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In situ, Dynamic X-Ray Diffraction (DXRD) has been used to correlate changes in bulk catalyst
composition with Fischer-Tropsch activity over unsupported iron catalysts. It was found that the
specific iron carbide phase formed was a function of particle size and temperature, with &’-Fe, ,C
formed over x-Fe, C for smaller particle sizes and lower temperatures. While catalytic activity
initially increased with the increase in carbide formation, deactivation was observed to be coincident
with the ¢’ — x iron carbide transformation. This and subsequent hydrogen etching experiments
indicate that the carbon formed from this transformation may act as nucleation sites for subsequent
carbon deposition via the Boudouard reaction. All of the data obtained in this study are consistent
with the competition model of Fischer-Tropsch synthesis, but while the carbide model does not

appear to be a viable mechanism, the carbide itself may act as the catalyst.

INTRODUCTION

It is well known that the bulk phase of
iron catalysts is converted to carbides under
typical Fischer-Tropsch (FT) reaction con-
ditions. Arguably at least five different iron
carbides are known to exist during the FT
synthesis: ‘*O-carbides”’ (carbides with car-
bon atoms in octahedral interstices; e-Fe,C,
¢'-Fe,,C, and Fe,C) and ‘‘TP-carbides”
{(carbides with carbon atoms in trigonal pris-
matic interstices; x-Fe, ;C and Fe,C) (I, 2).
The formation and distribution of these
phases are sensitive functions of reaction
conditions, reaction time and the physio-
chemical state of the catalyst (supported or
unsupported, reduced or unreduced, etc.).
However, the specific role played by these
carbide phases during the synthesis has not
been clearly resolved. For example, the ob-
servation that iron carbide phases form si-
multaneously with the initial slow increase
in catalyst activity has brought about two
different models to account for this time-
dependent behavior. In the ‘‘carbide
model,”” iron is not active and the actual
catalytic activity occurs on active surface
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sites located on the bulk carbide phase
where the degree of bulk carburization con-
trols the active site density (3, 4). In situ
Mossbauer spectroscopy work by Raupp
and Delgass showing the almost linear rela-
tionship between the FT activity (3) and the
extent of the bulk carbide formation is good
evidence for the validity of the carbide
model. On the other hand, in the ‘‘competi-
tion model,”’ iron atoms on the surface are
taken to be the active sites and there is a
competition between the diffusion of carbon
into the bulk (to form carbide) and the hy-
drogenation of carbon to form hydrocarbons
(2, 5). Several experimental observations
(6-8) are consistent with the competition
model, including Niemantsverdriet et al.’s
observation that the maximum FT activity
was reached well before all iron had been
carbided (2).

Because of the sensitivity of the carbide
formation to the specific reaction conditions
(reaction temperature, gas composition, and
the particle size of initial iron), the different
observations made by Raupp and Delgass
(3) and Niemantsverdriet et al. (2) may be
attributed to the different experimental con-
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ditions employed by these authors. This
points to the necessity of simultaneously in-
vestigating the effect of reaction conditions
on both the carburization and FT activity.

It has also been reported that the compo-
sition of the iron carbide phases changes
during long FT synthesis periods, depending
on the stability of each carbide phase at the
reaction temperature (2, 9, 10). During this
period, catalysts typically experience a de-
crease in FT activity. Although it is probable
that there is a relation between the transfor-
mation of the carbide phases and deactiva-
tion, no attempt has been made to relate
these two phenomena. The recent proposal
of De Bokx and co-workers (/1/-13) that
carbon filaments grow by the decomposition
of the metastable carbide in both Ni and Fe
catalysts adds to the interest in investigating
the mechanism of the deactivation of FT
synthesis over iron catalysts. A simultane-
ous, in situ, reaction and solid phase charac-
terization technique is ideally suited to in-
vestigate questions of this nature.

Characterization techniques such as
Mossbauer spectroscopy (MES), X-ray dif-
fraction (XRD), and thermomagnetic analy-
sis have been used to study changes in the
bulk phase of iron catalysts. Even though
many results have been published using
MES, some of the quantitative MES data
are not reliable since the proportions of the
carbide phases which are determined by
MES are a function of the observation tem-
perature (/4). In fact, the most reliable data
are obtained at 4 K (/5).

Even with the criticism that XRD cannot
determine the structures of so-called
O-carbides (1), XRD can differentiate
O-carbides from TP-carbides (2), although
it must be kept in mind that XRD measure-
ments are only representative of bulk com-
positions. In fact, in situ XRD with a dy-
namic capability, dynamic X-ray diffraction
(DXRD) (16, 17), has demonstrated its ef-
fectiveness in both the quantitative and
qualitative characterization of the Kinetic
behavior of the reduction/oxidation of sup-
ported and unsupported iron catalysts (/8).
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In this study in situ DXRD was used to
investigate the kinetic behavior of the car-
burization of unsupported iron during FT
synthesis. In particular, the effect of several
variables (iron particle size, reaction tem-
perature, and gas composition) on the FT
activity and the rate of carburization was
examined. Data are also obtained on the
transformation of the carbide phases during
both FT synthesis and hydrogen etching,
and the results are interpreted in terms of
the mechanism of the deactivation.

EXPERIMENTAL
Materials

The catalyst was prepared by drying
Fe(NO;); - 9H,0 (Mallincrodt) in air at
383 K for 48 h followed by calcining in air
at 623 K for 24 h. BET area and the pore
volume were measured by N, adsorption
(Autosorb 6, Quantachrome) and are 20.3
m?/g and 0.110 cm?/g, respectively. Gases
used in this study were high purity grade
and were used after passing through a deoxo
unit and then a molecular sieve trap.

DXRD

The specific details of the DXRD equip-
ment have been given elsewhere (16-18),
but it consists of a Siemens D500 6-260 pow-
der diffractometer equipped with a flow-
through, Anton-Paar hot stage and a posi-
tion-sensitive detector capable of rapid
scanning (60 deg/min) at high resolution
(0.01 degrees). CoK« radiation and an iron
filter were used in all of the experiments
reported here. A thin (less than 0.3 mm)
sample of powdered catalyst (diameter of
about 10 um) of about 100 mg was placed
on a platinum strip which was electrically
heated. A type S thermocouple, attached to
the strip, serves as a temperature monitor
and is used to control the temperature or
heating program by means of Micristar
Model 828D controller. Tracer tests of the
hot stage reaction chamber indicate that it
behaves similarly to a perfect back-mixed
reactor. Gases from the reaction chamber
were analyzed by GC (Carl 111H equipped
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with a hydrogen transfer system and with
molecular sieve 13X and Porapak Q col-
umns) as well as continuously by two nondis-
persive infrared (NDIR) analyzers (CO, and
CH,, Beckman and Horiba, respectively).

Procedures

Two different reduction conditions were
employed to control the particle size of the
reduced iron; high-temperature reduction
(573 K, 2 h in H,) and low-temperature re-
duction (543 K, 4 h in H,). At the end of the
reduction, XRD scans were used to estimate
the particle size of iron by X-ray line broad-
ening analysis (XLBA). Average particle
sizes were calculated using Scherrer’s for-
mula with Warren’s correction (19). After
the XRD scan, the sample temperature was
adjusted to the desired reaction temperature
in flowing hydrogen, followed by a change
to the FT synthesis gas mixture, once the
desired temperature was reached (typically,
in 20 s). The gas mixture was supplied at a
high flow rate (500 ml-min) for 1 min to
enhance the initial mixing inside the cham-
ber and then adjusted to about 100 ml/min.
Reaction runs were carried out at atmo-
spheric pressure and at three different tem-
peratures (503, 523, and 543 K). In most of
the runs, a 3.2 H,—CO gas mixture was used.
Selective experiments were also conducted
with H,~CO mixtures of 0.84 and 7.0.
DXRD scans were performed at appropriate
time intervals during the run, and quantita-
tive analysis of the DXRD data was accom-
plished by using the ‘‘External Standard
Method™’ (20) to determine the weight frac-
tions of each phase (iron and carbide). After
a particular reaction period (0.33 to 20 h),
pure hydrogen gas was supplied at a flow
rate of about 200 ml/min, and the tempera-
ture was raised to 623 K in 30 s. During this
phase of the experiment, hydrogen etching
of the catalyst took place and was monitored
using both DXRD and gas analyses. A dif-
ferential packed bed reactor was also used
with the same procedure to compare the
activity behavior of the DXRD runs.

Reduced samples were also subjected to
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CO chemisorption measurements using a
pulse technique at 77.7 K. The total adsorp-
tion (chemisorption and physical adsorp-
tion) of CO was corrected for the quantity
due to physical adsorption by measuring the
amount of desorbed CO when the sample
temperature was raised to 195 K. The differ-
ence between the two gives the chemisorbed
amount of CO. Reduced iron surface areas
determined by CO chemisorption (area oc-
cupied by a CO molecule on an Fe sur-
face = 12 A) were 29.8 and 54.9 m*/g for the
iron reduced at 573 K and for that reduced at
543 K, respectively.

RESULTS AND DISCUSSIONS

The catalyst was scanned by XRD after
the calcination step and was found to be
in the form of a-Fe,0; (hematite) with an
average particle size estimated to be 22 nm
from XLLBA. The reduction condition influ-
ences the size of the reduced iron particles
due to sintering during the reduction (21).
The reduction of the unsupported hematite
at two different temperatures resulted in dif-
ferent particle sizes. The averages sizes of
iron from the high-temperature reduction
(573 K) and the low-temperature reduction
(543 K) were estimated by XLBA to be 30
nm and 16 nm, respectively. The decrease in
particle size from 22 nm to 16 nm as hematite
was reduced to iron at 543 K is not surprising
since the oxygen atoms removed from the
oxide lattice create microporosity during the
reduction process (21). Iron particle sizes
calculated from the CO chemisorption mea-
surement (assuming spherical particles) also
yielded comparable values of 26 nm and 14
nm after high- and low-temperature reduc-
tion, respectively.

Carbide Formation

Figure 1 shows a typical DXRD spectra
demonstrating the conversion of iron to car-
bides during the Fischer-Tropsch reaction;
in this case for the catalyst reduced at the
lower temperature. Zero time corresponds
to the point when the 3.2H,/CO gas mixture
was introduced into the hot stage chamber.



DXRD STUDY OF IRON FT CATALYST

657

X ——— X—FeysC
€ ——— €—Fe,,C

Fi16. 1. DXRD carburization data for iron reduced at 543 K (16-nm iron particles, 7 = 523 K,

H,/CO = 3.2).

The carbide phases formed in this case were
mostly &'-Fe, ,C with only minor quantities
of x-Fe, ;C and its XRD spectra is shown in
Fig. 2b below. Four types of carbides have
been reported to form during FT synthesis
over unsupported iron at the temperatures
used in this study: e-Fe,C, ¢'-Fe, ,C, Fe,C,
and x-Fe, ;C (1, 2). However, the interpreta-
tion of the MES spectra of ¢'-Fe,,C and
¢e-Fe,C needs very careful evaluation in or-
der to obtain quantitative significance (22).
In addition, the existence of &-Fe,C and
Fe,C are also in question (/). While the
XRD pattern of x-Fe, sC has been well es-
tablished (23, 24), there seems to be very
little difference in the diffraction patterns
between e-Fe,C and &’-Fe,,C. This is not
too surprising since they have the same
structure and very small differences in their
stoichiometry. In fact, the XRD pattern of
e-Fe,C reported by Barton and Gale (25)
was later corrected to be that of ¢'-Fe, ,C
by Niemantsverdriet ez al. (2). Because it is

not possible to distinguish between e-Fe,C
and ¢'-Fe, ,C by XRD, we chose to follow
the assignment made by Niemantsverdriet
et al. (2) and thus we have designated this
carbide phase as ¢'-Fe,,C. Figure 2 shows
DXRD spectra which were measured during
exposure of the two catalysts to different
temperatures. The XRD spectra corre-
sponding to the &’ and x carbide phases are
shown in Fig. 2a. These spectra were ob-
tained when the catalyst with the smaller
iron particles was exposed to synthesis gas
at 503 K (solid spectra) and subsequently
heated to 623 K in synthesis gas (dashed
spectra). They are in excellent agreement
with the reported spectra for ¢’-Fe,,C (2,
25) and x-Fe, sC (23, 24), respectively.
Because, in this case the major peaks of
iron 20 = 52.29), ¢'-carbide (260 = 50.34),
and y-carbide (20 = 50.89, 51.72) are so
close to one another it was impossible to
quantify the composition by integrating the
intensities. Instead, maximum peak intensi-
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EXPERIMENTAL
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F16. 2. XRD peaks of carbides formed from reduced iron (H,/CO = 3.2);(a) &’-Fe, ,C (carbide formed
at 503 K from 16-nm iron particles) and x-Fe, ;C (carbide formed by heating &'-Fe, ,C to 623 K); (b)
carbide formed at 523 K from 16-nm iron particles; (c) carbide formed at 523 K from 30-nm iron particles
(solid spectra) and digitally combined spectra of 30% &'-Fe,,C and 70% x-Fe, sC (dashed spectra).

ties of iron with correction for the overlap-
ping carbide intensities were used. The use
of the maximum intensity instead of the inte-
grated intensity is justified by the linear rela-
tion between them, as shown in Fig. 3,

which shows the maximum intensity of iron
plotted versus the corresponding integrated
intensity during the reduction of Fe;O, to
Fe. Because of this correlation, the values
calculated for carbide fractions (which are
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Fi1G. 3. Comparison of maximum peak intensity of
iron and integrated intensity of iron during the reduc-
tion of iron oxide (T = 573 K in H,).

based on the Fe peak measurements) are
considered to be quantitative. However the
data related to the specific carbide phases
(for example, in Fig. 7) are only semiquanti-
tative but are only intended to illustrate
changes in composition.

Using this method, the degree of total car-
burization of iron at three different tempera-
tures and two particle sizes are shown in
Fig. 4. As expected, the smaller iron parti-
cles (16 nm) converted to carbides faster
than the larger ones (30 nm). Similar obser-
vations were made by Raupp and Delgass
(9) on supported iron catalysts. It can also
be seen in Fig. 4 that, at higher reaction
temperatures, higher carburization rates are
observed, and there is a diminished effect
of particle size.

During the course of this study, it was
also found that the type and composition
of the carbide phases which formed after
complete carbide formation were a function
of both iron particle size and reaction tem-
perature (Fig. 2). The effect of temperature
is clearly evident in Fig. 2a, where the ¢'-
carbide formed at 503 K is seen to transform
to the y-carbide when the temperature is
raised to 623 K. In addition, the XRD spec-
tra in Fig. 2b shows the appearance of small
quantities of x-carbide mixed with g’-car-
bide when the catalyst is exposed to synthe-
sis gas at a slightly higher temperature of
523 K. The effect of particle size can be seen
in comparing Figs. 2b and c. At this point in
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the experimental run, the DXRD data
clearly showed the disappearance of ele-
mental iron in both cases and the spectra in
Fig. 2¢ correspond to a mixture of approxi-
mately 30% &'-carbide and 70% x-carbide.
The latter was arrived at by digitally com-
bining 30% and 70% of the XRD spectra
shown in Fig. 2a for the ¢'-carbide and
x-carbide, respectively. As can be seen, this
combination (dashed spectra) provides a
good match to the observed experimental
data (solid spectra). It is evident, therefore,
that x-Fe, ;C is more stable when &'-Fe, ,C
and that x-Fe, sC is preferentially formed on
larger particles. Similar conclusions relative
to the effect of particle size were reached
by Raupp and Delgass for supported iron
catalysts. Using MES, they found that small
iron particles (6.1-7.4 nm) supported on sil-
ica favored the formation &'-Fe,,C, while
larger particles (10.1 nm) formed x-Fe, ;C
at 523 K (9). Although there has been no
previous reported work on the effect of par-
ticle size on carbide formation on unsup-
ported iron catalysts, Niemandtsverdriet et
al. found that unsupported iron (30-nm par-
ticles) formed a mixture of &¢'-Fe,,C and
x-Fe, sC at 513 K. They also suggested that
the nature of the catalyst (promoted or sup-
ported) is critical to the process which deter-
mines the type of carbide formed (2). How-
ever, it was found in this study that, as with
supported iron catalysts, iron particle size
alone can also determine the specific carbide
phase which is formed on unsupported iron.
That is, the smaller iron particles (16 nm)
formed pure ¢'-Fe, ,C, while the same un-
supported iron with a larger particle size (30
nm) formed a mixture of &€’ and x-carbide at
503 K. It should be pointed out that after
complete carburization, &'-Fe,,C continu-
ously transformed to x-Fe, ;C, also indicat-
ing the instability of &'-carbide.

Figure 5 shows the effect of the synthesis
gas mixture ratio on the total carburization
rate of the 30-nm iron particles. As can be
seen, iron particles carburized at a much
slower rate when the ratio of H,/CO was
higher. However, when the ratio of H,/CO
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FiG. 4. Carburization rates of iron; (a) at 503 K, (b) at 523 K, and (c) at 543 K (H,/CO = 3.2).

was less than 3.2, its effect on the carbide
formation rate was slight.

FT Synthesis Activity

Several runs of FT synthesis were carried
out in a differential packed bed reactor to
demonstrate that the bulk characterization

of the catalysts during in situ DXRD is rep-
resentative of the actual behavior. There
was very good agreement in terms of the
magnitude and time dependency of the reac-
tion rate measured in the DXRD chamber
with that measured in the packed bed reac-
tor. Since the conversions were typically
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Fi1G. 5. Effect of gas composition on carburization
rates (30-nm iron, T = 523 K).

about 1% or less, the DXRD reaction cham-
ber can be regarded as a differential reactor
in which heat and mass transfer effects are
very small. Because of the low conversion,
only hydrocarbons up to C; were produced
in a measurable quantity by GC. Typical
product distributions were: C,/C; = 0.72,
C,/C, = 0.09, C5/C, = 1.2, and C5/C; =
0.43. However, in order to relate the cata-
lyst activity to changes in the bulk catalyst,
only the methane formation rate was used
as a measure of the catalyst activity.
Typical changes in the FT activity over
the reduced iron, as measured in the DXRD
chamber, are shown in Fig. 6 for both iron
particle sizes. Consistent with previous ob-
servations, the iron catalysts exhibited a
gradual increase in activity to a maximum
followed by a gradual loss in activity. As
can be seen, both the activation and the
deactivation are strong functions of the re-
action temperature, but only slightly depen-
dent on particle size. The data in Figs. 4 and
6 are combined in Fig. 7, in this case for
the small iron particles (16 nm), in order to
demonstrate that the bulk iron phase was
converted to carbides during the activation
period at all of the temperatures tested. It
should be pointed out that the XRD peak
intensities in Fig. 7 are for &'-Fe, ,C, since
most of the carbide phase formed from the
smaller iron particles was &'-Fe, ,C and was
found to be directly proportional to the de-
gree of total carbide formation. At the time
when the intensity of &'-Fe,,C reached a
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maximum, iron particles were shown to be
completely carburized from the time re-
solved DXRD spectra. As can be seen in
Fig. 7, the activity increase and the change
in the degree of bulk carburization are al-
most linearly related up to the point of com-
plete carburization for the small particles at
all three temperatures. These results for the
small particles are consistent with both the
carbide (3) and the competition model (5).
However, for the larger iron particles (30
nm in size), the catalyst began to deactivate
before complete carburization at all three
temperatures. For example, catalytic activ-
ity reached a maximum at about 90% of
complete carburization for the large iron
particles at 523 K, whereas there was a di-
rect correlation of activity with carburiza-
tion for the 16 nm iron particle (compare
Fig. 7b and Fig. 8b below). These results
suggest that the discrepancy between cata-
lyst activity and degree of carbide formation
observed by Raupp and Delgass (3) and by
Niemantsverdriet ef al. (2) is due to the dif-
ferences in the size of their iron particles.
Raupp and Delgass, using iron supported on
silica or magnesia, reported particle sizes
between 6 and 17 nm, while the unsupported
iron tested by Niemantsverdriet er al. had
particle sizes of about 30 nm. It should be
pointed out that these results alone cannot
refute the carbide model, since the bulk
XRD measurements may not reflect the
composition at the surface. For example, if
the particles are sufficiently large, the rate
of carburization in the particle interior will
become carbon-diffusion limited and the dif-
fusion rate may not be sufficient to support
formation of the &’-carbide phase in the
bulk. Nevertheless, these results are consis-
tent with the competition model and, as dis-
cussed below, the competition model is also
supported by the effect of CO pressure.
The results in Fig. 8, which show changes
in activity and the degree of carburization in
different gas atmospheres, can be explained
very well by the competition model. Recall
that, in the competition model, the forma-
tion of surface carbidic carbons is postu-
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F1G. 6. Rate of CH, formation during FT synthesis as a function of time; (a) 16-nm iron particles, (b)

30-nm iron particles (Hy/CO = 3.2).

lated to be the common precursor for both
diffusion of carbon into the bulk iron and for
hydrocarbon formation. As can be seen in
Fig. 8, carbides form at a slower rate as the
H,/CO ratio increases, which is expected
because of the lower partial pressure of CO.
Moreover, because of the higher partial
pressures of H,, more hydrogen competes
for the carbidic carbon, resulting in a lower
carburization rate. As the ratio of H,/CO
decreases, more surface carbon forms ini-
tially on the surface (less competition)
which is then available for diffusion into the
bulk, leading to higher carburization rates
. (Fig. 8b). In the case of very low H,/CO,
* too much surface carbon forms in the early
stage of reaction leading to early deactiva-
tion by forming inactive surface carbons
(Fig. 8c). The latter conclusion is based on

the observation that the rate of deactivation
was highest at the lowest H,/CO ratio, but
the carburization rate was almost the same
(Fig. 5). This also suggests that the rate de-
termining step for carburization may be the
reaction of carbon with the bulk iron.
Even though the observations -in this
study, together with those of previous stud-
ies (2, 6-8) are consistent with the competi-
tion model, the model has one controversial
point; i.e., whether iron atoms or surface
carbides. are the active sites. Although sur-
face iron atoms are not likely to exist once
the iron is completely carbided, iron carbide
still exhibited FT activity. Even though the
carbide forms from the surface during the
carburization (26), it is still possible that the
surface carbide regenerates iron by reacting
with hydrogen gas to form CH,. However,
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FiG. 7. Effect of temperature on degree of carburization and activity change during FT reaction; (a) at
503 K, (b) at 523 K, (c) at 543 K, (H,/CO = 3.2, 16-nm iron particles).

an in situ IR study of CO adsorption on a
spent Fe/Al, O, catalyst failed to show CO
adsorption bands, which are characteristic
of CO associated with iron in the metallic
state (27). In another study, preoxidized

iron foils were observed to have a high FT
activity (28) and this was taken to be sup-
porting evidence for the validity of the com-
petition model; i.e., by assuming the freshly
reduced iron on the oxide surface is active
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Fi1G. 8. Effect of synthesis gas composition on degree of carburization and activity change during FT
reaction; (a) Hy/CO = 7.0, (b) Hy/CO = 3.2, (¢) Hy/CO = 0.84 (T = 523 K, 30-nm iron particles).

(5, 28). However, it is also possible that
freshly reduced iron can form carbides rap-
idly. In fact, unreduced a-Fe,0O, has been
tested as a catalyst in FT synthesis and had
high activities with bulk compositions of
Fe;0, and x-Fe,sC and in the absence of

iron (29-31). Previous workers are divided
in their opinion as to whether Fe;O, (29,
30), and/or iron or carbide is active (31). It
follows from the above argument that the
iron carbide phase cannot be ruled out as an
active species for FT synthesis.
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The importance of the specific carbidic
phase present on the catalyst may also be
important. For the small Fe particles, the
intensity of ¢'-Fe, ,C decreased after com-
plete carburization and was accompanied by
a decrease in the FT activity (Fig. 7). The
DXRD data also showed that the decrease of
the ¢’-Fe, ,C phase occurred simultaneously
with an increase of the x-Fe, sC phase, indi-
cating that an &’-carbide—yx-carbide transfor-
mation takes place. It should be also pointed
out that even the larger iron particles,
which initially form a mixture of ¢'-Fe,,C
and x-Fe,C, also underwent an ¢g'-
carbide—x-carbide transformation during
the deactivation period even though carburi-
zation was incomplete. The stability of iron
carbides is known to increase as carbon con-
centration decreases (/); that is

8"F€2.2C < X‘Fez_jc < 0'F€3C.

The rate of the &'-carbide—x-carbide trans-
formation is higher at higher reaction tem-
peratures, due to the instability of £'-carbide
at higher temperatures, and this is coinci-
dent with increases in the deactivation rate
(Fig. 7).

Itis possible that the &’-carbide—y-carbide
transformation is strongly related to the de-
activation of iron FT synthesis catalysts.
While the formation of inactive carbon on
the surface of catalysts is generally accepted
as the cause of deactivation in FT synthesis
(2, 28, 29), the mechanism of inactive sur-
face carbon formation has not been studied
thoroughly. It should be noted that the de-
composition of metastable &'-Fe,,C can
also lead to a buildup of inactive carbon,

2.5Fe, ,C — 2.2Fe, C + 0.3C,

which then blocks the active sites of the
catalyst. The carbon which results from the
decomposition seems to serve as the nucle-
ation site for the further buildup of the inac-
tive surface carbon. This hypothesis is sup-
ported by the work of De Bokx and co-
workers (11-13). They reported that carbon
filaments grow by the continuous decompo-
sition of metastable carbide intermediates in
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Fi1G. 9. CH, evolution and decarburization during H,
etching at 623 K; total CH, evolution (solid line), CH,
from hydrogenation of non-carbidic surface carbon
(dotted line) (16-nm iron particles, exposed to FT syn-
thesis for 19.5 h at 523 K in 3.2 H,/CO).

both Ni and Fe catalysts. Their results agree
very well with the observation in this study
that the &'-carbide—x-carbide transforma-
tion could be a primary cause of FT deacti-
vation.

Hydrogen Etching

Immediately following a DXRD FT syn-
thesis experiment, the gas stream was
changed to pure hydrogen in order to
‘‘etch’” carbon from the catalyst. Since the
catalysts decarburized (carbide — iron)
very slowly at the original reaction tempera-
tures (503-543 K), all of the etching experi-
ments were carried out at 623 K. During the
etching experiments, carbide decarburiza-
tion and methane evolution were measured
by DXRD and CH,-NDIR, respectively.

Figure 9 shows the isothermal change of
carbide to iron along with the simultaneous
change in the concentration of evolved CH,
during hydrogen etching of the 16-nm cata-
lyst sample after it had been exposed to a
gas stream of 3.2 H,/CO for 19.5 h at 523 K.
It should be pointed out that on heating the
sample to 623 K, the remaining &'-Fe,,C
transformed completely and very rapidly to
x-Fe, sC, indicating the instability of &'-
Fe,,C at 623 K. As can be seen in Fig. 9,
the peak of evolved CH, concentration cor-
responds very well to the hydrogenation of
the carbide phase (decarburization). How-
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F1G. 10. Decarburization rates of the catalysts used
for different periods of FT reaction (16-nm iron parti-
cles, exposed to FT synthesis at 523 K in 3.2 H,/CO).

ever, there is a rapid increase in CH,
evolution at the beginning of the etching ex-
periment, when there is almost no
decarburization, and a slow, steady evolu-
tion even after complete decarburization.
The solid line in CH, evolution curve is the
sum of the CH, evolved from the decarburi-
zation of carbide and the CH, produced
from the hydrogenation of surface carbons,
both of which are produced simultaneously.
The dotted line in Fig. 9 corresponds to the
methane produced by hydrogen gasification
of the non-carbidic carbon. It was calculated
by subtracting the methane corresponding
to decarburization (Fe, sC + 2H, — 2.5Fe
+ CH,) from the total methane evolved.
Catalysts which were exposed to FT syn-
thesis for different periods were also sub-
jected to hydrogen etching, and the decar-
burization kinetic results are shown in Fig.
10. The catalysts used for a longer period of
time experienced a greater degree of deacti-
vation, and as Fig. 10 shows, that catalysts
exposed to longer reaction periods decarbu-
rized slower than catalysts which experi-
enced shorter reaction periods. In fact, in
the case of a highly deactivated catalyst (543
K for 10 h in FT synthesis), decarburization
was so slow that only after 4 h of hydrogen
etching did it start to decarburize, while
steadily producing small quantities of meth-
ane from the hydrogenation of non-carbidic
surface carbon. Based on these results, it is
apparent that it is the inactive surface car-
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bon which causes FT catalyst deactivation.
In all cases where deactivation is more se-
vere (longer exposure times, higher temper-
atures) the rate of decarburization by hydro-
gen was lower. This is undoubtedly due to
the non-carbidic carbon inhibiting contact
between H, and the carbide. Based on these
results and the fact that the £'—y transforma-
tion coincides with FT deactivation, it is
possible that the carbon produced from the
phase transformation acts as nucleation
sites for the formation and/or polymeriza-
tion of carbon from the Boudouard reaction
(2CO — C + CO»).

CONCLUSIONS

Based on the in situ, DXRD
Fischer-Tropsch experiments conducted
here over unsupported iron, a number of
conclusions can be drawn. The carburiza-
tion rate of iron during the FT reaction was
found to be a function of the reaction tem-
perature, the iron particle size, and the
H,/CO ratio. The reduction conditions (tem-
perature and duration) changed the reduced
iron particle sizes significantly due to sin-
tering, even at 573 K. During the carburizing
phase of FT synthesis, the unsupported iron
with an average particle size of 16 nm
formed exclusively &'-Fe, ,C, while the un-
supported iron with a 30-nm particle size
formed a mixture of &'-Fe,,C and x-Fe, ;C
at temperatures lower than 523 K. The rela-
tionship between FT activity change and
carbide formation is better explained by the
competition model, although carbide itself
cannot be totally ruled out as the catalytic
species. The observation that the decompo-
sition of metastable ¢'-Fe,,C to x-Fe,C
was coincident with deactivation, and post-
reaction hydrogen etching experiments sug-
gest that the deactivation of the iron catalyst
during FT synthesis is caused by the buildup
of non-carbidic surface carbons via the
¢'-Fe, ,C to x-Fe, ;C transformation. That
is, the carbon produced by this transforma-
tion may act as nucleation sites for the sub-
sequent deposition of non-carbidic carbon
from the Boudouard reaction.
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