JOURNAL OF CATALYSIS 58, 361-369 (1979)

Mbossbauer Investigation of Supported Fe Catalysts
1. In Situ Kinetics and Spectroscopy during Fischer~Tropsch Synthesis
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In situ constant velocity Mossbauer data have been used to measure the rate of carbiding
of 10Fe/S8i0; and 10Fe/MgO during the Fischer-Tropsch synthesis reaction at 523°K and
3.3 H,/CO. Simultaneous spectroscopic and kinetic measurements reveal the remarkable
result that the reaction rate follows the extent of bulk carbide formation and, thus, that in-
corporation of carbon into the iron particles controls the number of active surface sites until
carbiding is complete. Conversion, paraffin to olefin ratio, and Cs/C, ratio increase with extent
of carbiding. Hydrogenation of a fully carbided catalyst at 523°K is slow and produces only

methane.

INTRODUCTION

In the ideal spectroscopic experiment in
catalysis, one would examine the surface
chemistry of a ‘“real” catalyst in situ at
reaction conditions. Unfortunately, many
popular spectroscopic techniques have in-
herent limitations, such as requirements
of ultra-high vacuum (UHYV) or that the
catalyst be in the form of a single crystal
or metal foil, that prohibit this ideal experi-
ment, Mossbauer effect measurements,
however, offer specific advantages for n
sttu application. Incident y-rays in the keV
range have npegligible interaction with
reacting gases. The relatively high pene-
trating power of the y-rays also means that
atoms deep within pores of a support are
“seen’” as easily as those on the exterior of
the support particle. Furthermore, when
the active metal is well dispersed on the
support, a large fraction of the resonant
atoms are surface atoms and thus the

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

Mossbauer effect can, in fact, sample
surface chemistry. Typical accumulation
times for Mdssbauer spectra of 1-10 wt9,
Fe samples taken with a 50-mCi source are
4-6 hr. One way to speed the experiment
to see important changes which occur in as
little as a few minutes of reaction time is to
concentrate the full v-ray intensity of the
source in a narrow energy region where
major spectral changes occur. Such data can
be collected readily on a Mossbauer spec-
trometer equipped with a constant velocity
drive signal.

In previous work in this series we have
examined the effects of pretreatment on Fe
particle size (7) and the role of support,
particle size, and alloying on the formation of
iron carbide during the Fischer—Tropsch syn-
thesis reaction (2). The latter study showed
that the carbide phase formed (¢, ¢ or x)
at 523°K depends on the nature of the
catalyst, and that at steady state, all the
iron which can be reduced in H, to the
metal in Fe/S8i0; and Fe/MgO catalysts is
carbided during reaction.
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Fic. 1. Schematic of Massbauer spectrometer configuration for constant velocity operation.

In this investigation we have used in sifu,
constant velocity, Mosshauer effect mea-
surements to follow the rate of conversion
of iron metal to iron carbide during the
Fischer-Tropsch synthesis reaction. Simul-
taneous kinetic measurements show a close
correlation between carbide formation and
reaction rate and selectivity demonstrating,
for the first time, the utility of the Moss-
bauer effect for following transients in
catalytic reactions.

EXPERIMENTAL METHODS

Missbauer spectroscopy. Constant accel-
eration Mdosshauer spectra are obtained
with the conventional electromechanical
system and stainless-steel absorber cell
deseribed previously (I). The equipment
configuration for our constant velocity
Maossbauer effect measurements is shown
schematically in Fig. 1. Transmitted y-rays
are detected by the proportional counter.
The preamplified signal is split and routed
to two separate linear amplifier/SCA com-
binations; one selecting the 14.4-keV reso-

nance vy-ray pulses, the other selecting
pulses in a nonresonant energy region.
Rather than using the familiar sawtooth
waveform of a constant acceleration drive
mode, the Austin Sciences Associates drive
electronics produces an asymmetric square-
wave signal inducing constant velocity
over 809, of the drive motion. In these
experiments the velocity was given a
slight slope so that it varied by about 0.2
mm/sec. This ensures that slight changes
in operating conditions do not shift the
peak being studied out of the range of the
velocity window. A helium-neon laser in-
terferometer monitors the absolute velocity
of the drive rod. The drive electronics gate
off the laser fringe counts, 50-kHz timing
counts, and the 14.4-keV ~v-ray counts
during the periodic retrace of the drive
motion. These gated signals and the non-
resonant count signal are routed to four
separate sections of the multichannel ana-
lyzer (Nuclear Data Model 2200) memory
via a Nuclear Data four input multiscaler.
The nonresonant measurement is included
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as a check to be sure that changes in
resonant count rate are due to chemical
change in the catalyst absorber and not
due to electronic fluctuations. In these
experiments the dwell time per channel
was 160 see, but other times can be selected.
The actual dwell time per channel, as
measured by the 50-kHz timing counts,
varied slightly. Data reported here as
counts per channel are normalized for this
variation and, therefore, also represent
relative count rate.

In order to use this approach to follow
the carbiding of iron we have taken ad-
vantage of the fact that the right peak of
the six-line iron metal spectrum has no
overlap with any of the iron carbide peaks
since the internal magnetic fields are smaller
for the carbides than for the metal. Thus
by recording the transmission at the maxi-
mum dip of that peak for Fe?, we can follow
the loss of iron metal quantitatively
(within a slight error due to small changes
in linewidth or position). Full spectra
taken after transient runs confirm previous
carbide assighments (2).

Chemical kinetics. During Fischer—
Tropsch synthesis reactions, a Hewlett—
Packard Model 5834A reporting gas chro-
matograph (ge) is used to analyze carbon
dioxide and hydrocarbon products in the
effluent gas from the Mossbauer cell. This
analytical device combines microprocessor
control, temperature programming of the
Chromosorb 102 column, and digital ther-
mal conductivity detection to give pro-
cessed data, good separation, and high ac-
curacy (+£3%) and sensitivity (~5 ppm
CH.,) for carbon dioxide and C; through
C; paraffins and olefins. Hydrogen and
carbon monoxide peaks are not well re-
solved, partly because of use of He as a
carrier gas. Water is removed prior to
sampling with a packed bed of drierite be-
cause it overlaps the C; peaks. Absolute
calibration of the ge is obtained before each
run by averaging analyses of three samples
of a Certified Standard calibration gas
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Fic. 2. Constant velocity Mossbauer effect data
for the iron to iron—carbide transformation during
Fischer-Tropsch synthesis over 10Fe/SiO,.

mixture (0.47 He, 0.47 CO, 0.02 CH,, 0.006
C.Hj, 0.003 C,H,, 0.004 C;H,, 0.002 C;H,,
0.002 nC.Hy, 0.002 nC;Hy» by volume)
prepared by Matheson. Blank runs on the
stainless-steel cell with no catalyst wafer
show that no hydrocarbons can be detected
when 50 ce/min of 3.3 Hs/CO feed gas is
passed through the cell at 523°K. Similar
blank runs with a feed of calibration gas
show that at 523°K the cell walls do not
cause a change in product distribution
within the experimental error of the
analysis.

Carbon monoxide conversions are calcu-
lated as the percentage of the CO molecules
entering the reactor that are detected as
hydrocarbon products. Since conversions
are typically around 3-49, or less, the
Maossbauer cell behaves as a differential
reactor, thereby minimizing bulk heat and
mass transfer difficulties (3), effects due to
product inhibition (4), and complications
due to reverse reactions (§). The iron on
Si0, catalysts are prepared by incipient
wetness as described earlier (7). The iron
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on MgO catalysts are prepared according
to the method of Boudart ef al. (6) as
discussed in Ref. (2).

RESULTS AND DISCUSSION
Carbide Formation

Figure 2 shows typical constant velocity
Maéssbauer effect data representing extent
of iron carbide formation during Fischer—
Tropsch synthesis over a supported iron
catalyst. The catalyst in this case is a
freshly reduced 10Fe/SiO, sample with
intermediate metal particle size (~7.5 nm).
The plot of counts vs time shows dramatic-
ally that we can indeed follow the course of
the solid phase conversion of iron metal to
iron carbide with this technique. Time zero
is slightly offset; the first few channels,
indicated as negative reaction time, mea-
sure the intensity of the positive outer
metallic iron peak of the prereduced cata-
lyst at reaction temperature T = 523°K in
a flowing helium atmosphere prior to reac-
tion. At time zero, 3.3 H./CO synthesis
gas is introduced into the cell at 100 cc/min.
The immediate increase in counts corre-
sponds to a decrease in the Fe® peak in-
tensity as iron is converted to iron carbide.
The counts continue to increase mono-
tonically until finally, after about 3 hr of
reaction, only the baseline is being counted,
indicating that at this point the iron is
fully carbided. The absolute average ve-
locity of the Doppler drive, computed for
each point from laser interferometer data
and plotted above vs time, is indeed con-
stant over the course of the run. The stan-
dard deviation of the average velocity of
0.001 mm/sec gives a measure of the small
error in the energy modulation. Since the
absolute velocity is not corrected for cosine
smearing, the average Doppler shift, is
slightly smaller in magnitude than the
measured Doppler shift. For our source-
detector geometry, the average value of the
velocity error from the cosing effect is
typically much less than 19 of the average
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velocity (i.e., for this run |AV| = 0.007
mm/sec). Nonresonant vy-ray data show
no change in count rate vs time, proving
that the observed change in count rate for
the 14.4-keV transition cannot be attributed
to fluctuations in the counting electronics.

Similar runs for different iron catalysts
confirm the earlier conclusion from the
room temperature constant acceleration
spectra (2) that carbiding rate is a function
of average iron metal particle size. These
experiments also show that flushing the
reactor with He just prior to cooling is a
useful quenching method since subsequent
Moassbauer spectra give a fairly accurate
measure of the extent of carbiding at a
given reaction time.

In order to follow the catalytic conse-
quences of the carbide formation, we focus
first on the lower curve in Fig. 3 which
compares the Mossbauer constant velocity
measurement of carbiding with conversion
of carbon monoxide by Fischer—Tropsch
synthesis over 10Fe/SiO,. This conversion
curve, contrary to the others in this paper,
includes the CO reacted to CO. as well
as to hydrocarbons. The CO; fraction of
the products was constant at about 109.
The Fe particle size for this catalyst was
~10 nm (1) and the reaction conditions
were the same as those used for Fig. 2.
Figure 3 reproduces earlier findings (7, 8)
that iron carbide is more active than iron
metal and shows, in addition, a close corre-
spondence between the amount of carbide
formed and the raction rate. Over the
initial 2 hr of reaction, conversion increases
slightly faster than carbide formation, but
from this point conversion and extent of
carbiding increase at almost identical rates.
We envision the initial carbiding reaction as
requiring dissociative adsorption of CO
followed by diffusion of carbon into the
iron lattice to form the interstitial iron
carbide. Since carbon is laid down at the
surface, where the reaction is occurring,
one might expect the surface to be more
completely carbided than the bulk and that
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Fia. 3. Percent conversion (solid lines) and extent of carbide formation (points) versus
Fischer-Tropsch synthesis reaction time. The upper curve is for 10Fe/MgO. The lower curve is for

10Fe/SiO,.

the reaction should accelerate faster than
total carbide formation. It is remarkable,
therefore, that the rate follows the measured
bulk earbide formation all the way to com-
pletion. We conclude that even at long
reaction times surface reconstruction due
to iron carbide formation is still occurring.
Thus the bulk-phase iron acts as a getter
for surface carbon, thereby controlling
surface composition and, hence, the active
site density of the catalyst.

The upper curve in Fig. 3 for <4-nm
particles of Fe on MgO supports the con-
clusions drawn above. The small particles
carbide faster. The rates of carbiding and
reaction at the surface are even more
closely matched than for the lower curve
because of the relatively short diffusion
path to the centers of the particles. The
reaction conditions for Fe/MgO were identi-
cal to those used for Fe/8iO; except that a
larger sample and slower flow rate (ca.
0.45 g and 50 cc/min, respectively) were
employed to increase conversion to the
49, level. Catalyst activity, as measured

by conversion, reaches a maximum in the
same 30- to 40-min time period required
for complete carbiding but then declines.
This deactivation cannot be due to sinter-
ing, since X-ray diffraction revealed no
significant change in particle size for the
short reaction times studied nor, for that
matter, for various treatments at tempera-
tures up to 723°K. Based on the results of
Dwyer and Somorjai (9) and other work
in this laboratory, the most likely cause
of activity loss is deposition of a carbon
overlayer on the active iron -carbide
surface.

Further evidence that bulk iron carbide
formation is important for Fischer—-Tropsch
reactions over iron catalysts is provided
by additional transient kinetic studies com-
pleted in this laboratory (10). For FeNi
and FeRu on silica catalysts, systems which
do not form bulk carbides during reaction
(2, 11), the shapes of the conversion vs
time curves contrast sharply with those for
unalloyed Fe on silica. The alloy catalysts
show a rapid increase in activity at reaction



366

TABLE 1

Turnover Numbers for Silica-Supported
Iron Catalysts at 523°K

Nco X 103 (mole-
cules/site-sec)

Nerg X 103 (mole-
cules/site-sec)

Catalyst—source

a b a b
10Fe/Si0
Méssbauer reactor 26 0.5 48 0.9
10Fe/8i0 s~
conventional reactor 16 0.8 26 1.3
5Fe/8i0 -

Vannice (13) 15 — — —

e Based on H: chemisorption on fresh, reduced sample.
b Based on particle size from X-ray line broadening of the
used sample.

time less than 5 min, followed by a decay
in rate with time. This behavior differs
markedly from the long-term transient re-
sponse shown here for supported iron.

The stainless-steel in situ M6ssbauer
cell was not originally designed for simul-
taneous kinetic measurements. In particu-
lar, although the inlet gas passes directly
over the catalyst wafer, the flow configura-
tion does not guarantee that all the reactant
gas contacts the catalyst. To check the
validity of the measured rates we com-
pare, in Table 1, turnover numbers at
523°K and 3.3 H,/CO for silica-supported
iron catalysts obtained from the in situ
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Méssbauer cell, from a conventional differ-
ential kineties reactor in this laboratory
(12), and from Vannice’s data (13). The
table shows intra- and interlaboratory
consistency for turnover numbers based
on hydrogen chemisorption on fresh, re-
duced samples but reveals a large difference
between turnover numbers based on surface
sites determined from chemisorption and
those based on surface sites determined from
X-ray line broadening. Hydrogen uptakes
per gram of supported iron catalyst were
very low in every case, indicating that dis-
persions were less than 19 for both
Vannice’s catalyst (~0.69;) and ours
(~0.29,). Furthermore, Vannice’s methane
turnover numbers vary by almost an order
of magnitude depending on whether dis-
persion is based on H, or CO uptakes.
Although it appears that further work is
needed to provide a reliable measure of
the number of iron surface sites, we con-
clude on the basis of the (a) columns in
Table 1 that rate measurements from the
Mossbauer cell are of the right magnitude.

Selectivities from the Mossbauer cell,
illustrated in Fig. 4, also show relatively
good agreement with those obtained from
conventional kinetie studies. Conditions for
comparison were chosen such that con-

]0Fe/Si02 1OFE/5102 10Fe/Mg0
: : . 5Fe/Si0 : it
in situ conventional 2 in sity
Mgssbauer Cell ex situ Vamnice (13) Mgssbauer Cell
100
XCO = 2.8! XCO = 3.1% XCO = 3.7 XCO = 3.3
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Fic. 4. Selectivities on a COs-free basis for supported iron catalysts. Ci, Methane; C,~, ethylene;
Cy~. ethane; C;=, propylene; C;~, propane; C,, total Css; Cs, total Cis; Cy, total Css.
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versions were approximately the same,
since selectivity can be a function of total
conversion (10, 14). The 10Fe/SiO; cata-
lyst studied in the Mossbauer cell reactor
produced slightly less methane and corre-
spondingly more C;s than those run ex situ.
The selectivities are reported in Fig. 4 on
a COyfree basis, and so do not show that
the iron on magnesia catalyst produced ex-
cessive amounts (~509;, of products) of
carbon dioxide. The rate of CO; production
was not strongly dependent on the degree
of carbiding of the iron and, thus, shows
that CO, is not simply a product of the
carbiding reaction.

Examination of shifts in selectivity as the
catalyst becomes carbided reveals, in
accord with the results of Amelse et al.
(15), that the most significant changes
occur for saturated vs unsaturated hydro-
carbons and for relative amounts of higher
hydrocarbons. These changes, represented
as paraffin/olefin ratio and C,/C; ratio,
along with conversion and extent of bulk
carbiding, are shown vs time in Fig. 5
for a 10Fe/Si0; catalyst with intermediate
(~7.5-nm) metal particle size. The plot
shows that as carbiding of the iron pro-
ceeds, a relatively greater amount of
saturated vs unsaturated hydrocarbons is
produced. It is not clear whether this
shift is caused directly by changes in the
catalyst surface or indirectly by increased
conversion. The paraffin/olefin ratio is
typically particularly sensitive to con-
version, with olefinic hydrocarbons being
progressively harder to maintain as con-
version is increased (10, 14). Following
complete carbiding, after about 2 hr of
reaction, slight catalyst deactivation, as
reflected by a slow decrease in conversion,
is accompanied by a continual, but slow,
increase in the paraffin/olefin ratio.

The increased favoring of chain growth
reactions with time on stream, represented
in Fig. 5 as C,/C; ratio, appears to be
directly related to the reconstruction in
the catalyst surface which accompanies
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Fia. 5. Selectivities, percentage conversion (upper
solid line), and extent of carbide formation
versus Fischer-Tropsch synthesis reaction time for
10Fe/Si0;.

carbide formation. The results of Dwyer
and Somorjai (9), showing that polycrystal-
line iron foil is predominantly a methana-
tion catalyst which poisons rapidly by the
deposition of multilayers of surface carbon,
support our observation that the original
iron-rich surface is methane selective. We
note that in comparisons between the
catalytic behavior of iron particles and iron
foils, one should account for differences in
the time it takes to form the saturated
bulk carbide and differences in the extent
of carbon overlayer deposition.

Reversibility tn Hydrogen

Further insight into Fischer—Tropsch
chemistry can be obtained through applica-
tion of constant velocity Mossbauer spec-
troscopy to the reverse of the carbiding
reaction, the hydrogenation of the carbide.
The fully carbided 10Fe/MgO catalyst was
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Fic. 6. Hydrogenation of carbide 10Fe/MgO at
523°K. The upper curve is counts in the highest
velocity Fe® Méossbauer line, the lower curve is the
rate of methane production; both as a function of
time of exposure to Ho.

hydrogenated in 50 ce/min of hydrogen at
523°K for 10 hr. Extent of hydrogenation
was monitored through the intensity in-
crease of the highest velocity Fe? peak, and
gas-phase reaction products were measured
with gas chromatography. The correspond-
ing plot of the y-ray counts vs time (Iig. 6)
reveals that the hydrogenation reaction is
extremely slow relative to the carbiding
reaction. Even after 10 hr only about 309,
of the iron carbide had been hydrogenated
to metallic iron. This is interesting in light
of kinetic studies which show, in every case,
that the initial, low catalytic activity
characteristic of iron metal catalysts is
reestablished after only a few hours of
hydrogenation at 523°K. Thus, the data
support a model in which the surface layers
of the carbided catalyst are quickly con-
verted to metallic iron, leaving a relatively
pure core of bulk carbide intact. The slow
step in carbide reduction appears to be
movement of carbon across the bulk/surface
interface.
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Methane was the only hydrocarbon
product detected in the gas phase during
hydrogenation. As shown in Fig. 6, the rate
of methane formation goes through a sharp
maximum near 10-12 min and then de-
creases quickly until at about 2 hr the de-
crease in methane production is very slow
and tracksthe increase in the Fe® Maossbauer
peak intensity. This general form of the
methane production curve has been ob-
served previously (16) for hydrogenation
of e-carbide in a fused iron catalyst. Even
at the highest methanation rate observed,
the rate is still a factor of four less than
the rate of methanation at the end of the
6-hr Fischer—Tropsch svnthesis run. This
result suggests either that direct hydco-
genation of surface carbidic carbon is not
responsible for production of a majority of
methane in the synthesis reaction, or that
the reaction is structure sensitive and the
most active sites are replenished by disso-
ciative adsorption of CO. This conclusion
is in good agreement with the findings of
Matsumoto and Bennett (17) that carbidic
carbon is relatively inactive compared to the
active surface carbon formed in the presence
of both CO and H,.

CONCLUSIONS

We have shown with 2n situ spectroscopic
and kinetic measurements that formation
of iron carbide during reaction is intimately
involved in the development of maximum
activity for Fischer—Tropsch synthesis over
supported iron catalysts. Similar conclu-
sions have been drawn independently by
Matsumoto and Bennett in transient
kinetic studies of fused iron catalysts (17).
Chemisorption studies on iron single ccystals
(18, 19) and foils (20, 21) show that CO
adsorbs dissociately at room temperature,
making this step a possible starting point
for carbide formation at reaction con-
ditions, but a variety of intermediates (17)
can account for the close association of
carbide build up and hydrocarbon syn-
thesis activity. It is evident from the well-
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documented but different explanations of
Fischer-Tropsch activity now appearing
[e.g. (22, 23)] that the important catalytic
chemistry is likely to depend on reaction
conditions and catalyst. Specific conclusions
drawn from this work on the iron—carbon
system include :

(1) The extent of iron carbide formation
tracks the increase in catalyst activity,
showing that the presence of iron carbide is
important for this reaction and that carbon
incorporation by the iron bulk controls the
concentration of active surface sites.

(2) The catalyst becomes more selective
to higher hydrocarbons as the iron carbides.
The increase in paraffin/olefin ratio may
be caused by the increase in conversion
rather than the change in the chemical
nature of iron.

(3) Hydrogenation of bulk iron carbide
occurs at a much slower rate than either
corresponding carbiding or hydrocarbon
synthesis during the Fischer—Tropsch reac-
tion. Thus, if direct hydrogenation of a
surface carbidic ecarbon is important in the
reaction sequence, it must occur on a rela-
tively small number of special sites.

(4) Hydrogenation of surface and bulk
iron carbide produces only methane.
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