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The reaction of 1:2:1 CO: H,:NH; at 698-723 K over reduced or prenitrided iron powder is
initially active for production of CH;CN, but deactivates quickly due to extensive carbon deposition.
Much longer periods of stability are observed over a highly dispersed, prereduced Fe/SiO, or Fe
on carbon catalysts, suggesting the importance of small particle size for resistance to coking.
Prereduced Fe/SiO, catalysts containing only Fe™* are less active for the nitrile reaction initially
than those containing larger particle Fe® or Fe,N phases. but increase in activity with time on stream.
Magssbauer spectroscopy measurements indicate that the nitrided Fe/Si0, catalyst is converted in
minutes to Fe carbide during reaction. Thus little or no bulk nitrogen remains during reaction. Fe'
in supported or unsupported catalysts quickly converts to a carbide during reaction as well. Unlike
the unsupported catalyst, which ceases to be active, the supported catalyst always maintains some
finite activity. This activity is attributed to the iron particles that are below the size that produces

excessive carbon deposition.

INTRODUCTION

The addition of ammonia to synthesis gas
is known to produce amines at high pres-
sures (30-100 atm) and relatively low tem-
peratures (473 K) (/-5) and nitriles at higher
temperatures, as described in Monsanto pa-
tents (6—8) and work done separately by Ha-
mada er al. (9) and Tatsumi e¢ al. (10). The
Monsanto work describes the use of CO,
H,. and NH; over either iron or promoted
molybdenum catalysts to produce acetoni-
trile in the temperature range 620-820 K.
Pretreating the catalysts by reduction, ni-
triding, or carburizing was noted. The cata-
lysts were also reported to possess addi-
tional catalytic activity when used in
conjunction with refractory catalyst sup-
ports. The reaction proceeds well at atmo-
spheric pressure, and selectivity to acetoni-
trile was found to be enhanced by addition
of CO, to the reaction mixture (8). This may
be due to the inhibition of the water gas shift
reaction. The presence of Mn, Sr, Ba, Ca,
or Ag components added to the Mo catalyst
improves selectivity to acetonitrile (7, 9).

' To whom correspondence should be addressed.

0021-9517/93 $5.00
Copyright © 1993 by Academic Press, Inc.
All rights of reproduction in any form reserved.

1993 Academic Press, Inc.

We have investigated the nitrile synthesis
over unsupported and supported iron cata-
lysts at atmospheric pressure, using mass
spectrometry and gas chromatography for
kinetic measurements, and Mossbauer
spectroscopy for characterization of the cat-
alysts. The most stable catalysts were car-
bon-supported and uncalcined silica-sup-
ported catalysts. Reduction of the silica-
supported catalysts at 673 K in hydrogen
resulted in a material with most, if not all,
of the iron stabilized in the Fe’* state.

Iron nitrides have been reported as good
precursors for catalysts for synthesis gas
reactions (//), although the surface nitride
is rapidly decomposed during reaction (/2).
The present study concludes that the bulk
nitride is also decomposed quickly during
reaction in CO, H,, and NH; at 723 K and
fails to enhance the long term activity com-
pared to that of its reduced counterpart.

EXPERIMENTAL

Catualyst preparation. Five iron catalysts,
one iron powder, three silica-supported, and
one carbon-supported, were prepared for
this study. The iron powder catalyst was
prepared at 343 K by precipitation after ad-
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dition of NH,OH to a 0.17 M Fe(NO;); -
9H,0 solution in triply distilled water. The
resulting filter cake was dried in ambient air
for 2 days, then heated in air at 373 K for 24
hr and finally at 573 K for 4 hr. The surface
area of this catalyst, after reduction in H,
at 673 K, was measured by a flowing BET
method (/3) and found to be 1.4 m’/g of
Fe,O; precursor.

The silica-supported catalysts, desig-
nated (A), (B). and (C). were prepared in
separate batches by incipient wetness im-
pregnation of a dried Cab-O-Sil EH-S silica
with an iron nitrate solution, forming 4% Fe/
Si0, catalysts. These catalysts were dried
for 1-2 weeks in air and then vacuum dried
(decomposed) at 423 K, followed by final
treatment in flowing H, at 573 K for several
hours. The catalysts were cooled to room
temperature in He and passivated in 1% O,
in helium before exposure to air. This
method of preparation (that is, without
calcination in O, mixtures) generally yields
supported catalysts that are difficult to re-
duce below the Fe’' state in H, at 673 K
(14). In spite of the similarity of preparation,
the catalysts (A), (B), and (C) have slightly
different initial dispersions, resulting in dif-
ferent amounts of Fe’ and Fe?* in the re-
duced state.

The carbon-supported catalyst was pre-
pared using a high-purity, high-surface-area
amorphous carbon black, CSX203, supplied
by Cabot Corporation. As received,
CSX203 has been reported to contain a suf-
ficient level of sulfur impurity to render the
subsequent iron catalysts inactive. A desul-
furization treatment (/5), involving heating
the support for 12 hr at 1223 K in flowing
H,., reduced the sulfur content of the
CSX203 from 6550 ppm to 1860 ppm, as
determined by X-ray fluorescence. The re-
sulting carbon black contains a wide distri-
bution of pore sizes, including an abundance
of micropores. The total surface area of the
desulfurized support was 1310 m®/g, mea-
sured by the flowing BET method using N,.
The desulfurized support was impregnated
with aqueous iron nitrate solution, forming
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an 11.85% Fe/CSX203 catalyst. Care was
taken not to exceed the incipient wetness
point. The subsequent drying and passivat-
ing procedure was similar to that used for
silica-supported catalysts. The total surface
area of the decomposed catalyst was found
to be 1120 m*/g.

The 11.85% Fe/CSX203 catalyst was fur-
ther characterized by hydrogen desorption,
TEM and Mdssbauer spectroscopy. Hydro-
gen desorption, which involves heating in
flowing H,/Ar mixtures to 673 K, cooling in
that mixture, and then heating in flowing Ar
and detecting the desorbed H, (/6), revealed
an average particle size of 33 A for reduced
iron, corresponding to a dispersion of 26%.
TEM studies, done in Dr. N. Otsuka’s Lab-
oratory (/7), showed iron oxide particles
with an average size of 25 A, consistent with
the hydrogen chemisorption measurements
of the reduced catalyst. The Mossbauer
spectra of the reduced and nitrided catalysts
are presented in the results section.

Before reaction, the catalyst sample was
activated in situ by reducing or nitriding.
The reduction pretreatment was carried out
in flowing H, at 673 K. Fe/SiO, was reduced
for 12 hr, while the Fe/CSX203 catalyst was
reduced for 16 hr. The nitrided catalyst was
prepared by treating the prereduced catalyst
in flowing NH; at 673 K for 12 hr. After
these treatments, the catalyst was taken to
the reaction temperature in the pretreatment
atmosphere (H, or NH;). Once the reaction
temperature was stabilized, the reaction
was initiated by switching from the pretreat-
ment gas to the reaction gas mixture.

Mdéssbauer spectroscopy. The Moss-
bauer cell in which the sample was mounted
was made of 316 stainless steel and equipped
with beryllium windows. In CO, H,, and
NH, mixtures at temperatures above 673 K,
316 stainless steel corrodes, causing ‘‘dust-
ing”” of the metal surface (/8). Thus, in situ
spectra of catalysts reacted in the CO, H,,
and NH; environment were limited to 15
min of reaction time. The gas-phase reaction
mixture was swept away with helium as
soon as the cell cooled to 573 K. Spectra
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involving catalysts exposed to the reaction
mixture for longer time periods in a separate
reactor were obtained from samples in a
holder in air, after passivation of the used
catalysts in a 1% O, in He mixture.

The Mossbauer spectra were obtained
with an Austin Science S-600 spectrometer
controller and a Nuclear Data model 62
multichannel analyzer. The source was
YCo-Rh and the isomer shift reference was
a 25-um NBS a-iron foil. Fitting of the
Mossbauer spectra was accomplished using
a Levenberg—Marquardt least-squares rou-
tine, developed in our laboratories by Gregg
Howsmon (/9). The program fits isomer
shift, quadrupole splitting, hyperfine split-
ting, linewidth, and total absorbance for
each distinct species, and includes optional
constraints on those parameters. All six-line
patterns shown in this study were made up
of Lorentzian-shaped lines fixed at
3:2:1:1:2:3 absorption intensity ratios.
The routine can also fit a distribution of hy-
perfine fields at a fixed isomer shift and
quadrupole splitting (20). The fitting routine
and other details concerning this apparatus
have been described elsewhere (/2).

Reaction. One kinetic apparatus analyzed
products by gas chromatography; a second
used mass spectrometry. In the first system,
a Hewlett—Packard 5830A chromatograph
was equipped with a Supelco Porapak Q
column (8 ft) in series with Porapak R col-
umn (8 ft). The reaction was carried out in
a U-tube, flow reactor immersed in a heated,
fluidized sand bath. Typically 135 cc/min
of reactants flowed over 100 mg of silica-
supported catalyst or 40 mg of carbon-sup-
ported catalyst and the conversion was less
than 19. The second kinetic apparatus con-
sisted of a quartz tube reactor within brass
sheathing heated by a Research Incorpo-
rated IR oven and controlled by a Micristar
temperature controller, with the thermocou-
ple located between the quartz tube and
brass sheathing. The reactor could be fed
with gas from any of three manifolds. Prod-
ucts, or reactants passing through a reactor
bypass, were analyzed by an Extrel Labora-
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tories EMBA Il modulated beam quadru-
pole mass spectrometer interfaced to a Digi-
tal Equipment Corporation MINC-I11
minicomputer for data acquisition. The re-
actor bypass mode was used to carefully
calibrate the mass spectrometer for each ex-
periment. The mass spectrometer measured
H.O, HCN, and CO, most accurately,
whereas the gas chromatograph was best for
the acetonitrile and hydrocarbon products.
Overlaps of fragments in the mass spectrom-
eter prevented methane measurement there,
while weak sensitivity to detection pre-
vented HCN analysis in the gas chromatog-
raphy.

The helium, argon, and hydrogen gases
used were Matheson ultra-high-purity grade
with Scott purifiers installed to further scav-
enge oxygen. CO (UHP Matheson) was
filled directly from the production facility
into aluminum cylinders to minimize iron
carbonyl contamination of the reactant gas.
NH, was Matheson research purity grade
and used without further purification.

RESULTS

Kinetics. The stability of the reaction over
the various catalysts employed is one of the
central issues of this study. At the tempera-
ture of the reaction (673-723 K). certain iron
catalysts displayed stable activity, avoiding
extensive carbon poisoning that can easily
occur in CO mixtures at these temperatures
over iron catalysts (2/-24). Figure 1 shows
the approach to steady-state production of
acetonitrile over reduced Fe/SiO, (A), re-
duced Fe/SiO, (B), and nitrided Fe/SiO, (B).
Figure 2 shows the relatively steady produc-
tion of acetonitrile, methane, and ethane
plus ethylene over prereduced and preni-
trided Fe/CSX203 catalysts. Due to the dif-
ficulty of determining the area of the active
surface for the different catalysts used, the
rates in Figs. | and 2 are normalized per
gram of Fe in the catalyst sample. The con-
ditions were virtually the same in all cases,
namely, atmospheric pressure, 1:2:1:1
CO:H,:NH;:He at 698 K with the only
difference being the type of catalyst used.
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FiG. 1. Specific rate of synthesis of acetonitrile as a

function of time on stream over (a) nitrided Fe/Si0,
(B}, (b) reduced Fe/SiO (B). and (c) reduced Fe/SiO-
(A).

The reactant ratio is close to the 2:7:3
CO: H,: NH; ratio found by the Monsanto
group to give maximum acetonitrile activity
(6-8).

Although the catalysts in Fig. I were all
prepared in similar fashion, the differences
in the reaction behavior indicate that the
nature of the iron in these prereduced or
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F1G. 2. Specific rate as a function of time for ni-
trided and reduced 11.85% Fe/CSX203 in 1:2:1:1
CO:H,:NH;:He at 698 K.
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prenitrided samples is different. Nitriding
an Fe catalyst has been shown to give a fast
rise to high activity for the Fischer-Tropsch
synthesis (/2, 25), which is also the case
here for nitrile production. One of the re-
duced catalysts also showed a rapid rise to
high activity, while the other rose slowly to
a steady state. Mossbauer results, discussed
below, indicate that the catalysts that
quickly achieve high activity contain rela-
tively large particles of Fe’ or Fe,N before
reaction, whereas the slowly activating cat-
alyst has iron in the Fe** state before re-
action.

The active, stable carbon-supported cata-
lyst, Fig. 2. establishes steady state much
more quickly than the silica-supported ma-
terials. Stability of the Fischer-Tropsch re-
action over iron catalysts supported on mi-
croporous or near microporous carbon has
been shown before (15, 26, 27). Other exam-
ples exist, however, showing carbon-sup-
ported Fe catalysts that deactive during
Fischer-Tropsch reaction (2/, 28-31), indi-
cating that the behavior of carbon-sup-
ported catalysts can be complex.

The acetonitrile synthesis reaction was
also carried out at 723 K and atmospheric
pressure over reduced iron powder by
exposing the  catalyst to 1:2:1
CO: H,:NH;. Unlike the supported cata-
lysts. the reduced iron powder catalyst de-
cays quickly and completely for all products
in under an hour. In a separate experiment
on Fe powder, the reaction stream was di-
luted with 669 He, but still showed the same
rapid deactivation pattern. Thus, it is un-
likely that deactivation is caused by a con-
version-dependent temperature rise on the
surface of the catalyst. That the complete
deactivation of the unsupported Fe powder
is due to the disproportionation (Boudou-
ard) reaction, combined with the water—gas
shift reaction, is shown by the fact that H,O
and CO, appeared as the major products:

2CO0— CO, + C(solid) (1)
H, + CO,— H,0 + CO. 2)

The above reactions so dominate the surface



396

0.20 -
Hz
0.15
e
2
=
g ool
£ 010
L NH,
[=}
= 0.05
el CO,
M
0 1 L [l
0 30 60 90 120
Time (sec)

Fi1G. 3. Mass spectral analysis of a step change from
NH; 10 2:7:3 CO:H,:NH; + 66% He over nitrided
iron powder at 773 K.

reaction pathway over Fe powder that the
catalyst deactivates quickly due to exces-
sive carbon deposition. The carbon depos-
ited from this reaction forms both bulk car-
bide and surface carbon, which blocks sites
for other surface chemistry. The catalyst is
nearly as active toward acetonitrile as sup-
ported iron initially, but the order of magni-
tude higher activity toward CO dispropor-
tionation quickly poisons the catalyst.

In contrast, as shown in Figs. 1 and 2,
supported iron catalysts do not deactivate
nearly so quickly. The reaction reaches an
approximate steady state, in which oxygen
in CO, and H,O is approximately equal to
the carbon in the nitriles with the difference
made up by the conversion to hydrocar-
bons, as required by the synthesis stoichi-
ometry in the absence of reaction (1). The
above results lead to the unavoidable con-
clusion that there is a support or particle-
size-induced effect on the coking rate.

The effect on the acetonitrile rate of bulk
nitrogen introduced by prenitriding the cata-
lyst was studied by transient experiments.
Figure 3 shows the initial minutes of synthe-
sis over the nitrided iron powder, as moni-
tored with mass spectrometry. A sample of
240 mg of the iron powder catalyst was pre-
reduced for 6 hr in H, at 723 K and preni-
trided for 8 hr in NH; at 723 K before ex-
posure to reaction conditions. The tempera-
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ture was raised to 773 K in ammonia, then
the catalyst was exposed at time zero to
a 145 ml/min stream composed of 2:7:3
CO: H,: NH; with 66% He added as a dilu-
ent. In NH; at 723 K, unsupported iron
powder forms an &/{-Fe.N phase (/1, 12,
32). In Fig. 3, the NH; curve drops to its
steady-state value over the first minute of
exposure, much more slowly than the fast
rise in CO, production, characteristic of the
rise time of the concentration step. More-
over, the lag in the H, curve indicates that
the reaction

Fe,;N + 32H,—NH, + 2Fe  (3)

is occurring. The amount of ““missing”’ hy-
drogen or ‘‘extra’’ ammonia, calculated
from material balances on this experiment,
correlates well with the complete conver-
sion of Fe,N to Fe by reaction (3). We may
conclude, therefore, that the iron nitride de-
composes during the first 30 sec under these
conditions. Mossbauer results confirm com-
plete decomposition of the nitride during re-
action at 723 K for both iron powder and
silica-supported iron catalysts. At lower
temperatures in synthesis gas, prenitrided
iron is known to form carbonitrides (//, /2,
25, 33). While some retention of nitrogen in
the carbides formed is possible at the higher
temperatures of these studies, faster diffu-
sion rates of nitrogen within the iron matrix
provide for the removal of nearly all the
nitrogen during nitride decomposition.
Thereafter, the prenitrided iron powder cat-
alyst behaves very much like its prereduced
counterpart. The extensive carbon deposi-
tion, as evidenced by the high selectivity to
CO, shown in Fig. 3, quickly poisons the
activity.

Méssbauer spectroscopy. The kinetic re-
sults demonstrate radically different cata-
lytic stability for the nitrile reaction over
seemingly similar supported and unsup-
ported prereduced or prenitrided iron cata-
lysts. The different natures of these cata-
lysts, namely, the oxidation state, nitride or
carbide phase behavior, and clues about the
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F1G. 4. Room-temperature Mossbauer spectra of (a)
reduced Fe/SiO, (A), (b} reduced Fe/SiO, (B), (c) ni-
trided Fe/SiO, (B), and (d) reduced Fe powder cata-
lysts.

particle size, can all be conveniently studied
by Mdossbauer spectroscopy.

Figure 4 shows the room temperature
spectra of the reduced Fe/SiO, (A), reduced
Fe/Si0, (B), nitrided Fe/SiO, (B), and re-
duced unsupported iron powder. The reduc-
tion pretreatment was for 12 hr, in H, at
673 K. For nitriding, the catalyst was fur-
ther treated for 12 hr in NH, at 673 K. In all
cases, the catalyst was cooled in the reduc-
ing or nitriding atmosphere to the room-tem-
perature acquisition conditions. The re-
duced catalysts contain varying amounts of
Fe’, Fe’ ", and Fe**, while the nitrided cata-
lyst is composed of Fe** and iron with two
(Fe(2N)) and three (Fe(3N)) nearest nitro-
gen neighbors (32). As the nitride ap-
proaches the stoichiometry Fe,N, all the
iron has three nearest nitrogen neighbors
and a complete transition to the orthorhom-
bic { nitride occurs. Parameters for the fits
are given in Table 1. The most striking result
in Figure 4 is the difference between the
spectrum of the reduced iron powder, which
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shows «-Fe, as expected from thermody-
namics, and those of the reduced Fe/SiO,
catalysts (Figs. 4a and 4b), which show large
fractions of Fe that are irreducible beyond
the Fe®' state. Past studies of the effect
of calcination and catalyst pretreatment on
reducibility have shown that high-tempera-
ture pretreatment in an oxidizing atmo-
sphere (i.e., calcination) sinters the iron
phase and disengages iron particles from in-
teracting strongly with the support (/4).
With the catalysts of Figs. 4a and 4b, how-
ever, the precursor decomposition occurred
in an H, atmosphere at 573 K. Further re-
duction at 673 K does not nucleate a sub-
stantial amount of the Fe® phase.

By far the most abundant phase for the
“irreducible’” Fe/SiO, (A) sample is the
higher coordination, larger 1S and QS Fe* ",
which represents >70% of the spectral area.
The low coordination, lower IS and QS Fe* "
is typically assigned to the surface species
since iron atoms have incomplete coordina-
tion (34, 35). The surface atoms have a
smaller Debye temperature (36) and accom-
panying recoil free fraction, however, and
their relative spectral area is smaller than
the actual fraction of surface iron (37). The
total Fe’* abundance in the Fe/SiO, (A) cat-
alyst approaches 1009%. The Fe/S10, (B) cat-
alyst has the interesting characteristic of
having both Fe” and Fe** components, with
a total of 78% in the Fe*~ state, and 18% as
Fe' iron, based on spectral area. The Fe"
particles are small in this catalyst, as implied
by the small field (323.3 kOe) for this phase
(Table 1). As particle size decreases, the
field decreases as a result of collective oscil-
lations until it finally collapses to achieve
superparamagnetism (38). The approximate
relation between particle size and hyperfine
field has been shown to be (39)

ths = H[)[]'I\T/:ZKV], (4)

where H,,, H, = observed and iron foil
(330 kOe) hyperfine splittings, kT = thermal
energy, K = magnetic anisotropy energy
constant, and V = volume of particle.
The estimation of particle size using this
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TABLE |

Maéssbauer Spectral Parameters for Fig. 4

Figure Phase IS QS HFS LW Rel. area
(mm/sec) (mm/sec) (kOe) (mm/sec) (%)
4a Fe’~ 1.05 1.84 —_ 0.71 72.7
Fe’~ (low coord.) 0.79 1.02 — 0.50 232
Fe'* 0.21 0.58 — 0.20 4.1
4b Fe' 0.02 0.0 3233 0.57 18.4
Fe®* 1.08 1.94 — 0.55 33.5
Fe’" (low coord.) 0.94 1.09 — 0.77 44.7
Fe'* 0.41 0.98 — 0.24 3.3
4c Fe~ 1.08 1.86 — 0.72 34.4
Fe(3N) 0.42 0.28 — 0.31 46.7
Fe(2N) 0.27 0.69 —_ 0.45 18.9
4d Fe" 0.0 0.0 331.7 0.33 100.0

method is only approximate, since the an-
isotropy energy constant is a function of
many factors, including particle size and
shape (38). Using the value of K = 1.2 X
10° J/m® for 63 A Fe particles on silica in H,
at room temperature (40), we estimate the
particle size of the magnetically split Fe” in
Fe/SiO, (B) to be 95 A. This reduced catalyst
was initially active for the nitrile reaction at
698 K, reached a maximum activity, then
decayed to a stable steady state (Fig. 1).
Since the catalyst Fe/SiO, (A) that reduced
only to Fe>" in Fig. 1 rose slowly to a steady
state activity, it appears that Fe® particles
large enough to be magnetically split in the
room-temperature Mossbauer system can
lead quickly to a catalytically active surface,
but cannot maintain that high activity.
The 11.85% Fe/CSX203 catalyst also
started at a high activity. Figure 5 shows the
room temperature Mdssbauer spectra of the
reduced and nitrided catalysts, with param-
eters listed in Table 2. The catalyst was re-
duced in H, for 16 hr at 673 K, spectrum 5a,
followed by 6 hr of nitriding in NH; at 673 K,
spectrum Sc. For the reduced catalyst, a
significant fraction of the iron particles was
small enough to display superparamagne-
tism. In this particle size range, the fit can be
approximated by a distribution of magnetic
fields, as shown in Fig. Sb. Spectrum 5a

is fit with this distribution in addition to a
magnetically split contribution with field of
325 kOe (noticeably smaller than the 330
kOe of bulk iron) and a small contribution

g
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% Transmission

i 1 1 A 1
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FiG. 5. Room-temperature Mossbauer spectra of (a)
reduced and (c) nitrided 11.85% Fe/CSX203: (b) is the
hyperfine field probability density function used in fit-
ting spectrum (a).
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TABLE 2

Massbauer Spectral Parameters for Fig. §
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Figure Phase IS QS HFS LW Rel. area
{(mm/sec) (mm/sec) (kOe) (mm/sec) (9%)
Sa Fe'* 1.0 — — 0.85 5.0
Fe' (magnetic) -0.01 0.0 325 0.47 19.4
Fe® (dist.) 0.0 0.01 0-248 0.69 75.6
5¢ Fe(3N) 0.41 0.35 —_— 0.35 2.7
Fe(2N) 0.31 0.76 —_ 0.68 56.1
Fe(2N) 0.34 -0.1 202 0.53 11.2

from an Fe*~ singlet, previously seen (41).
Also highly active and stable is the nitrided
Fe/CSX203 catalyst of Fig. 5c. This catalyst
has spectral contributions from iron with
two (Fe(2N)) and three (Fe(3N)) nitrogen
nearest neighbor sites (32).

The phase structure of the silica-sup-
ported iron catalysts after reaction is shown
by Mossbauer spectroscopy in Fig. 6, with
parameters given in Table 3. Figure 6ais the
room-temperature Mossbauer spectrum of

lmw
| (a)
L (b)
”’OW
(

961 (©)

g0l () \.i

S T

Percent Transmission
2

96| (©)

lm*\M

95 t;(fl) L L 1 { [
6 4 2 0 2 4 6

Velocity (mmnv/sec)

FiG. 6. Room temperature Mossbauer spectra of Fe/
Si0, (B): (a) reduced: (b) 15 min of reaction after (a):
(c) rereduced after (b); (d) nitrided after (¢): (e) 15 min
of reaction after (d); and (f) rereduced after (e).

Fe/SiO, (B) after it had been reduced for 12
hr at 673 K, as shown in Fig. 4b. When this
catalyst was exposed in situ to 15 min of
1:2:1CO:H,:NH; at 723 K, it gave spec-
trum 6b. Here, the fraction of «-Fe in Fig.
6a (18%]) is approximately equal to the area
of the carbide &'-Fe,,C with a magnetic

splitting of 166.6 kOe.

Rereducing this catalyst in H, at 673 K
for another 12 hr resulted in a catalyst with
slightly greater area fraction of Fe® (27%),
shown in Fig. 6¢, as compared to the freshly
reduced catalyst, Fig. 6a. These iron parti-
cles are still small, as indicated by the hyper-
fine field of 323.9 kOe. Apparently the Fe’
fraction is carbided quickly during reac-
tion,but can be returned to similar size Fe'
particles by rereduction. The relative frac-
tion of Fe?* remains unchanged during the
cycle of reduction/reaction/rereduction.

When the catalyst from spectrum 6¢ was
treated with NH; at 673 K for 12 hr, only
18% of the area corresponding to Fe’" re-
mained (Fig. 6d). The spectrum also has
contributions from iron nitrides with iron
with two (Fe(2N)) and three (Fe(3N)) nitro-
gen nearest neighbor sites. After 15 min of
reaction over this nitrided catalyst at 723 K,
all of the nitride was converted to carbide,
as shown in Fig. 6e. Once again, the Fe*~
fraction remains relatively unaffected. Con-
sistent with nitride decomposition observed
in Fig. 3 for the iron powder, little or no
nitrogen remains in the bulk of the sup-
ported catalyst during reaction at these con-
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TABLE 3
Méssbauer Spectral Parameters for Fig. 6
Figure Phase IS Qs HFS LW Rel. area
(mm/sec) {mm/sec) (kQe) (mm/sec) (%)
6a Fe! 0.02 0.0 3233 0.57 18.4
Fel* 1.08 1.94 — 0.55 33.5
Fe’~ (low coord.) 0.94 1.09 — 0.77 4.7
Fe'* 0.41 0.98 — 0.24 33
6b g'-Fe,,C 0.21 0.05 166.6 0.59 21.4
Fe* 1.06 1.94 — 0.62 42.5
Fe** (low coord.) 0.93 1.16 _ 0.72 31.2
Fe'* 0.29 0.84 — 0.27 4.9
6c Fe' 0.01 0.0 323.9 0.57 26.7
Fe* 1.07 1.87 — 0.61 38.5
Fe’~ (low coord.} 0.89 1.04 — 0.76 32.5
Fe'~ 0.39 0.92 — 0.16 2.3
6d Fe(3N) 0.43 0.28 — 0.24 56.1
Fe(2N) 0.28 0.59 — 0.59 25.4
Fel* 1.12 1.81 — 0.77 18.4
6e &'-Fe, ,C 0.24 0.0 166.4 0.46 77.5
Fe?* 0.88 1.86 — 0.66 i8.1
Fe'* 0.19 0.78 — 0.34 4.4
6f Fe" 0.00 0.00 332.8 0.36 80.3
Fel” 1.15 1.72 — 0.51 8.3
Fe’" (low coord.) 0.84 1.39 — 0.72 9.4
Fe'* 0.31 0.97 — 0.72 2.0
ditions. This conclusion is drawn from the
fact that the hyperfine field of 166.4 kOe for
the carbide phase would have been much
lower if nitrogen were incorporated. 25
Rereduction of the nitrided and reacted CH;CN rate T=723K
Fe/Si0, (B) sample in H, at 673 K for 12 hr —a (a)

converted all of the carbide to a-Fe, with a
hyperfine field consistent with that of large
particles (331.7 kOe), and the Fe* fraction
remaining the same. This catalyst sintered
during the cycle of nitriding/reaction/rere-
duction. Since the Fe>~ character was lost
during the nitriding step, it is likely that sin-
tering occurred in NH, during the nitriding
procedure.

The steady state activity on the Fe/SiO,
(B) catalyst after each step in the above
cycle is shown in Fig. 7. The reactions
were carried out at 723 K in 1:2:1:1
CO: H,:NH,: He. The activity behavior on
reduced Fe/SiO, (B) is similar to that in Fig.
1., where the reaction was carried out at 698

20+

— W (b
—a— (C)

@
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Rate (umoles/g of Fe/sec)
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©
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F1G. 7. Specific rate of acetonitrile production over
Fe/Si0Os (B} as a function of time: (a) reduced: (b) rere-
duced after (a): (c) rereduced and nitrided after (b); and
(d) rereduced after (¢).
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K. In the present case, the reaction was
carried out for 36 hr (although only the first
12 hr of activity is shown in Fig. 7). On the
rereduced catalyst, the activity observed for
12 hr was very different from that of the
freshly reduced material, showing no maxi-
mum. This is probably due to sintering dur-
ing the preceding reaction cycle. Some sin-
tering was confirmed by the high hyperfine
field of a-Fe after rereduction, Fig. 6c, fol-
lowing only 15 min exposure to the reaction
mixture. The absence of the maximum after
rereduction indicates complete carburiza-
tion of large particles within the first 10 min
of reaction.

The initial activity and rapid decay of the
nitrided catalyst corresponding to Fig. 6d is
also different from that seen on a freshly
nitrided catalyst (Fig. 1). Furthermore, the
activity was much lower than that observed
on freshly nitrided catalyst. This again
points to severe sintering during the initial
stages of the experiment. Further rereduc-

Percent Transmission

1 i L | 1 1

64 2 0 I 4 &

Velocity (mm/sec)

F1G. 8. Room-temperature Mossbauer spectra: (a)
after 8 hr of reaction over reduced Fe/SiO. (C) and
exposure to air: (b) after 24 hr of reaction over nitrided
Fe/S10, (C) and exposure to air: and (c) after | hr of
reaction over reduced Fe powder.
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tion gives the same activity as that observed
onthepreviousrereduced catalyst. Thisindi-
cates that there was no more sintering during
the later stages of rereduction/reaction/ni-
triding/reaction. The decrease in activity ob-
served on the nitrided catalyst was only due
tocoking, as observed onlarge iron particles.

The phases present after long-term expo-
sure during the nitrile reaction are shown in
the ex situ spectra of Fig. 8. Figure 8a shows
the prereduced Fe/SiO, (C) catalyst after 8 hr
ofreactionat723 Kin1:2:1CO: H,: NH,,
and Fig. 8bis the spectrum of the prenitrided
catalyst after 24 hron-stream. The character-
istics of reduced Fe/SiO, (C) catalyst are sim-
ilar to those observed for Fe/SiO, (B). Since
oxidation during air exposure degraded reso-
lution by introducing additional overlapping
iron phases, a distribtuion of magnetic fields
was used to extract some relevant informa-
tion from the spectra. Fits for both the spec-
tra included a doublet for Fe** | a doublet for
high coordination Fe** and a doublet for su-
perparamagnetic (S.P.) carbide as well as the
distribution. The parameters of the fits are
listed in Table 4, while the distribution func-
tions are shown in Fig. 9. From the distribu-
tion function we can see the presence of &’'-
Fe,,C (170-180 kOe) and x-Fe, C, which
has three sets of sixline patterns (110-130,
170-185, and 210-220 kOe) (42). The unusu-
ally high amount of species with a field of
110-130kOe may be due to presence of a car-
bonitride or some superparamagnetically re-
laxed carbide. The prereduced iron powder
catalyst, completely inactive after an houron
stream, gave the spectrum shown in Fig. 8c,
with parameters in Table 4. The phase
formed is x-Fe, (C and a small fraction of the
particle, presumably the center, which had
not yet formed a carbide. The x-carbide is
also formed in preference to ¢ or &’ in large
iron particles during the Fischer-Tropschre-
action (43).

DISCUSSION

The deposition of carbon on Fe plays the
major role in determining the success or fail-
ure of these catalysts. Many types of carbon
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TABLE 4

Mossbauer Spectral Parameters for Fig. 8

Figure Phase IS QS HFS LW Rel. area
(mm/sec) (mm/sec) (kQe) (mm/sec)
8a Felt 0.3 0.9 — 0.6 47.0
Fe’* 1.08 2.1 — 0.7 10.7
S.P. carbide 0.15 0.6 — 0.6 8.4
Carbide (dist.) 0.18 0.28 75-235 0.46 339
8b Fe** 0.32 0.96 —_ 0.6 13.7
Fe’* 1.12 2.17 —_ 0.7 3.3
S.P. carbide 0.15 0.6 — 0.6 12.0
Carbide (dist.) 0.21 0.07 75-235 0.46 71.0
8¢ Fe' 0.0 0.02 329.9 0.24 5.8
x-Fe, o) 0.18 0.04 186.2 0.36 35.4
x-Fea (11) 0.25 0.03 219.2 0.34 38.4
x-Feas(111) 0.2 0.08 110.2 0.32 20.3

are known to exist on an Fe surface in syn-
thesis gas mixtures (30, 44—48). On bulk alu-
mina- and silica-supported iron catalysts
(44—47), bulk carbidic carbon, a surface car-
bidic carbon, an active surface carbon and
surface graphite are known to form. Work
with carbon-supported (30) and titania-sup-
ported (48) iron catalysts also showed simi-
lar kinetic behavior, but with differences in
the rate of carburization and abundance of

0.5 »—\
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Probability Density (x100)
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Fi1G. 9. Hyperfine field probability density functions
used in fitting (a) spectrum 8a and (b) spectrum 8b.

certain surface species. On Fe/ZnO, Kieffer
and van der Baan (23) found evidence of
multiple types of carbon on an iron surface
that reconstructs during reaction. The abun-
dance of graphitic carbon on iron surfaces
during synthesis is a common theme of these
and other studies (2/-24, 49). The activity
and irreversibility of graphitic carbon is the
chief cause of deactivation (50).

In our experiments over freshly pre-
treated catalysts (i.e., no prior history of
reaction), it appears that the lack of deacti-
vation is observed only over small particles.
This is implied by the stable activity ob-
served over Fe/CSX203, where the particles
are known to be small. Also, since &'- and
x-carbide particles are formed slowly during
the nitrile synthesis (Figs. 7 and 9), one may
infer that the active and stable Fe/SiO, cata-
lyst, originating from inactive Fe**, could
be very small crystallites of iron carbide
formed during reaction. The small particle
tail of the size distribution may also account
for stable activity over rereduced postreac-
tion Fe/SiO, (B), where most of the catalyst
is composed of large particles. The similari-
ties in small particle behavior in silica- and
carbon-supported catalysts suggests that
particle size, rather than support interac-
tions, plays the key role.

A particle-size effect for coking has been
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well established in the literature for Pt (50,
51),Ni(52, 53), Ir (54) and Fe (25). Froment
and Nam (55) have modeled deactivation
due to site blockage using a stochastic dual-
site mechanism, showing a theoretical de-
pendence on ensemble size for deactivation.
For Ni catalysts, such an effect was ob-
served for steam reforming of hydrocarbons
over 4—6 nm Ni/MgO catalysts {52) and for
hydrogenolysis of several hydrocarbons
over |- and 6-nm Ni/Aerosil particles (53).
In the latter study, the particle-size effect
on poisoning offset an intrinsic particle-size
dependence of the hydrogenolysis reaction.
For synthesis gas conversion over Fe/MgO,
however, McDonald and Boudart observed
a particle-size effect for poisoning, but this
was overwhelmed by the intrinsic effect for
the synthesis of hydrocarbons (25). For Fe/
CSX203 catalysts, Jung et al. also observed
lower turnover frequencies for smaller parti-
cles (26).

In our results, the particle-size effect for
the intrinsic reaction toward nitriles is diffi-
cult to assess, due to the rapid and total
deactivation of the bulk iron powders at
723 K. However, the overall catalytic per-
formance shows a particle-size effect, since
nitrile production is stable over the high dis-
persion Fe/CSX203 catalysts. Furthermore,
the initial nitrile production rates are similar
for large and relatively small a-Fe particles.
Thus, at high temperature and in the synthe-
sis gas mixture including NH;, the poison-
ing reaction is sensitive to particle size,
which has more impact on the long-term
nitrile or hydrocarbon activity than on initial
activity.

The Fe/SiO, catalysts also showed stable
activity when they were reducable only to
the Fe* state before reaction. The irreduc-
ibility of the iron means that it is in close
contact with the support, either as very
small particles or in a raft-type structure.
Other authors (56-59) have also observed
stable synthesis gas activity over iron cata-
lysts that are in an oxidic state before reac-
tion. Venter et al. (27) have separated iron
catalysts for synthesis gas into two groups,
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those that are highly dispersed Fe/C or, al-
ternatively, poorly reduced catalysts, both
of which display stable activity, and an an-
other group of fully reducable unsupported
or supported catalysts that deactivate dur-
ing reaction. This distinction is supported
by our results for the nitrile reaction. Re-
sults from Fig. 1 show, however, that the
oxidic phase itself (in Fe/SiO, (A)) is not
initially active for the nitrile reaction.

These data are all consistent with the con-
clusion that the nitrile reaction is primarily
dependent on a particle-size effect on cok-
ing, and that the active phase is iron carbide
in an optimal particle size range. The Fe/
(CSX203 catalysts form small crystallites of
active g'-iron carbide during reaction. The
Mossbauer results of Fig. 6 indicate that
Fe® quickly forms carbide during reaction.
Some of these iron particles are apparently
too large, however, and deactivate during
reaction. Thus, the activation of Fe’* could
involve the growth of small iron carbide par-
ticles, active for the reaction, but not for
excessive coking.

Nitriding affects catalyst behavior pri-
marily through its influence on particle size.
As shown in Fig. 6, the Fe/Si0, (B) catalyst
contains 18% of the spectral area in the Fe’
state, which quickly forms carbide during
reaction, and then can be regenerated back
to its original form. After nitriding, how-
ever, 81% of the area is in the nitride form,
which also immediately forms a carbide dur-
ing reaction. This catalyst, when rereduced,
now has 80% of the iron spectral area in the
Fe® form and the average particle size has
increased as indicated by the increased hy-
perfine field. These large particles account
for the accelerated deactivation of the ni-
trided catalyst in Fig. 6.

CONCLUSIONS

Supporting iron on silica or carbon can,
with certain pretreatments, create a catalyst
that provides high activity and stability in
forming acetonitrile. The unique aspects of
the best performing catalysts are either
small particle size, irreducibility beyond
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Fe’*, and/or lack of excessive carbon depo-
sition, all of which are interrelated. Preni-
triding a silica-supported catalyst, as com-
pared to simple prereduction, changes
activity behavior, causing high initial activ-
ity, followed by decay. Mdssbauer and mass
spectrometry results indicate, however,
that little or no nitrogen remains in the bulk
after the first few minutes on stream. Thus,
changes in kinetic behavior are best ac-
counted for by the increase in particle size
that accompanies nitriding. The iron on car-
bon catalyst is unusually stable for the reac-
tion, after either prenitriding or prereduc-
tion, and has the characteristic of extremely
small particle size, as evidenced by the exis-
tence of superparamagnetic iron and high
hydrogen uptake values. These results sug-
gest that iron carbide is the active phase,
and that smaller particles are more stable
for the reaction.
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