total contents of Fe in the
samples were determined by X-ray-fluorescent spec-
troscopy, the results are shown in Table ITI. After the
calcination, no amorphous phase was detected by the
XRD method. a-Fe, amorphous Fe with a small Si
content, Fe,Si, and FeSi, were all well magnetized by
a magnet because they were ferromagnetic phases [5].
Therefore, during the calcination process, the follow-
ing reactions must take place corresponding to the
phase diagram in [6].

1. In the case of amorphous A, that is Am(A)

amorphous FeSi — crystalline FeSi
amorphous SiC — crystalline 3-SiC
amorphous Si + amorphous C — crystalline B-SiC.
amorphous Fe(Si) + crystalline B-FeSi,
— crystalline FeSi

Fe(Si) means that small contents of Si are dissolved in
an Fe matrix. Thus, amorphous A is thought to have
been composed of SiC, Si, C, FeSi and Fe(Si) in the
above chemical formulas.

2. In the case of amorphous B, that is Am(B)

amorphous FesSi; — crystalline FesSi,
amorphous Fe,Si — crystalline Fe,Si
amorphous Fe,S1 + FeSi — crystalline Fe,Si,

Thus, amorphous B is thought to have been composed
of FesSi, Fe;Si, and FeSi in these chemical formulas.

The contents of Fe, Si, free C and total C in the
prepared powders were analysed by ICP spectro-
scopy; the result is shown in Table I'V. Based on the

TABLE IV Chemical analysis of powders (wt %)

Powders FC? TC? Fe Si Total
1A 1.50 3.11 42,67 4792 93.70
IB 16.14 1697 36.44 34.88 88.29
3B - 23.61 30.19 40.71 94.51
4B - 24.17 2.37 65.98 92.52
SA 0.387 0.85 46.66 47.69 95.20
5B 5.86 6.40 47.72 33.64 87.76
6A - 0.17 14.24 60.98 75.39
6B - 7.57 8.33 74.87 90.97

*Free carbon. ® Total carbon

results shown in Table II-1V, the contents of the
phases were assigned as shown in Table V. The phases
of the powders prepared are, therefore, classified into
two groups: B-FeSi, deposited on the torch wall; and
a-Fe, Fe;Si, FesSi,, FeSiand amorphous Si, deposited
on the quartz tube in the chamber.

Fig. 4 shows the TEM photographs of samples, 5A
and 5B. They are conglomerates of small particles,
whose diameters are from 5 to 50 nm. Other powders
showed a similar appearance. They are ultrafine pow-
ders, therefore, they are expected to have high cata-
lytic activities.

The catalytic behaviours of these ultrafine Fe-Si—C
powders were examined by a Fischer—Tropsch syn-
thesis reaction. The results are summarized in Table
VI Catalysts 1A and 5A give high olefin selectivity;
that is, the olefin/paraffin ratios are in the range
15.1-17.5, while this ratio was about 1 in the case of
the conventionally prepared Fe catalyst [7]. Catalysts
IB, 3B, and 5B, on the other hand, give high CO
conversions of 4.6-6.3%, while their olefin selectivities
are very low.

Relations between the catalytic activity of ultrafine
Fe-Si~C powders and their phases are shown in Fig, 5.
It becomes clear that the B-FeSi, phase gives high
olefin selectivity. While, the a-Fe, Fe,;Si and Fe;Si,
phases give low olefin selectivity but they remarkably
promote CO conversion. The reason why B-FeSi,
gives high olefin selectivity is not clear but some
speculations are proposed. It seems to depend on
B-FeSi, being a semiconducting phase [8] and on the
valency of iron in -FeSi, being very high. It has been
thought that the high valency of Fe in the catalyst

TABLE III Characterization of the amorphous phase in the prepared Fe-Si~C powders

As-deposited

Calcination®

Run Fe*
(wt %) Phase Magnetization® Phase Magnetization
1A 309 Am(A), f-FeSi, + + FeSi, B-SiC -
5A 342 Am{A), B-FeSi, + + FeSi, B-SiC -
1B 34.1 Am(B), Fe,Si, B-SiC + + + Fe,Si, FesSis, B-SiC + + +
5B 435 Am(B), FeSi, B-SiC + + + Fe;Si, Fe;Si;, B-SiC + + +

? Total content of Fe in the as-deposited powder
® + + +,strong; + +, medium; +, weak; —, zero.
°900°C, Sh, Ar
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TABLE V Content of phases of prepared ultrafine Fe-Si-C powders

Phase (mol%)

1A 1B 3B 4B 5A 5B 6A 6B
B-FeSi, C B-SiC B-SiC B-FeSi3 FeSi Si Si
(84) (40.7) (68.6) (91.4) (96.8) (33) (68) (50.2)
SiC Fe,Si + Fe,Si; Fe,Sit Si siC Fe.Si, a-FeSiy B-SiC
9.8) (29.6) (9.2-15.4) (6.1) 2.0) (26.6) (32) (36.6)
C Si a-Fe? a-FeSi, C C a-FeSi,
(4.6) (25.7) (6.8-15.4) (1.5) (1.2) (18.9) (13.2)
Si B-SiC FeSi Si
(1.6) (4.0) (1.0) (18.7)

B-SiC

(3.4)

*Some carbides are present in the matrix.

100 nm

Figure 4 TEM observations of Fe-Si~C powders. The phases of (a) 5A and (b) 5B are shown in Table V.

TABLE VI Catalytic behaviour of Fe-Si—C ultrafine powder

Catalyst Catalyst H,/CO T P CO conv. Selectivity in carbon efficiency (%) Ci™+Ci
number® charge
(@ ¢0) (atm) (%) CH, 3 C2°C, € C, C C Ci~ CO Others C,+C,
1A 0.7 2 280 1 02~03 553 19 198 06 183 00 41 00 00 0.0 00 152
1B 0.7 2 280 ! 6.3 257 6.8 47 3.1 129 22 57 14 35 9.5 245 1.8
3B 0.7 2 280 1 4.0 329 7.7 70 35 146 23 58 14 05 0.0 243 1.9
4B 0.7 2 280 1 0.4 465 53 94 37 129 25 52 00 00 00 00 2.5
SA 1.0 2 260 1 0.4 424 20 211 06 182 00 40 00 00 00 115 15.1
5A 1.0 2 280 1 Trace 424 19 240 05 179 00 42 00 00 00 89 17.5
SA 1.0 2 280 30 2.05 307 7.8 49 33 111 24 52 16 33 45 221 1.4
5B 0.5 2 260 1 5.7 252 63 41 35 120 26 59 18 37 155 182 1.6
6A 0.4 2 280 1 Trace 76.5 4.6 95 20 73 00 00 00 00 00 00 2.5
6A 0.4 2 280 1 Trace 77.6 3.7 99 1.5 72 00 00 00 00 00 00 33
6B 0.1 1 250 1 0.21 936 0.0 64 00 00 00 00 00 00 00 0.0 -
6B 0.1 1 256 20 0.13 87.2 3.1 9.7 00 00 00 00 00 00 0.0 00 31

aEthane. °Ethylene. “The number and alphabetical letter of the catalyst show the run number of synthesis and the sampling position,

respectively, their phases are shown in Table V.

promotes the olefin selectivity. B-FeSi, is also ex-
pected to work actively as a catalyst under high
temperatures because the small content of carbon
responsible for the formation of some carbides in the
powders of B-FeSi, may suppress the grain growth
and the agglomeration of these ultrafine particles.
Thus, they must constantly work as catalysts, even at
high temperatures.
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Some relations between the thermal-plasma fea-
tures and phases of the ultrafine Fe-Si-C powders
prepared in the plasma are summarized in Fig. 6. Both
the temperature and the flow-rate profiles of Arinar.f.
thermal plasma have already been calculated by
Yoshida et al. [9]. The maximum temperature near
the centre of the plasma was 7000-10000 K and the
minimum temperature was 4000-6000 K around
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Figure 5 Catalytic activities of ultrafine Fe-Si-C powders. Their

phases are shown in Table V.

SiH, +CH, + Fe(CO),

7500 K

PA

the margin of the plasma. The flow rates of Ar through
the centre of the plasma and around the margin were
calculated as 16 ms™ ! and 4 m s ™%, respectively. The
maximum temperature of the plasma used in this
study was measured as 7500 K by argon-emission
spectroscopy [10]. This value seemed to support the
above calculated temperature profiles. Using this
datum the quenching rates for the ultrafine powders
deposited at the torch wall, (A), and quartz tube, (B),
were estimated to be 10° Ks™! and 10* Ks™! respect-
ively. Therefore, ultrafine B-FeSi, powders, which
have a high olefin selectivity in the Fischer—
Tropsch synthesis reaction are thought to have been
prepared by the rapid quenching process in the r.f.
thermal plasma.

From the actual catalyst viewpoint, the authors
hope to prepare composite powders of B-FeSi, at the
nanolevel, with a-Fe, or Fe,Si and small contents of
carbide, which would give a high olefin selectivity and
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Figure 6 Plasma features and catalytic activities of ultrafine Fe-Si-C powders.
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a high CO conversion without degradation of the
catalyst under high temperatures.

4. Conclusions

1. Ultrafine Fe-Si—C powders were prepared by a
newly developed thermal plasma apparatus with a
dual-radio-frequency-plasma-torch system.

2. The phases of the powders prepared from mixed
gases of SiH,~CH,-Fe(CO), were classified into two
groups: B-FeSi,, which was deposited at the site of
rapid quenching, and a mixed group with a-Fe, Fe,Si,
Fe;Si;, FeSi and $-SiC, which were prepared at the
site of relatively slow quenching. The diameters of
these powders were in the range 5-50 nm.

3. Ultrafine P-FeSi, powders gave a high olefin
selectivity of 15-17 in the Fischer-Tropsch synthesis
reaction, while powders composed of «-Fe, Fe,Si, and
FesSi, gave a low olefin selectivity of about 2, promo-
ting the CO conversion.

4. The dual-r.f-thermal-plasma-torch  system
should become an attractive apparatus for the pre-
paration of ultrafine carbide powders which have
great possibilities as new catalysts.
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