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Rates of hydrocarbon synthesis (HS) from CO-H, (syngas) were measured for Fe supported on
MgO (Fe/MgO) while Mossbauer effect spectroscopy (MES) was used for monitoring the structure
of the metal. Three effects were observed as particle size d of H, prereduced Fe changed between 1
and 17 nm. First, the site-time yield of CH, synthesis (STYcy,, the number of CH, molecules
produced per CO-titrated site per second) increased by over an order of magnitude. Second, under
conditions used (525 K, HyCO = 3, atmospheric pressure), large Fe particles produced a lower
fraction of C; in the hydrocarbon product (C5 selectivity) and showed a greater tendency for
deactivation and loss of C; selectivity than small particles. Third, as reaction in syngas proceeded,
the dominant phase shifted from x-carbide to ¢'-carbide as d decreased, and further decrease of d
produced a decrease in the rate of ¢'-carbide formation. The three trends for HS were the same
qualitatively and similar quantitatively when the catalysts were converted to e-nitride before reac-
tion, instead of being used directly after reduction in H,. However, MES showed that the e-nitride
structure persisted even after 20 h in reacting syngas although measurements of CH, evolved
during reduction of used samples indicated that the surface of all catalysts was thoroughly car-
bided. Thus, for HS, particle size was more important than interstitials in determining activity and

selectivity of supported Fe.

INTRODUCTION

Variation of the particle size of supported
metal catalysts in the range 1-10 nm can
change both activity and selectivity for
some reactions (/). The rate of hydrocar-
bon synthesis (HS) from CO-H, (syngas)
on supported Fe depends on particle size,
indicating that these reactions may be
structure sensitive (2). The site-time yield
for methanation (STYcy,, the number of
CH, molecules produced per second per Fe
surface atom) increased by an order of mag-
nitude with increasing particle size of Fe
supported on MgO, Fe/MgO (3). More re-
cently, Jung et al. (4) found an effect of the
same type and magnitude for C;—C¢ HS on
Fe/C. These particle size effects are similar
to those for supported Ru, CO, and Ni (2,
5). However, in the case of Fe, interpreta-
tion is complicated by the conversion dur-
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ing HS of the initially metallic iron catalysts
to carbide and by the fact that the structure
of the carbide phases vary as a function of
particle size (3, 6).

We report here the previously cited
results (3) of the effect of particle size of
initially reduced Fe/MgO on the rate of
methanation from syngas. Also reported
are measurements of rates of C—Cs hydro-
carbon synthesis in a cell which allowed
Mossbauer effect spectroscopy (MES).
Thus, variations in both rates of HS and
structure of the interstitial iron phases
could be observed as a function of iron par-
ticle size and time in reacting syngas. Che-
misorption of CO and physical adsorption
of N, were used for titration of reduced Fe
surface atoms and for determination of total
surface areas, respectively. Relative areas
of MES metallic and oxide peaks and volu-
metric uptake of O, were used for determi-
nation of the fraction of Fe reduced.

Nitrided Fe catalysts for synthetic fuel
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HYDROCARBON SYNTHESIS FROM CO-H, ON SUPPORTED Fe

production from syngas were developed in
the U.S. Bureau of Mines research program
following World War II (7-9). These ni-
trided catalysts were converted to carboni-
tride phases during exposure to syngas.
Thus, our Fe/MgO samples were also stud-
ied following nitride formation before reac-
tion to monitor the relationship between in-
terstitial phases and activity for HS.

EXPERIMENTAL

Catalysts were prepared as described in
detail elsewhere (3). Magnesium oxalate
was precipitated from solutions of magne-
sium nitrate and oxalic acid. The solid was
filtered, washed, and dried in a vacuum
oven. It was then slurried in water while the
pH was adjusted between 9 and 10 with di-
lute NH,OH. An aqueous solution of
Fe(NOs); - 9H,0 was added dropwise
while pH was maintained at 9-9.5, resulting
in precipitation of Fe3"™ on the magnesium
oxalate. The solid was filtered, washed, and
dried overnight at 363 K in an air oven.
Different values of Fe loading were ob-
tained by varying the molality of the
Fe(NOs); - 9H,0 solution. The catalyst
containing 0.5% Fe following reduction was
prepared using a solution in which Fe was
enriched in Fe.

The catalyst precursors prepared as de-
scribed above were always pretreated im-
mediately before characterization or cata-
lysis. This involved a dehydration in
flowing O, for 6 h as temperature was lin-
early ramped from room temperature (RT)
to 625 K. This was followed by a 20-h re-
duction in flowing H, at 700 K. During this
latter step, the magnesium oxalate decom-
posed to MgO. Dioxygen (99.9%, Liquid
Carbonic) was passed through a molecular
sieve trap at 195 K. Dihydrogen (99.95%,
Liquid Carbonic) was Pd-diffused.

All measurements of gas uptake were
done in a conventional volumetric system
(10). Adsorption of CO at 195 K was used
to titrate reduced Fe surface atoms (/1).
Following reduction, a sample was cooled
to 625 K in flowing H, and evacuated for 1.5
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h to a pressure less than 1 mPa. Then the
sample was cooled under vacuum to 195 K
and a CO isotherm taken. Following evacu-
ation for 600 s, a second isotherm was
taken. The amount of strongly adsorbed
CO was taken to be the difference between
the two isotherms in the region where they
were parallel (=40 kPa) (11). One CO mole-
cule was assumed to be adsorbed for every
two surface Fe® atoms (/7). The percentage
of metallic iron exposed was thus calcu-
lated with the equation

(100)*2)A M.
Lf '

In this equation, A is the CO adsorption in
moles per g of catalyst, Mg, is the molecu-
lar weight of iron, L is the weight percent-
age of iron in the sample (obtained from
atomic absorption measurements at the Mi-
croanalysis Laboratory of the Stanford De-
partment of Chemistry), fis the fraction of
reduced iron estimated from MES spectral
areas, 2 is the stoichiometry of surface Fe?
to CO adsorbed, and the factor of (100)’
arises from L and the answer being ex-
pressed as percentages. Likewise, average
Fe? particle sizes were calculated by assum-
ing particles were spherical, which yields
the equation

% Fe exposed = (D

6L110" ,

d= (0.135)prAN’ 2)

Here, d is the average particle diameter

(nm), 10" is a conversion factor, pg, is the

density of metallic iron (g cm™3), N is Avo-

gadro’s number, and 0.135 is the Fe® sur-

face area (nm?) covered by one CO mole-
cule (11).

Total sample areas were obtained by the
BET method from adsorption of N, at 77 K.
Fraction of Fe reduced was obtained by
volumetric uptake of O, at 623 K. As indi-
cated by MES (3), all iron was taken to be
Fe?* or Fe® before oxidation and Fe’* fol-
lowing oxidation.

Rates of CH, synthesis were measured at
498, 523, and 548 K in a system previously
described (12). Approximately 1-2 g of un-
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treated catalyst were loaded into a reactor
(10) and reduced. The catalyst was then
cooled to reaction temperature in flowing
H,. A flow of CO (99.5%, Liquid Carbonic)
was then added in the ratio of H,/CO = 3.0
while the reactor was bypassed. When flow
was established, this stream was then di-
verted through the reactor at space veloci-
ties between 250 and 1200 h~! (volumetric
gas flow per apparent catalyst volume per
hour). Product samples were taken at 600-s
intervals over a 2-h period with a gas sam-
pling valve and sent to an Aerograph gas
chromatograph equipped with a thermal
conductivity detector. A 3-m column of
Porapak Q was used to separate products.
Peak areas were determined by a disk inte-
grator on the strip chart recorder and were
calibrated with a 1.03% CH, in He mixture
(Matheson). Total CO conversion was typi-
cally less than 2%. Rate measurements at
other temperatures were made in the same
manner on the same samples following a
16-20 h reduction at 673 K in flowing H,.
To measure reaction rates and obtain
MES data, approximately 0.3 g of catalyst
precursor was pressed into a wafer for each
experiment and mounted in a cell described
elsewhere (13). This cell was found suitable
as a differential reactor free from heat or
mass transfer limitations by application of
the Koros—-Nowak criterion (14). Initially
reduced samples were prepared as already
described, while nitride samples were pre-
pared by 2 h treatment of the initially re-
duced samples in flowing NH; at 675 K.
Following reduction or nitridation, the tem-
perature was changed to 525 K in flows of
H, or NH;, respectively. When tempera-
ture stabilized, flows of H, and CO in the
ratio H,/CO = 3.0 were initiated, and in the
case of nitrided catalysts, flow of NH; was
halted. Samples of reaction products were
taken by a sampling valve and sent to a
Hewlett—Packard 5730A gas chromato-
graph equipped with a flame ionization de-
tector. The 3 m column was filled with
Porapak Q. Peak areas for the C,;—Cs hydro-
carbon products were measured with a
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Hewlett—Packard 3390A integrator and
were calibrated with a 0.65% CH,, 0.35%
C2H4, 0.35% C2H6, 0.35% C3H6, and 0.35%
C;H; in He mixture (Matheson). The CO
conversion to hydrocarbons was always
less than 0.6%.

The gas chromatograph was also used to
determine the amounts of carbon-contain-
ing species accumulated on the catalysts
during reaction. These were obtained from
plots of STYcy, obtained during reduction
of used catalysts at 675 K in H, versus the
time of treatment in H,, which could be in-
tegrated and multiplied by the surface Fe/
total Fe ratio to give CH,/Fe values for
each sample. Only a small amount of C,H,
and C,Hg were produced in addition to the
CH, evolved.

Dihydrogen (99.95%, Liquid Carbonic)
and carbon monoxide (99.8%, Matheson)
were passed through molecular sieve traps
at 195 K before use. Ammonia (99.99%
‘““‘Anhydrous,”” Matheson) was passed
through a molecular sieve trap at RT before
use.

The Mdssbauer effect spectrometer is de-
scribed elsewhere (15). The source was 100
mCi of Co¥ in Pd and the symmetric con-
stant acceleration drive waveform was
used. All isomer shifts are referenced to a
12-um Fe foil. Spectra were fitted using the
computer program described elsewhere
(16). All spectra were taken at RT, and un-
less otherwise noted, were cooled to RT in
a flow of the same gas used during collec-
tion of the subsequent spectrum.

RESULTS

The CO adsorption data and N; BET ar-
eas for the series of samples are shown in
Table 1. The fraction of Fe reduced esti-
mated from either MES peak areas or from
O, uptake, also shown, increased with in-
creasing Fe loading as is typical for Fe/
MgO (17). The CO adsorption measure-
ments indicate Fe exposed decreased from
100% at low values of Fe loading to about
6% at the highest values (5-10% Fe). This
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TABLE 1
Characterization of Initially Reduced Fe/MgO
% Fe CO uptake Fraction Fe reduced Percentage Iron BET area
(pmol g1) of Fe? particle (m? g~
From MES From O, uptake exposed size (nm)
10 51.7 0.90 —_ 6.6 16 235
4.6 24.3 0.92 — 6.3 17 _
2.1 22.5 0.66 0.85 18 5.9 —
1.1 26.0 0.61 — 43 3.0 —_
0.7 17.1 — — 61 —_— 281
0.6 14.9 — 0.76 62 2.3 —_
0.5 20¢ 0.40 — 100 1.5 310
0.4 18.9 — — — — —
0.2 21.5 — — — — —

9 Determined with less precision (=2 umol g~') than adsorptions on other samples (0.4 umol g™');
experimental problems prevented a precise determination of CO uptake on this sample.

corresponds to average particle sizes rang-
ing from 1 to 17 nm over the same range.
The BET area decreased with increasing Fe
loading, as observed for Fe/MgO prepared
by other methods (18).

The rate of methane formation is re-
ported as STYcn,, site-time yield, i.e.,
number of molecules of CH4 produced per
exposed Fe? atom per second. The values
of STY ¢y, at 523 K, atmospheric pressure,
and H,/CO = 3.0 (Table 2) increased by an
order of magnitude as particle size in-
creased. Apparent activation energies

showed no trend with respect to particle
size.

Measurements of the STY of C;-C,4 hy-
drocarbon synthesis made using the MES
cell are shown in Figs. 1 and 2. The two
catalysts used, 10 and 0.5% Fe/MgO, had 6
and 100% Fe exposed, respectively. The
initial STY for CH, synthesis is essentially
equal to that shown in Table 2 for samples
with the same % Fe exposed (Table 3). The
smaller particles had marginally better ac-
tivity maintenance over a 20-h period, al-
though both samples showed substantial

TABLE 2

Site-Time Yield: CH, Synthesis on Initially Reduced Fe/MgO

% Fe Percentage % CO Space STYcn, (1074571) E.pp (k] mol™)
of Fe? conversion velocity (h™!)
exposed
4.6 6.3 0.8 1200 39.0 —
—_ 2.0 462 34.0 128
2.1 18 0.9 600 10.0 118
— 1.5 300 16.0 —_
1.1 43 0.3 333 3.3 135
—_ 0.2 429 4.0 —
0.6 62 0.2 261 1.9 141
0.4 100 0.1 600 2.7 132
0.2 100 0.1 462 2.2 —

Note. H,/CO = 3.0, atmospheric P, 523 K, 600 s of reaction.
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F1G 1. The STY for hydrocarbon synthesis on ini-
tially reduced 10% Fe/MgO from H,/CO = 3 at 525 K
and atmospheric pressure, versus time on stream.
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Fi1G. 2. The STY for hydrocarbon synthesis on ini-
tially reduced 0.5% Fe/MgO from H,/CO = 3 at 525 K
and atmospheric pressure, versus time on stream.
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TABLE 3
CO-H,; Reactions on Fe/MgO

% Fe Initial Time on  STYcq, (10745~ C,/CH,
composition stream (h)
10 Reduced 0.5 36 0.085
20 14 0.037
0.5 Reduced 0.5 1.7 0.19
20 0.94 0.18
10 Nitride 0.5 85 0.10
20 45 0.065
0.5 Nitride 0.5 2.5 0.16
20 1.5 0.14

deactivation. The smaller particles also
showed both better selectivity and better
maintenance of selectivity to C3 hydrocar-
bons, as seen from the C,/CH, ratios in Ta-
ble 3. This can also be seen from Fig. 3, the
*‘Anderson-Schulz-Flory’’ plot (19, 20),
in which the rate of C—Cs production is
normalized with respect to the rate of CH,
production for both catalysts with time of
reaction as the varied parameter. The 0.5%
Fe catalyst produced a higher C; fraction
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F16. 3. “*Anderson—Schulz-Flory™’ plot for initially
reduced Fe/MgO. Logarithm of ratio STY’s versus
carbon number n. The conditions are those of Figs. 1
and 2. 10% Fe/MgO: (O) 0.1 h, (A) 0.4 h, (O) 6.3 h.
0.5% Fe/MgO: (@) 0.5 h, (W) 6.0 h.
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Fi1G. 4. MES of 10% Fe/MgO at room temperature.
(2) Initially reduced catalyst, in flowing H,. (b) Re-
duced catalyst treated in H/CO = 3for2hat 525K, in
flowing He. (c) Reduced catalyst treated in H/CO = 3
for 20 h at 525 K, in flowing He.

initially and this fraction was relatively un-
affected by time on stream. In contrast, the
10% Fe catalyst produced a lower initial C;
fraction and the C5 fraction decreased with
time, as selectivity shifted toward CH, pro-
duction.

Small particles of Fe also formed a higher
fraction of olefins in the C3 product, in
agreement with other work (4). For small
particles, the fraction of ethylene in the C,
product was two to four times higher than
for large particles. However, the large par-
ticle catalyst was much more active than
small particles of Fe, so % CO conversion
was 10-20 times higher. Since secondary
hydrogenation of olefins produced during
HS depends strongly on % CO conversion
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(4), these results suggest trends, but are not
conclusive.

The MES of the two catalysts after reac-
tion, shown in Figs. 4 and 5, also differ sub-
stantially. Figure 4a shows the spectrum of
initially reduced 10% Fe/MgO, in which the
six-peak spectrum characteristic of a-Fe is
visible as well as traces of the Fe?* doublet
with isomer shift of about 1 mm s~!. Pre-
vious studies of Fe supported on MgO have
shown that this component is due to Fe?*
substituted for Mg?* in the MgO phase,
forming an (Fe?*, Mg?*)O support for Fe®
particles (11, 18). Figure 4b, taken after 2 h
of reaction, shows only traces of zerovalent
Fe remaining, as most of this iron was con-
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Fi1G. 5. MES of 0.5% Fe/MgO at room temperature
and flowing H,. Heating and cooling of reacted sam-
ples done in flowing He. (a) Intially reduced catalyst,
in flowing H,. (b) Reduced catalyst treated in H,/CO =
3 for 2 h at 525 K. (¢) Sample in (b) after 20 h total in
H,/CO = 3 at 525 K. (d) Sample in (c) after 42 h total in
H,/CO = 3 at 525 K.



392

MC DONALD, STORM, AND BOUDART

TABLE 4

MES Parameters of 0.5% Fe/MgO

Figure Component Fraction Width [somer shift® Quadrupole H (kOe)
(mm s77) (mm s~ ") splitting
(mm s~1)
Sb g’ 0.32 0.55 0.26 — 172
SpP-¢’ .20 0.47 0.27 0.87 —
Fe?* 0.48 0.74 0.96 1.07 -
Sc¢ e 0.24 0.42 0.29 — 166
SP-¢' 0.35 0.62 0.28 0.81 —
Fe?* 0.41 0.83 0.94 1.00 —
5d g 0.25 0.49 0.26 — 170
SP-¢’ 0.40 0.62 0.31 0.81 —
Fe?* 0.35 0.81 0.95 1.11 —_—
11a e-Nitride 0.74 0.59 0.40 0.32 —
Fe?* 0.26 0.45 1.09 0.83 —
i1b SP-Carbonitride 0.19 0.24 0.24 0.66 —
Fe?* 0.81 0.74 1.05 0.95 —
llc Carbonitride 0.46 0.86 0.26 — 158
Sp-carbonitride 0.20 0.62 0.25 0.52 —
Fe?* 0.34 0.56 1.08 0.88 —

4 With respect to a-Fe at room temperature.

verted to carbide as seen by peaks in the
center of the spectrum. Most of this carbide
spectrum can be attributed to the mono-
clinic x-carbide (21, 22), although some
peaks due to the hexagonal close-packed
phase usually referred to as &’-carbide may
also be present (22, 23). Although there is
considerable disagreement in the literature
concerning the correct assignments for
MES of iron carbides (6, 22, 24) because of
their numerous overlapping peaks, the as-
signments made here are adequate for qual-
itative identification of carbide phases
present. The spectrum in Fig. 4¢ (the sam-
ple for which STY data are shown in Fig. 1)
is predominantly that of x-carbide, with no
bulk Fe® remaining.

The 0.5% FE/MgO sample gave quite dif-
ferent MES data. The spectrum of the re-
duced catalyst in Fig. 5a shows the six-peak
spectrum of metallic iron and a doublet due
to Fe?*. The doublet is broadened toward
the lower-velocity side, and this is attrib-
uted to superparamagnetic Fel (8). The
computer fitting for these spectra is shown
in Table 4.

Figure S5b shows the spectrum of 0.5%
Fe/MgO taken after 2 h of reaction. The
magnetically split Fe® component disap-
peared and was replaced by a six-peak
component due to hexagonal close-packed
g’-carbide. A doublet due to superpara-
magnetic e’-carbide also developed during
reaction (23). The Fe?* doublet was rela-
tively unaffected by reaction. Due to the
strong amount of overlap between Fe?* and
superparamagnetic &'-carbide, their MES
parameters in Table 4 are not very precise.
Subsequent reaction in syngas of the same
sample gave new results (Figs. 5S¢ and d).
The intensities of the bulk &'-carbide and
Fe?* doublet were relatively unaffected,
but the superparamagnetic &'-carbide com-
ponent increased in intensity with reaction
time in syngas. This can be seen in Fig. 6, in
which the intensities of the carbide compo-
nents are plotted as a function of time on
stream. These intensities are all normalized
with respect to Fe?* intensity, since adjust-
ments in the electronics of MES data col-
lection made the absolute intensities vary
from spectrum to spectrum.
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The STY for hydrocarbon synthesis on
the two initially nitrided catalysts is shown
in Figs. 7 and 8 as a function of time. The
STY is somewhat higher than for the re-
duced catalysts, particularly for the 10%

nitride
o CH,
a C2
a C3
v Cs
¢ Cg
reduced
e CH,

801t

60t

STY/NO %™

400 y

TIME /h

Fi1G. 7. The STY for hydrocarbon synthesis on ini-
tially nitrided 10% Fe/MgO from Hy/CO = 3 at 525 K
and atmospheric pressure, versus time on stream. The
STY for CH, synthesis on the initially reduced catalyst
(Fig. 1) is shown for the purpose of comparison.
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Fe/MgO sample. The selectivity patterns
(Fig. 9) were about the same as for the re-
duced catalysts except for a short induction
period on nitrided 0.5% Fe/MgO during
which the fraction of CH4 was higher than
on the reduced catalyst. The 0.5% Fe/MgO
sample showed better maintenance of ac-
tivity and selectivity to C; hydrocarbons,
just as for the reduced catalysts. The rates
and selectivity data for initially reduced
and nitrided catalysts are summarized in
Table 3.

The Méssbauer effect spectrum of ini-
tially nitrided 10% Fe/MgO shown in Fig.
10a is a paramagnetic doublet. After 2 h of
reaction, the spectrum (Fig. 10b) shows a
distribution of magnetic splittings. The
sepctrum appears to be composed of the
paramagnetic component and at least two
other broad components with magnetic
fields averaging 110-140 and 200-240 kG.
After 20 h of reaction, two six-peak compo-
nents with magnetic fields averaging 148

nitride
o CH(.
a C2 —
o0Cy

v Cy
reduced
® CHy

30

TIME/h

Fi1G. 8. The STY of hydrocarbon synthesis on ini-
tially nitrided 0.5% Fe/MgO from H/CO = 3 at 525 K
and atmospheric pressure, versus time on stream. The
STY for CH, synthesis on the initially reduced catalyst
(Fig. 2) is shown for the purpose of comparison.
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F1G. 9. Anderson-Schulz-Flory plot for initially ni-
trided Fe/MgO. 10% Fe/MgO: (C) 0.1 h, (O) 6.0 h.
0.5% Fe/MgO: (@) 0.2 h, (H) 0.6 h.

and 230 kG are clearly visible, and the para-
magnetic component has apparently disap-
peared (Fig. 10c). A trace of a component
with magnetic field of approximately 300
kG may also be present.

The spectra in Fig. 10 indicate that the
iron phase in the 10% Fe/MgO was para-
magnetic e-nitride or {-nitride before reac-
tion and was mainly e-nitride even after 20
h of reaction (25, 26). The disappearance of
the paramagnetic component and the in-
creased intensity of the magnetically split
components was due to a loss of N atoms
from the nitride lattice during reaction (26).

This interpretation is consistent with
what is known about the structure and
MES of iron nitrides. The e-nitride phase
has a hexagonal close-packed lattice of Fe
atoms with N occupying the interstitial oc-
tahedral sites, and is isostructural with &’-
carbide (7). Unlike other iron nitride
phases, e-Fe,N has a broad composition
range with 2 < x < 3.2 (7). Three different
magnetically split components have been
observed in the Mossbauer effect spectra of
e-nitride. These components (qualitatively
indicated in Fig. 10) have average magnetic
fields equal to or less than 300, 240, and 150
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kG, and have been attributed to Fe atoms
with one, two, or three N atoms as neigh-
bors, respectively (25, 26). Thus, for an e-
nitride with the minimum amount of N in
the lattice, each Fe atom would be ex-
pected to have only one or two N neigh-
bors, consistent with the two six-peak com-
ponents observed with H = 298 kG and 238
kG (27). Samples of e-nitride with slightly
more N in the lattice would be expected to
have Fe atoms with either two or three at-
oms as neighbors, and thus show spectra
qualitatively similar to Fig. 10c (26, 28). It
should be noted here that both the average
magnetic field of each of these components
apparently increases slightly as %N de-
creases (16) and the linewidths of those
magnetically split peaks are much broader
than the natural linewidths. Both of these
facts seem to be due to the presence of a
distribution in hyperfine fields for atoms
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Fi1G. 10. MES of 10% Fe/MgO at room temperature.
(a) Reduced catalyst treated in NH; for 2 h at 675 K,
spectrum in flowing NH;. (b) Nitride treated in Hy/CO
= 3 for 20 h at 525 K, spectrum in flowing He. (c)
Sample in (a) treated in Hy/CO = 3 for 20 h at 525 K,
spectrum in flowing He.
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Fi1G. 11. MES of 0.5% Fe/MgO at room tempera-
ture. (a) Reduced catalyst treated in NH; for 2 h at 675
K, spectrum in flowing NH;. (b) Sample in (a) treated
in Hy/CO = 3 for 2 hat 525 K, spectrum in flowing He.
(c) Nitride treated in HyCO = 3 for 20 h at 525 K,
spectrum in flowing He.

with a given number of nearest neighbor N;
although the hyperfine field at an Fe’’ nu-
cleus depends mainly on how many nearest
neighbor N it has, it also depends on the
distribution of N at longer distances.
However, the Curie temperature of Fe,N
also decreases as x increases, and is below
RT for an x of 2.3-2.5 or lower (25, 26, 28).
Therefore, Fig. 10a is either e-Fe,N (x <
2.5) or possibly ¢-nitride, which has a simi-
lar spectrum and a composition Fe,N; ei-
ther assignment is consistent with the iso-
mer shifts and quadrupole splittings
observed (26, 29), and only low tempera-
ture MES can distinguish the two com-
pounds. Since such a distinction is unnec-
essary for the purpose of this work, the
doublet will henceforth be called “‘para-
magnetic e-nitride.”” During the initial 2 h of
reaction, N was lost from the lattice, and,
as will be shown later, the surface regions
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of the nitride particles were carburized, re-
sulting in the magnetically split components
in Fig. 10b. This process continued during
longer times of reaction, yielding the spec-
trum in Fig. 10c, which is similar to that of
e-Fe, N reported elsewhere (26). Al-
though a carbide spectrum may also be
present among the overlapping peaks in
Figs. 10b and c, it is clear that the spectra
are mainly e-nitride and that this assign-
ment is sufficient for qualitative identifica-
tion of the composition.

The spectrum of initially nitrided 0.5%
Fe/MgO in Fig. 11a shows the same para-
magnetic e-nitride doublet overlapping with
the Fe?* doublet. After 2 h of reaction (Fig.
11b), a doublet similar to that of superpara-
magnetic &'-carbide developed, and traces
of magnetically-split components also de-
veloped, while the paramagnetic nitride
component decreased in intensity and the
Fe?* doublet was unaffected. The spectrum
taken after 20 h of reaction (Fig. 11c) shows
a magnetically split component with very
broad peak widths. These broad widths ap-
pear to be due to a distribution of magnetic
fields for the absorber atoms. The magnetic
fields range between those expected for Fe
atoms in g'-carbide (22, 23) and Fe atoms
in e-nitride with three N neighbors (26) (ap-
proximate positions of both components
are indicated in Fig. 11). Thus, the magneti-
cally split component can best be described
as an e-carbonitride phase. The superpara-
magnetic doublet can also be considered to
be an e-carbonitride phase, although its pa-
rameters listed in Table 3 are quite similar
to superparamagnetic &’-carbide. This is
consistent with the idea that N should be
most thoroughly removed from the smallest
particles in the particle size distribution.
The Fe®* doublet was relatively unaffected.

The loss of subsurface N during reaction
is consistent with carburization of the sur-
face regions of iron nitride particles during
reaction. The degree of carburization of ini-
tially reduced and nitrided catalysts is sum-
marized in Table 5 as ratios of CH; mole-
cules produced during reduction of reacted
catalysts per Fe atom (CHy/Fe). The degree
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TABLE §
Reduction of Used Catalysts (675 K) in H;

% Fe  Initial Time of Ratio of the total number
state reaction (h) of CH; molecules produced
per Fe atom (CH/Fe)

10 Reduced 2 0.50
20 0.65
Nitride 20 0.65
0.5 Reduced 2 1.11
20 2.13
Nitride 20 2.08

of carbon buildup obviously increased with
time of reaction for all samples. For initially
reduced 10% Fe/MgO, the CH,/Fe ratio in-
creased substantially after 20 h of reaction
compared to the value obtained after 2 h,
even though MES of the catalysts after 2 h
of reaction showed almost no metallic Fe.
Although the c/Fe ratio in carbide phases is
somewhat uncertain, it is =0.5 (25). Since
nearly all the CH4/Fe ratios are greater than
this upper limit, the difference must be due
to surface carbonaceous material (carbidic
carbon, graphitic carbon, adsorbed CO,
and growing hydrocarbon chains). The in-
crease in CH./Fe ratio with time of reaction
indicates that the amount of surface carbo-
naceous material increases with time,
which correlates with decreased activity
and selectivity to C; hydrocarbons.

The extent of surface carbonaceous de-
posits is clearer for 0.5% Fe/MgO, particu-
larly when it is considered that much of the
iron in this sample is oxidized and therefore
not carburized. The smaller iron particles
on this catalyst had a higher fraction of Fe
exposed, and thus higher CH4/Fe ratios in
Table 5, since a higher fraction of the CH,
produced during reduction must come from
surface carbon. After accounting for sub-
surface C and unreduced Fe, the two ini-
tially reduced catalysts had CH4/Fe ratios
equivalent to several monolayers of carbo-
naceous material on the iron surface after
20 h of reaction.

The initially nitrided catalysts showed
CH,/Fe ratios not substantially lower than
those for initially reduced catalysts, even
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though MES clearly showed that the sub-
surface iron in the working catalyst was not
thoroughly carburized. Thus, the surface of
the nitrided catalyst is essentially as exten-
sively carburized as the reduced catalysts
during reaction.

DISCUSSION

Particle Size Effect on Rates of
Hydrocarbon Synthesis (HS)

The results in Table 1 demonstrate that
average iron particle size increased with in-
creasing % Fe. It is possible that the calcu-
lated Fe particle sizes could be underesti-
mated due to an overestimation of CO
adsorption, since Topsge et al. (30) con-
cluded that Fe/MgO samples adsorbed CO
on the support oxide as well as on the re-
duced Fe. However, any CO adsorption on
the support in the amounts they reported
would not substantially alter the magnitude
of the particle size effect on STY. Further-
more, MES of the 0.5% Fe/MgO sample
showed an average iron crystallite size sub-
stantially less than 3 nm, consistent with
the particle size of 1.5 nm in Table 1 (13).
Thus, our particle sizes are reliable for
present purposes.

The effects of Fe particle size on HS are
quite similar to those reported by Jung et
al. (4). They found that for carbon-sup-
ported Fe, the STY ¢y, was over an order of
magnitude greater on large (>20 nm) parti-
cles than on small (ca. 2 nm) particles. Fur-
thermore, smaller particles produced a
lower fraction of CH,4 in the hydrocarbon
product, just as for Fe/MgO. The Fe/car-
bon catalysts also showed similar trends in
activity maintenance; at 508 K, the value of
STYcn, on the large-particle catalyst de-
creased by a factor of 2 over a 45-h period,
while for the small-particle catalyst, the
value of STYcn, was essentially constant
over the same time period. These trends
agree qualitatively with those for Fe/MgO
and would be expected to be in better quan-
titative agreement if measured at the same
temperature.
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Although the magnitude of the particle
size effect on activity and selectivity on Fe/
MgO agrees with that found with other cat-
alysts, the values of STYcy, are lower than
those reported elsewhere. Jung et al. (4)
reported STYcy, values which were 3-10
times those for Fe/MgO catalysts of the
same particle size, and Vannice (31, 32)
found that large particles of Fe on Al,O; or
SiO; had STYcy, exceeding those for large
particles of Fe on MgO by the same magni-
tude.

At least part of this disagreement may
reflect the fact that techniques used for ti-
tration of surface Fe in these studies dif-
fered from those presented here for Fe/
MgO. Most of these studies used CO or H,
adsorption on used catalysts to titrate sur-
face Fe. Since carbonaceous deposits left
on the surface reaction would tend to re-
duce the amount of Co or H; adsorbed rela-
tive to the amount adsorbed on the freshly
reduced catalyst, the STY reported would
tend to be higher than if based on adsorp-
tion on fresh catalysts. In addition, the defi-
nition of the amount of strongly adsorbed
CO, and, in some cases, the assumed
CO: surface Fe ratio and the temperature
of the measurement, were different from
that used for Fe/MgO. Finally, rates of re-
action in most of these studies were not
measured under steady exposure to syngas,
but were measured during cyclical expo-
sure to syngas followed by exposure to H,,
then to syngas, etc. The effect of periodic
exposures to H, may also be to increase
rates measured and thus the STY reported.
The net effect of all these factors is to lower
the values of STY ¢y, reported by factors of
2-5 when corrected to the conditions used
here while not substantially changing the
magnitude of the particle size effect for Fe/
carbon. In support of this, the value of
STYcu, measured for large particles of Fe
on Si0, during continuous exposure to syn-
gas and based on estimates of surface Fe on
fresh catalysts (23, 33) agree within a factor
of 2 with results for large particles of Fe on
MgO. Thus, the values of STY ¢y, reported
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for an iron catalyst of a given particle size
agree at least within a factor of 3 regardless
of support.

A comparison of the STY measured on
initially nitrided catalysts with those for ini-
tially reduced catalysts indicates that bulk
iron composition has a relatively small ef-
fect. The value of STYcy, on initially ni-
trided catalysts was somewhat higher than
on initially reduced catalysts, but the in-
crease was only a factor of 2 or less. In
contrast, the magnitude of the particle size
effect on STYcy,, selectivity, and mainte-
nance of activity and selectivity were all
essentially the same. Furthermore, except
for the initial induction period, the differ-
ence in values of STY ¢y, between initially
nitrided and reduced catalysts was constant
with time on stream, even though MES has
shown that with increased time on stream
N atoms were lost from the bulk while cata-
lysts were extensively carburized, particu-
larly at the surface. Thus, if nitride cata-
lysts were intrinsically more active, one
would expect that differences in values of
STY cu, would disappear as the nitride was
carburized.

Therefore, for hydrocarbon synthesis on
supported iron, particle size appears to be
the primary factor determining activity and
selectivity while support, preparation
method, or bulk composition have a sec-
ondary effect at best. What differences in
activity exist between initially nitrided and
reduced large Fe particles can be attributed
to differences in the surface carbide which
develops in syngas on catalysts either ini-
tially reduced or nitrided. The higher activ-
ity of initially nitrided catalysts can be ra-
tionalized in terms of the results of Biloen
et al. (34). They found that during hydro-
carbon synthesis on Ru, Co, or Ni, there
was a low surface coverage of active inter-
mediates leading to CH, and C5 products
while most of the surface was covered with
a relatively inactive carbonaceous ‘‘over-
layer.”” Thus, initially nitrided catalysts
may simply have a higher surface coverage
of active intermediates than do initially re-
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duced catalysts; however, in either case the
surface coverage of active intermediates is
low. This is consistent with what is known
about CO adsorption on Fe and other tran-
sition metals. Dissociation of CO, which
proceeds rapidly even at RT on large Fe
particles (35), is generally considered to be
the initial step in both the carburization of
bulk Fe and in catalytic hydrocarbon syn-
thesis (22, 23, 36). An inspection of the
trends shows that transition metals which
most rapidly dissociate CO (e.g., Fe, Mo)
(37) also form bulk carbides in syngas at-
mospheres, whereas those which do not
dissociate CO or do so only at reaction tem-
perature (Pt, Pd, Ir, Ni, Ru) do not form
bulk carbides during reaction.

Thus, the overwhelming tendency for the
dissociation of CO on Fe can be considered
to be at least partially due to a thermody-
namic driving force for bulk carburization.
The initial presence of a bulk interstitial ni-
tride or carbide may therefore be expected
to moderate the rate of CO dissociation.
Thus, a lower fraction of the surface is cov-
ered by polymeric or inactive carbidic car-
bon while a larger number of surface sites
are active for hydrocarbon synthesis. A
similar trend has been observed for Mo on
Al Os. Initially metallic Mo on Al,O; had a
lower STY ¢y, than the same catalyst which
was carburized before reaction (38).

The particle size effect on rates of cata-
lytic reactions cannot be ascribed to a parti-
cle size effect on rates of deactivating side
reactions (39). Indeed, the value of the
STY for HS increased with particle size,
but so did the tendency for deactivation and
loss of C5 selectivity. Thus, the magnitude
of the particle size effect on STY may tend
to be a lower limit, and may be even larger
when measured under conditions less fa-
vorable for deactivation due to deposition
of carbonaceous material. This is consis-
tent with the idea that structure sensitivity
is less likely to be observed when the cata-
lyst surface is extensively covered with car-
bonaceous material, since differences in
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surface structure of the catalyst would be
minimized under these conditions (2).

Effects of Particle Size on Bulk
Composition

The effect of iron particle size on the na-
ture of the carbide phase formed during
syngas reaction is quite consistent with that
reported by others. For initially reduced Fe
supported on MgO, SiO, (6), or carbon
(40), the x-carbide phase disappeared as
particle size decreased, and the &'-carbide
became the predominant phase. The lack of
dependence of this trend on the nature of
the support used suggests that this trend is
predominantly due to a particle size effect,
not to Fe—support interactions.

The superparamagnetic ¢'-carbide com-
ponent in MES is due to the smaller parti-
cles in the particle size distribution while
the magnetically split component is due to
the larger particles in this distribution.
Thus, the data in Fig. 6 suggest that the
conversion of iron to &'-carbide became
slower as particle size decreased, and that
the rate of carburization to &’ therefore de-
creases with particle size. However, a com-
parison with other work indicates that the
dependence of the carbide phase formed (&’
or x) on particle size may also be due to
similar kinetic factors. Niemantsverdriet ef
al. (22) found that for large particles of Fe,
the &’-carbide was favored over the x-car-
bide at either lower temperature or shorter
times in syngas while the x-carbide pre-
dominated at higher temperature or long
times in syngas. Thus, the effect of increas-
ing particle size on rate of carbide forma-
tion and carbide phase formed appears to
be analogous to the effects of increasing
time or temperature, and may therefore be
due to similar kinetic factors.

CONCLUSIONS

The STY of hydrocarbon synthesis in-
creased over an order of magnitude as par-
ticle size of Fe supported on MgQ was in-
creased from 1 to 17 nm. Selectivity to C;
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hydrocarbons decreased as Fe particle size
increased, however. Furthermore, mainte-
nance of activity and C; selectivity also de-
creased as particle size was increased.

These trends did not depend on the na-
ture of the interstitial phases present in the
iron catalysts during use. Furthermore, the
same trends have been observed by others
for Fe on other supports (4).

The effect of iron particle size on carbide
phase formed was similar to that reported
for Fe supported on SiO; or carbon (6, 40).
The effect of increasing particle size on car-
bide formation is similar to the effects of
increasing time or temperature of exposure
to syngas, and may be due to similar kinetic
factors.

Thus, iron particle size appears to be a
dominating factor in determining activity
and selectivity of supported Fe for hydro-
carbon synthesis. Although additional work
remains in elucidating the kinetic step or
steps in the reaction sequence responsible
for this particle size effect, the results of
this work are consistent with hydrocarbon
synthesis on Fe being at least moderately
structure sensitive. Indeed, our MES data
as well as constant values of the activation
energy do not reveal a significant interac-
tion between metal and support, so that a
change in catalytic activity and selectivity
with particle size may be ascribed to
changes in surface structure, as postulated
for ammonia synthesis on similar Fe/MgO
catalysts (29, 41, 42) and subsequently
confirmed by large single crystal studies
(43).
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