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Mossbauer characterization of iron catalysts following Fischer—Tropsch reaction at 523°K
reveals significant differences in carbide phases formed depending on particle, support, and
alloying with Ni. Small iron particles on silica favor formation of the unstable ¢ and e carbides.
Large iron particles on silica and small particles on magnesia form x carbide as is normal for
bulk unpromoted iron. Alloying iron with nickel in approximately equimolar amounts com-
pletely prevents formation of bulk carbides at our reaction conditions, but some evidence
exists for formation of surface carbon. The complexity of the metastable Fe/Fe,C/C system
is further exemplified in a series of spectra recorded at intermediate reaction times. These data
demonstrate time dependency of carbide phases formed and dependence of the rate of carbide

formation on average metal particle size.

INTRODUCTION

Research in the recently reawakened
field of Fischer—Tropsech synthesis has
concentrated on questions of specific re-
action rates over different metals, the
sequence of elementary steps describing
the synthesis reactions, and the respective
roles of promoters and alloying on catalyst
activity and selectivity (1-8). For both
fused (9-12) and supported (13) iron
catalysts, these questions are complicated
by the fact that metallic iron is transformed
to iron carbide during reaction.

Literature data with regard to the
reaction intermediate are divided between
that supporting hydrogenation of some
form of surface carbide and that supporting
an oxygenated surface complex as the
reactive precursor of hydrocarbon products
(14, 15). Although the catalytic role of

1 Present address: Exxon Research & Engineering
Company, Florham Park, N.J. 07932.

carbides remains a controversial subject,
the fact that carbides have an important
effect on the structure and the properties
of the catalyst surface cannot be disputed.
In this paper we report the effects of metal
particle size, catalyst support, alloying,
and time on stream on the nature of carbide
formation in supported iron catalysts. The
first paper in this series (16) presents a
strong effect of dehydration on metal
particle size and alloy formation. Part III
deals with the catalytic significance of
carbide formation during Fischer—Tropsch
synthesis (17).

EXPERIMENTAL METHODS

Catalyst preparation. Iron and iron-
nickel silica-supported catalysts were pre-
pared from nickel and ferric nitrates and
Cabosil EH5 (~400 m?/g) by the incipient
wetness method (76). Iron and iron—nickel
on magnesia were prepared by hydrogen
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F1a. 1. Room temperature Méssbauer spectra of
10Fe/Si0; catalysts carbided in 3.3 H,/CO 6 hr
at 523°K, then quenched in He. The stick diagrams
indicate line positions and relative intensities of the
¢’ carbide (a) and the I, II, and III sites in e carbide
(b) and x carbide (c). (a) 6.1-nm particles; (b)
7.4-nm particles; (¢) 10.1-nm particles.

reduction of a magnesium hydroxycar-
bonate precursor prepared in a manner
described by Boudart et al. (18). Mag-
nesium carbonate basic powder [4MgCO;
-Mg(OH),-5H,07] obtained from Mathe-
son, Coleman, and Bell and metal nitrate
salts obtained from Mallinckrodt were
used. This technique is based upon the
overall ion-exchange reaction:

31\/.[g(s)2+ + ZFE(aq)3+ =
31\/4[g(aq)2+ + 2F‘6(3)3+

The solubility product of Mg(OH), at
300°K is K = 56 X 1072; that of
Fe(OH); is K,, = 1.5 X 1073, Thus a
driving force exists that constantly favors
the dissociation of magnesium hydroxide
in the presence of ferric ions. The ferric
ions in turn precipitate from solution as
Fe(OH);. A detailed study of the genesis
of the catalyst from the precursor (18, 19)

349

showed that the filtered, dried precursor
maintains the platelike structure of mag-
nesium hydroxycarbonate until hydrogen
reduction decomposes these large particles
to form smaller particles of magnesium
oxide. The fairly uniformly distributed iron
is simultaneously transformed to iron-rich
clusters. All ecatalysts prepared in this
manner are referred to as azFe/MgO or
zFeyNi/MgO where z and y are wt9, Fe
and wt% Ni, respectively, on a dry,
reduced basis. Similar notation is used for
zFeyNi/Si0,.

Catalyst characterization. Constant ac-
celeration Méssbauer spectra were obtained
with a conventional electromechanical spec-
trometer and ¢n situ absorber cell described
earlier (16). Isomer shifts are reported
with respect to the NBS Fe foil used for
calibration. Computer fitting of spectra
was done with a variable metric minimiza-
tion program as in (I16). The lines drawn
through the data points in the figures are
the result of the computer fits. A General
Eleetric XJD-5 X-ray diffractometer pro-
duced the X-ray diffraction patterns of
the catalyst powders.

RESULTS AND DISCUSSION
Effect of Metal Particle Size

In this section we analyze Méssbauer
data for various 10Fe/SiO, catalysts after
use in Fischer—Tropsch synthesis to show
that smaller Fe particles tend to form the less
stable ¢ and ecarbide structures while large
particles form the x (Higg) carbide. The
strong influence of the SiO; support in this
behavior 1s evident in the following section
which shows that small iron particles on
MgO favor the x carbide.

Prior to reaction, the 10Fe/Si0; catalysts
were reduced in H; for ca. 8 hr at 675-
750°K, cooled in H,, analyzed by Méss-
bauer speetroscopy, and then brought to
reaction temperature, 523°K, in lowing He.
A premixed synthesis gas of composition
3.3 H,/CO was flowed over the catalyst
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TABLE 1
Spectral Parameters for Carbided 10Fe/Si0O, Catalysts (Fig. 1)

Catalyst and pretreatment Fe site H IS Fractional  davw.? Percentage
(kOe) (mm/sec) spectral (nm) exposed
areas (%)

(a) 10Fe/Si0,

Air calcined

2 hr at 523°K 34 172.5 +0.28 1.00 6.1 14
(b) 10Fe/Si0O, e and ¢ 172.6 +0.27 0.87 7.4 11

19, 0;/He eI 243.0 +0.35 0.08

calcined 12 hr at 648°K €It 134.0 +0.25 0.05
(c) 10Fe/SiO, X1 180.8 +0.24 0.52 10.1 8

19, O;/He calcined 24 hr XII 215.5 +0.30 0.30

at 723°K X1t 116.1 +0.23 0.18

Fe? 328.6 +0.02

¢ Considering carbide phases only.

® Determined from X-ray line broadening of spent catalyst. No passivation was necessary since the

carbide phases are stable in air at room temperature.

wafer at 100 ce/min for 6 hr. The catalyst
was quenched from reaction conditions in
200 cc/min He. Figure 1 compares the
room temperature Mossbauer spectra of
the used catalysts as a function of average
metal particle size; Table 1 summarizes
corresponding spectral parameters along
with particle size and dispersion (percentage
exposed) data obtained from X-ray line
broadening. In all cases, the average
magnetic hyperfine field is substantially
less than that of metallic iron (shown by
the small peaks at ca. &5 mm/sec in Fig.
le) indicating the formation of Fe-C
bonds characteristic of iron earbides.

For the smallest particles, Fig. 1a, most
of the spectral area is in the form of a
central asymmetric doublet attributed to
unreduced ferrous ions. The absolute area
under these peaks remained constant
relative to that of the reduced samples;
hence the reaction conditions do not
enhance overall reduction of the catalyst.
The computer fit hyperfine field (H) value
near 172 kQOe agrees within experimental
error with the wvalue of 170 kOe which
previous workers (20, 21) estimate that
hexagonal close-packed ¢ carbide (Fe; .C)

should have. In addition, a Mossbauer
spectrum of ¢ carbide has recenfly been
reported by Amelse ef al. (13) for a used
5 wt9%, Fe on silica catalyst. Their magnetic
field value equal to 173 kOe and isomer
shift (IS) of +40.25 mm/sec relative to
a-iron agree quite well with the H and IS
values for this catalyst. Further evidence
supporting the assignment to € carbide
was obtained with an estimation of the
Curie temperature, 7., of the ferromagnetic
phase through temperature-dependent mea-
surement of the internal magnetic field
with Maéssbauer spectroscopy. Table 2
summarizes literature data on bulk carbides
and illustrates that, in principle, measure-
ment of 7. can aid phase identification
since the 7. differences between carbide
phases are significant. For the 10Fe/SiO,
catalyst corresponding to Fig. 1la, a
definite, though reduced in splitting and
intensity, hyperfine six-line pattern existed
at 673°K. Thus this carbide phase can
only be €. Attempts to determine an exact
T. failed because in the range 673-733°K
the carbide decomposed to a combination
of more stable carbides plus metallic iron.
It should be noted that for other catalysts
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TABLE 2
Bulk Iron Carbide Data

Carbide phase Structure T, H 18 Ref.
(°K) (kOe) (mm/sec)
¢'-Fes..C Hexagonal close- ~720 173 + 1 +0.25 £ 0.01 (18, 10)
packed
eFe,C Transition from hep 650 I 170 £ 3 4+0.20 x 0.05 (20)
to monoclinice 11 237 +£ 3 +0.35
111 130 + 6 +0.30
x-Fe;C. (Higg) Monoclinic 525 I 184 + 3 +0.30 + 0.04 (22)
II 222 + 3 +0.35 + 0.04
II1 110 £ 6 +0.30 £ 0.08
8-Fe;C Orthorhombic 480 I 208 £ 7 +0.29 + 0.02 (22)
118

s Relative to a-Fe.
¢ T and II have fields degenerate within 45 kQe.

with average metal particle size less than
the 6-nm value for this catalyst, identical
carbiding behavior was observed.

For a catalyst with somewhat larger
average metal particle size (Fig. 1b the
nature of the carbide phase is noticeably
different. Small shoulders on the large
outer peaks indicate that more than one
type of magnetic iron exists. Since no
carbide phases have only two iron sites, a
computer fit with three overlapping sets of
six lines was employed. Within each six-line
set peak dips were constrained 3:2:1 and
linewidths were constrained to be equal
for companion peaks, i.e., peak 1 and peak
6, 2, and 5, and 3 and 4. The three resultant
values for H of 172.6, 243.0, and 134.0
kOe, respectively, agree well with the
literature values for e carbide, which has a
structure intermediate between hep ¢ and
monoclinic x carbide. The relative area
ratios for the three sites reveal, however,
that the spectral component corresponding
to the Fej site is too intense compared to
the theoretical ratio of Fer:Ferr:Femn
=4:1.6:1.0, based on the known popu-
lations of the individual erystallographic
sites in the e carbide bulk lattice. This
quantitative anomaly can be rationalized
if the spectrum represents a combination

of ¢ and e phases. Comparison of the local
magnetic structures of €, ¢, and x carbides
shows that the e phase contains elements
of the other two. The most occupied
magnetic site, Fer, in e carbide is in fact
the only position expected in ¢ carbide.
The two new positions Ferr and Fey, also
characteristic of the x phase, arise from
the rearrangement of iron and carbon
atoms during the ¢ — e transition. For the
catalyst in question, the Mdssbauer spec-
trum shows (assuming equal recoil-free
fractions) that the iron is two-thirds ¢
carbide with the balance in the form of e
carbide. An X-ray diffraction scan detected
only the three major reflections of e
carbide. A Mdossbauer effect Curie tem-
perature measurement, however, confirmed
the presence of ¢ carbide. Thus, it appears
that the coexistence of the two phases is
a result of an iron particle size distribution,
with smaller particles (too small to be
detected by XRD) favoring formation of
¢ carbide and larger particles favoring the
e phase. The stability of these phases after
very long reaction times has not yet been
investigated.

As shown by Fig. le, further differences
in carbide formation are observed when
the average particle size of the reduced
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Fic. 2. Mossbauer spectra for partially carbided
and partially rehydrogenated 10Fe/8iO. (a) 3.3
H,/CO 5 hr at 523°K, spectrum recorded in He at
room temperature. (b) 3.3 H:/CO 6 hr at 523°K,
partially hydrogenated in H, 10 hr at 523°K,
spectrum recorded in He at room temperature.

metal is even larger. Again, more than
one magnetic field exists and consequently
three overlapping sets of six-line com-
ponents, in addition to one set for residual
iron, were used to computer fit this spec-
trum. The residual metallic iron peaks
reveal that carbiding is incomplete even
after 6 hr of reaction. This effect of particle
size on rate of carbiding will be discussed
in more detail later. For this catalyst the
computer-fit hyperfine field values of 181,
216, and 116 kOe for the carbide sites are
close to those for bulk x carbide, the
monoelinic interstitial alloy of composition
Fe;C,. The Curie temperature for all three
sites of ~505°I, measured by the Moss-
bauer effect, confirms assignment to the x
phase. This assignment is not completely
unambiguous, however, since the asym-
metry in the outer peak pairs reveals that
the relative spectral areas of the three sites
is not equal to the theoretical ratio of

RAUPP AND DELGASS

Fer: Ferr: Ferr = 2:2: 1, based on the occu-
pation ratio for the three nonequivalent
crystallographic locations in yx carbide.
Unlike the case for Fig. 1b, this difference
cannot be rationalized in terms of co-
existence of more than one carbide phase
since computer fitting indicated that use
of more than three magnetic carbide
components was not warranted.

Figure 2 illustrates further the varia-
bility of the Fer: Ferr ratio on the x carbide.
When the fully carbided catalyst of Fig. 1c
was partially hydrogenated in 100 cc/min
hydrogen at 523°K for 10 hr, it yielded
spectrum b (Fig. 2). Spectrum a (Fig. 2)
is for an incompletely carbided catalyst
with approximately the same fraction of
metallic iron as in b (Fig. 2). The respective
spectral parameters, summarized in Table
3, show that the magnitudes of the hyper-
fine fields are quite comparable, but a
significant difference exists in the relative
intensities of the xr and x1 sites depending
on the treatment. These differences are
particularly obvious in peak intensities
for the outer lines of sites I and II. Changes
in the hyperfine field (23, 24) and recoil-
free fraction (25, 26) for surface atoms,
nonstoichiometry of the carbide phase, or
new transition carbide structures (20),
could all account for these results.

It should also be noted that some diffi-
culty was encountered in fitting the central
portion of the carbided spectrum when the
intensities of the individual sets of mag-
netically split lines were constrained 3:2:1.
Two unconstrained peaks added in the final
computer fit have near-equal areas. They
are taken as a quadrupole-split doublet
and assigned to a paramagnetic Iiron
carbide phase on the basis of the isomer
shift of +0.25 mm/sec and AFq in the
range 0.8-0.9 mm/sec (27). Thus small par-
ticle superparamagnetic relaxation effects
may be important in considering the rela-
tive spectral areas of the different magnetic
sites. Mossbauer spectra of bulk x carbide
as a function of temperature, reported by
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TABLE 3
Spectral Parameters for Partially Carbided vs Partially Rehydrogenated 10Fe/SiO, (Fig. 2)

Treatment Magnetic site H (kOe) Rel. area IS (mm/sec)

(a) 3.3 Hy/CO 523°K 5 hr x-Carbide 1 179.5 0.63 +0.24
II 215.1 0.26 +0.30
III 108.5 0.11 +0.38

Fe? 330.4 — +0.006
(b) 3.3 H,/CO 523°K 6 hr x-Carbide I 183.5 0.50 +-0.21
followed by H, §23°K I 216.5 0.36 +0.30
10 hr 111 113.0 0.14 +0.36

Fel 330.7 — —0.005

« Fe?, free basis.

Maksimov et al. (28), show that the
intensity ratios of the outer hyperfine
structure lines for Fe; and Ferr change,
with Fe; intensity becoming relatively
stronger as the Curie temperature is
approached.

In summary, we have shown that small
iron particles on silica favor formation of
¢ and e carbide, while larger particles
carbide to the x form during Fischer-
Tropsch synthesis at 523°K. These results
are interesting in light of the fact that
unsupported fused iron catalysts typically
form x carbide at these conditions (10-12,
29). Thus, small iron particles favor forma-
tion of normally unstable carbides. Not
until particle size is increased to around 10
nm does iron approach the behavior of
bulk iron catalysts. Dubois and LeCaer
(80) have shown that several percent of
silicon stabilizes e carbide in bulk iron,
and hence we might expect that silica may
have an effect on small iron particles.

Additional complexity of the ecarbide
formation is apparent from comparison
of our results to those of Amelse et al. for
4,949, Fe on Davison silica gel (13). The
high degree of reduction, relatively small
amount of oxidation on exposure to air,
appearance of magnetically split a-Fe,Oq
in the Mossbauer spectra of oxidized
samples, and X-ray line broadening mea-
surements of 16 nm for the o-FesOs
particle size all point to large particles of

iron. Yet, when carbided, these particles
form the ¢ phase, some of which is super-
paramagnetic. We can rationalize these
results only by assuming that each iron
metal particle forms several small, separate
grains of carbide. It is interesting to note
that the metal particle size is of the order
of the pore size of the silica and that strain
may play a role in the observed phe-
nomena (31).

Effect of Catalyst Support

A 10Fe/MgO precursor was reduced in
hydrogen and subsequently treated with
3.3 H;/CO synthesis gas at 523°K for 6 hr
and quenched in He. The Mossbauer
spectra of the catalyst precursor, the
reduced catalyst, and the carbided cata-
lysts are shown in Fig. 3. The results of
the computer analysis are given in Table 4.
The spectrum of the precursor reveals that
iron is present as Fe*+ (18, 32). Upon
reduction (Fig. 3b) two forms of iron are
present; one phase is metallic iron corre-
sponding to the magnetically split com-
ponent, and the other phase is an irre-
ducible Fe?* phase represented by the
central doublet. To obtain a meaningful fit
of the data, the position of the hidden
inner peak of the magnetic iron was
constrained on the basis of the positions
of the visible peaks. The dip and width of
this peak were also constrained to be equal
to the dip and width of the third peak
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TABLE 4
Spectral Parameters for 10Fe/MgO (Fig. 3)

Parameters (a) (b) (e)
Precursor Reduced Carbided
Magnetic phase — Fe? 330.5 Fer 179.3
H (kOe) Feu 2153
Feu[ 113.7
IS (mm/sec) — —0.003 Fe; +0.24
Feu +030
Fem +029
Unreduced phase Fest Fert Fez*
IS (mm/sec) +0.34 +1.02 +1.03
AEq (mm/sec) 0.69 0.70 0.74
Fractional magnetic area — 0.49 0.50
Fraction of iron in metallic state* 0.0 0.49 0.0

@ Assuming recoil-free fractions of the metal and the oxide are equal.

from the left. This resulted in values of
dip and width of the ferrous doublet that
were nearly equal. Therefore, in the final
fit, equality of dips and widths for these
peaks was assumed. Qualitatively, our
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Fia. 3. Maossbauer spectra of 10Fe/MgO. (a)
Catalyst precursor recorded #n vacuo at room
temperature; (b) reduced in H; 12 hr 723°K,
recorded in H; at room temperature; {(c) carbided
catalyst after 3.3 Hy/CO 6 hr at 523°K, recorded
in He at room temperature. Stick diagrams represent
x carbide.

spectrum is in good agreement with spectra
of similar catalysts with different loadings,
ie, 8 and 169, Fe/MgO, investigated by
Boudart et al. (18). Comparison of the
results of Shirane et al. (33) for various
(Fe, Mg)O systems, prepared by heating
Fe, Fey,O3 and MgO in evacuated silica
tubes at high temperature, with our data
for the Fe** doublet leads to assignment
of this component to Fe*t in the MgO
matrix.

No metallic iron or iron oxide peaks
were evident in the X-ray diffraction
pattern of the reduced and passivated
sample, confirming that the iron consists of
small particles of metal <~4 nm in
average diameter.

Figure 3¢ shows that the spectrum of
the used 10Fe/MgO catalyst is markedly
different from the spectrum of the corre-
sponding reduced catalyst. The computer
fit is quite similar to that for the largest
particle size 10Fe/SiO. sample discussed
previously, except for the added complica-
tion of the quadrupole split doublet.
Specifically, three iron magnetic sites are
identified with hyperfine fields nearest
those for x carbide, but with an uncharacter-
istic site population ratio of Fer: Ferr: Ferry
= 4.5:2.0:1.0. As before, an additional
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constrained central doublet is assigned to
a paramagnetic carbide phase on the basis
of its isomer shift of +0.28 mm/sec. The
discussion of the variability of Fej:Feir
ratio presented earlier for the carbided
10Fe/Si0; catalyst also applies to this
data.

The carbide assignment to the x phase
means that no carbide stabilization of the
kind for small particles of iron on silica
occurs for these samples of iron on magnesia.
Results on 10Fe/8i0; suggest that smaller
iron particles carbide at a faster rate than
larger particles. The possibility that ob-
served spectral differences between 10Fe/
SiO; and 10Fe/MgO are a result of “re-
duced time” (reaction time normalized for
carbidization rate) differences is ruled out
in time-dependent studies presented below.
Thus, carbide stabilization on silica must
be due primarily to support interaction.
Boudart and co-workers (18) and Topsge
et al. (34) conclude that magnesium oxide
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Fia, 4. Mdssbauer spectra of 5Fe5Ni/SiO,. (a)
Before reaction: reduced in H, 8 hr at 723°K,
recorded in He at room temperature; (b) after
reaction: 3.3 Hy/CO 6 hr 523°K, recorded in He at
room temperature.
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TABLE 5
Spectral Parameters for 5Fe5Ni/Si0Q, (Fig. 4)

Parameter (a) (b)
Reduced After
reaction

FeNi alloy isomer shift

(mm/sec) +0.040 +0.033
FeNi alloy linewidth T'y

(mm/sec) 1.43 0.957
Fe?* isomer shift (mm /sec) +1.30 +1.38

Quadrupole split AEq

(mm /sec) 1.04 1.13
Percentage FeNi alloy® 65% 63%

¢ Assuming equal recoil-free fractions of the alloy
and the oxide.

and iron interact in a manner essential for
the ultimate production and stabilization
of small metallic particles. Thus, the mere
fact that interaction exists between iron
metal and the support does not guarantee
that a corresponding carbide-stabilizing
support interaction also exists.

Effect of Alloying

Synergistic enhancement of activity and
selectivity, in addition to increased re-
sistance to poisoning, possible when bi-
metallic clusters can be formed on a
support (35), suggest supported alloys as
candidates for Fischer-Tropsch synthesis
catalysts. Furthermore, one might expect
that alloying iron with other Group VIII
metals active for Fischer-Tropsch syn-
thesis, such as Co, Ni, or Ru, will change
the nature of iron carbide formation during
reaction. Nickel and cobalt are known to
form unstable carbide phases under certain
conditions (12, 36); no bulk ruthenium
carbide has been documented. In this
section we present investigation of the
effect of alloying nickel with iron to de-
stabilize carbide formation during reaction.

A reduced 5Fe5Ni/SiO; catalyst was
subjected to reaction conditions identical
to those for the 10Fe/SiO; and 10Fe/MgO



356

1004 T T 7~ T 1%
OO R B erNj,-
. . ~, .
99 + A . .~ .
o . » 3 . . .
Hogs+ L, .
= e v ‘ "
= M
2 97+ " e ‘
T L]
B 100 s, S
= “
w99 + b
B_:) '.',\' s
w - - S
98 + -~ .
R
97_- ; y‘.- ) .-.Q
.'4.
It L L B e B By e s e e e
-6.0 0.0 7.0

VELOCITY IN MM/SEC

Fia. 5. Méssbauer spectra of phase-separated
5Fe5Ni/Si0,. (a) Before reaction: reduced in H,; 8
hr at 723°K, recorded in He at room temperature;
(b) after reaction: 3.3 H,/CO 6 hr at 523°K,
recorded in He at room temperature.

catalysts and a room temperature Moss-
bauer spectrum recorded following reaction.
The spectra of the catalyst before and after
reaction are shown in Figs. 4a and b,
respectively. The reduced catalyst consists
of iron in two chemical states: a small
particle FeNi alloy phase corresponding to
the very broad central peak with line-shape
characteristic of ferromagnetic particles
undergoing superparamagnetic relaxation,
and an unreduced ferrous phase indicated
by the high velocity shoulder which is the
right half of a quadrupole split doublet (16).

The spectrum of the used catalyst is
qualitatively identical to that for the
reduced catalyst. Furthermore, the isomer
shift of the paramagnetic FeNi alloy peak
has not changed within the limits of
experimental error (Table 5). We must
conclude, therefore, that no bulk FeNi
carbide or Fe carbide forms during reaction.
The shape of the alloy peak changes
noticeably after reaction, however. The
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peak linewidth narrows from 1.4 to about
1.0 mm/sec indicating an apparent change
in the time constant for superparamagnetic
relaxation. Since both spectra were recorded
at room temperature, the changes in the
alloy peak must be attributed to a decrease
in particle size, shift in particle size distri-
bution to lower values, and/or an increase
in anisotropy energy barrier. The decrease
in linewidth is reversible, as shown by a
Mossbauer spectrum following a treatment
of the spent catalyst in flowing hydrogen
at 723°K for 6 hr. Thus, changes due to
“redispersion,” i.e., particle size decrease
accompanying reaction, are unlikely. Re-
action conditions, therefore, appear to have
increased the anisotropy energy constant.
For small (ca. <6 nm) metallic particles,
superparamagnetic relaxation may be con-
trolled by surface anisotropy (19) which

100 A
90 + a

80 T

100 A
95 + b

100 o
95 1+

a0 4
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Fic. 6. Reaction time-dependent Maossbauer
spectra of 10Fe/Si0O,: (a) { = 0, (b) ¢t = 40 min,
(c) t = 180 min, (d) ¢{ = 360 min. Reaction condi-
tions: 3.3 H,/CO, 100 cec/min, 523°K. All spectra
recorded in He at room temperature.
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can, in turn, be modified by surface
reconstruction caused by the reaction gas
(37). In this case we know only that the
particle size is less than d., about 10 nm
for FeNi (38), but we suggest that the
observed line narrowing could be a result
of surface reconstruction, perhaps due to
formation of a surface carbide or graphitic
overlayer. Both carbide and graphite
surface layers have been seen on Ni single
crystals (39).

In order to confirm the destabilization
of carbide formation in FeNi, we have
sought to sinter the particles to sizes
greater than the critical diameter (dg) so
that the ferromagnetic splitting at room
temperature could be used to aid phase
identification. Phase separation accom-
panying particle growth has frustrated all
such attempts (16). As shown in Fig. 5,
the phase separated 5Fe5Ni/Si0, did
carbide during reaction. Accurate computer
fits could not be obtained, but subtraction
of spectrum a from b (Fig. 5) suggests that
the iron-rich phase carbides while the
FeNi alloy phase does not.

Catalytically, the 5Fe5Ni/SiO; gave
product distributions similar to those of
Ni and turnover numbers, based on H.
adsorption, significantly higher than for
Ni (40).

Time Dependency of Carbide Formation

The results in the previous sections have
shown that a wide variety of iron carbides
can be formed on reduced iron catalysts
during Fischer—-Tropsch synthesis. In addi-
tion we conclude that in some cases several
carbide phases coexist on an individual
catalyst after reaction. These observations,
coupled with the knowledge that the
metastable Fe/Fe,C/C system can undergo
a variety of solid-phase reactions and
transformations, suggest that there may be
a time dependency of the carbide phases
formed during reaction. To demonstrate
this phenomenon, several supported iron
catalysts were quenched at intermediate
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Fie. 7. Reaction time-dependent Mdéssbauer
spectra of 10Fe/MgO: (a) ¢ = 0, (b) ¢ = 4 min, (c)
t = 40 min, (d) ¢ = 360 min. Reactions conditions:
3.3 Hy/CO, 100 cc/min, 523°K. All spectra recorded
in He at room temperature,

reaction times, and room temperature
Méssbauer spectra were recorded.

The time dependency of carbide forma-
tion during reaction for the large particle
10Fe/Si0, catalyst is represented by the
Mosshauer spectra in Fig. 6. The spectrum
at time zero shows that the iron is essen-
tially 1009, reduced before reaction. After
4 min of reaction there are no detectable
changes in the spectrum. Forty minutes of
reaction, however, is sufficient time to
cause noticeable spectral changes. Although
exact curve-fitting of the carbide peaks was
difficult due to the large spectral contri-
bution of residual iron, it appears that
the carbide phase present after 40 min
of reaction is not identical to the carbide
phase in the catalyst after the full 6-hr
reaction. There is a relatively large carbide
contribution with a hyperfine field near
240 kOe, which can only be due to the
e¢(II) carbide site. A computer analysis
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TABLE 6
Spectral Parameters for Initial Carbide Formed in 10Fe/SiO; and 10Fe/MgO

Parameter e-carbide 10Fe/Si0. 10Fe/MgO
Fe.C (20) lxn = 40 min {5y = 4 min
H (kOe) Fe; 170 £ 3 1724 173.6
Fenr 237 £ 3 241.2 239.0
Femr 130 +6 136.1 134.1
IS (mm/sec) Fer +0.20 + 0.05 +0.25 +0.26
Fern +0.35 &+ 0.05 +0.38 +0.36
Femn +0.30 + 0.05 +0.32 +0.33
Relative area; Fe? free basis Fe; 0.61 0.59 0.57
Ferr 0.24 0.28 0.29
FQIII 015 013 0,14:
H Fe° — 331.1 328.5
IS Fe® — +0.002 +40.007
Are,0/ (Ared + Are,c) Fraction carbided — 0.42 0.54
with four magnetic components, one for fore, that the different carbide phases

Fe® and three for the e carbide, gave an
excellent fit both statistically and in
agreement with theoretical values for the
¢ phase. Spectral parameters for Fig. 6b are
compared with literature values for e
carbide in Table 6. After 3 hr of reaction,
the iron was approximately 709, carbided
and no contribution of ¢(II) to the Moss-
bauer spectrum exists. Thus the data
indicate that initially an unstable carbide
is formed during reaction, and that over a
period of time a more stable carbide phase
is favored. This general behavior is also
followed by the 10Fe/MgO catalyst used
in this investigation, with one important
difference. Unlike the 10Fe/SiOs catalyst
which was virtually unchanged after 4 min
of reaction, the 10Fe/MgO catalyst was
significantly carbided over the same re-
action period. The Méssbauer spectra of
the 10Fe/MgO catalyst at various stages
of reaction are shown in Fig. 7. Again the
initial carbide formed is the e phase (see
Table 6), but within 40 min the x phase
is the main carbide contribution. Carbiding
was complete within 3 hr. It appears from
this data that small particles of Fe on SiO,
and on MgO have reached steady state
after 6 hr of reaction at 523°K and, there-

formed do indeed represent an influence
of the support.

Similar experiments were run with a 1:1
H,/CO synthesis gas mixture and reaction
temperature of 523°K. The carbide phases
formed were identical to those formed with
3.3:1 H,/CO, but the overall carbiding
rate was slightly faster with the equimolar
syn-gas mix.

Spectra taken at intermediate reaction
times for the intermediate particle size
10Fe/Si0; (Fig. 1b), which exhibited simul-
taneous presence of ¢ and e carbide, offer
further evidence that the carbide found in
the used catalyst may not be the same
carbide that was formed in the initial stages
of reaction. For this catalyst ¢ carbide
formed initially and was partially con-
verted to e carbide as the reaction pro-
ceeded. Both phases coexisted after
reaction times as long as 12 hr.

The observed differences in carbiding
rate between the 10Fe/Si0, and 10Fe/MgO
catalyst must be due to the significant
difference in their respective average metal
particles sizes. The strong coupling between
carbiding rate and Iischer—Tropsch re-
action rate is discussed in the next paper
in this series (17).
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CONCLUSIONS

Using Mossbauer spectroscopy we have
observed striking differences in the nature
of the iron carbide formed by Fischer—
Tropsch synthesis over supported iron
catalysts depending on metal particle size,
support, and alloying with Ni. These
results reiterate the importance of carbide
formation when considering the catalytic
behavior of iron. Changes in the electronic
character of the iron are reflected in the
large positive isomer shift values for iron
carbide phases. Furthermore, significant
structural rearrangement, generally to a
much closer packed lattice than bee a-Fe,
accompanies formation of iron—carbon
bonds. Structure transformation is easily
observed for the ¢ and x carbides since
these phases have three crystallographic
positions and hence three magnetically
split spectral components; however, the ¢
and ¢ phases also have structures quite
different from that for metallic iron. The
conclusions of this work can be summarized
as follows:

(1) The carbide phase formed by iron
on silica catalysts during Fischer—Tropsch
synthesis is dependent on the average
metal particle size; in general, smaller
iron particles favor less stable carbides.
Some evidence for support-interaction
exists.

(2) Alloys roughly equimolar in iron
and nickel do not form bulk carbides at
our synthesis reaction conditions.

(3) As expected, small iron particles
carbide at a significantly faster rate than
larger particles.

(4) The initial carbide phase formed in
small particles of iron on magnesia and
large particles of iron on silica is not the
same as the phase observed after long
reaction times.

(5) Carbide phases formed at 523°K do
not exhibit dependence on the composition
of synthesis gas in the range of H,/CO ratio
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of 3.3-1.0 though the carbiding rate is
slightly increased at low H,/CO ratio.
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