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Abstract

New metal/oxide (Co—Fe) catalysts (with no reduction or thermal pre-treatment) are efficient to produce light hydrocarbons
with a low selectivity in CQ by the Fischer—Tropsch synthesis. The low selectivity in,@due to the occurrence of
the CQ/H, reaction. These materials are stable under reaction conditions, and only few carbides are formed during the
Fischer—Tropsch reaction. X-ray analyses indicate that the most degraded phase is the (Co—Fe) alloy phaseea@iorH
and the spinel phase in the @8, reaction. It was demonstrated that these composites do not behave as the simple sum of a
spinel phase and a (Co—Fe) alloy but have their own properties. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction phase (cobalt ferrite) and a metal phase (Co—Fe alloy)
for producing light olefins from CO/K[10,11] The
The profitability of the Fischer—Tropsch (F-T) tech- catalysts synthesis is based on the Fe(O#ijpro-
nology as an industrial process to produce liquids or portionation into FgO4 and F& in a high basic solu-
high-price products from syngas has been recently tion. Furthermore, if Co(ll) is added in the medium,
demonstrated [1]. Catalysts used for the F—T processthe redox reaction between €o and F@ occurs:
are generally based on iron or cobalt, i.e. Fe/Cu/K [2] Co?*+Fé®—Cad’+Fe**. Metal iron which does not
oxides or iron and/or cobalt oxide supported on alu- react forms a (Co—Fe) alloy. The Co(ll) is involved by
mina [3] or silica [4]. However, the crucial problems of dehydration of hydroxide into the spinel which leads
these catalysts are on the one side the carbon formationto Co.Fez_,O4 with x<1. Then, the following ma-
which causes the break up of the catalysts [5], and on terial (Co,°Fer_,%), [Co,Fes_O4] was synthesized
the other side, their attrition due to carbide formation [12]. In order to demonstrate that our catalysts are not
[6]. It has been shown that the @nO, [7] spinel is a direct sum of a metallic phase and a spinel phase and
efficient to reduce these phenomena and Co/MnO cat-in order to study their stability towards carbide for-
alysts (issued from spinel reduction) have been used mation and reducibility, their reactivity under G/,
for the F-T reaction [8,9]. As for us, we have success- Will be compared to that of Cok®4 and Co—Fe alloy.
fully tested Co/Fe based materials containing a spinel Furthermore, the contribution of the G/ reaction
to the F—T synthesis will be discussed.
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ous Co to Fe ratios of 0.25, 0.33, 0.50 and 0.66. Each
solution was added to a 10 M boiling KOH solution.
The mixture was stirred for 1 h at constant tempera-
ture (T=115°C). The solution was filtered, and the ob-
tained precipitate was washed with water, alcohol and
then dried at 40C for 4 h. The materials are named
samples A to D for Co to Fe ratios of 0.25, 0.33, 0.50
and 0.66, respectively. Cop®,4 has been synthesized
by a classic method with Co(ll) and Fe(lll) chlorides
precursors into KOH solution. Co—Fe alloy has been
prepared by reduction of the obtained spinel inad
300°C.

The morphology of catalysts was studied by scan-
ning electron microscopy (SEM) on a JEOL scan-
ning electron microscope. The microstructure was ob-
served by high resolution transmission electron mi-
croscopy (HRTEM) on a Topcon 002B microscope
operating at 200kV. Energy dispersive X-ray spec-
troscopy (EDXS) was used to determine the cobalt
to iron ratio in the powder and the individual grain
compositions. X-ray diffraction data were collected
at room temperature using a D500 Siemens diffrac-
tometer equipped with a quartz monochromator (Co
K, =1.78897 A).

Catalytic tests under COMHwere performed in
a fixed bed reactor with a 1 MPa pressure. 300 mg
(0.2-10nm) of catalyst was heated up to 22D
(0.22Cmin1) under a 2.31h* nitrogen flow. Then
the N, was replaced by the COM(1:1) mixture
with a GSHV of 3000 h!. The catalytic tests were
carried out between 230 and 2€X) 60h for each
temperature.

Two types of reaction under GH, were carried
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Fig. 1. X-ray diffraction patterns of samples A (a), B (b), C (c)
and D (d). @) Spinel phase,ll) Co—Fe alloy.

heated at 60C and the second one cooled atC5
and then analyzed by GC.

3. Results and discussion
3.1. Characterization of the fresh catalysts

X-ray diffraction patterns have been performed for
the four catalysts (Fig. 1). The very low background
indicates that the materials are well crystallized (no
amorphous phase) immediately after their preparation,
that is to say without any thermal treatment. The cata-
lysts are composed of two phases: a spinel phase with

out. The former in a small U quartz reactor at atmo- a lattice parameter close to that of magnetite and cobalt
spheric pressure with 200 mg of catalyst and the lat- ferrite, and a metallic phase, an iron—cobalt alloy of
ter in a fixed bed reactor with a 1 MPa pressure and b.c.c. structure, whose of which composition is related
300 mg. In both cases, the catalyst was heated underto the lattice parameter. Catalyst A: 8.3974 (11) A, cat-
argon (40 mImirt) up to 300C (1°C min~1). At this alyst B: 8.3990(11) A, catalyst C: 8.4036 (6) A, cat-
temperature, Ar was replaced by, H20 mImin 1) alyst D: 8.4058 (33) A, these four lattice parameters
for 30 min. For the atmospheric pressure reaction, the are widely different from lattice parameter of §&oy
COy/H, mixture (5:20 mImint) was introduced and  from to those of CoFgD,4 and FgO4. Hence we can
the temperature was rapidly increased up t0°80  exclude the presence of these phases in our compos-
For the reaction at 1 MPa pressure, the reaction pro- ite materials. Furthermore, we can note that these lat-
cedures were the same as the reaction at atmospheritice parameters do not respect the Vegard law, since
pressure, except for the composition of the A synthesis conditions, particularly the temperature, per-
mixture (7.5:30 mImin1). For both reactions, the out-  mit an augmentation of the cell volume [13]. Thus,
let gases were analyzed on-line by GC and the lig- the preparation based on the?talisproportionation

uid products were collected in two traps, the first one in highly basic medium leads to materials containing
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B (Co/Fe bulk ratie=0.33): (C®.61Fep.39)0.84[C00.41

Fe25904],

C (Co/Fe bulk ratie=0.45): (C®.73F&p.27)0.58[C00.69

Fez.3104],

D (Co/Fe bulk ratie=0.53): (C® 71F&n.29)0.87[C00.72

Fe2.2804].

The loss of cobalt during the preparation with re-
spect to the theoretical Co/Fe ratios in the chloride so-
lutions can be explained by the nonzero solubility of
2EK Co(OH), in highly basic medium. From the formulae
of the four catalysts, it can be concluded that the in-

Fig. 2. Secondary SEM micrograph of fresh catalyst B. crease of the Co to Fe ratios in the chloride solutions
results in a higher cobalt to iron ratio in the spinel
two We”_crysta”ized phases (Oxide and meta|) with- from 0.27 to 0.72 for CObalt, while it has Only few ef-
out thermal or reducing treatment. fects on the alloy composition from 0.61 to 0.73 for

SEM observations (Fig. 2) show that these ma- Ccobalt. However, we observe a variation of the amount

terials are made of submicronic octahedral particles Of metal phase which does not vary linearly with the

between 0.5 and lm. Thermal gravimetric analysis  bulk Co/Fe ratios.

in air shows that they do not oxidize below T80 As a summary, the catalysts A, B, C and D, contain

thus these materials are stable in air. The TEM ob- two well fitted into each other crystallized phases, are
servation presented in Fig. 3 shows that both phasesCOmposite materials and are stable in air. They are
are well fitted into each other. The metal grains are Very different from impregnated catalysts and are not
about 50—-150 nm wide. They are often located close issued from conventional reduction of spinels.

to the surface, their outer surface being coated by an ]

amorphous or a poorly crystallized oxide or hydrox- 3-2- Catalytic tests under COMH

ide layer which protects them from oxidation [14].

Such materials are composite materials. By means of ~The catalysts were tested for the F-T synthesis, and
EDXS, thermal gravimetric analyses and the value of results are presented in Table 1 at iso-conversion of
the metallic phase lattice parameters, the formulae of CO of almost 5%.

the four catalysts were determined [11]: As regards to the &-Cy4 olefins production, cat-

A (Co/Fe bulk ratie=0.23): (C@.61F€.39)0.69[CO0.27 alyst C is the best catalyst. Indeed, the hydrocarbon

Fe»7304], (HC) molar selectivity is high (84.8%). The,ECy
fraction represents 47.8% in weight of total hydrocar-

Lv = bons with a olefin/paraffin (O/P) ratio of 3.7 in this

fraction. Catalysts B and D present similar catalytic
behavior but are less selective in olefins and produce
more CQ (23.6 and 21.6%, respectively, compared
to 15.2% for C). Catalysts C and D are composed
of the same two phases (same spinel, same alloy),
only their metal/spinel ratio is different. Catalyst C
contains 12.5wt.% of alloy, while catalyst D contains
17.8wt.% of alloy. So a high amount of metal seems
to have a negative effect on the olefin production, on
the overall hydrocarbon selectivity and on the O/P
ratio in the G—C4 fraction. This is confirmed by
L M the behavior of catalyst B which contains 17.3 wt.%
' of alloy. Catalyst A behaves very differently. Al-
Fig. 3. TEM micrograph. S: spinel phase and M: Co—Fe alloy. though the C@ production is quite low (18.4% molar
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Table 1
Results of CO/H reaction of catalysts (A to D) at iso-conversion of CO
Catalysts
A B Cc D
Co/Fe ratio 0.23 0.33 0.45 0.53
Temperature°C) 250 240 250 250
Total CO conversion (%) 5.9 5.1 5.2 6.2
Molar selectivity (%) of
CO, 18.4 23.6 15.2 215
Gaseous hydrocarbons 35.6 494 61.7 56.2
Liquid hydrocarbons 46.0 27.0 23.1 22.3
Hydrocarbons distribution (wt.%) in the gaseous fractior-Cy
C1 34.9 32.6 34.3 36.5
Co C3 9.7;14.1 9.4; 9.7 5.9;12.4 7.1; 4.2
Cs; C3 3.9; 23.9 4.6; 19.9 4.1; 20.7 47,253
Cs; C5 2.8; 10.7 6.3; 17.3 4.0; 18.5 4.9; 17.3
Total G—Cy 65.1 67.4 65.7 63.5
Olefin to paraffin ratio in the &-C, fraction 3.0 2.3 3.7 2.8
Percentage of olefins in the,€C, fraction 75 70 79 74

selectivity), the selectivity to &-C4 olefins is low

systems undergo very weak changes (Fig. 4) during the

since more liquid hydrocarbons are produced (46.0% F-T reaction {200 h). In all cases the spinel phase is

molar selectivity with a growing chain up to 40 car-
bons compared to 22—-27% for the other catalysts with

a growing chain less than 10 carbons).

After CO/H; reaction, the four systems were then
studied by XRD. The X-ray diffraction patterns are
presented in Figs. 4 and 5. Except for catalyst B, the
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Fig. 4. X-ray diffraction patterns (2range 20-80) after CO/H
reaction of the catalysts A (a), B (b), C (c) and D (df)(Spinel
phase, @) Co-Fe alloy,O Co,C, ¢ x-FesCo.

still present and the composition of the alloy remains
unchangedy-Fe;C, (Hagg Carbide) and G€ are the
carbide phases detected in catalysts A and D after test,
CaoyC is the only carbide phase found in catalyst C.
CaopC was previously observed by Ducreux et al. [15]
with Co-SiQ catalysts. The ratios of the integrated
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Fig. 5. X-ray diffraction patterns (2range 45-69) after CO/H
reaction of the catalysts A (a), B (b), C (c) and D (d)(Spinel
phase, @) Co-Fe alloy, O) Co,C, (®) x-FesCa.
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Table 2
Ratio of the integrated intensity of the diffraction lines (110) of
(Co—Fe) alloy and (311) of the spifel

Catalyst

A B C D
R1 fresh catalyst 17.0/100 43.0/100 24.0/100 34.0/100
R2 after CO/H 17.0/100 8.0/100 26.0/100 28.0/100
reaction
R2/R1 1.0 0.2 1.1 0.8
R3/R1 1.3 3.9 1.3 1.3

aR1: ratio of the integrated intensity of the diffraction lines
(110) of (Co—Fe) alloy and (311) of the spinel before test; R2:
Ratio of the integrated intensity of the diffraction lines (110) of
(Co-Fe) alloy and (311) of the spinel after CQ/keaction; R3:
Ratio of the integrated intensity of the diffraction lines (110) of
(Co-Fe) alloy and (311) of the spinel after 8, reaction.

intensity of the diffraction line (11 0) of the (Co—Fe)
alloy and the integrated intensity of the diffraction
line (311) of the spinel are presented in Table 2 for
fresh catalysts (R1) and for the catalysts after CO/H
reaction (R2). The relative stability of the two phases
can be deduced from R2/R1 ratios. A low R2/R1 ratio

means that either the (Co—Fe) alloy concentration has catalysts [16,17]
decreased and the spinel has been preserved, or both '
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Fig. 6. CQ conversion at atmospheric pressure for catalyst C. At
260°C: molar selectivity in Cij (), CO (@) and CQ conversion
(V). At 320°C: molar selectivity in CH ((J), CO (O) and CQ
conversion ).

CH,4 at atmospheric pressure. Fig. 6 presents the CO
and CH, selectivities obtained on catalyst C at 260 and
320°C. One hour of reactivity is necessary to reach the
steady state. It must be noted that, contrary to Ni-based
, CO is the major reaction product. It
learly appears that the CO selectivity increases with

are transformed but the (Co—Fe) alloy much more than temperature and GOconversion.

the spinel phase. For catalyst B, R2/R1.2 which

corresponds to a quite total transformation of the metal

The CQ conversion versus time at 320 at atmo-
spheric pressure is given in Fig. 7 for A, B, C, D,

phase. For catalysts A, C and D the R2/R1 ratios are, CoFe0, and (Co—Fe) alloy. For Cog®;, the CQ

respectively, 1.0, 1.1 and 0.8, which means that these
three catalysts are stable. This is in good agreement

conversion is maximal and equal at 22% after 6 h, then
it begins to decrease. X-ray characterization after test

with the few amount of carbides detected after tests (Fig. 8a) indicates that the spinel is almost completely

on catalysts A, C and D (Fig. 5).

3.3. Catalytic tests under CH,

In order to understand the stability of our cata-
lysts towards carbide formation and reducibility, and
to explain the various Cfselectivities, their reactiv-
ity under CQ/H> was studied and compared to that
of CoFe0O, and the Fe—Co alloy.

Contrary to CO/H reaction, the catalysts were
pretreated under Hfor 30 min at 300C. By X-ray
diffraction analysis, neither a spinel reduction nor
a variation of the alloy lattice parameter have been
observed.

All the studied catalysts (A, B, C, D, (Co—Fe) alloy
and CoFgQ4) are active to reduce COnto CO and

transformed inty-Fe;Co, CopC and probably a cobalt
rich Fe—Co alloy. The (Co—Fe) alloy reaches a max-
imal activity of 20% after 75 min and then it rapidly
deactivates. X-ray diffraction pattern (Fig. 8b) reveals
the presence of the same phases as for &0k€lhe
increasing activity of spinel may be due to continuous
spinel reduction, the deactivation being due to the in-
creasing formation of carbides via carbon deposition.
Iron carbides formation would also be the reason why
the (Co—Fe) alloy catalyst deactivates.

All the catalysts A, B, C and D deactivate with time,
the deactivation being more pronounced for catalyst B.
The deactivation slopes (G@onversion (%) mint)
for CO, conversion have been calculated and are in the
order: Fe—Co alloy—202) > B(—134) > A(-57) ~
C(—55) ~ D(-59).
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Fig. 7. CQ conversion at atmospheric pressure at °80for
catalysts A ), B (O), C (A), D (V), Co—Fe ®) alloy and
CoFeOy (+).

X-ray diffraction patterns performed on A, B, C and
D catalysts (Fig. 8c for catalyst D) after Gl indi-
cate that only few carbides are formed, as previously
observed after CO/Hreaction. The ratios R3 of the
integrated intensity diffraction lines (as in 3.2) have
been calculated after GH, reaction (Table 2). The

Intensity (a.u.)

a) °5 9
e ¢
20 30 40 50 60 70 80
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Fig. 8. X-ray diffraction patterns after GZH, reaction of CoFgO4
(a), Co—Fe alloy (b) and catalyst D (c)@®] Spinel phase, )
Co-Fe alloy, O) Co,C, (®) x-FesCo.
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ratio R3/R1 is 3.9 for catalyst B while it takes the
same value (1.3) for the three other catalysts. Contrary
to what is observed after COgHeaction, the spinel
phase is more degraded than the alloy phase.

The reactivity of catalyst A was studied at 1 MPa
pressure. At 300C, catalyst A converts 42% of GO
with a hydrocarbon selectivity of 82%. Thex&Cy
fraction represents almost 42% (wt.%) of the hy-
drocarbons, and the O/P ratio in this fraction is 1.2.
These results compete with those obtained with the
best catalysts (K—-Fe—Mn based catalysts) studied by
Longya et al. [18]. It appears that this catalyst is
very efficient for the production of light olefins from
CO, hydrogenation. After reaction, X-ray diffraction
pattern show that the catalyst A presents the same
evolution than under C&H> reaction at atmospheric
pressure.

It can be concluded that our materials do not behave
as a simple sum of a spinel phase and a (Co—Fe) al-
loy, but have their own catalytic behavior and present
much higher stability than Cok®,4 or (Co—Fe) alloy
alone. It must be remembered that for the F-T reaction,
the order of stability of the catalysts was<B~C~D.
Thus, the CGQ/H» reaction could be considered as a
reaction test to predict the stability of the catalysts un-
der CO/H. By comparing the C®@ selectivities ob-
tained in the F-T reaction for catalysts A, B, C and D
(18.4, 23.6, 15.2 and 21.5%, respectively) to the val-
ues of R2/R1 for each catalyst (1.0, 0.2, 1.1 and 0.8,
respectively), it can be seen that these two parameters
vary in the same order. Catalyst B is the catalyst which
produces more Cgthis is in agreement with the low
value of R2/R1, which indicates that the @8, re-
action did not occur during the F—T synthesis. Cata-
lyst C produces only 15.2% of CQits R2/R1 value
is 1.1, this indicates that CH» reaction occurred
during the F-T reaction. Therefore, the R2/R1 value
is a parameter accounting for the participation of the
COy/H, reaction to the F—T synthesis.

4, Conclusion

The synthesis based on %e disproportionation
in highly basic medium leads to well-crystallized
metal/oxide composite material§(Ca,°Fe1_,°),
[Co,Fes_,0O4]) without thermal nor reducing treat-
ment.
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These catalysts are efficient to produce—Cy
olefins from CO/H. The Co/Fe ratio of the systems

has an effect on the reactivity, the best ratio being 0.5.

These composite materials are stable under GO/H
and after a reaction time of 200 h only few carbides
are detected.

The reactivity under C@H, seems to provide a
good prediction of the stability of the systems under

CO/H,. XRD analyses show that the most degraded [
phase is: (i) the (Co-Fe) alloy phase in the case of

CO/Hy conditions (R2/R%0.2 for catalyst B) and (ii)
the spinel phase in the case of gB» conditions
(R3/R1=3.9 for catalyst B).

It has been shown that our materials do not consist
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