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ABSTRACT

Our study of iron nitrides has included the preparation, stability, and catalytic
kinetic bebavior of these materials as Fischer-Tropsch synthesis {FTS) catalysts.‘ :
Preparation of the three major phases (¥ -FesN, eFe,N 2< x <3, ¢-FeyN) is
achieved by flowing NH;/H, mixtures over reduced iron powders in the temperature
range 250 - 500 ° C. The pure phases are easily identified by Mossbauer spectroscopy.
Using constant velocity Mossbauer spectroscopy and mass spectral analysis we have i)
observed the expected fast decomposition of the nitrides in hyd;ogen, ii) shown that
restricted access of hydrogen to the surface in the initial stagos' of the decomposition
can accoun$ for the low initial rate and the increase of the rate to a maximum, iii)
shown that the pure nitride phases are also very unstable in CO/H, at Fischer-Tropsch
. reaction conditions, but in the presence of CO-containing gases the mitrides are con-
verted to carbonitrides rather than a -iron. Loss of nit.'.rogen from the carbonitrides
during reaction is a slow process. ' Transient mass spectral analysis reveals that freshly
prepared nitrides have an adsorbed NH, species. On the fresh surface, hydrogen reacts
preferentizlly with nitrogen rather than CO, removing approximately one monolayer of
nitroger before methane production begins. The reaction then proceeds on a surface

contalning essentially no reactive nitrogen.

The carbonitrides formed after steady state reaction over the three iron nitride
starting materials have been identified by Mossbauer spectroscopy. Kinetics of FTS at

- atmospheric. pressure and-3/1 Hy/CO _over-these phases. are reported. The activity and



selectivity over iron mitrides are similar to those over reduced iron, although high initial
activity, higher olefin to parafiin ratios, high CO, production rate and overall higher
activity for the ¢ and ¢ catalysts were noted for the nitrides. Pretreatment of nitrided
catalysts with CO resulted in a2 momentary inhibition of all activity, whereas O, pre-

{reatment gave evidence of enhanced C; selectivity.

Addition of ammonia tg_ synthesis gas over reduced or prenitrided iron at 500°C
produced acetonitrile. High deactivation rates over iron powders prompted the use of
silica supported iron catalysts which are much more stable in activity. N tramsient
studies show the reaction to be governed by a small highly reactive pool of nitrogen on

the surface.

Small particle iron on carbon catalysts showed unique stability of activity and
nitride phase during FTS. Both the Mossbauer effect and chemisorption confirm the
small size of the Fe particles on f.he reduced catalyst. A reduced, nitrided, reacted in
FTS and rereduced. iron on carbolac sample showed that the particles sinter during this
cycle. Small particle nitrides and the production of nitrogen-containing compounds are

the subject of continuing study.



1. OBJECTIVES AND SCOPE

1.1 Background

The feasibility of utilizing synthesis gas (CO + H,) via the Fischer-Tropsch reaction
pathway for the production of fuels and chemicals is weil established. The SASOL ven-
tures, for example, take advantage of abundant coal resources to produce both desir-
able synthetié automotive fuels and basic chemical feedstocks. The applicability of
these chemical transformations is nonétheless limited. The present procedure requires
extensive processing if the production of non-essential byproduects is to be avoided.
The discpvery and subsequent usage of improved cz;talysi:s would thergfore be advanta-

gecus.

Experimental results published in the current literature show that nitrogen aflects
the performance of iron catalysts-catalysts which find widespread use in the Fischer-
Tropsch synthesis route. Prenitriding of the iron catalyst has been reported to shift the
product distribution to one éxhibiting lower molecular weight fractions and enhanced
alcohol yields (1). On the other hand, simultaneous introduction of ammonia {NHj3)
with synthesis gas produces nitrogeneous c;:mpounds (2-5). Furthermore, and probably

of greater importance, this addition of ammonia. effects a reduction in the overall chain

length of compounds in the product spectrum (2). It is of considerable interest, there-"

fore, to study these and other characteristies of nitrided iron catalysts in order to gain
a basic understanding of their behavior. ‘Discovery of the new pathways in Fischer-

Tropsch synthesis afforded by nitrogen will add to the fundamental knowledge from

(73]




which future synthesis-catalysts can be derived.
1.2 Objectives

The scope of the program may be broken down into two main areas of concern.

Firstly, consideration must be given to the role of the surface nitrogen in
i. altering the product distribution and

ii. stabilizing catalyst activity

of the synthesis reactions. Jn-sity Mossbauer studies identifv the various iron nitride
phases and allow for examination of their stability during reaction. The Mossbauer
resuits form the basis for detailed kinetic tracer experiments involving transient and

isotope labeling analyses.

The second area of consideration involves the kinetic and catalytic effects observed
during the addition of ammonia to the synthesis gas stream. Transient work is ideal
for observing initial activity changes occurring as a resnlt of NH; pulses. The transient
kinetics of NHj addition also help clarify the most productive steady state experiments.
The various analytical methods define interactions between surface and bulk nitrogen,

and their role iu effecting new reaction pathways.

The primary experiments which define our route to understanding which parameters

influence the selectivity and alter the activity of synthesis reactions may, therefore, be

outlined as follows;

i. Mossbauer and simultaneous kinetics of prenitrided iron catalysts are used to

determine nitride phase stability and to correlate these phases to reaction




iv.

2

selectivity.

Similar analysis of the effects of addition of NH; to the reactant stream are per-

formed.

Transient analysis and isotope tracer studies of synthesis reactions over prenitrided
catalysts determine surface nitride stability. The stoichiometry at the surface and

the influence of prenitriding on surface carbon inventory are sought.

The effects of NH; addition to the reactant stream are similarly followed by tran-
sient tracer studies to determine possible alterations in reaction pathways invoked

by the presence of NH;.
2. Technical Progress

2.1 Summary of Results

We have sepa.rated our major results into three sections; stabihty of iron nitride
catalysts (2.2), iron nitrides as Fischer-Tropsch catalysts {2.3), and modification of
iron nitride chemistry by supports and’by gas phase NH; (2.4). In the first section,
we briefly review the reasons for interest in these catalysts and discuss our tech-
niques for studying them. Preparation of the different phases from reduced iron
powders can be achieved from NHy/H, mixtures, but the nitrides are extremely
unstable in pure hydrogen. In addition to the formation and decomposition of

these structures, we report on the initial stability in H,/CO mixtures.

g

-

In the second section, we:report on our studies of the Fischer-Tropsch synthesis




at atmospheric pressure over nitrided catalysts. Both the phase behavior, (produc-
tion of carbonitrides) and kinetic activity are discussed. CO and O, pretreat-
ments, and hydrogenation of these cataiysts after reaction were among the experi-

mental studies.

The final section discusses modifications of both catalyst and synthesis reaction.
Ammonia is added to synthesis gas and reacted over Fe/si0, based catalysts at
500 ° C to produce acetonitrile. Small particle Fe/C catalysts were made to study

its catalytic behavior for synthesis reactions.
2.2 Stability of iron Nitride Cuatalysts

2.2.1 Introduction

Iron nitride Fischer-Tropsch catalysts, originally investigated bj}'inderson and
cowo:f:ers at the Bureau of Mines (1,6,7), reportedly provided higher activity, long
life, somewhat shorter pro&uct chain lengths and significantly higher alcohol pro-
duction rates than promoted fused iron catalysts. Recent studies by Yeh, et ol
(8,9) indicate somewhat different selectivities but confirm the higher activities for a
promoted catalyst at 7.8 and 14 atmospheres pressure for 2 1:1 H,:CO mixture.
Most significant in both studies, however, is the extremely long life of bulk nitro-'
gen in H,/CO mixtures, whereas in pure Hp nitrided catalysts are extremely
unstable. The stability of these catalysts in various gas phase atmospheres is
therefore a2 central-issue-ip eialuaﬁng this catalyst . for.a. particular .reaction. In

tlns Teport we examine the preparation and stability of the different unsupported



nitride phases, ¥ —Fe,N, ¢-Fe N (2<x<3) and ¢~Fe,N, in an effort to understand

differences in the Fischer-Tropsch bebavior caused by nitriding iron catalysts.

Preparation of the three major phases of iron nitride, ~~FeyN,
eFe,N (2<x<3) and ¢—FeyN can be accomplished by varying the NI13/H2 nitrid-
ing compositions and]or temperature, as reported by numerous authors (7,10-12).
The different nitride §toichiometrios are easily identified by their characteristic
Mossbauer spectra, studied most recently by researchers at Northwestern (8,9,13).
Also, stoichiometries and phase identification can be confirmed by X-ray diffraction
and mass spectrometric measurement of the ammonia evolved duﬁng decﬁmposi—

tion in hyvdrogen.

The Mossbauer effect is ideal for characterizing both steady state and dynamic
forms of the catalyst under various conditions. Transient mass spectrometry, in
tandem with the Mossbauer results, describes the dynamic chemistry ?;hat has
occurred at the surface. We summarize,here the preparation and characterization
of iron nitride powders, and consider the stability of these nitrides in different

atmospheres.

" The _Mb'ssbauer results indicate that the pure nitride phase is unstable both in
hydrogen and synthesis gas, although the nitride is completely lost fo ammeonia
and a-Fe in bydrogen, whereas in synthesis gas carbonitrides are formed. Results
from mass épectrometric investigation of . the dynamic surface chemistry during the
f‘ischer—Tropsch synthesié‘:teg:ction give possible explanations for the remarkable

stability of nitrogen in the buil\c':bf these catalysts, namely that carbon, ieé’ulting




from the dissociation of carbon monoxide, effectively blocks the sites necessary for
hydrogenation of bulk nitride. Apparently no surface mitrogen is present during

Fischer-Tropsch synthesis.

2.2.2 Ezxperimental Techniques

The unsupported iron oxide catalyst precursors used for this study were
prepared by precipitation of iron oxyhydride from 2 mixture of NH,OH and 2
0.17M Fe(NOyg); nitrate solution. The filtered cake was dried and pulverized in air
at 370K and thex; .oxidized at 573 K to form Fe,0;. For a second batch of catalyst _
prepared for the Mossbauer studies, the oxidization was .carried §ut at 500 K. For
the Mb'ssb%uer experiments, 25 mg of iron oxide precursor and 200 mg of EH-5 sil-
ica, mixed m as a diluent, were mechanically pressed into a self supporting 1.5 cm
diameter wafer, ‘approximately 1.5-2.0 mm in thickness. For the transient mass
spectrometry experiments, 100 mg of precursor was pa.cked between pyrex wool
plugs in a 6 mm i.d. pyrex reactor tube. Individual samples of catalyst precursor
were reduced in fowing H, for at least 4 hours at 673 K before nitriding. The sur-
face area of the reduced catalysts was determined by flowing BET(44); the samples
used for the Mossbauer experiments (without the silica diluent) gave a nitrogen
uptake at 77 K corresponding to 1.6 =+ 0.1 m2/ gram: reduced Fe, and that of the.

samples to be used for transient mass spectrometry 4.3 % 0.1 m?/g.

Both constant acceleration and constant velocity in-sifx Mossbauer _spectra

were obtained with an Austin Science S-600 spectrometer controller. Data were



acquired in 256 channels of 2 Nuclear Data model 62 multicha.x;nel analyzer. The
70 mCi gamma ray source, 5iCo diffused in 2 Rh matrix, was obtained from New
England Nuclear. Zero isomer shift was referenced to the center of 2 25 gm NBS
Fe foil spectrum. Room temperature spectra were obtained after the sample bhad
cooled to ambient temperature in the appropriate gas mixture. The stability of
the individual nitride phases was investigated at reaction conditions using the con-
stant velocity (transiex;t.) mode, in which the velocity at a particular peak was
monitored rather than 2 scan of energies as in the more familiar constant accelera-

tion mode (22).

Most constant acceleration spectra were compu.ter fit with Lorentzian
lineshapes using a variable metric minimization wmethod. The program allows for
linear constraints on dips, widths and positions of the peaks. These constraints are
chosen so that the parameters conform to physics of the Mossbauer Effect. In this
study all six line patt;,erns have a core set of constraints. Specifically, they are
equal dips for pairs c;f peaks and equal widths for all six; a 3:2;1:1:2:3 area ratio
between the six peaks, and relationships between the positions of the peaks as
demanded by symmetry of hyperfine and quadrupole splittings on the energy tran-
sitions to the excited nuclear spiﬁ states. For é, doublet, the dips and widths are
equal. Some constant acceleration spectra wert'a also computer fit with a routine
developed by Niema.ntsverflriet (14). The routine fits a predetermined number of
six line patterns, singlets or doublets to the data with optionally fixed or variable

“parameters of isomier Shift, quadrupole shift, hyperfine field, or line width. The




individual spectrum components are a function of these parameters such that they
confo;'m to the physics of the Mossbauer effect. The program employs 2
Levenberg-Marquardt nonlinear regression formula to converge on the least squares
optimum fit. In ‘addition, the program was modified by Gregg Howsmon in our
laboratory to contain a computational procedure for evaluation of overlapping
hyperfine parameter (iistributions as a probability density along a range of
byperfine fields (15,16).:. A distribution may be fit independently, as in this work,

or in conjunction with additional singlet, doublet or six line components.

The transient kinetic apparatﬁs consists of a glass tube reactor within brass
sheathing heated by 2 Research Incorporated IR oven and controlled by a Mieris-
tar temperature controller. The reactor can be fed with gas from any of three
manifolds or 2 pulse loop for introduction of isotopically labelled components. Pro-
duets, or reactants passed through a reactor bypass, were analyzed by an Extranu-
clear Laboratories EMBA I modulated beam quadrupole mass spectrometer. inter-
faced to a Digital Equipment Gorporation MINC-11 minicomputer for data acquisi-
tion. The modulated beam design allows for detection of inlet components and
diserimination against background gases within the mass spectrometer chamber,

which allows for elucidation of troublesome wall absorbing gases such as NH; or

H,0.

X-ray Diffraction was performed on a Siemens Kistalloflex 4 spectrometer using
Cu K-a X-rays. The three major nitride phases are easily differentiated via the

unique diffraction patterns.

10



All gases used for these experiments were Matheson UHP grade. Molecular

sieve and Mn oxygen traps further purified helium and hydrogen. Metal carbonyls

in CO were removed in a molecular sieve trap at dry ice-methanol temperature

(216 K).

2.2.8 Preparation of Iron Nitride Catalysts

Preparation of the individual bulk nitride phases can be accomplished at atmos-
pheric pressure in different NH;/H, mixtures and at different temperatures. Figure
1 shows the conditions necessary to produce each of the phases after 3-4 hours of
nitriding. Our results are in general agreement with those of Eisenhut (11) and
Lehrer (12). Both the ¢-Fe,N and o/ —FesN phases are easily formed over a variety
of temperatures and ammonia/hydrogen gas phase compositions, whereas the
e-Fe,N (2<x <3) phase is only produced in a narrow compésition range (90 % 5%
NH;). At higher temperatures (>800K), the ammoniz decomposition reaction

becomes dominant 2nd nitrides do not form (17, 18}.

Characterization of each of the pure phases can be accomplished by Mossbauer
spectroscopy and X-ray diffraction. Figure 2 shows the room temperature spectra
of the different nitrides. The solid lines in the spectra are the result of careful com-
puter fitting, with parameters summarized in Table 1. In these fits, 2ll the param-
eters of line width, isomer and quadrupole shifts or hyperfine field are variables
and not independently fixed except that the widths of all lines belonging to the

same species are equal. In’ addition, XRD of the separate phases distinguish

11 -
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, between the fee, hep, and orthorhombic structures of the 7, ¢, and ¢ phases
respectively, confirming the synthesis of a ¢-Fe,N sample from 10094 NH; at 400

C, an ¢ phase from 85% NH; at 400 C, and a 4/ phase from 75% NH; at 325 C.

The +/ nitride (Figure 2b) is identified by 2 characteristic eight line pattern
arising from an overlap of Fe-I (zero nitrogen nearest neighbors = Onn) and Fe-II
{2nn) fields. The most :positive velocity peak (5.71 ﬁm/s} does not Qverlap either
with iron or the nitrides and serves to indicate :he presence of 4/ —Fe,N in com-
plex, overlapping spectra. The </ nitride can be fit with three different sextets
(Fel, Fe-IA and Fe-lIB). The Fe-IA and Fe—i]B sextets both have the same
hyperfine field, and frequently adequate fits can be made using Fe-I and only a sin-
gle Fe-Il site. Clauser (19) proposed that the 215 kOe field (Fe-T) sites IA and IIB

corresponded to face center iron atoms located either parallel to the field (two such

atoms on opposite faces of a cube) or perpendicular to the field (the four atoms on

the adjacent cube faces). The intensity of the IIA parallel sites therefore should be

1/2 that of the perpendicular IIB, and the QS of TIA equal to -1/2 of that of IIB.

The fitting of Figure 2b is made with all three sextets and a small central

doublet, with the parameters reported in Table I. The Fe-Q doublet, necessary to

achieve a close fit, appears.in all the fits of the nitrides and is usually small (with

the exception of certain ¢ nitrides). This component may arise from either the
existence of small particle nitrides or non-uniformity in the distribution of the
nitrogen in the matrix. Also, in Table I we have neglected any distributions of

hyperfine fields that may exist for one particular iron site. This complication will

15




be considered in the discussion of the € nitrides.

The hexagonal close packed nitrides, e~Fe,N (2<x <3) are shown in Figure 2¢
and Figure 3. The spectra o;‘ Figure 3 represent 2 range of stoichiometries in order
of increasing nitrogen content. As the stoichiometry approaches Fe,N, the mag-
netic field collapses to form a broad doublet (Figure 3e). Spectra of the ¢ nitride
can be fit with a2 combination of 3rn and 2nn sites (Table 2) such that
Hsnp < Hgng, and an additional contribution of the nonmagnetic, quadrupole split
component Fe-Q. The average stoichiometry of the e-nitrides is estimated from
the spectral areas of each of the three components, assuming equal recoil free frac-
tions and 3nn Fe-Q composition. Note that the Fe-Q component increases with
nitrogen content, and thus behaves as a nonmagnetic 3nn site that approaches the
iron environment of the ¢ nitride. The composition range in Figure 3 is then from
Fey 50N to Fep 14N, as indicated in Table 2. This appl:oach yields a linear relation
between the hyperfine field for both the Fe-II {2rn) and Fe-I (3nb) sites as a func-

tion of nitrogen content.

In these fits, we have assumed that the electric field gradient and hyperfine field

remain constant for a particular iron site. prever, the environment of an iron

" nucleus actually may vary in an € nitride as a2 result of the wide range of

stoichiometries possible for this phase. Accordingly, a distribution of hyperfine
fields is expected from the random distribution of nitrogen surrounding each iron
site. One method of approximating this distribution is given by Chen ef ol. (13)

and Yeh ef al. (8) who have used sextets with linewidths that are an increasing

16
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function of wvelocity to fit nitride spectra. A sextet with a slightly different
hyperfine field would overlap a given spectra most at small velocities and overlap
least for the outer peaks at high velocities, and thus when combined appear as a

spectrum with greater linewidths as velocity increases.

N

Distributions of hy'perﬁne field can glso be fit by dividing the range of field into
equal intervals (AH); the measured spectrum can then be fit with 2 probabmty dxs-
tribution of discrete hyperfine fields. The method includes smoothneﬁs and zero
factors to avoid the physically unrealistic solution caused by statistical fluctuations
in the data (15, 16). ‘We have fit the series of epsilon nitrides with distributions
over the entire hj'rperﬁ-ne field range (Figure 4). This necessitates using only one
quadrupole and isomgr shift for the entire distribﬁtion, thus the results can only be
deemed 2s approximate. Nevertheless, Figure 4 graphically demonstrates the two
separate fields, and the decay of the maximum at high hyperfine field with the
corresponding growth of the inner maximum. Note also the increasing' density
near zero field. This represents the growth of the wide doublet Fe-Q, which may
indeéd be due to the onset of pa.ramalgnetism , 1.e relaxation, for iron sites with 3
nitrogen nearest neighbors at room temperature. This effect is only markedly
significant in the highest nitrogen concentration e-nitride. Fits inclﬁding the com-
bination of a doublet and the distribution at higher fields did not signi.ﬁca.ntly.
change the fitted parameters for Fe-Q, therefore indicating that th_e inclusion of 2
distribution of magnetic environments is not exclusively responsible for the spec-

trum density in the Fe-Q region.

19
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The last nitride considered is the mitrogen rich phase ¢~Fe,N. This orthorhom- -

bic, paramagnetic phase is characterized by 2 central doublet, as shown in Figures
2d and 5b. In this phase all iron atoms have three nitrogen mearest neighbors.
The spectrum does not split out even to 4.2 K (21). The room temperature spec-
trum, Figure 2d, has an isomer shift of 0.43 mm/s and a quadrupole splitting of

0.28 mm/s.

2.2.4 Iron Nitride Stability

Evaluation of the perfofmance of 2 prenitrided céta.lyst for any reaction should
asses what form the catalyst takes during that reaction. In this regard, the stabil-
ity of the iron nitrides in different atmospheres is an important issue in studies
* involving them. Both Mossbauer spectrometry and transient mass spectrometry

can follow the decomposition of these structures.

The collection of a Mossbauer spectrum can take between 4 and 24 hours
depending on the strength of the source and the amount of Fe in the sample.
The usual constant acceleration mode of data accumulation is, therefore, much toc
slow for transient experiments. If, however, one measures the ;:ount rate at a care-

fully chosen single velocity, one can follow spectral changes op a time scale of

minutes (22). Application of this technique to the denitriding and renitriding of-

¢Fe,N is shown in Figure 5. Choice of the constant velocity point at the
minimum in the ¢ nitride doublet, spectrum 5-B, allows good sensitivity to changes

in the amount of the nitride phase because this happens to be a region of the iron

21,
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metal spectrum (Figure 5-C) where the transmission is pearly 100% (no peak).
Curve 5-A shows very fast removal of nitrogen in the presence of pure hydrogen.
In 2 matter of minutes, Fe,N has become iron metal. Renitriding is slower because
the nitrogen must penetraté the hexagonal close-packed nitride lattice rather than
the more open bee structure of a—Fe. The rapid nitride loss shown in Figure 5A. is

not surprising since the nitrides are known to be unstable in hydrogen (6,7 ,23).

Figure 6 displays th-e constant velocity spectra that indicate the stability of the
pure nitride phases in different atmospheres. Surprisingly, the pure phase is not
stable in CO/H, mixtures (Figure 6¢). Comparison with Figure 62 shows that the
time réquired for complete loss of the ¢~Fe,N phase is barely retarded by the
change from hydrogen to synthesis gas at 523 K. In this case, however, constant
acceleration spectra after various times of exposure show that the nitride is not
converted into the metal, but first into the ¢ nitride and then into 2 carbonitride.
In pure hydrogen at 523 K, therefore, nitrogen is completely lost to the gas phase, .
‘whereas much of the nitrogen remains in the bulk after the nitrides are exposed to
synthesis gas. Spectrum 6-d shows that the rate at which the pure nitride phase is
lost can be slowed significantly if all the hydrogen is removed from the synthesis

gas. Note that the greater scatter in this curve results from the change in scale.

We have studied the nitrogen removal process in some detail. Using computer-
controlled mass spectrometry, the decomposition products in the effluent of 2
differential plug flow reactor can be monitored with time. Heating an iron nitride

sample in flowing’ helium and monitoring the gas phase effluent for N, produces 2
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temperature programmed decomposition spectrum of the nitride. Such experi-
ments;" confirm the Mossbauer findings that at temperatures below 650 K the
nitrides are stable in helium. When a freshly prepared nitride is flushed with a
short pulse of He to remove the NH;/H, synthesis mixture and then exposed to H,
at 523 K, the ammonia concentration in the effluent is a measure of the nitride
decomposition rate. Figure 7 displays the results of two separate experiments, the
decomposition of an e—i‘el-,N nitride and of a +/~Fe,N nitride in H, at 522 K.
The complete removal of nitrogen after about five minutes is consistent with the
instability of the nitrides in hydrogen as already discussed. The area under the
NH; curve represents the total amount of nitrogen in the nitride, .conﬁrming the

stoichiometry expected from the phase identification. In Figure 7, for example, the

stoichiometry predicted by this method is Fe;¢N and Fe,;N for the 4/ and e.

nitride decompositions respectively, which is correct for the phase within the

uncertainty of the integration (10%).

The fact that the curves.in Figure 7 slowly rise to a maximum rather than
decaying from a maximum at the initial contact with hydrogen has been reported
in the literature previously (23). This behavior shows clearly that nitrogen removal

at these temperatures is not simply a diffusion limited process, which would have 2

maximum rate at the beginning when the transfer area is a2 maximum and the

diffusion distance is 2 minimum. One model for this phenomenon would be a
mechanism that includes competition for surface sites between adsorbed H and

adsorbed N. Fast conversion of bulk nitrogen to adsorbed surface N initially limits

26



the amount of surface H and restricts the rate. As decomposition proceeds, the N
arrival rate at the surface is slowed, surface hydrogen increases and therefore the
rate builds to a maximum. On the right side of the maximum, the rate is limited
by the concentration of surface nitrogen, a consei;uence of the decreasing amounts

of bulk nitrogen.

To examine the surface species contribution to the very early time behavior
shown in Figure 7, we'exposed a freshly prepared ¢—Fe,N nitride to Ar then D, at
523 K. The results are shown in Figure 8. The Ar purge at 523 K removes the gas
phase ammonia used for nitride synthesis. NH, species on the surface are then
reacted with deuterium. The presence of NH,D;_, in the effluent shows clearly
that the fresh surface retains some hydrogen. The appearance of NH; first does
not indicate that x=3, but is a result of chromatographic isotopic exchange at the
leading edge of the deuterium pulse. The uncertainties introduced in calibration
for the deuterated isotopes and in accountirg for the small impurity concentration
.of hydrogen in .the deuterium feed make determination of the total hydrogen from
surface species difficult to ascertain from this experiment, but clearly a significant

surface H concentration exists.

2.2.5 Nitride Stability During Fischer-Tropsch Synthesis

We have seen that some of the nitrogen in the pure nitrides is very labile. The

transient mass spectrometric approach allows us to measure relative surface reac-

tivities directly. Figure 8 shows the response of 5 freshly prepared and He-purged

27
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surface to synthesis gas at 523 K with an Hy/CO ratio of 3. The curves show
clearly that surface hydrogen reacts preferentially with surface npitrogen rather
than surface carbon. Between 1 and 2 monolayer’s worth of ammonia comes off
before methane production starts. The CO, curve shows that carbon is being
deposited on the surface by the Boudouard reaction while hydrogen is being
scavenged by the surface NH, groups. Surprisingly, further decomposition of the
nitride does not occur to a measurable extent in Figure 9 after Fischer-Tropsch

- synthesis has begun.

The availability of surface species changes dramatically after five minutes on
stream. Figure 10 shows the response of the reacting system to a short He pulse
followed by a switch to hydrogen. The burst of methane is characteristic of excess
surface carbon. Ammonia evolves only slowly from the catalyst. Because of the
high reactivity of surface nitrogen species just demonstrated above, we take this

result to indicate very low nitrogen content on the surface of the working catalyst.

2.8 Iron Nitrides as Fischer-Tropsch Calalysts

2.8.1 Introduction

In this section we investigate the properties of the pre-nitrided catalyst
behavior during Fischer-Tropsch synthesis. We begin by examining the reaction at:
523 and 458 K at atmospheric pressure, and examine the effect of pretreatment
" with CO or O, on the kinetic behavior and the bulk and surface phases present.
Finally, we examine the nitrogen inventory in the form of carbonitride during reac-

tion.
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2.3.2 Steady State Fischer-Tropsch Reaction over the Iron Nitrides

It is clear that the available data on the kinetics of the Fischer-Tropsch reac-
tion over the iron nitrides is scant (1,9 43). In addition the available data is not
consistent. Anderson (1) reports a shift to lower molecular weight products and
higher activity over promoted ¢~Fe,N nitride at 7.8 atm in synthesis gas, whereas
recent studies at Northwestern (9) show a shift to higher molecular weight pro-
ducts and comparable activity at 7.8 atm and lower activity at 1 atm over an
¢~Fe N catalyst. In an effort to.clarify some of these issues, steady state data was
taken for 12 hrs over each of the nitride phases séparately. The conditions were
held at 1 atm pressure, 3/1 H,/CO at 250 ° C with a flow rate of 50 I;Jl/min over
approximately 200 nig of catalyst precursor, thus yielding 2 CO conversion of 1 -

10% to products.

Figure 11 displays the activity results referenced to the surface area of reduced
Fe (4.3m%/g) as found by BET. Interestingly, the initial activity is high for all
| three nitrides, indicating that the initial state of the nitride is more active than Fe
metal. In kinetic data listed in a previous DOE report (24), the first point was low,

in contrast to the results here. This seemingly contradictory result can be clarified

by examining mass spectrometric data for the first few minutes of synthesis.

These results show that the hydrocarbon production builds to a maximum only
after the removal of surface nitrogen species (Figure 9). I the first sample was
taken during this short period of Ritrogen removal, the resulting FT activity would

indeed by low. The length of this period is probably affected by conversion level
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and reactor design (CSTR of PFR), but in any case many changes occur during

the first minutes of synthesis.

In addition, hydrocarbon selectivity over the nitrides indieates that the surface
is somewhat hydrogen deficient during the first minutes of synthesis. The
olefin/paraffin ratio at 4 minutes 1s higher than at 40 minutes, in spite of the fact
that the conversion hgs ;iecreased. The products are substantially methane poor,
especially for o/—Fe,N. This behavior is perhaps indicative of a competition
between carbon and nitroéén hydrogenation. It must be noted, however, that the
activity for these nitrides is high, even though the data indicate that surface

hydrogen concentration is low.

As Figure 11 shows, after eight hours of synthesis at these conditions, activity
for all the catalysts reaches an essentially steady state. The position of a secon-
dary maximum in activity increases in time for Fe, o —Fe4N-, and e~Fe, ;N respec-
'tively, corresponding to an increase in nitrogen content. A maxfmum for ¢Fe,N
may exist, but data in the 360-540 minute range is not yet available for this

catalyst.

Table 3 lists the é.ctivit.y and selectivity results for all catalysts after approxi-
mately 12 hours. The TON (CO, free) values reflect the activity results at the 12
br point in Figure 11. Olefin/paraffin comparisons must be tempered by the total
conversion level; high conversion lowers the olefin/paraffin ratio. Also, the selec-
tivity results reflect total CO conversion with CO, included, therefore the relative

selectivity between hydrocarbons will seemingly be less proncinced for high CO,



Table 3

Activity and Selectivity Results After 12 Hours of Synthesis at 523 K

o T Fe  FFe,N eFoN  ¢FeN
Total Conversion % 1.2 1.2 3.2 2.0
TON* (x 10%) 10.2 2.6 22.6 16.4
TON (CO, free x 10% 8.4 7.7 16.6 14.0

% CO conversion to products (% total hydrocarbons)

CO; 18 20 27 15
CH, 33(40)  32(40) 35(48) 30 (46)
C, 22 (27) 20 (25) 15(21) 18 (21)
Cs 18(21) 15(18) 14(18) 17 (19)

C, 8.8 (10.5) 7.3(9.3) 6.4(8.8) 88(10.4)

Cs 1.0 1.0 0.5 1.0
C; 5.2 49 37 7.2
C, - 32 2.2 1.8 2.9

* TON = turnover number = CO molecules converted to gas phase products

per site per second includes all hydrocarbons to C;




conversion (note the e~Fey 7N results).

The major overall conclusion from Table 3 is that the behaviors of the steady.

state catalysts are largely the same. The activity of the €FeysN and ¢Fe,N
catalysts are respectively 2 and 1.6 times as much as th?t of Fe and +/~Fe,N,

LY

which suggests a significant advantage for the high nitrogen-containing catalysts.
Other observations that can be made from Table 3:

1. Fe and 4/~Fe,N do not have signiﬁ\cant differences in activity or selectivity

after twelve hours of synthesis.

2. The eFey;N and ¢~Fe,N catalysts produce more methane and correspond-
ingly less C, hydrocarbons than Fe or + ~FeyN; relative selectivity to the C,

and higher hydrocarbons does not appear to be significantly affected.

3. The turn over number to CO, is increased over the ¢ and ¢ catalysts compared

to Fe and +'.

4. The olefin/paraffin ratio is enhanced for ¢FeN for all carbon chain lengths,
as compared to Fe and v/ -Fe N, even considering the high conversion level in
the ¢ -pitride. The ratio for e~Fe,;N is too strongly affected by the high

conversion level over this catalyst to be comparable.

These conclusions are in agreement with some of those listed by the Northwestern
group (9), namely higher olefin/paraffin ratio and bigher CO, production over an ¢,

sFe,N catalyst. We have found, however, that the activity is somewhat higher



for the high-nitrogen containing catalysts, although the difference is not substan-

tial.

2.8.8 Kinetic Behavior at 458 K

Kinetics representative of the single phasé nitrides are obtained by following
CO hydrogenation in 3H,/CO, 458 K, and a total gas flow rate of 50 ml/min,
measured at ambient cénditions. The chromatographic analysis comp.ar% catalysi:
performance on the basis of CO conversion to CO, and G, tﬁough Cs hydrocar-
bons. Molar selectivities are normalized to the total molar production. Due to
small concentrations of C; hydrocarbons, the Cy olefin to paraffin rz;.tio- is not
included. No alcobol production was detected. Table 4 gives the kinetic results

for the Fischer-Tropsch reaction over iron and over 4/ -, ¢, and ¢ -iron nitrides.

The first G.C. sample at 10 minutes (.17 hr) after the switch to synthesis gas
indicates a difference in kinetic behavior between the nitrides and iron. Over the
ifron catalyst, more than 23% of the products are hydrocarbons. No hydrocarbon
production is detected over any of the nitrided catalysts, and the carbon monoxide
conversion, Xgp, is derived fron'; the Boudouard and water gas shift reactions. A

significant, unidentified broad peak with an approximate retention time of 11.5

minutes is, however, present in the nitride chromatograms. This peak is absent’

from analyses afver the 1.17 hr injection. It is unlikely that ammonia, which has a
10 minute retention time in the series Porapak G and Porapak R column, is solely

~ responsible for this peak. The presence of other nitrogen containing gases is
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suspected.

The percentage CO conversion exhibits a trend; lower conversions occur with
increasing nitrogen content, from 0.110% over iron to 0.066% over ¢Fe,N. Two
explanations could account for this. The dissociation of carbon monoxide could
evoke a dual reaction: (1) carbon incorporation into the bulk and (2) surface car-
bon deposition. An hydrogenatlon pathway is minimal at 100% CO, selectivity.
As carbon diffusion is slower in denser nitride phases, a deerease in the first reac-
tion could lower the overall rate of CO dissociation. Hovifever, if the formation of
surface carbon is not rate limited, i.e. a true congpetition exlsts between the two
pathways, this explanation is ina.dec';uat_t‘:e.. The éO would dissociate at the same
rate, and more surface carbon’ would aco'umulate. A surface nitrogen competition
effect is more likely to occur if mtrogen a.nd carbon dlssoclatxon (recombination)
sites are equivalent. As higher bulk n'fti*og'en composmons should correspond to
larger surface N concentrations under equlhbrium conditions, the catalytic sites on
s—Fe,N should experience a greater proximity of N than would those of v —Fe,N.
In a2 competition between CO dissoc;iatidn':a'nd "N removal, an increased nitrogen
" content should retard the reaction of CO and reduce the H availability. At
sufficiently low nitrogen removal fates, N d.iﬂ'usion from the bulk to the surface

would be sufficiently rapid to prevent immediate depletion of surface N.

The second ard third reaction measurement points, are charaecterized by
increasing hydrocarbon production over the nitrides. The lack of an unidentified

nitrogen compound peak implies that CO hydrogenation has slowed the N removal




rate. Although reaction over the e-aitride was 'temporarily interrupted by a stabil-
ity problem with the GC, and the break in reaction continuity probably affected
the catalyst, the level of CO conversion is comparable between all four phases at
the second injection and between the nitrides at the third. The selectivities of the
nitrides, barring ethylene and propylene, after 1.3 hours are quite similar to the
iron selectivity after 0.75 hours. An induetion period over the nitrides n;ay exist;
one in which hydrocarb;n production starts after a decrease in the rate of N remo-

val.

The remaining difference between the iron and nitrides is in the_ olefin to
paraffin ratios. The mean C,=/C, and C;=/C; ratios over iron are 2.8 and 5.0,
respectively. Table 4 shows C, and C; selectivities to olefins are higher for the
nitrides, especially - and ¢-nitride. The increase is not as significant over the -
nitride and may be due to the interruption in kinetic analysis. The ethylene to
ethane ratio, particularly, is at least twice as high over the nitrides when compared
to the iron. If olefin selectivity is indicative of large surface carbon pools, or a low
hydrogen to carbon ratio on the surface, this trend is explained as the effect of ini-
tial competition between surface N-H and C-H reactions on the subsequent surface

C/H ratio. Lower hydrogen availability would increase hydrocarbon unsaturation.

Barring the initial behavior when the nitride catalysts are first exposed to syn-
thesis gas, and the higher C,=/C, ratio, the nitride surfaces behave similarly to
the iron surface. Although it is incorrect to extrapolate kinetic selectivities to

higher temperatures, it is nonetheless interesting to note that Anderson and
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coworkers reported enhanced olefin production by promoted, fused iron nitrides (6).

2.3.4 Phase Behavior at 458 K

The bulk catalyst phases are characterized by Mossbauner spectroscopy both
before and after synthesis reaction. The room temperai:.ute epectra. indicate the
stability of the catalyst. This analysis tests the claim that the preceding kinetic

results are indicative of the individual starting bulk phases.

2.8.5 a—Fe Carburization at 458 K

The room temperature Mossbauer spectra of the fresh and spent iron catalyst
are presented in Figure 12. The Mossbauer parameters of the computer fits are
gwen in Tabie 5. The starting catalyst is essentially reduced o—Fe whose six

peaks can be fitted to 3:2:1:1:2:3 intensity and equal width constraints.

Unconstrained fitting, however, shows greater than expected spectral area in
the twe innermost peaks. This asymmetry is attributed to an exide - one which
persists after four hours of reduction at 673 K. This is more likely to be an unre-
duced species, rather than a reoxidized surface species besause Mossbauer spectra

of all reduced wafers were taken in positive pressures of Hp.

The spectra of this iron catalyst, after forty-five minutes of synthesis {(Figure
12b}, can be fitted with two different structural approaches. Both methods predict
an 80% spectral area for o~Fe with the reduced 20% distributed as carbide

phases. This residual is analyzed as either a combination of e and X (I, i, and 1)
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carbides or as a combination of ¢~ and Fe,C carbides. Niemantsverdriet et al.

{25) favor analysis with the amorphous Fe,C carbide. They note that this transi-

‘tion carbide is characterized by a hyperfine field below ~275 kOe and that it

t;'ausforms to other carbides soon after the disappearance of the a—Fe. The Fe,C
in Figure 12b would have a magnetic splitting of approximately 234 kOe. The
X~FesC, carbide analysis approach will suffice as well, but the small contsibution
from each site, approxi;nately 5% relative area, does not permit an authoritative
assignment of the garbide. On the assumption that the iron and carbide have
equal recoil-free fractions, one coﬁc]udes, bowever, that the a—Fe is roughly 20%

carbided after 45 minutes of reaction.

2.8.6 «f -FeN Carburization at {58 K

The «f -Fe.,N ca.ta]yst was prepared by nitriding a reduced wafer in 80% NH;
at 598 K for 6.5 hours. The room temperature spectrum of this catalyst is
presented in Figure 132 and the Mossbauer parameters are given in Table 5. Two
superimposed six line patterns, a zero nearest neighbor (340 kOe} and a2 two
nearest neighber {215 kOe), fit the spectr;lm adequately, but the fit is improved by

considering two 2nn sites (IIA and IIB). In line with the theoretical analysis by

Clauser (19), the two inequivalent 2nn magnetic sites are constrained to have rela~.

tive intensities in the ratio 2:1. In addition, initial peak position assignments are
made so 2s to bias the fitting to yield fields with opposite sign quadrupole interac-
tions. The spectral area ratio in Figure 13a is 0.93:1.00:2.00 (IOB:IIA), as com-

pared to the ideal 1:1:2 ratio for stoichiometric 7/ —Fe,N. In fitting this +/-nitride
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spectrum, it is necessary to include a central doublet with an isomer shift of 0.37
mm/fs and quadrupole splitting of 1.11 mm/s. The doublet, designated Fe-Q,
acceunts for 12.5% of the spectral area. Low temperature analysis should discern
between this contribution arising from a small particle pitride or 2 non magnetic
e-pitride. The reducing atmosphere of the NH3/H; nitriding mixture precludes

such a large amount of iron oxide phase.

The Mossbauer characterization of the 4/ —Fe,N catalyst after 80 minutes reac-
tion at 458 K is shown in Figure 13b and spectiral ﬁarameters are given in Table 5.
Only the eighteen peaks from the + -ﬁtﬁde, and the f‘e~Q doublet, a;:ould be deter-
mined from the computer fit. The IS, WS, and HFS values for these three sites are
. in accordance with the starting catalyst. The 2nn sites, although still constrained

to a 2:1 relative area ratio, are 10-15% greater in area than those in ;‘,he fresh
7 ~Fe N. The area of the 7/ Onr site is unchanged. An additional carbonitride or
‘carbide contribution, unresolved at the present spectrum resolution, would acc;ount
..for this increased area fraction. A better statistical fit is given if one reverses the
'-1:2' QS symmetry expected in pure +'-nitride. A similar fitting to the virgin
+/ ~Fe,N spectrum would not converge. Even during synthesis reactions at 523 K
over the 7’ -nitride, no differentiation between the X-II carbide site (~218 kOe) and
the +/-II sites could be made. So, although some 4/ -carbonitride and earbide xor-

mation is expected, the probable inhomogeneity of the phase prevents its

identification in the spectrum fit. Furthermore, a decrease in the non-magnetie-

contribution is seen between Figure 13a and 13b. The increase in the quadrupole
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splitting from 1.1 to 1.4 mm/s, signifies greater charge asymmetry at. this Fe site.
One can speculate that addition of carbon in the vicinity of this site can reorder a
portion of the domain as magnetic and further polarize the electronic state of the
paramagnetic domain. The degree of carbon incorporation would account for less
than 10% of the spectral area. “As such, the kinetics are representative of 2 bulk

'{ -F e4N.

2.8.7 eFe,N Carburization at 458 K

The e-nitride catalyst was synthesized by nifriding a reduced wafer in 219 NH,
at 653 K for 6 hours. The Mossbauer parameters for the computer fit to the room
temperature spectrum (Figure 14a) are given in Table 5. In addition to the &II
and eIII fields, 2 small 4 Onn contribution is evident. The small spectral area of
this site (1.7%) is responsible for the deviation from the expected HFS value (~340
kOe). The associated 2nn site, identified as 4/ /e-¥l in Table 5, although charagter-
ized by a typical 4/ magnetic splitting of 214.2 kOe, is not solely a +/-II site. The
1.7% area contribution from + -I limits the total Fe,N area to below 8%. Con-
straining the area of this six line pattern to three times that of the higher « field,

rather than reducing the / 2nn area, increases the Onn area unreasonably. There-

- fore, we attribute this two nearest neighbor contribution to an inhomogeneous.

mixture of +f ﬁrecipitatas in hep e~Fe,N. The enitride inhomogeneity can be
visualized by considering a distribution of hyperfine fields. The variation in sta-
tistical -placement -of -nitrogen -neighbors -in -the first -(nearest) -higher coordination

shells of each iron atom will generate nonuniform fields at their nuclei. Chen ef al.
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(13) and DeCristofaro and Kaplov? (26) favor this distribution: of magnetic fields
approach. The nonmagnetic Fe-Q site should thus correspond to underestimated
innermost peak intensities encountered when ﬁttiﬁg field broadened spectra with
3:2:1 area constraints. Yeh ef al. (8), in addition to fitting with HFS distributjon,

also require a nonmagnetic doublet in their room temperature Mossbauer spectra.

The e-nitride éatalxzed CO hydrogenation for approximately 1.5 hours. The
room temperature spectrum of the spent catalyst (Figure 14b) still exhibits a small
7 —FelN contribution. A majority of the starting nitride, eI, eI, and Fe-Q, is
also retained. The hyperfine fields of ¢-II and &I are bigher than those in the
starting nitride, indicative of N loss. Furthermore, the spectral area of the eIl

site has decreased from 34 to 20%.

The computer fitting also identified three new magnetic species in the carbur-
ized sample. A low spectral area and overlaj)ping peak positions of the third site,
however, does not warrant itg discussion. The remaining two species, e-II and eI,
are attributed to s-carboni'ti-id;e sites having two and three interstices occupied.
Foct et al. (27) identified a {CNV) carbonitride with a isomer shift of 0.30 mm/s
and a magnetic field of 243 kOe. Thie eIl site has similar parameters. The actual
identification of these transition earbonitrides requires a greater reaqtion length so
that greater definition is givgn each proposed site. One may say though, that Fe

sites with carbon neighbors account for roughly 20% of the spectral area.

' -
2.3.8 ¢-FepN Carburization at 458 K
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" A ¢-nitride catalyst was synthesized by flowing pure NH; at 673 K for 8 hours
over a reduced iron powder. The computer fitted room temperature Mossbauer
spectrum is given in Figure 15a. The M0ssbauer parameters (Table §) for this fit
indicate a single phase paramagnetic ¢~Fe,N. The spectrum of the catalyst after
80 minutes of thé reaction (Figure 15b) exhibits magnetic ordering in addition to
pure ¢-pitride. By subtracting the ¢~Fe,N contribution and expanding the spec-
trum scale, the background becomes substantially more clear (Figure 15¢). Two
magpetic fields and 2 single doublet are predicted in fitting this ‘residual’. The
two magnetic sites have hyperfine splittings characteristic of iron with 2 and 3
nearest nitrogen néighbors. The lower field site has a quadrupole splitting of -0.30
mm/s, and could not be fit with a physically meaningful zero quadrupole split six
~line pattern. Nor could‘a separate magnetically ordered site be introduced into the
fit. This 108.1 kQe field is attributed to overla;; betweén an eI site and a less
intense e-carbonitride site, probably of NNC structure. As a spectral area of ten
percent or more is normally detectable, the carbonitride contribution to spectral
area of the reacted zeta—Fe,N may be estimated as less than 10%. This would be

less than the spectral areas of carbon phases in iron, 4/ -pitride, and e-nitride.

2.8.9 Effect of CO Pretreatment on Fischer-Tropsch Synthesis

In Section 2.3.2, the steady state data over each of the nitrides was presented.
Most significant was the initial high rate of reaction over all three of the nitrides as
compared to o~Fe. This behavior was attributed to the existence of a mitride core,

which blocks the competitive carburization of the bulk. In the relatively open bee
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lattice of a-Fe, this carburization reaction is so rapid that it inhibits the hydroge-
nation reactions. After a few minutes of synthesis over the nitrides, however, the
activity drops; this could presumably be caused by nitrogen loss during this period
and a corresponding increase in competitive carburization. ‘M'ds‘sbauer spectros-
copy has shown that the loss of the nitride phase is extremely rapid during the
first few nnnutes of synthmls Furthermore, transient mass spectrometry has
revealed the existence of a surface adlayer of a nitrogen containing species that is
immediately hydrogenated upon introduction of synthesis gas (Figure 9). Since
this nitrogen has been lost, this ‘“‘opens the door”‘ for carbon to diﬂtuse into the
bulk, which causes the competitive carburization reaction of increase and the
hydrogenation reaction to decrease. If the first few layers of nitride could $omehow

be retained, perhaps the initial high activity could also be maintained.

One conceivable way of protecting the bulk nitride is to deposit a carbon over-

layer before the catalyst is exposed to hydrogen containing atmospheres. When

this pretreated catalyst is exposed to synthesis gas, the bulk is not as readily
hydrogenated since nitrogen must now diffuse through the carbon layer. An exper-
iment of this nature was attempted and is shown in Figure 16. A freshly prepared

s—Fe,N nitride was given a one minute pre-exposure to CO at 523 K before expo-

sure to synthesis gas. The CO pulse demotes this interval of pre-exposure.

Ammonia tails quite badly as it desorbs from the system. In previous experiments
in this chapter, this artifact was removed by long exposures to inert gases. The

introduction of 3H,/CO is denoted by the fall in the CO signal. The slight shift in



54

§ €29 1€ 00/% + (upu 1) 00 « Euy :eouanbag
NCo4-2 49A0 SESBYIUAS JO

SINUK 35414 UO JusWIEBUIDLd 0D JO 30843 9L auanb L4

(SOUNOJ3S) 3NWIL

/

2
@sxX) 03 /\ Eun . /

03

pae 5¢e ast ; S
+ + et
fl-rss-(l.llftlo v \lLfQQJL}
Eanand . (@SX>) "HI / ;
)\lfl.’bf;lll.!/.l’? \\ \ .\l Y J
R e e o "~ 44/. g f !\
lf”!“ll”l/(lt(llll\l\\/ — Vad

<7 .;._./_

ge'd

S8

SL°@

ge°1

NOIL3vVid 3IT10KW



ammonia at this point is an artifact of the flow geometry for the experiment; in

3H,/CO virtually all tubing that had previously been exposed to ammoniz was

bypassed.

During the CO pulse, CO; is being produced according to the reaction:
2C0,4—CO,+C, 4,
and thus lays down the same amount of carbon as CO, produced. The rate of
CO, production here is. 1.9x10 molecules CO, produced/site/sec, and thus in 60
seconds 1.1 monolayers worth of carbon were deposited. Some of this earbon left
in the form of ~metlm.ne, however, produced from hydrogeq from NH, species and
residual ammonia in the system. The amount of methane corresponds to 0.7
monolayers, thus a total of 0.4 monolayers of carbon has been deposited on the
surface. The surface NH, species only amounted to 1 monolayer of hydrogen, and

since 2.8 monolayers worth of hydrogen (four times the carbon) were produced in
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the methane product, the surface must be catalytically reacting NH; and CO to

produce methane. Since the masses for CO and N, overlap, it is not known where
the nitrogen that has lost its hydrogens to methane is going. Recall that nitrogen
desorption at 523 K is insignificant due to the high activation energy. If the sur-

face NH, species are still present, as the ammonia peak later in the experiment

suggests, it is indeed puzzling as to where the CO disproportionation reaction and

the methane production reaction occurs. Also, the hydrogens on the NH, species
could have been stripped to form methane during the CO pulse. Nevertheless, it

would seem that there are insufficient open sites for the steady state CO, produced



and the resulting surface carbon.

Upon exposure of the CO treated catalyst to synthesis gas, no products, other
than the continued desorption of NHj , are observed for the first 20 seconds. If
ammonia were being produced from hydrogenation of surface NH, species during
this period, open sites would be formed and the reaction would rise exponentially.
This does indeed happep, but only after the 20 secord induction period. One could
speculate that CH, is being produced but at a low value (below detection limits),
and thus is within the uncertainty of the experiment. Once enough open sites are
available for H, adsorption onto active sites (this might be a very small number of
open sites), ammonia starts to be produced and the surface is quickly cleared. The
amount of ammonia in this peak corresponds to about 3 monolayers worth of
material, which is uncertain by about 1 monolayer due to the ammonia in the
background. This amount is about one monolayer higher than in the eFey N
experiment of Figure 8., Interestingly, the extra nitrogén is about the same
amount of nitrogen that was “deposited” during the production of methane in the

CO pulse.

On the heels of the ammonia peak, CO, rises to a later maximum. This

phenomenon can be explained by considering the role of CO during NH, hydroge-

nation. As NH; is recmoved, CO is selectively adsorbed from the gas phase. On
iron, this species will quickly dissociate. The O,;, species can now react with the
inconiing CO and eventually remove all the surface oxygen, causing the overshoot

in CO, production. The O,4, species does not react with H, 4, since this species is
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selectively producing NH;. Likewise, the C.,4s Species is not 'removed as methane
until sufficient ammonia has been removed. Note that the production of methane
(and water, which is not shown) is not significant until both ammonia and earbon
dioxide bave begun to decay. Water, however, does lag in any experiment due to

adsorption in the system.

It would seem that preadsorbed carbon did indeed inhibit the hydrogenation of
surface nitride, but only for a brief period. Unfortunately, the preadsorbed carbon
inhibited hydrocarbon production as well, and thus .&ssentially rendered the
catalyst inactive until it was at least partially removed. Interestingly enough, how-
ever, it is seen that the NH, species did not inhibit the formation of CH; and CO,
during the CO pretreatment, whereas it is clear that NH, species need to be

removed for significant hydrocarbon production in H,/CO mixtures.

Other curious phenc;menon are observed in Figure 16 as‘vfell. As soon as the
gas phase mixture is changed from CO to a H,/CO mixture, the CO, produc'tion
inunédia.tely drops. Since CO is still in the gas phase, and no other significant pro-
ducts are being produced, this must mean that H; has repla.c_ed the active species

for CO, production. Paradoxically, this would suggest that the surface now has

ample surface hydrogen to catalyze the production of ammonia and other products.

Since this is not tho case, the sites that produce CO, and adsorb hydrogen in

CO/H, mixtures cannot be active sites for methanation or ammonia production.

This experiment has emphasized the notion that the surface of the iron nitride

catalyst is heterogeneous. CO, and CH, can be produced from residual ammonia
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in a CO atmosphere regardless of the blockage of surface sites by NH, species, but
both of these carbon producis are inhibited as soon as H; enters the gas phase.
Once the NH, species is removed, we start to form Fischer-Tropsch synthesis pro-
ducts at the high initial rate characteristic of the nitrides. Benpett's two site
mechanism for methane production over iron (28), and Bell’s observation of large
pools of seemingly inactive hydrogen on upsupported ruthenium during synthesis
(29) both emphasize ;urface heterogeneity. Apparently adsorption and reaction

need not occur on the same type of site.

2.3.10 Kinetic Behevior of Preozidized §Fe,N

Preoxidation of iron catalysts has been reported to markedly improve activity
as compared to conventional iron catalysts (30). The Fe,O3 phase, however, is
inactive until reduced to lower ‘oxidation states in synthesis gas (31), suggesting
that it is the partially oxidized surface phases that are of catalytic interest. Preox-
~ idation of an original s-Fe,N catalyst offers a new. route. to the preparation of a

partially oxidized surface.

A preoxidized nitride catalyst was prepared by oxidizing a fully pitrided
sFeoN in 1% Oy/He at 473 K for 8 minutes. The CO bydrogenation kinetics over
this catalyst and over a ¢ -nitride were monitored during the first hour of reaction.
The synthesis conditions were atmospheric pressure, 3H,/CO, 523 K, and 66
ml/min total gas flow rate at ambient conditions. Discussion of the behavior of

the nitride bulk, monitored by Mbssbauer spectroscopy, follows these kinetic dis-
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cussions.

When compared to kinetics over ¢ nitride at the same conditions, the preoxi-
dized nitride catalyst is seen to produce significantly more C, and C; bydrocarbons
during the first hour (see Table 6). The GC analysis at .17 hr shows the ¢ forming
no hydrocarbons above propylene and being 90% selective towards CQO, produc-
tion. The CO conversi_on over the preoxidized catalyst is twice as great as that
over the ¢ nitride during this first analysis, and is even greater on a CO, free CO

conversion basis.

By 0.75 hour, overall CO conversions are nearly equal. The olefin to paraifin
ratios of each catalyst are essentizally the same for C, and Cj selectivity, but 30%
larger for C, selectivity over the preoxidized catalyst. The preoxidized nitride is
more than twice as selective towards total C, and C; hydrocarbon make, but is
approximately 20% le;s selective towards C,—C; production. Indeed, the nitride
produces some 12% C, hydrocarbons, yet only 8% Cj; product. Should the active
surface indeed by an iron nitride, this trend for higher molecular weight produets is
contrary to that seen by Anderson {1}, but similar to the' trend observed by Yeh et

al. (8).

2.8.11 Phase Behavior of Preozidized s‘F N

The six minute treatment in 19 O, at 473 K has a marked effect on the nitride
‘bulk, as seen by Figure 172. "While the prominent center peak is the contribution

from’ the remaining Fe,N, two large hyperfine fields are clearly visible. As shown

60



100
0 GB-
© 95t
= 84 +
2] 892 +
= 80 ~
— 100 4
= S99+ - -
5 o8| J Y I
o 87 4 , -+
a 96—+ ot -+
gs .-: I N EENE NS EE S NN PR FEFENEFE NN AR NS VS N NS ]--
-10.0 0.0 10.0

VELOCITY IN MM/SEC
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in Table 7, these two offset fields have isomer shifts of .29 and .65 mm/s, hyperfine
splittings of 486.4 and 457.3 kOe, and no quadrupole interaction. These parame-
ters are copsistent with magnetic Fe;O,. According to Greenwood and Gibb (32),
" Fe3* in tetrahedral sites (A sites) and Fe®* plus Fe*2 in octahedral sites (B sites)
exhibit fields of 491 and 453 kOe respectively. The residual Background to Figure
17a is computer fit with equal statistics to two different environments. Both pro-
cedures predict a 218 icOe field with isomer shift between 0.33 and 0.35 mm/s.
Due to the broadness of the peaks for this site, with half widths of 0.8 mm/s and
greater, the existence of a quadrupole interaction could not be ascertained. This
fit gives 2 17% area contribution from this site. A lower area is predicted by a
second fit because it uses an extremely broad (I' /2 > 9 mm/s) superparamagnetic
species accounting for alrﬁost 25% of the spectral area. Both fits require a central
(IS = .34 - .43), broad (T' /2 = 1.1 - 1.6 mm/s) doublet. This is too broad to be
attributed solely to the nonmagnetic Fe-Q species. Including 'a fourth magnetic
site of approximate 70 kOe field (¢ -I) in either fit gives nonphysical peak posi-
tions. The broadness of the doublet could arise rom a superposition of the Fe-Q
species and a magnetically unresolved ¢ -III site, although an oxynitride species can

not be ruled out. Some relaxation effects are 'probably 5eing seen and the ill-

defined nature of these sites arises from attempting to fit them to full Lorentzian"

line shapes.

The spectrum of the catalyst after 50 minutes of synthesis (Figure 17b) shows

that the two FejO, sites remain, but the orthorhombic Fe,N phase has been
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depleted. The total spectral area of site A and site B oxide is 15% less in the
spent catalyst. In addition, two magnetic fields (239 and 172 kOe) and 2 4-5%
Fe-Q contribution are found. The two magnetically ordered sites could be fitted
without quadrupole interactions. On a basis of their isomer shifts alone, 2 2 and 3
nn ¢ -nitride assignment is likely. The magnitude of the 172 kOe HF'S, however,
makes an homogeneous ¢ -II and ¢ -TII assignment difficult. A one nitrogen nearest
neighbor ¢ -I site, altliough reported by Chen et al. (13) and DeCristofaro and
Kaplow (26) has not been seen before in this nitride system. Furthermore, the well
developed 239 kOe peaks (Figure 17b) favor an absence of domain inhomogeneity.
A plausible assignment for this more intense field is low nitrogen containing € -
nitride (~Fep75N), and although an ¢ -HI site must be associated with this
stoichiometry, its lower intensity and smaller field could be masked by higher field
components. The 172 kOe contribution has isomer shift too large for ¢ -carbide,
and carbide formation is not expected in high nitrogen containing nitrides. The
presence of an oxynitride cannot be discounted. Without low temperature spectra,

and associated Debye temperatures, further phase identification is too speculative.

The different behavior of the nitride bulk in this pre-oxidized sample compared
to the behavior of non-oxidized ¢ -nitrides clearly indicates a stabilizing effect of
the oxygen upon the nitride bulk during reaction. Although the surface ghase can-
not be authoritatively assigned to a uniform Fe;O, covering, a coml;arison of
kinetic trends over oxidized iron surfaces is helpful. Teichner ef al. {30, 33) have

reported preoxidized iron catalysts to be more active toward hydrocarbon synthesis
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than reduced iron. Krebs and coworkers '(34) studied magnetite during CO
hydrogenation but did not characterize the catalyst during reaction. Indeed, the
kinetics over the pre-oxidized ¢—Fe,N are similar to kinetic results over an Fe Oy
surface reported by Knoechel (35). The preoxidized nitride was operated at a
higher CO conversion than the Fe;O,4 surface, but still produced higher olefin to
paraffin ratios. Additional characterization of the pre-oxidized nitrides during
reaction will be neces;;ary, and, based upon the unusual product distribution,

worthwhile.

2.8.12 Hydrogenation of Catalysts After Reaction

How different are iron nitride catalysts after 12 hours of reaction in H,/CO at
523 K? H the bulk nitride were complefely gone by this point, the catalysts might
be expected to have the same behavior after they equilibra.te from the loss of nitro-
gen. Figure 18 shows that this is not the case, however, since' ammonia can still be

~" produced fror the used e—Fe, 7N catalyst.

In this experiment the reactant is hydrogen, and the initial temperature is low
(473 K). The catalyst has previously been used for 12 hours of reaction in 3/1
H,/CO at 523 K, and then passivated in helium and finally exposed to air. Part of
the catalyst was oxidized, and therefore produces water during the decomposition
in hydrogen. The decomposition also produces methane from carbide that férmed
during synt:.hesis, but.; the rate of production was extremely small during the entire

course of the experiment, and is not shown in Figure 18. At the end of the experi-
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ment (18 minutes), methane was beginning to rise, indicating that the carbide was
finally available for hydrogenation. It is not clear why carbide hydrogenation took
so long to commence, but the significant background level of water might be a
cause of the inhibition. Unreactive surface graphite could also block methanation
sites. Our other transient studies suggest that NHj is produced exclusively when
both N and C are available to react with hydrogen at the surface. This selectivity

could also play a role in the present experiments.

Figure 19 displays the aralogous experiment over used ¢Fe,N. Here, the
amount of water is much Iess (note the scale difference between H,O in Figures 18
and 19), indicating that the passivation procedure for this catalyst was more
effective at preserving the bulk. Also, methane appears in Figure 19, after both
ammonia and water have virtually disappeared. Much more ammonia was pro-
duced over the carburized ¢ cataiyst as well. As will be shown subsequently, a
greater percentage of nitrogen from the ¢ -nitride survived during 12 hours of

Fischer—Tropsch synthesis. -

Interestingly, the product formed during the temperature ramp is quite selec-

tive to hydrogen at different periods of the decomposition. In both Figure 18 and

19 water is the first product, appearing at approximately 573 K and at a maximum

production rate at 600 K. Ammonia, meanwhile, begins {0 appear when water
starts to decline. Methane waits until both these products have disappeared. The
order of the products could be the result of a number of processes. Since the

catalyst was passivated, oxygen is at the surface, and is available to hydrogen first.
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From the kinetic experiments of the initial minute of synthesié at 523 K over the ¢
nitride, we know that water is not produced in significant quantities until the rate
of ammonia production declines. This would suggest that the rate of ammonia
production is higher than water production with all reactants available on the sur-
face. In Figure 18 and 19 however, nitrogen is apparently not avﬁable at the sur-
face of the passivated catalyst, since the reaction favo;'s water initially. As soon as
enough of the surfaée 1s open to the nitride (or ca.rbohitride) core, ammonia comes
barreling out, leaving carbon bebind. Carbon, slower to react, must wait for avail-
able surface hydrogen. Diffusion coﬁld be a factor, since carbon is slower to diffuse
than nitrogen (36, 31), but at these high temperatures the diffusion rates are too

rapid (107 cm?/sec in & -Fe for nitrogen) to account for the delay.

The integrated amounfs of the products give a rough estimate of the
stoichiometry of the catalyst after 12 hours of synthesis. For the original eFeyqN
catalyst, the amount of nitrogen left after 12 hours of synthesis corresponds to a
Fe/N ratio of 5.0, indicating that 24% of the original nitride has been lost. Oxy-
gen accounts for an Fe/O ratio of 10, which is substantial enough to place consid-
erable uncertainty ix; the assessment of stoichiometry. During the passivation pro-

cess, both nitrogen and carbon could have been lost. For s-Fe,N, the Fe/N ratio

of 2.4 after reaction,. indicates that only 15% of the original nitride has been lost.

The Fe/O ratio is'f?%,_wvy_hjch Is not very significant. The Fe/C ratio is also 25,
indicating that very hv:é of the nitride has actually been carburized. The

stoichiometry for the ¢ sample is thus Fe Ny 4Cp.0400.04, 20d adds to a net intersti-
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tial stoichiometry of Fe,X, in fair agreement with carbide stoichiometries by
Anderson (1) and researchers at Northwestern (9). In order to estimate the carbon
in the ¢ sample, we assume a Fe,X stoichiometry, and thus the stoichiometry
becomes Fe Ny 5Cy 50y ;- It is not known how oxygen replaces the other species, or
if it simply adds as an oxide overlayer. These stoichiometries are somewhat nitro-
gen rich in comparison with those estimated by Wilson (see next section) using
Mossbauer spectroscop‘_s.r.. After 12 hours of reaction, the catalysts had apparently
reached a kinetie steady stgte with regard to the Fischer-Tropsch reaction. We see
from these expériments, however, that a great deal of nitrogen still remains in the
bulk, as predicted by the early experiments of Anderson (i). By exposing these
used catalysts to hydrogen at higher (> 600 K) temperatures, nitrogen immedi-
ately vacates the bulk. Apparently the bulk nitrogen lies poised to react during
the Fischer-Tropsch reaction, but carbon monoxide in the gas phase and the

resulting carbon overlayer prevents decomposition.

2.3.18 Carburization of Iron and Iron Nitrides ot 523 K

The addition of carbon to the iron nitride lattice produces carbonitride intersti-
tial compounds and carbides after extended carburization. As a mechanism for
carbonitride formation, Anderson and coworkers (6, 37) proposed that before.
significant nitrogen removal occurred in a CO/H, environment, carbon first
diffused into an e-nitride lattice, producing iron with few nearest neighbor vacan-
cies. The behavior of the nitride is Liable to be less stable in 3H,/CO mixtures,

where an increased percentage of H, can increase nitrogen removal as NH;. A
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blockage of surface sites by either CH, or carbidic species would severely reduce
NH; desorption. In studying this phenomenon, the difference between. nitride
phase stability under CO versus 3H,/CO atmospheres is investigated. As a means
of comparison, a—Fe stability is studied briefly to provide an insight into potential

carbide formation in the iron nitrides.

Figure 20 shows thg" constant acceleration Mossbauer spectra of an iron powder
carburized in 66 ml/min CO for 4 hours (Figure 202) and then for an additional 6
houfs (20b). The spectrum of the iron powder after 4 hours reaction 66 ml/min
3H,/2He/CO is shown in Figure 20c. The temperature is 523 K during all reac-
tions. As expected, the rate of carbide formation is accelerated in the presence of
H,. Table 8 shows that the catalyst carburized for 10 hours retains a 14% o—Fe
spectral area. The carbides are fitted to € ~FeynC (¢!) and X-Fe5C,
(X-L,X~H,X—1) structures. A wide doublet is used in Figure 20c¢ to simulate the
outer Fe, C peaks. Thé slight misfit at -4 mm/s velocity in Figures 20a and b indi-

cates a small Fe,C contribution too.

The spectrum of the 4 hour carburized catalyst shows a 2895 o—Fe contribu-
tion. The X— and ¢ —carbide parameters do not corresﬁond exac::'y to those
reported by Niemantsverdriet ef al. (25). The X~HFS values are close to the
expected 189, 218, and 110 kOe for X-I, II, and III, respectively, but the ¢ —Fe,,C
field is slightly low. A discrepancy in the carbide isomer shift values is influenced
by the unconstrained quadrupole splitting. As no Fe,C inner peak contributions

are included, the inner 4 peaks of the carbides are free to move to minimize this
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Figure 20 Mdssbauer Spectra of a-Fe Carburized at 523 K.

a) treated in CO for 4 hours
b) treated in CO for 10 hours
c) treated in 3H2/2He/C0 for 4 hours
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absence. Negative QS values for X-I and X—1II are thus predicted by the computer
fitting, whereas Tan et al.. {38) reported positive QS for these sites when they
included 6 peaks for Fe,C. The similarity in X—1 (183 kOe) and € (173 kOe) fields
makes area assignments to each site difficult. Variations in the relative concentra-
tion of each carbide in 2 single hybrid six line pattern would not produce constant

Mossbauer parameters and this combined site approach is avoided.

A non-magnetic contribution is found in all three spectra. With an IS in the
range 0.18 - 0.31 mm/s, this is not an Fe®™ species, but Fe* or snperparamag-
netic carbide. Amelse et al. (39) reported significant superparamagnetic X—carbide
during their study of Mossbauer spectroscopy of siliea supported iron. By cooling
these carbided iron samples assignment of the central doublet might be possible. A
superparamagnetic carbide species would alter the room temperature ¢ /X carbide
area ratio. The spectral parameters for Figure 20c¢ predict a high percentage of
€ —carbide, which may arise from reacting with 3H,/CO and He. The inert

Teduces the reaction rate and carburization of the catalyst to X—carbide is slowed.

The room temperature Mossbauer parameters for iron nitride phases carburized
in 66 ml/min CO at 523 K are given in Table 9. Figures 21a-c show the room
- temperature spectra of a 4/ ~Fe,N catalyst carburized for 2.5, 4.0, and 9.5 hours
respectively. Figures 21d-e show the difference carburizing for 4 hours has on an
€~Fey 53N versus a ¢Fe,N sample. The 4’ —spectra show the slow decay of the
Fe,N nitride. The outer Onn sextet pezks progressively lose intensity and are

essentially absent after. 10 hours in CO (Figure 21c). The peaks positioned at -3.15




and +3.75 mm/s, 4/ 2nn values, also decrease during carburization. The two
innermost peaks at -0.25 and 0.70 mm/s become more symmetric with prolonged

carburization.

-The carburized Fe,N spectra are fit to five magpetic sites and an Fe-Q site. A

preliminary four magnetic site fit is used to simulate the 4/ Onn contribution; the

74

parameters allow subtraction of the 340 kOe field and the residual spectrum to be -

fitted with 26 peaks rather than 32. Such a subtfaction is not possible for Figure
21c, as the 4/ Onn contribution was too small to detect accurately. For this sam-
ple, this site is not reported in Table 9. Of the remaining four hyperfine fields, the
216 and 125-135 kOe sites were constrained to zero QS. The spectral parameters
for the ¥ Onn and 4/ 2nn are close to the expected values. However, due to inac-
curacy arising from a small spectral zirea., the isomer shift and magnetic splitting of
the o' ~1 site in the 4 hr CO treated sample are lower than normal. The ratio of
the Opn to 2nn site area is éonsiderably lowér than the expected 1:3 value. This
may be due to an additional magnetically ordered phase being superimposed upon
the o/ -1 contributions. The Mossbaner parameters for this proposed ill-defined
phase would likely be similar to those for «/ -1I, otherwise a deviation in the com-

bined parameters would be expected.

The three non~Fe N sites are characterized by magnetic fields of roughly 157,
129 and 38 kOe and isomer shifts greater than 0.31 mm/s. The quadrupole split-
ting of the 128 kOe site in unconstrained fits was always in the range +0.02 to

-0.06 mm/s, and constraining the QS to zero had no detectable effect. In assigning
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Figure 21 Mossbauer Spectra of Nitrides Treated in CO at 523 K

a) y'-Fe4N treated for 2 hours
b) y'-Fe4N treated for 4 hours
c) y'-Fe4N treated fqr 9.5 hours
d) e-—Fez.ssN treated for 4 hours
e) ;-Fe2N treated for 4 hours
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homogeneous structures to each of the three sites, it is valuable to consider which
phases canpnot be present. No concentration of ~/—nitride nitrogen to form a
higher ¢~Fe,N during carburization has been reported. Indeed, on the basis of
byperfine fields, only the 157 kOe sextet can arise from a e-II nitride configuration.
This magnetic splitting corresponds to ¢-nitride of high nitrogen content. The
e~1II environment (70-75 kOe) required to reach this high nitrogen stoichiometry is
absent from the spectl.'"um Conversely, the 89 or 129 kOe sextets are associated
with eIl fields greater than 157 kOe. The three new fields must then arise from
carbide and/or carbonitride structures. However, the IS values of the three unas-
signed sites are too large for the known carbides. The sites can then be attributed

to a carbonitride species, as expected. Actual carbon and nitrogen nearest neigh-

bor assignrhents will depend upon correlation to additional carburized spectra.-

The magnitude of the HFS for these sites, according to Foct et al. (27), is too low
for 2nn carbonitrides. As such, the 3 sites will be tentatively assigned as 8nn car-
" bonitrides, in 2 manner parallel to Foct’s defining 2nn carbonitride sites, and

designed as o—III (157 kOe¢), S-II (129 kOe), and 4TI (89 kOe).

A helium-treated e—nitride was carburized in 66 ml/mm CO at 523 K for four

hours (Figure 21d). The spectrum of the carburized nitride shows a decrease in

splitting.a.nd intensity of the outermost, «=II field. Further structural rea.n-ange--

ment is evidenced by the increase in spectral intensity at -0.8 and -1.5 mm/s. The
computer fit to Figure 214 reciuirm two new hyperﬁne fields in addition to the

_pitride eI, eI, and Fe-Q contributions. Al sextets are constrained to
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3:2:1:1:2:3 peak intensities and the nitride e—II and ¢~IH fields are constrained to
zero QS. The IS and HFS values (Table 9) of the e~II (200 kOe) and T (115
kOe) sextets are within the expected range for pure nitrides. These room tempera-
ture parameters also confirm the decrease in ¢~II hyperfine field from the starting
212 kOe value and the decrease in spectral area from 62 to 52%. Relative areas
may be compared as the total spectral areas of starting and carburized spectra
differ by less than 1.56}6. The 2kOe decrease in e~TII field after carburization is not

as high as predicted from the e~II field decrease.

In pure e-nitride, the decrease in hyperfine splitting is correlated to an increase
in overall nitrogen content. This correlation may still hold when carbon has
replaced a small percentage of the nitrogen, and represents a possible systematic
concentration check in low C solubility carbonitrides. Although the e-III field is
2kOe lower after carburization, if the nitrided phase is still ré!atively bomogeneous
and the e~II field defines the interstitial concentration, an ad(iitional 6-8 kOe
decrease is predicted. From magnetic spﬁtthgs of the two remaining sites, 160
and 93 kQOe, it is plausible to assign them as o~ and §~IH sites respectively. An
approximate sample stoichiometry, Fe, 43(CN), is obtained by considering the two
nearest neighbor site, ¢TI, and the remaining three nearest interstitial sites. For a
relatively homogeneous sample, this stbichiometry predicts e-1I and Il HFS oi'

198 and 104 kOe, respectively.

Extending this analysis, the higher than predicted I field (115 kOe) could

arise from a superposition of two magnetic splittings. A truly lower I field
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~105 kOe could, plausibly, be coupled to the ~129 kOe £-III carbonitride field in a
similar way in which the €’ —FepC and X—FegC; (I) fields are oceasionally coupled.
The proposed S-TII site is liable to have a similar isomer shift to that of the e~IiI
site. Through this assignment, the carburized nitride is visualized as essentially on
hep € -iron nitride matrix with locally high‘ concentrations of hep carbonitride.
The carbon distribution may be sufficiently homogeneous to be characterized by
distinet nearest neighb;r configurations, yet asymmetric enough to produce high

negative quadrupole splittings.

The estimated nominal interstitial concentration, Feug (CN) will provide an
upper bound to the nitrogen remaiﬁing in the catalyst. Assuming no nitrogen loss
during CO carburization, the carbonitride concentration bef::omes Fes 43(C 04N gg)-
If carbon addition accounts for between 18 and 28% of spectral- area, this 4%
mterstitial carbon estimate is conservative. On the basis of spectral area, the
/—Fe4N catalyst is even less stable during 4 hours .of ca.rimriza.tion in CO. The
lower nitrogen density in a more open fec lattice is expected to facilitate faster C

incorporation.

A comparison to the spectrum (Figure 21e) of ¢—nitride after 4 hours of carburi-

zation in 68 ml/mm CO at 523 K can only be qualitative, as no reasonable fit )

could be generated- (Note the lack of peak definition in Figure 21e). Quantita-
tively, the carburized sample’s spectrum exhibits a sharper ¢ contribution with a
harrower combined peak width. The extremely broad wings in Figure %le indicate

severe specimen inhomogeneity and probable relaxation effects; The widest
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magnetic splitting still defined by 3:2:1:1:2:3 peak intensities, which would remain
undetected in this background is 160 kOe. Computer simulation of this contribu-
tion predicts line widths of 1.0 mm/s and greater. Although no estimate of Fe,N
carbon uptake can be forwarded, the very lack of peak definition suggests stability

of the ¢ phase in CO at 523 K.

The exposure of an._.iron nitride to a carbon monoxide and hydrogen environ-
ment at 523 K introduces three new considerations into a phase stability study: an
increased carburization potential as evidenced earlier by a faster carbide formation
over o—Fe, an inherent nitride instability in Hy, and C-H-N kinetics. The carburi-
zation of a ¢~Fe,N catalyst in 66 ml/min 3H,/CO at 523 K, followed b}y constant
acceleration Mdssbauer spectroscopy (Figure 22), illustrates the first two complica-
tions. The progressive decay of the prominent peaks in Figure 22a, -3.2, -1.8,
+2.4, and +3.9 mm/s, is clear evidence of struetural slteration. The differences
between the 13.5 hr spectrum (Figure 22d) and the 16.0 hr spectrum (Figure 22¢})
are less than differences between preceding spectra. Carbon addition is probably
close to saturating the carbonitride lattice. The room temperature Mossbauer
parameters of the carburized samples are given in Table 10. Figure 222 is fit with

two magnetic sites and a non-magnetie, Fe-Q, contribution. The peaks in each

sextet are constrained to 0 QS, equal peak widths, and 3:2:1:1:2:3 intensities. Two

additional fields are required in the remaining spectrum fits;” neither are con-

strained to zero quadrupole splitting.»--"_
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Figure 22 Mossbauer Spectra of ;-FeZN Carburized at 523 K.

a)
b)
c)
d)
e)

treated in 3H2/C0 for 17 hours -
treated in 3H2/2He/CO for 4 hours
treated in 3H2/c0 for 2.5 hours

treated in 3H2/CD for 13.5 hours

treated in 3H2/CO for 16 hours
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The 220 and 128 kOe magnetic fields predicted in the 17 minute carburized
s-nitride of Figure 22a are in the acceptable range of 2nn and 3nn e—nitride fields.
The nominal stoichiometry of this interstitial catalyst is then Fepss (CN). A loss
of N as NH; must occur to achieve this stoichiometry.' Ai)plying the HFS-
composition correlation, the expected e-II and eI fields for an homogeneous
nitride with x = 2.56 are 216 and 117 kOe respectively. Again, the observed 3nn
field (128 kOe) is high;r. The 0.36 mm/s IS for this site is slightly below the 0.40
mm/s value seen for the single phase nitrides. The coexistence of an overlapping
F-II carbonitride is plausible, and this 3nn field is assigned to an e-1lI/zeta—TII
site. Based on the same argqmént this dual assignment is continued for the
remaining four spectra. Higher carbonitride (2nn) fields may exist in the spectra
but their intensities would be small. Their formation requires either addition into
2 Inn e—nitride lattice; or substitution into a 2nn environment. The former
mechanism is, according to Anderson (1), more likely to occur in the early stages of
reaction. In the noisy background to Figure 222, a field could exist with outer
peaks at approximately -5.3 mm/s and 5.6 mm/s. The background noise, however,

prevents fruitful discussion of this possibility.

Figure 22b-¢ show the effect of decreased synthesis gas partial pressure on the
§~Fe,N stability. The room temperature spectrum (Figure 22b) of Fe,N carburized.
in 100 ml/min 3H,/2He/CO for 4 hours at 523 K shows more e-nitride retention
than in Figure 22¢c, where the ¢—nitride is carburized in 3H,/CO at 523 K for only

2.5 hours. Both spectra exhibit similar Mossbauer parameters for the nonmagnetic

85



Fe-Q, enitride, and hep carbonitride sites. The spectral percentages of the o—II
and &I contributions are 21% in Figure 22b but 50% in Figure 22¢c. On a 2nn
and 3nn assignment, the stoichiometries for the 4 hour and 2.5 hour carburized
samples are Fe, 3, (CN) and Fe, ;4 {CN) respectively. Qualitatively, the lower syn-
gas partial pressure reduces the transformation rate of e—nitride to the 3nn carbon-
itride. In the first 4 hours of synthesis reaction, GC measurements show that the
3H,/CO reaction prodn::es twice the moles/min of CO, and is 10 times as active
toward CO conversion as the 3H,/2He/CO reaction. Without measuring both CO,
and H,O production during the reaction, a balance on O cannot be made to give
the extent of carbon deposition. So, whether hydrogen-assisted removal of nitride
nitrogen allows a faster ingress of carbon addition to the lattice, or whether f#ster
CO reaction rates provide a higher driving force for C addition, is not clear from
these two spectra. The requirement for interstitial mobility. in a ¢-nitride, how-

ever, remains for the production of ¢~II environments.

The spectra of the ¢—nitride after 13.5 hours (Figure 22d) and 16.0 hours (Fig~

ure 22¢) in the 3H,/CO show a continued, slower loss of nitrogen and an increase

in overall interstitial content. Nominal stoichiometry of the latter catalyst is Fe, 4y
(CN). The inhomogeneous nature of the ca.ta]yst bulk is evidenced by decreased
peak resolution and a more difficult estimation of individual site xdentﬂicatxon.
Yeh et al. (8) reported Mossbaner spectra of carburized, silica-supported Fe,N.
Their 49 hour caburized nitride spectrum exhibits greater peak definition than Fig-

ure 22e and .is more similar to Figure 22b. This could be due to stabilization of

86




the e—nitride by the silica. Indeed, 2 /~Fe,N dispersed on a high surface area car-
bon (40) support showed surprising stability under reaction conditions. The
Northwestern group (8} also reports 2 non-magnetic speetral contribution which is
attributed to amorskous Fel*. This would be a possible assignment of the Fe-Q
site, as the IS is higher than expected for superparamagnetic carbide. Th_e growth
- in area percentage suggests it is not solely a non-magnetic nitrogen 3nn site. The
evaluation of nominal ;toichiometries will assume, however, that it is a 3 nitrogen
nearest neighbor site. Its actual identity cannot be determined with the available

data.

Figure 23 illustrates the effect of decreased H,/CO ratio on carbonitride forma-
tion in o —nitride. The starting + catalysts were prepared by nitriding an iron
powder in 60% NHj at 598 K for the 3H,/CO reaction (Figure 23a-b) and by
nitriding in 50% NH; at 873 K for the 3CO/H, reaction (Figure 23c). The latter
catalyst showed 2 small 5% a—Ee coﬁtribution after two hours of nitriding, indi-
cating a longer time is necessary under these conditions to ensure homogeneity.
The 3CO/H, ratio cléarly stabilizes the nitride with respect to loss of ¥ Onn sites.
The Mossbauer parameters for these carburized samples are given in Table 11, and

indicate = different mechanism of carbon incorporation than carburizaticn in either

intensities and equal widths. Only the 340 and 216 kOe -/ —nitride fields were con~

strained to zero QS.
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" The FeyN catalyst after 17 minutes carburization in 3H,/CO at 523 K (Figure
23a) is fitted to two fields, 166 and 124 kOe, in addition to the starting nitride
fields. The Mossbauer parameters for the nitride fields are indicative of 7 ~Fe,N.
The area ratio of 2nn to Onn contribution is larger than expected, which is attri-
buted to overlap with the X—TI (218 kQe) field. Carbide formation is indicated by
the IS = 0.25 mm/s, QS = +0.06 mm/s, and HFS = 166 kOe site. Although the
oI site possesses thé 'sa.me magnitude splitting, the IS and QS values are con-
sistent with € —Fe,,N, or X~FesC, (I). The 124 kOe site has an isomer shift which
is too low for A-1II carbonitride and thus is attributed to X~III. The corresponding
xX-1 ana X-—ﬁ sites would then overlap with the 166 and 218 kOe fields, respec-

tively.

The catalyst after 2.5 hours carburization (Figure 23b) retains lLittle of the
starting ' -nitride. The Onn 340 kOe contribution could not be accurately fit in
this spectrum, although bumps in the background at approximately -5.2 and + 5.7

mm/s are attributed to Fe,N. The 217 kOe field, although essentially X-II accord-

. ing to IS and QS values, may then contain ~4~II contributions. The 182 and 108

kOe fields are attributed to X~I and X-IH sites. An unidentified 150 kOe feld

accounts for 26% of the spectral area. A similar field occurs in the 3CO/H, sam-

ple (Figure 23c) after 2.5 hours carburization. The Figure 23c spectrum is fitted

with +/ —nitride, X~carbide and a 13% ¢ —carbide contribution whereas no ¢ is
uniquely detected in the 3H,/CO spectrum. We speculate that the different IS and
QS values for this unknown phase in the 3CO/H, ss against the 3H,/CO carburi-
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zation arises from superposition of ¢-II and the unknown phase in Figure 23b or

from an imaccuracy in subtracting 8 peaks, 7~II and Fe-Q, from the Figure 23¢

spectrum.

An obvious assignment to this unknown would be a fec carbonitride. Jack [41]
and Bridelle [21] report different X-ray parameters for the +/ — and e~ carboni-
trides. In a cubie cart').onitride the four possible configurations are: Onn for corner
Fe atoms, and NN, CI\.I, and CC for the 2nn face centered Fe. Moreover, the fields
for these hypothetical cases are likely to be similar to those for 2nn e~ carbonitride
fields. Foct et al. [27] proposed that such 2nn splittings are 200 kOe in magnitude
and greater. As such the 148 kOe unidentified field may be too low. Any 4 -
carbonitride peaks overlapping the 217 kOe + I contribution would be unresolved.

The assignment remains in doubt but this explanation is plausible.

The mechanism of carbon incorporation in the three pure iron nitrides appears
to depend both on the nitrogen density within the catalyst and the hydrogen par-
tial pressure. In 3H,/CO the ¢~Fe,N nitride loses significant nitroge.n before carbon
addition is appreciable. The 4 —nitride fo'rms pure X— and ¢ —carbides whereas-
the ¢-nitride forms appreciable hep carbonitride. Carburizing Fe,N in pure CO
will, however, form the ¢~ carbonitride phase, but the Fe,N does not lose sufficient
~ nitrogen in CO in 4 hours to form a well defined carbonitride. In order to deter-
mine the actual nitrogen retention in the nitride, or the actual stability of the
catalyst with the Mossbauer effect, a carbon-nitrogen nearest neighbor assignment
must be made for the oI, §-III, and 6~HI carbonitride sites. Foct ef al. (27)}
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identified 2nn ¢— carbonitrides as having magnetic splittings increase in the order
Hoov<Hnny<Heny- I a similar trend holds for 3nn sites, the expected e~carbon-
itride ordering becomes Hoco<Hnnn<Hnec 20d Hyne. Yeh ef al. (8), however,
have proposed a linear variation in hyperfine field splitting between the saturation
3 nitrogen nn field (100 kOe) and the 3 carbon nn field (191 kOe). This goes

against the extrapolated Foct ef al. (27) trend.

By considering the CO carburized o/ —Fe,N spectra (Figure 21a-c}, a series of
trial site assignments can be made. Assignments which predict higher nitrogen
content than Fe,N or an increasing interstitial nitrogen percentage are considered
unacceptable. Three assignments are in accordance with the physical restraints:

(1) o~II = CCC, g-Ill = NNC, &Il = NCC

(2) o1 = CCC, -1l = NCC, &1l = NNC

(3) oIl = CCC, g-III = NNC, §1II = NNN.
All three possibilities predict & as a three C environment and either B or § as a NNC
site. The ﬁrst assignment, however, is more likely. The second assignment predicts an
equal quantity of nitrogen after 2.5 and 4.0 hours»of carburization, and loss after 4.0
hours. Anderson (1} and Jack (42) have seen greater initial nii;rogen loss. The g~

site is favored as a NNC environment by Figure 22a, because if the B site does

represent NCC, the NNC site should be detected. A second site, however, was not seen .

in Figure 22a. The negative quadrupole splittings (-0.62 to -0.15 mm/s) suggests an
asymmetric environment not associated with 1T or eIl pitrides. The carbonitride

NNN environment should behave similarly, and would have a zero, or small, QS.
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From the above considerations, the first assignment is more likely. The ordering of
this assignment, Hycoc) > Haneey) > Hgnec) does not follow the trends of either Yeh
et al. [8] or Foct and coworkers (27). Rather, we modify the two nearest neighbor
approach of the latter to the 3nn carbonitride system and predict an ordering trend
intermediate between that of each research group. The increasing Fe-Q contribution
and the overlap betweer, the §—MI/¢—1 sites in the carburized Fe,N spectra (Figure 22)
makes it difficult to val;date the carbonitride.. Additional experiments, possibly with

low temperature spectra, will be needed to -onfirm this assignment.

2.4 Modification of Iron Nitride Chemistry by Supports end by Gas Phase Ammonia

2.4.1 Selectivity and Stability of Synthesis Reactions over Fron Nitrides

In previous work (45), we examined the stability, surface chemistry and catalytic
behavior of the three iron nitrides, principally on unsupported iron powders. Stability
of these structures in various gas phase atmospheres was found to be a vital issue when
evaluating the dynamics of the catalysts or reactions on them. At 523 K in pure
. bydrogen, the nitrides decompose rapidly to Fe® and NHj;, whereas in synthesis gas slow
replacement of nitrogen for carbon in the bulk results in the formation of carbonitride
phases. A surface nitrogen species, deposited during the nitriding pretreatment in
ammonia, was found to be extremely active, suggesting a possible surface synthesis
route to nitrogen containing compounds when NHj is added to synthesis gas. Accord-
ingly, the literature,‘ along with several patents, reports the production of amines or

nitriles with these reactants over iron catalysts {2-5).
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We report here our studies to include the behavior of iron nitride catalysts and reac-
tion kinetics of CO, H, and NH; reactions. It is known tha.-t at lower temperatures
amines are formed (2), and at high temperatures {773 K) acetonitrile is selectively
formed (3-5). Our research has emphasized studies of the reaction at 773 K over unsup-
ported prenitrided catalysts, which deactivate quickly with accompanying high CO,
production rates, and over Fe/SiO,, which has stable activity and favorable selectivity

to acetonitrile.

. Iron supported on carbon has unusually stable activity for the Fischer-Tropsch syn-
thesis (F'TS) (40). In work in our laboratory, we have observed a corresponding stabil-
ity of a prenitrided phase during FTS as well. We have begun investigation small par-
ticle iron on carbon catalysts for the Fischer-Tropsch reaction using Mossbauer Spec-
troscopy. X-Ray diffraction (XRD)}, hydrogen chemisorptioh and trensmission electron
microscopy (TEM) have been used to characterize a number of different .iron on carbon
catalysts, with good aéreement between the techniques. We report here Mossbauer

effect studies of Fe particle growth after nitriding and reaction.

2.4.2 Catalyst Preparation

The reduced or nitrided iron-based catalysts used for these experiments were
prepared from either unsupported iron oxide powders, 4% Fe/SiO,, or Fe/C samples.
The supported catalyst precursors were prepared by incipient wetness with iron nitrate

solutions and subsequent decompositior in hydrogen. In the work reported here, reduc-

. tion was-carried out at 400°~450°C in flowing UHP H,, and nitriding at either 325 or
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400°C in. pure NH; (to produce the ¢~Fe,N phase) or at 500°C (to produce a high nitro-
gen e~Fe N phase, x=2 ). For some nitrided samples, iron oxide catalyst precursors
were nitrided in .NH3 without prior reduction. The nitriding conditions have been
confirmed to produce the reported phases by XRD, Mossbauer spectrometry, and quan-

titative decomposition in hydrogen as measured by mass spectrometry.

2.4.8 Addition of Ammonia to Synthesis Gas

We have spent considerable effort in preparation and identification of the irom

nitride phases. By monitoring the conversion of NH; and the production of H, during
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the nitride formation reaction (Figure 24) or by following the dynamic changes in the

catalyst bulk using Mdssbauer spectrometry (Figure 5), we can not only identify the
nitrides formed but also follow their evolution. In Figure 24, we display the initial
minutes of nitriding over a prereduced unsupported iron powder at 400°C. From pure
H,, a switch to 2 4/1 NH;/He mixture is made, producing the initial products H, and 2
solid nitride phase. Note that NH, is initially adsorbed whereas He p:.assa through
ﬁnaﬂ'ected, thus causing the observed overshoot in helium signa.l; The pitriding reac-
tion occurs at a furious pace during the first minute; ammonia is decomposed to hydro-
gen and nitride only, since N, is not observed. At the two minute mark in the figure,
the total amount of ammonia decomposed correlates approximately to an FeN

stoichiometry. Further nitriding at this temperature will yield the ¢FepN nitride.

In an effort to take advantage of the active surface nitrogen specié and also to

investigate nitride stability in NH; and synthesis gas mixtures, we have recreated the



96

*3.00p 10 JapMod uou} paonpas JaA0 wz\mzz i/t 03 Nz wouy abueyd doys ¢z aunbyy

g2t 26 g8 . BE : e
"l...!l.lol.v.ll.. PO SN $ - O.I...:mll'llaﬂ”\lw e
|

w 1 s2'@
f

!

i

i t 5@
| |

Y8 x> ®H T s.p
__

m

# L e e L IR XYY e > — &B .”

'PAALOAR S| 2 se paumoy sy Nbay

(SONOJ3S) JWIL

Jagr @24 ¥3A0

®H/7EHN T/ OL SH Wo¥d d3ls

NOILJVYd 3110W




reaction conditions of the Monsanto patents (3-5) to produce acetonitrile, CH;CN,
selectively. Figure 25 shows the result of introducing a 2:7:3 CO:H,:NH; mixture, with
He as a diluent, over an iron powder catalyst prexitrided at 500°C directly from iron
oxide. The N, and H, in the left portion of the figure depict substantial ammonia
decomposition occurring over the catalyst. As the reactants are introduced, ammonia
concentration drops slov-;ly because the iron nitride decomposes rapidly in the reaction
mixture, removing the ;ajority of the nitrogen from the bulk and producing ammonia.
This is indicated not only by the ammonia signal, but also by the excessive consump-
tion of hydrogen. Simultaneously, the conversion of CO is substantial (75%) to CO,
and H,0, along with smaller (~1%) amounts of HCN and CHyCN. The excessive CO,
production deposits so much carbon that the activity to all products is virtually zero

after one hour.

The situation is drastically different when a supported catalyst is used. Figure 26
shows the mass spectrometer signals for the initial minutes of reaction over a prere-
duced Fe/SiO, catalyst at 500°C. The rate of CO, production is an order of magnitude
smaller than the rate exhibited over unsupported iron. CH,CN is produced now at a
higher rate, with comparable selectivity to CO,. Accurate values of the production
rates will require careful calibration for acetonitrile. Nevertheless, a significant rate is
maintained for at least 20 hours into the reaction (Figure 27). In these results, ﬁe is
only 10% of the gas stream. Prenitriding the supported catalyst yields similar results
In activity profile. Thus, we suspect that the nitrided catalyst loses most of the bulk

nitrogen quickly at these conditions (500°C in a hydrogen rich reactant mixture).
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“Over this same catalyst after 2 hours of synthesis, the 1*NH; and He in the reaction
mixture (2:7:3:1.5 CO:H-_,:NHszHe) were substituted with *NH; and Ar in a pulse with
the remaining components unchanged. The reaction maintained steady state during
this change. Figure 28 shows the rlsult. of this substi:uiion on the acetonitrile product.
The CH;CMN decays during the pulse (demoted by the argon signal}) and the
corresponding isotope CH3C'®N comes up. Not only does this behavior confirm our
identification of acetonit;'ile, but it also shows that the nitrogen pool that participates
in the reaction is quick_ to exchange with gas phase ammonia. The data in Figure 28
show an influence of readsorption on the NHj response. If the problem can be elim-
inated, analysis of results like these will yield an approximate coverage of the nitrogen-
containing surface species active in production of acetonitrile, and also the reaction ré;ie

constant of the rate limiting step.

2.4-4 Small Particle Iron on Cerbon

We have also begun studying iro.n nitrides supported onr carbon. A small-particle,
5% iron on ‘Carbolac-1, which is 2 high surface area (1000 m?/g) carbon support, was
prepared and reduced in hydrogen for 16 hours at 400°C. The room temperature
Mossbauer spectrum of this reduced catalyst is shown in Figure 29a, and the prelim-
inary fitted Mossbauer spectral parameters in Table 12. The broad singlets at 0.0
mm/sec may be ascribed to superparamagnetic Fe®. The typical six line pattern col-
lapses {o a superparamagnetic singlet when the relaxation time is short compared to
the lifetime of the. excited state of the nucleus. We may therefore conclude that our

iron crystallites are small. The ‘asymmetric pature of this speetrum is due to the
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Figure 29 Room Temperature Mossbauer Spectra of 4.5 wt%
Fe Supported on Carbolac.

a) Reduced in H, at 400°C for 16 hrs

b} Exposed to He at RT for 21 hrs

c) Nitrided to ;-Fezﬂ using 100% Nﬂs at 400°C for 8 hrs
d) Post - FTS at 250°C for 20 hrs

e) Rereduced in H, at 400°C for 4 hrs



104

TABLE 12
Mossbauer Spectral Parameters
FIG. || PHASE IS Qs HFS LW REL AREA
7 (mm/sec) | (mm/sec) | (kOe) | (mm/sec) (%)
7a. sup a-Fe 0.0 - - 1.2 41
sup a-Fe 0.0 - - 3.5 49
Fe?t 1.0 - - 0.9 10
7b. || sup o-Fe 0.0 - - 0.6 19
sup a-Fe 0.0 - - 3.5 61
Fe?t 0.74 - - 0.9 20
7c. || ¢FeN 0.40 0.29 - 0.29 36
~Fe,N 0.40 0.24 - 0.98 64
7e. || sup a-Fe 0.0 - - 1.0 16
" Fe2* 1.0 - - 0.5 2
o-Fe 0.0 0.0 330 .0.31 82
TABLE 13
Mossbauer Spectral Parameters
FIG. || PHASE IS Qs BHFS | LW REL ARZA
8 {(mm/sec) | (mm/sec) | (kOe) | (mm/sec) (%)
8a. sup a-Fe 0.0 - - 1.3 84
Fe?t 1.0 - - 0.86 10
a-Fe 0.0 0.0 330 0.27 8
8b. sup a-Fe 0.0 - - 1.3 21
e _Feg oC 0.24 0.68 - 0.64 79
8c. sup a-Fe 0.0 - - 14 87
Fe?*t 10 - - 0.9 7
a-Fe 0.0 . 0.0 330 0.27 6




contribution of Fe®** at 1.0 mm/sec, which arises from incomplete reduction. Exten-
sive (21 hrs) exposure to UHP He that was further purified in oXygen traps resulted in
the spectrum of Figure 29b. The increased absorbence in the Fe?* region indicates
that the catalyst is passivated in helium with oxygen concentrations on the order of 1
ppb but assignment of the product to Fe?* vs Fe3* is not yet complete. This catalyst
was nitrided in pure NH,4 ét 400°C for 8 hours to produce the ¢~Fe,N phase, indicated
by the doublet seen in i"igure 29c. Figure 29d shows the result of exposure of this
catalyst to 3/1 Hp/CO at 250°C for 20 hours. This spectrum has the same general
appearance as those of unsupported nitrided samples following FTS and indicates a
complex mixture of nitride, carbide and carbonitride phases. Rereduction of the sam-
ple given in spectrum 29d resulted in spectrum 29e, showing major contributions (849)
from a bulk Fe metal pattern. Thus, the iron crystallites have sintered during the
nitriding-reaction-reduction process. In previous experiments, we have shown that
small particle Fe,N on -carbon has stable activity during Fischer-Tropsch synthesis.
~ Our results here suggest that high nitrogen content may diminish the stability of small

particles in FTS.

_ In addition to the Carbolac samples, we have prepared a number of well character-
ized Fe/CSX203 samples. The CSX203 carbon has an extremely high surface area
(1300 m?/g). The Mdssbauer spectrum of a reduced 4.08%Fe/SiO, sample, with dxsper-
sion of 47% and 18 X particle diameter, is shown in Figure 30a. The vast majority of
the iron displays superparamagnetic character (the fitted parameters are in Table 13).
Subsequent reaction with synthesis gas yields a superparamagnetic carbide (Figure

g
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a) Reduced in H, at 400°C for 16 hrs _
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¢) Rereduced in H2 for 10 hrs at 400°C
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30b). Rereduction of this sample shows no evidence of sintering (Figure 30¢). Investi-

gation of the effect of size on iron particle stability and on reaction rate is currently

under way.
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